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Sr. 

No 
Title of paper Name of the author/s 

Departmen

t of the 

teacher 

Name of journal 

Year of 

publica

tion 

ISSN 

numbe

r 

Link to the recognition in 

UGC enlistment of the 

Journal 

1 

In-vitro ANTI-

INFLAMMATORY AND 

ANTIOXIDANT  

ACTIVITY OF NOVEL 1-

SUBSTITUTED-3-

SUBSTITUTED  

PROPANE-1,3-DIONES 

(β-DIKETONES) 

DERIVED FROM  

VANILLIN  

Dr Pravin S Bodkhe Chemistry RASAYN J. Chem. 
2022-

2023 

0974-

1496 

http://www.rasayanjournal.c

om 

2 

Study of Pharmacophoric 

Consensus Pattern for 

Benzoic Acid  

Derivatives of 1,3,4-

Dr Pravin S Bodkhe Chemistry 

International 
Journal of Scientific 
Research in Science 
and Technology 

2022-

2023 

2395-
6011 

 www.ijsrst.com 

http://www.rasayanjournal.com/
http://www.rasayanjournal.com/


Thiadiazole As 

Antibacterial Agent 

3 

Effect of Solvent Polarity on 

Viscosity of 2-Hydroxy 

Substituted 1, 3- 

Dipropanone 

Dr Pravin S Bodkhe Chemistry 

Asian Journal of 

Organic & 

Medicinal 

Chemistry, Vol. 7 

No. 2 (April - June, 

Special Issue - V 

2022)  

2022-

2023 

2456-
893 

http://ajomc.asianpubs.org 

4 

Mechanistic Analysis of 

Chemically Diverse 

Bromodomain-4 Inhibitors 

Using Balanced QSAR 

Analysis and Supported by 

X-ray Resolved Crystal 

Structures 

Magdi E. A. Zaki, Sami A. 

Al-Hussain, Aamal A. Al-

Mutairi, Vijay H. Masand, 

Abdul Samad, and Rahul 

D. Jawarkar 

Chemistry 

Pharmaceuticals 

2022-

2023 

1424-

8247 

doi:10.3390/ph15060745 

5 

Perceiving the Concealed 

and Unreported 

Pharmacophoric Features of 

the 5-Hydroxytryptamine 

Receptor Using Balanced 

QSAR Analysis 

Syed Nasir Abbas 

Bukhari, Mervat 

Abdelaziz Elsherif, Kashaf 

Junaid, Hasan Ejaz, Pravej 

Alam, Abdul Samad, 

Rahul D. Jawarkar, Vijay 

H. Masand 

Chemistry 

Pharmaceuticals 

2022-

2023 

1424-

8247 

doi:10.3390/ph15070834 

6 

Synthesis and Evaluation of 

Some New 4H-Pyran 

Derivatives as Antioxidant, 

Antibacterial and Anti-

HCT-116 Cells of CRC, 

with Molecular Docking, 

Antiproliferative, Apoptotic 

and ADME Investigations 

Nahed N. E. El-Sayed, 

Magdi E. A. Zaki, Sami A. 

Al-Hussain, Abir Ben 

Bacha, Malika Berredjem, 

Vijay H. Masand, Zainab 

M. Almarhoon, Hanaa S. 

Omar 

Chemistry 

Pharmaceuticals 

2022-

2023 

1424-

8247 

doi:10.3390/ph15070891 

http://ajomc.asianpubs.org/


7 

QSAR, Molecular Docking, 

MD Simulation and 

MMGBSA Calculations 

Approaches to Recognize 

Concealed Pharmacophoric 

Features Requisite for the 

Optimization of ALK 

Tyrosine Kinase Inhibitors 

as Anticancer Leads 

Rahul D. Jawarkar, 

Praveen Sharma, Neetesh 

Jain, Ajaykumar Gandhi, 

Nobendu Mukerjee, 

Aamal A. Al-Mutairi, 

Magdi E. A. Zaki, Sami A. 

Al-Hussain, Abdul Samad, 

Vijay H. Masand, 

Arabinda Ghosh, Ravindra 

L. Bakal 

Chemistry 

Molecules 

2022-

2023 

1420-

3049 

doi:10.3390/molecules2715

4951 

8 

QSAR Evaluations to 

Unravel the Structural 

Features in Lysine-Specific 

Histone Demethylase 1A 

Inhibitors for Novel 

Anticancer Lead 

Development Supported by 

Molecular Docking, MD 

Simulation and MMGBSA 

Rahul D. Jawarkar, 

Ravindra L. Bakal, 

Nobendu Mukherjee, 

Arabinda Ghosh, Magdi E. 

A. Zaki, Sami A. Al-

Hussain, Aamal A. Al-

Mutairi, Abdul Samad, 

Ajaykumar Gandhi, Vijay 

H. Masand 

Chemistry 

Molecules 

2022-

2023 

1420-

3049 

doi:10.3390/molecules2715

4758 

9 

Repurposing food molecules 

as a potential BACE1 

inhibitor for Alzheimer’s 

disease 

Nobendu Mukerjee, 

Anubhab Das, Rahul D. 

Jawarkar, Swastika 

Maitra, Padmashree Das, 

Melvin A. Castrosanto, 

Soumyadip Paul, Abdul 

Samad, Magdi E. A. Zaki, 

Sami A. Al-Hussain, Vijay 

H. Masand, Mohammad 

Mehedi Hasan, Syed Nasir 

Abbas Bukhari, Asma 

Perveen, Badrah S. 

Alghamdi, Athanasios 

Chemistry 

Frontiers in Aging 

Neuroscience 

2022-

2023 

1663-

4365 

doi:10.3389/fnagi.2022.878

276 



Alexiou, Mohammad 

Amjad Kamal, Abhijit 

Dey, Sumira Malik, 

Ravindra L. Bakal, Adel 

Mohammad Abuzenadah, 

Arabinda Ghosh, Ghulam 

Md Ashraf 

10 

Quinoline Derivatives with 

Different Functional 

Groups: Evaluation of Their 

Catecholase Activity 

Mohamed Moutaouakil, 

Said Tighadouini, Zainab 

M. Almarhoon, Maha I. 

Al-Zaben, Abir Ben 

Bacha, Vijay H. Masand, 

Jamal Jamaleddine, Rafik 

Saddik 

Chemistry 

Catalysts 

2022-

2023 

2073-

4344 

doi:10.3390/catal12111468 

11 

Pharmacophore Synergism 

in Diverse Scaffold Clinches 

in Aurora Kinase B,  

Vijay H. Masand, Sami A. 

Al-Hussain, Mithilesh M. 

Rathore, Sumer D. 

Thakur, Siddhartha 

Akasapu, Abdul Samad, 

Aamal A. Al-Mutairi, 

Magdi E. A. Zaki 

Chemistry 

International 

journal of 

molecular sciences 
2022-

2023 

1422-

0067 

doi:10.3390/ijms232314527  

12 

Magnetic solid phase 

extraction of Sunitinib 

malate in urine samples 

assisted with mixed 

hemimicelle and 

spectrophotometric 

detection 

E. Pourbasheer, L. 

Malekpour, Z. Azari, V.H. 

Masand, M.R. Ganjali, 

Chemistry 

Scientific Reports 

2022-

2023 

2045-

2322 

doi: 10.1038/s41598-023-

30404-6 

13 

QSAR modeling approaches 

to identify a novel ACE2 

inhibitor that selectively 

Rahul D. Jawarkar, Magdi 

E. A. Zaki, Sami A. Al-

Hussain, Aamal A. Al-

Mutairi, Abdul Samad, 

Chemistry 

JOURNAL OF 

BIOMOLECULAR 

STRUCTURE 

AND DYNAMICS 

2022-

2023 

0739-

1102 

doi:  

10.1080/07391102.2023.22

05948 



bind with the C and N 

terminals of the ectodomain 

Nobendu Mukerjee, 

Arabinda Ghosh, Vijay H. 

Masand, Long Chiau Ming 

& Summya Rashid 

14 

Synthesis and Biological 

Evaluation of Some New 3-

Aryl-2-thioxo-2,3-

dihydroquinazolin-4(1H)-

ones and 3-Aryl-2-

(benzylthio)quinazolin-

4(3H)-ones as Antioxidants; 

COX-2, LDHA,  -

Glucosidase and  -Amylase 

Inhibitors; and Anti-Colon 

Carcinoma and Apoptosis-

Inducing Agents 

Nahed Nasser Eid El-

Sayed, Taghreed M. Al-

Otaibi, Assem Barakat,  

Zainab M. Almarhoon, 

Mohd. Zaheen Hassan, 

Maha I. Al-Zaben, Najeh 

Krayem, Vijay H. Masand 

and Abir Ben Bacha 

Chemistry 

Pharmaceuticals  

2022-

2023 

1424-

8247 

doi: 10.3390/ph16101392 

15 

In silico study to recognize 

novel angiotensin-

converting-enzyme-I 

inhibitors by 2D-QSAR and 

constraint-based molecular 

simulations 

Sapan Shah, Dinesh 

Chaple, Vijay H. Masand, 

Magdi E.A Zaki, Sami A. 

Al-Hussain, Ashish Shah, 

Sumit Arora, Rahul 

Jawarkar & Mohammad 

Tauqeer 

Chemistry 

JOURNAL OF 

BIOMOLECULAR 

STRUCTURE 

AND DYNAMICS 
2022-

2023 

0739-

1102 

doi: 

10.1080/07391102.2023.22

03261 

16 

Leveraging nitrogen 

occurrence in approved 

drugs to identify structural 

patterns 

Vijay H. Masand, Sami 

Al-Hussain, Abdullah Y. 

Alzahrani, Nahed N. E. El-

Sayed, Chien Ing Yeo, 

Yee Seng Tan & Magdi 

E.A. Zaki 

Chemistry 

Expert Opinion on 

Drug Discovery 

2022-

2023 

1746-

045X 

doi: 

10.1080/17460441.2023.22

66990 

17 

The impact of Financial 

Constraint on student 

enrollment in higher 

Dr. S. B. Kadu 

Commerce B. Aadhar 
2022-

2023 

2278-

9308 
www.aadharsocial.com 



education: a major challenge 

in higher education 

18 

Innovation in EdTech: 

Improving Access and 

outcome for Learners 

Dr. P.B. Upase 

Commerce B. Aadhar 
2022-

2023 

2278-

9308 
www.aadharsocial.com 

19 
Use of  Technology In 

education During pandemic 

Dr. S.K. Rodde 
Commerce B. Aadhar 

2022-

2023 

2278-

9308 
www.aadharsocial.com 

20 

THE ROLE OF OPEN 

EDUCATIONAL 

RESOURCES (OERS) IN 

PROMOTING  

AFFORDABLE AND 

ACCESSIBLE HIGHER 

EDUCATION 

Dr. P.B. Upase Commerce 
Tojdel (Care 

Listed)  

2022-

2023 

2147-

6454 
www.tojdel.net 

21 

Transition from IPv4 to 

IPv6 Network in IoT 

Security Based upon 

Transition Methods 

Prof. S.B.Sarvaiya 
Computer 

Science 

International 

Journal on Orange 

Technology(IJOT) 

2022-

2023 

2615-

8140 

https://journals.researchpark

s.org/index.php/IJOT  

22 

Analysis of IoT Data 

Transfer Messaging 

Protocols on Application 

Layer 

Prof. S.B.Sarvaiya 
Computer 

Science 

International 

Journal for 

Research in 

Applied Science 

and Engineering 

Technology(IJRAS

ET) 

2022-

2023 

2321-

9653 
www.ijraset.com  

23 

Trustworthy IoT Traditional 

Network Security to 

Authentication and Access 

Control Model for 

Heterogeneous Devices 

Prof. S.B.Sarvaiya 
Computer 

Science 

International 

Journal of 

Innovative 

Research in 

Technology 

2022-

2023 

2349-

6002 
www.ijirt.org 

24 
Misconceptions of Covid-19 

among College Students 
Dr. S. D. Wakode Psychology Printing Area 

2022-

2023 

239453

03 

https://www.vidyawarta.co

m/03/ 

https://journals.researchparks.org/index.php/IJOT
https://journals.researchparks.org/index.php/IJOT
http://www.ijraset.com/
http://www.ijirt.org/
https://www.vidyawarta.com/03/
https://www.vidyawarta.com/03/


25 

The Effect of Job 

Vulnerability on Pandemic 

Prevalent Concern: 

Lonliness 

Dr. S. D. Wakode Psychology B. Aadhar 
2022-

2023 

227893

08 

https://www.aadharsocial.co

m/index.aspx#  

26 

A Study of Coping 

Strategies of Frontline And 

Nonfrontline Workers 

Dr. S. D. Wakode Psychology B. Aadhar 
2022-

2023 

227893

08 

https://www.aadharsocial.co

m/index.aspx# 

27 
Sthanik swarajya sanstha 

aani Mahila Netrutv 
Mr. A.P. Ingole 

Political 

Science 
Srujan Bharat 

2022-

2023 

224911

71 
  

28 
Covid-19 Aani Sdhyache 

Badlte jagtik Rajkaran 
Mr. A.P. Ingole 

Political 

Science 
B. Aadhar 

2022-

2023 

227893

08 

https://www.aadharsocial.co
m/index.aspx# 

29 

Civid-19 Chalenges and 

Opportunities in Indian 

Economy 

Dr. D.S. Rangacharya Economics B. Aadhar 
2022-

2023 

227893

08 

https://www.aadharsocial.c
om/index.aspx# 

30 
Dalit Aatmkathnatil Stri 

Purush Smbandh 
Dr. G.D. Bansod Marathi B. Aadhar 

2022-

2023 

227893

08 

https://www.aadharsocial.c
om/index.aspx# 

31 

Samkalin Lekhikechya 

Kadmbaritil Stri Nayika 

aani Jivanchitran 

Dr. G.D. Bansod Marathi B. Aadhar 
2022-

2023 

227893

08 

https://www.aadharsocial.c
om/index.aspx# 

32 

Arjun Dangle Yanchya Nile 

Adhorekhit Madhil Nikhl 

Aani Prakhar Nondi 

Dr. G.D. Bansod Marathi Aksharvaidrbhi 
2022-

2023 

0776-

0296 
  

33 

Smrutishesh Ganesh Tale 

Yanchya Surkala Nantrchya 

Kavita 

Dr. G.D. Bansod Marathi Sarvdhara 
2022-

2023 

2249-

3034 
  

34 

Impact Of Covid-19 And 

Lockdown On Mental 

Health Of Various Sections  

Dr. D.S. Ramteke  Psychology B. Aadhar 
2022-

2023 

227893

08 

https://www.aadharsocial.c
om/index.aspx#  

35 Vakatakkalin Vishnushilp Dr. M. M. Kherde History B. Aadhar 
2022-

2023 

227893

08 

https://www.aadharsocial.c
om/index.aspx# 

https://www.aadharsocial.com/index.aspx#%20
https://www.aadharsocial.com/index.aspx#%20
https://www.aadharsocial.com/index.aspx
https://www.aadharsocial.com/index.aspx
https://www.aadharsocial.com/index.aspx
https://www.aadharsocial.com/index.aspx
https://www.aadharsocial.com/index.aspx
https://www.aadharsocial.com/index.aspx
https://www.aadharsocial.com/index.aspx
https://www.aadharsocial.com/index.aspx
https://www.aadharsocial.com/index.aspx
https://www.aadharsocial.com/index.aspx
https://www.aadharsocial.com/index.aspx#%20
https://www.aadharsocial.com/index.aspx#%20
https://www.aadharsocial.com/index.aspx
https://www.aadharsocial.com/index.aspx


36 

Covid-19 impacts on 

woman with Poly Cystic 

Ovary Syndrome on their 

pre-existing Mental Health 

Issues in Vidrbha : 

Thamatic Study 

Dr. D.S. Ramteke  Psychology B. Aadhar 
2022-

2023 

227893

08 

https://www.aadharsocial.c
om/index.aspx#  

37 
Biometric Authentication & 

It’s Security Purposes 
Prof. S.B. Bele MCA 

International 

Research Journal of 

Innovations in 

Engineering and 

Technology  

(IRJIET) 

2022-

2023 

2581-

3048 
https://irjiet.com 

38 
Comparative Analysis of 

Robotic Operating Systems 
Prof. S.B. Bele MCA (IRJIET) 

2022-

2023 

2581-

3048 
https://irjiet.com 

39 
Data Mining Techniques: A 

Review Litrature 
Prof. S.B. Bele MCA 

International 

Journal of 

Scientific Research 

& Engineering 

Trends 

2022-

2023 

2395-

566X 
https://ijsret.com/ 

40 
Mobile Broadband 

Networking 
Prof. S.B. Bele MCA (IRJIET) 

2022-

2023 

2581-

3048 
https://irjiet.com 

41 Methods in Cryptography Prof. S. K. Totade MCA (IRJIET) 
2022-

2023 

2581-

3048 
https://irjiet.com 

42 

Challenges of Digital 

Forensic in Cloud 

Computing 

Prof. S. K. Totade MCA (IRJIET) 
2022-

2023 

2581-

3048 
https://irjiet.com 

43 Cloud Computing Security Prof. S. K. Totade MCA (IRJIET) 
2022-

2023 

2581-

3048 
https://irjiet.com 

44 

Natural Language 

Processing (NLP): A 

Review 

Prof. S. K. Totade MCA (IRJIET) 
2022-

2023 

2581-

3048 
https://irjiet.com 

https://www.aadharsocial.com/index.aspx#%20
https://www.aadharsocial.com/index.aspx#%20


45 

Advancements in 5G and 

Beyond Networks: Enabling 

the Fourth and Sixth 

Industrial Revolutions 

Prof K P. Raghuwanshi MCA (IRJIET) 
2022-

2023 

2581-

3048 
https://irjiet.com 

46 AI in Healthcare Prof K P. Raghuwanshi MCA (IRJIET) 
2022-

2023 

2581-

3048 
https://irjiet.com 

47 

Cloud Computing for Big 

Data Analytics: A 

Comparative Evaluation 

Prof K P. Raghuwanshi MCA (IRJIET) 
2022-

2023 

2581-

3048 
https://irjiet.com 

48 

Generalization of Data 

Mining with Cloud 

Computing 

Prof K P. Raghuwanshi MCA (IRJIET) 
2022-

2023 

2581-

3048 
https://irjiet.com 

49 
Transparent Supply Chains 

with Blockchain 
Dr. S. R. Thakare  MCA (IRJIET) 

2022-

2023 

2581-

3048 
https://irjiet.com 

50 

Impact of Machine Learning 

in Natural Language 

Processing (NLP) 

Dr. S. R. Thakare  MCA (IRJIET) 
2022-

2023 

2581-

3048 
https://irjiet.com 

51 
Artificial Intelligence in E-

commerce 
Prof. Rana Afreen Sheikh, MCA JETIR 

2022-

2023 

2349-

5162 http://JETIR.ORG 

52 
BLOCKCHAIN & 

CRYPTOCURRENCY 
Prof. Rana Afreen Sheikh, MCA JETIR 

2022-

2023 

2349-

5162 http://JETIR.ORG 

53 Chat GPT Curse or Blessing Prof. Rana Afreen Sheikh, MCA (IRJIET) 
2022-

2023 

2581-

3048 
https://irjiet.com 

54 
Cloud Computing & It's 

Security 
Prof. Rana Afreen Sheikh, MCA (IRJIET) 

2022-

2023 

2581-

3048 
https://irjiet.com 

55 

Impact of Garlic (Allium 

sativum) on Glycogen Level 

of Fresh Water Fish Channa 

Striatus (Bloch, 1793) 

Dr. N.R. Thorat Zoology 

Journal of 

Scientific Research 

in Science and 

Technology 

2022-

2023 

2395-

602X 

https://ijsrst.com/IJSRST22
9172 

56 
Impact of Garlic (Allium 

sativum) on Glycogen Level 
Dr. S. H. Rathod Zoology 

Journal of 

Scientific Research 

2022-

2023 

2395-

602X 

https://ijsrst.com/IJSRST22
9173 

http://jetir.org/
http://jetir.org/
https://ijsrst.com/IJSRST229172
https://ijsrst.com/IJSRST229172
https://ijsrst.com/IJSRST229172
https://ijsrst.com/IJSRST229172


of Fresh Water Fish Channa 

Striatus (Bloch, 1793) 

in Science and 

Technology 

57 

Toxic effect of Parthenium 

hysterophorus on muscle of 

freshwater fish Labeo rohita 

Dr. A. M. Vikhar 

(Khedkar) 
Zoology 

Journal of 

Scientific Research 

in Science and 

Technology 

2022-

2023 

2395-

602X 

https://ijsrst.com/IJSRST22
96113 

58 

Effect of Zingiber officinale 

and Tinospora cordifolia on 

Freshwater Fish 

Ophocephalus striatus 

(Bloch 1973) 

Dr. S. H. Rathod Zoology 

Research Journal 

for Agricultural 

Science 

2022-

2023 

0976-

1675 

https://ugccare.unipune.ac.
in/Apps1/User/WebA/Searc
hList 

59 

Behaviour of Bianchi Type 

V model In Modified 

Theory of Gravity With 

specific Form of Hubble 

Parameter 

Dr. P. P. Khade 
Mathematic

s 

Jordan Journal of 

Physics 

2022-

2023 

1994-

7607 

https://scopus.com/sourceid/

21100871853 

60 

Electrical Response of PVC-

PMMA Thin Films: A  

Comprehensive 

Investigation into the 

Effects of Frequency,  

Temperature, and Salicylic 

Acid Dopant 

A.B.More, G.T.Lamdhade, 

K.B. Raulkar 
Physics 

International 

Journal of 

Professional 

Studies  

2022-

2023 

 2455-

6270 
http://www.ijps.in  

61 

Nanocrystalline Titanium 

Dioxide Dipped with AlCl2 

as a Humidity Sensors1 

R B Butley, R V Joat, G T 

Lamdhade, K B Raulkar, 

A O Chauhan 

Physics 

International 

Journal of Research 

in Science and 

Technology 

2022-

2023 

2395 - 

602X 

https://www.ijrst.com/inde
x.php 

62 

Preparation and 

Characterization of 4:1 

(ECPVC) Ethyl Cellulose - 

Polyvinyl Chloride 

Polyblends Thin Films1 

Welekar N.R., Wasnik 

T.S., Lamdhade G. T. 
Physics 

International 

Journal of Research 

in Science and 

Technology 

2022-

2023 

2249-

0604 

https://www.ijrst.com/inde
x.php 

https://ijsrst.com/IJSRST2296113
https://ijsrst.com/IJSRST2296113
https://ugccare.unipune.ac.in/Apps1/User/WebA/SearchList
https://ugccare.unipune.ac.in/Apps1/User/WebA/SearchList
https://ugccare.unipune.ac.in/Apps1/User/WebA/SearchList
http://www.ijps.in/
https://www.ijrst.com/index.php
https://www.ijrst.com/index.php
https://www.ijrst.com/index.php
https://www.ijrst.com/index.php


63 

To Study the Effect of 

Solvent on AC Conductivity 

and Dielectric Constant on 

Blend Formation of Poly 

(Styrene): Poly (Vinyl 

Acetate) 

H.G. Pande, G. T. 

Lamdhade 
Physics 

International 

Journal of Research 

in Science and 

Technology 

2022-

2023 

2249-

0604 

https://www.ijrst.com/inde
x.php 

64 

Nonlinear I–V 

Characteristics and Thermal 

Stability of Nanocrystalline 

Titanium Oxide 

Balkhande V.M., 

Lamdhade G.T. 
Physics 

International 

Journal of Research 

in Science and 

Technology 

2022-

2023 

2249-

0604 

https://www.ijrst.com/inde
x.php 

65 

Synthesis and 

Characterisation of Cupric 

Oxide (CuO) Doped  

Tungsten Oxide (WO3) 

Multilayer Thick Films 

Mankar S.S, Lamdhade 

G.T, Raulkar K.B 
Physics 

Multidisciplinary 

International 

Journal 

2022-

2023 

2454-

924X 

http://www.themijournal.c
om 

66 

Investigation of Dielectric 

Constant of PVC-PMMA 

Thin Films 

Doped with Salicylic Acid 

at Different Frequency, 

Dopant and  

Temperature 

A.B.More, G.T.Lamdhade, 

K.B. Raulkar 
Physics 

Multidisciplinary 

International 

Journal 

2022-

2023 

2454-

924X 

http://www.themijournal.c
om 

67 

Cupric Oxide (CuO) Doped 

Tin Oxide (SnO2) MOS 

Multilayer CO2 Gas Sensor 

Mankar S.S, Lamdhade 

G.T, Raulkar K.B 
Physics 

International 

Journal of Research 

in Science and 

Technology 

2022-

2023 

2249-

0604 

https://www.ijrst.com/inde
x.php 

68 

Exploitation of Nano-

Crystalline Cupric Cxide 

(CuO) Doped Zinc Oxide 

(ZnO) Multilayer Thick 

Film as a CO2 Gas Sensor 

Mankar S.S, Lamdhade 

G.T, Raulkar K.B 
Physics 

International 

Journal of Research 

in Science and 

Technology 

2022-

2023 

2249-

0604 

https://www.ijrst.com/inde
x.php 

https://www.ijrst.com/index.php
https://www.ijrst.com/index.php
https://www.ijrst.com/index.php
https://www.ijrst.com/index.php
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ABSTRACT 
In synthetic chemistry,propane-1,3-diones or β-diketones act as significant intermediates for the synthesis of core 
heterocycles due to their specific chemoselectivity properties as well as provide convenient building blocks to 
biologically active substituents. In the present work, a new series of β-diketones namely 1-(5’-Formyl-2’-hydroxy-
3’-methoxyphenyl)-3-(substitutedphenyl) propane-1,3-diones 4(a-e) have been synthesized from versatile 4-
hydroxy-3-methoxybenzaldehyde viz. vanillin and studied their invitro anti-inflammatory and antioxidant potential 
by performing inhibition of protein denaturation assay and reducing power assay method respectively. All the newly 
synthesized compounds exhibit notable and satisfactory anti-inflammatory potential as well as potent antioxidant 
activity due to the presence of vanillin moiety in their molecular structures. 
Keywords: β-diketones, Propane-1,3-diones, Vanillin, Anti-Inflammatory, Antioxidant. 

RASĀYANJ. Chem., Vol. 16, No.1, 2023 
 

INTRODUCTION 
The property of substances that reduce inflammation is termed anti-inflammatory and substances as anti-
inflammatory drugs. Diseases or medical conditions that cause inflammation have a name ending in ‘-itis’ 
such as Bronchitis (an inflammation of the bronchi), Cystitis (an inflammation of the bladder), Dermatitis 
(a disease where the skin is inflamed), Uveitis (an inflammation inside the eye), etc. Usually, non-
steroidal anti-inflammatory drugs (NSAIDs) are one of the most common therapeutic groups of agents 
used worldwide for the treatment of pain, inflammation, and fever.1 Most frequently used NSAIDs drugs 
are salicylates (such as Aspirin), paraaminophenol derivatives (such as Paracetamol), pyrrole derivatives 
(such as Ketorolac), indole derivatives (such as Ibuprofen), propionic acid derivatives (such as ibuprofen, 
Ibuprofen and Paracetamol combination, Flurbiprofen, Ketoprofen, Naproxen, Fenamates, and 
Mefenamic acid), aryl acetic acid derivatives (such as Diclofenac sodium, Diclofenac potassium, 
Diclofenac and paracetamol combination, Diclofenac and Serratiopeptidase combination), pyrazolones 
(such as Phenylbutazone and Oxyphenbutazone), others (such as Celecoxib, Rofecoxib, Valdecoxib, and 
Nimesulide), etc. Nowadays, both steroidal and non-steroidal anti-inflammatory drugs are used 
extensively for the relief of inflammatory pain because inflammatory diseases are becoming very 
common in society throughout the world. Steroids have an obvious role in the treatment of inflammatory 
diseases, but due to their toxicity, their long-term use causes serious adverse effects. Prolonged use of 
NSAIDs is also associated with gastric irritation, nausea, vomiting, peptic ulcers, gastric ulcers, and 
gastric bleeding. Owing to a wide assortment of side effects of NSAIDs, an alternative anti-inflammatory 
drug with the least side effects is needed for an hour. In recent years, the population in rural areas uses 
many alternative drugs such as substances produced from medicinal plants (ayurveda) for the treatment of 
inflammation, because the management of inflammation-related diseases is a real and challenging issue in 
rural communities still today. Hence, the search for natural remedies and phytochemicals with anti-
inflammatory properties has significantly increased. For example, curcumin, a bioactive compound 
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containing bis-α, β-unsaturated 1,3-diketone moiety, is found mainly in the turmeric plant rhizome 
(Curcuma longa) has a wide range of beneficial activities such as anti-inflammatory, antitumor, 
antioxidative, cardiovascular protective effects.2A survey of the literature reveals that compounds 
containing β-diketones moiety unit exhibit good anti-inflammatory as well as anti-mitotic activities.3 
Ramaa and More reported the synthesis and anti-inflammatory activity of fluorinated propanedione 
derivatives (β-diketones) which possessed good anti-inflammatory activity against carrageenan-induced 
edema in the rat paw.3Also, β-diketone ligand prepared by Baker-Venkataraman transformation and its 
complexes shows antioxidant and anti-inflammatory action.4-5Antioxidants are also significant 
compounds that reduce or neutralize free radicals, thus protecting the cells from oxidative injury because 
the high level of free radicals can cause damage to biomolecules such as enzymes, proteins, lipids, nucleic 
acids in the cells membrane which may result in many diseases such as cancer, diabetes, cardiomuscular 
and autoimmune diseases, and neurodegenerative disorders.6 Examples of common antioxidants include 
vitamins A, C, and E, selenium, and carotenoids such as β-carotene, lycopene, lutein, and zeaxanthin. 
Vegetables and fruit-rich diets which are good sources of antioxidants have been found to be healthy, 
however, research has not shown antioxidant dietary supplements to be beneficial in improving health in 
humans, or to be effective in preventing diseases. Hence, considerable research has been directed toward 
the identification of new antioxidant molecules to prevent radical-induced damage. Various methods are 
reported in the literature for determining antioxidant activity but DPPH (Diphenylpicryl hydrazine) free 
radical scavenging assay is one of the widely accepted methods for screening antioxidant activity.7Also, 
the protein denaturation inhibition assay suggested by Mizushima and Kobayashi and Sakat et al. is 
widely used for the determination of anti-inflammatory activities. A careful review of the literature 
indicates that very little work has been reported on the anti-inflammatory and antioxidant activities of β-
diketones or their derivative. The literature survey also surprised that, no approach has been made to 
evaluate the in vitro anti-inflammatory and antioxidant potential of β-diketones comprising a moiety of 
phenolic aldehyde vanillin. In our previous work, we have synthesized 1-(5’-Formyl-2’-hydroxy-3’-
methoxyphenyl)-3-(4’-nitrophenyl) propane-1, 3-dione (4a), 1-(5’-Formyl-2’-hydroxy-3’-
methoxyphenyl)-3-(4’-methoxyphenyl) propane-1, 3-dione (4b), 1-(5’-Formyl-2’-hydroxy-3’-
methoxyphenyl)-3-(2’-chlorophenyl) propane-1, 3-dione (4c), 1-(5’-Formyl-2’-hydroxy-3’-
methoxyphenyl)-3-(4’-chlorophenyl) propane-1, 3-dione (4d), 1-(5’-Formyl-2’-hydroxy-3’-
methoxyphenyl)-3-(2’,4’-dichlorophenyl) propane-1,3-dione (4e) from vanillin by using Fries 
rearrangement and Baker-Venkataraman transformation, characterized them by IR and 1H NMR spectra 
and studied their antimicrobial activities.8In continuation of our previous work, we have carried out the 
invitro anti-inflammatory and antioxidant activity of these novel compounds 4(a-e).  
 

EXPERIMENTAL 
Material and Methods 
All the reagents used for the analysis of anti-inflammatory and antioxidant studies were of higher 
analytical grade. The anti-inflammatory activity was carried out in vitro by inhibition of protein 
denaturation assay reported by Mizushima and Kobayashi9 and Sakat et al.10-11In-vitro antioxidant activity 
was performed by reducing power assay method.12-13 

 

General Procedure 
Determination of Anti-Inflammatory Activity 
Initially, 500 μL of 1% albumin was added to 100 μL of the test sample. This mixture was kept at room 
temperature for 10 min, followed by heating at 51°C for 20 min. The resulting solution was cooled down 
to room temperature and absorbance was recorded at 660 nm. Standard Diclofenac was taken as a positive 
control. The experiment was carried out in triplicates and percent inhibition for protein denaturation was 
calculated using the following formula:  
 
 

% Inhibition = 100-((A1 -A2)/A0) ×100)             (1) 
 

Where A1 is the absorbance of the sample, A2 is the absorbance of the product control and A0 is the 
absorbance of the positive control. 
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Determination of Antioxidant Activity 
Different concentrations of the drug (10-50μg/mL) were added to 2.5 mL of 0.2 M sodium phosphate 
buffer (pH 6.6) and 2.5 mL of 1% potassium ferricyanide [K3Fe(CN)6] solution. The reaction mixture was 
vortexed well and then incubated at 50°C for 20 min using a vortex shaker. At the end of the incubation, 
2.5 mL of 10% trichloroacetic acid was added to the mixture and centrifuged at 3000 rpm for 10 min. The 
supernatant (2.5 mL) was mixed with 2.5 mL of deionized water and 0.5 mL of 0.1% ferric chloride 
(FeCl3). The colored solution was read at 700 nm against the blank with reference to the standard using a 
UV spectrophotometer. Here, Ascorbic acid (Vitamin C) was used as a reference standard or positive 
control at the same selected concentrations and in the same operating conditions as the sample, and 
reducing the power of the sample was compared with the reference standard. 
 

RESULTS AND DISCUSSION 
The results on anti-inflammatory activities of 1-(5’-Formyl-2’-hydroxy-3’-methoxyphenyl)-3-(substituted 
phenyl) propane-1,3-diones compounds 4(a-e) are depicted in Table-1 to 6.As well the results of 
antioxidant studies of these compounds are depicted in Table-7 to 8 and shown in Fig.s-1 to 3. 
 

Table-1: Anti-Inflammatory Activity of Standard Diclofenac 

Concentration 
(µg/mL) 

% Inhibition of Denaturation of Protein 

4a 4b 4c 4d 4e Standard 
Diclofenac 

50 µg/mL 42.85 28.57 39.63 60.71 64.28 71 
100 µg/mL 46.42 39.28 50.00 60.71 60.71 78 
200 µg/mL 50.00 42.85 53.57 64.28 64.71 85 
400 µg/mL 53.57 46.42 57.14 67.85 67.85 89 

 

Table-2: Anti-Inflammatory Activity of Newly Synthesized Compound (4a) 

Concentration 
(µg/mL) 

The 
absorbance 
of the test 

sample 

% of 
protein 

inhibition 

Absorbance 
of Std drug 

(Diclofenac) 

% 
ofprotein 
inhibition 

  50 µg/mL 0.016 42.85 0.008 71.42 
100 µg/mL 0.015 46.42 0.006 78.57 
200 µg/mL 0.014 50.00 0.004 85.71 
400 µg/mL 0.013 53.57 0.003 89.28 

  

Table-3: Anti-Inflammatory Activity of the Newly Synthesized Compound (4b) 

Concentration 
(µg/mL) 

The 
absorbance 
of the test 

sample 

% of 
protein 

inhibition 

Absorbance 
of Std drug 

(Diclofenac) 

% 
ofprotein 
inhibition 

  50 µg/mL 0.020 28.57 0.008 71.42 
100 µg/mL 0.017 39.28 0.006 78.57 
200 µg/mL 0.016 42.85 0.004 85.71 
400 µg/mL 0.015 46.42 0.003 89.28 

 

Table-4: Anti-Inflammatory Activity of the Newly Synthesized Compound (4c) 
 

Concentration 
(µg/mL) 

The 
absorbance 
of the test 

sample 

% of 
protein 

inhibition 

Absorbance 
of Std drug 

(Diclofenac) 

% 
ofprotein 
inhibition 

  50 µg/mL 0.017 39.63 0.008 71.42 
100 µg/mL 0.014 50.00 0.006 78.57 
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200 µg/mL 0.013 53.57 0.004 85.71 
400 µg/mL 0.012 57.14 0.003 89.28 

 

Table-5: Anti-Inflammatory Activity of Newly Synthesized Compound (4d) 

Concentration 
(µg/mL) 

The 
absorbance 
of the test 

sample 

% of 
protein 

inhibition 

Absorbanceof 
Std drug 

(Diclofenac) 

% 
ofprotein 
inhibition 

  50 µg/mL 0.011 60.71 0.008 71.42 
100 µg/mL 0.011 60.71 0.006 78.57 
200 µg/mL 0.010 64.28 0.004 85.71 
400 µg/mL 0.009 67.85 0.003 89.28 

 

Table-6: Anti-Inflammatory Activity of the Newly Synthesized Compound (4e) 

Concentration 
(µg/mL) 

The 
absorbance 
of the test 

sample 

% of 
protein 

inhibition 

Absorbanceof 
Std drug 

(Diclofenac) 

% 
ofprotein 
inhibition 

  50 µg/mL 0.010 64.28 0.008 71.42 
100 µg/mL 0.011 60.71 0.006 78.57 
200 µg/mL 0.010 64.71 0.004 85.71 
400 µg/mL 0.009 67.85 0.003 89.28 

 

Table-7: Antioxidant Activity of Standard Ascorbic Acid 

Sr. 
No. 

Concentration 
(μg/mL) 

Absorbance 
(A) 

1 10 0.251 
2 20 0.499 
3 30 0.775 
4 40 0.943 
5 50 1.240 

 

 

 
Table-8: Antioxidant Activity of Newly Synthesized Compounds 4(a-e) 

Sr. 
No. Sample Concentration 

(μg/mL) 
Absorbance 

(A) 
Sr. 
No. Sample Concentration 

(μg/mL) 
Absorbance 

(A) 

1 4a 30 0.689 6 4c 50 0.874 
2 4a 50 0.755 7 4d 30 0.806 
3 4b 30 0.507 8 4d 50 0.831 
4 4b 50 0.667 9 4e 30 0.721 
5 4c 30 0.852 10 4e 50 0.794 

 
The results on anti-inflammatory activity reveal that all the newly synthesized compounds 4(a-e) has 
shown good inhibition of denaturation of protein at all the tested concentration, however as compared to 
other compounds, compound 4d and 4e exhibit notable inhibition at all the tested concentrations when 
compared with standard Diclofenac. From the results on antioxidant activity, it was observed that all the 
samples showed 4c > 4d > 4e > 4a > 4b order of reducing power and their reducing strength was 
increased with increasing concentration. The high value of absorbance of the reaction mixture clearly 
indicated greater reducing power. By comparing their reducing strength with standard reference, it was 
observed that the reducing power of all the synthesized compounds was found to be in good agreement 
with the standard ascorbic acid as well as their values were found to be comparable with it. 
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CONCLUSION 

In conclusion, from the results on anti-inflammatory activities presented in Table-1 to 6, it is concluded 
that all these newly synthesized β-diketones 4(a-e) comprising moiety of vanillin were found to possess 
satisfactory anti-inflammatory potential when equated with the reference Diclofenac. The screening 
results on antioxidant studies (Table-7 to 8) indicate that all five compounds exhibited potent antioxidant 
activities due to the presence of vanillin moiety in the molecular structure of synthesized compounds. 
After comparing the results of antioxidant activities with standard Ascorbic acid, it is confirmed that the 
reducing power (as indicated by absorbance at 700 nm) of all samples increased with increasing their 
concentrations. As well, experimental findings on anti-inflammatory and antioxidant studies may be 
implicated as an informative resource for pharmaceutical industries engaged in the manufacturing of 
drugs and medicines not only for human beings but also for veterinary sciences. 
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Fig.-1:1-(5’-Formyl-2’-hydroxy-3’-methoxyphenyl)-3-(substituted phenyl) propane-1,3-diones 

Compounds 4(a-e)Before Centrifugation 
 

 
Fig.-2: 1-(5’-Formyl-2’-hydroxy-3’-methoxyphenyl)-3-(substitutedphenyl) propane-1,3-diones 

Compounds 4(a-e) After Centrifugation 

 
Fig.-3:1-(5’-Formyl-2’-hydroxy-3’-methoxyphenyl)-3-(substituted phenyl) propane-1,3-diones 

compounds 4(a-e) With Colour Changes After Addition of FeCl3Solution 
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ABSTRACT 

Microbial infections have targeted millions of victims in human history. In 

spite of the great efforts that are being continuously made to find effective 

medication, still no drug exists that can truly cure and have no side effects for 

the said infections. Amongst the drugs that are available in the market for 

microbial infections, 1,3,4-thiadiazole derivatives have found to have extensive 

pharmacological activities and further optimized for other diseases [1,2]. Efforts 

are done to synthesize various carboxylic acid derivatives of 1,3,4 thiadiazol 

and to study their pharmacological activities [1,2]. In this research article, 

comparative study of various previously synthesized carboxylic acid derivatives 

of 1,3,4 thiadiazol is done using their pharmacophore modeling to identify the 

prominent structural features [1]. The analysis indicates that the synthesized 

molecules have specific hydrogen acceptor, hydrogen donor and lipophilic 

centers with some variations.  

Keywords : 1,3,4-Thiadiazole, Pharmacophore Modeling, Antifungal, 

Antibacterial, Lipophilic, H-Bond Acceptor, H-Bond Donor. 

 

 

I. INTRODUCTION 

 

Heterocyclic compounds have found to persist 

considerable importance in the field of pharmacology 

and drug design. Consequently, noticeable increase in 

research interest of synthesis and pharmacological 

applications of heterocyclic compounds is observed. 

Substituted five membered heterocyclic compounds 

thiazole, oxazole, imidazole, oxadiazole and thiadiazol 

have demonstrated significance pharmacological 

activities [1-5]. Amongst all the five membered 

heterocycles, thiadiazols have shown potent 

pharmacological activities [6-8]. There is total four 

positional isomers of thiadiazol viz. 1,2,3-thiadiazole, 

1,2,4-thiadiazole, 1,2,5- thiadiazol and 1,3,4-

thiadiazole. 1,3,4-thiadiazole, a fascinating 

pharmacophore, is a weak base because of the 

inductive effect exerted by the Sulphur atom and 

http://www.ijsrst.com/
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possess relatively high aromaticity. Of these four 

isomeric forms 1,3,4-thiadiazole have displayed a 

broad spectrum of biological activities such as 

antimicrobial, anticancer, diuretic, antioxidant, 

anticonvulsant and anti-inflammatory activity. Many 

1,3,4-thiadizole derivatives have been synthesized 

which are found to have various pharmacological 

activities.  

 

Various benzoic acid derivatives of  1,3,4-thiadizole 

were synthesized [10]. The synthesis was done by 

reaction of an aromatic carboxylic acid with 

thiosemicarbazide in the presence of POCl3 to obtain 

1,3,4-thiadiazole. which was further reacted with an 

aromatic aldehyde in the presence of methanol to 

obtain a Schiff’s base derivative of 1,3,4-thiadiazole. 

These 1,3,4-thiadiazoles were further reacted with 

thioglycolic acid to obtain 1,3,4-thiadiazole 

derivatives. [10]. These 1,3,4-thiadiazoles were found 

to have antifungal and antibacterial activities [10]. 

 

The synthesized derivatives of 1,3,4-thiadiazole 

derivatives shows variations in their pharmacological 

activities [10]. These molecules contain specific 

hydrogen donor, hydrogen acceptor and lipophilic 

centers with some variations. The present work is 

done on purpose to develop pharmacophore models of 

the synthesized molecules and to explain the variation 

in pharmacological activities due to structural 

variations of molecules.  

 

II. EXPERIMENTAL METHODOLOGY 

 

1. Database selection: 

 

The pharmacophore models were developed using a 

database of 11 molecules [10]. All the selected 

molecules were screened for their antibacterial and 

antifungal activity [10]. The MIC values of the 

molecules with respect to antibacterial activity and 

antifungal activity were considered. These MIC values 

of molecules with similar types of substitution with 

variation in the position of the substituents were 

compared with each other. Table-1 contains the 

molecules that are used. 

 

 

Table-1: Labels and SMILES notations of molecules used 

 

Sr. 

No. 

Label SMILES MIC values 

1 A1 O=C(CSC3C4=CC=CC=C4)N3C2=NN=C(S2)C1=CC=CC=C1 1.838 

2 A2 O=C(CSC3C4=CC=C(Cl)C=C4)N3C2=NN=C(S2)C1=CC=CC=C1 0.835 

3 A3 O=C(CSC3C4=C(Cl)C=C(Cl)C=C4)N3C2=NN=C(S2)C1=CC=CC=C1 0.765 

4 A4 O=C(CSC3C4=C(F)C=CC=C4)N3C2=NN=C(S2)C1=CC=CC=C1 0.890 

5 A5 O=C(CSC3C4=C(Br)C=CC=C4)N3C2=NN=C(S2)C1=CC=CC=C1 0.747 

6 A6 O=C(CSC3C4=CC(O)=CC=C4)N3C2=NN=C(S2)C1=CC=CC=C1 1.760 

7 A7 O=C(CSC3C4=CC=C(O)C=C4)N3C2=NN=C(S2)C1=CC=CC=C1 1.760 

8 A8 O=C(CSC3C4=C(OC)C=CC=C4)N3C2=NN=C(S2)C1=CC=CC=C1 1.689 

9 A9 O=C(CSC3C4=CC=C(OC)C=C4)N3C2=NN=C(S2)C1=CC=CC=C1 1.689 

10 A10 O=C(CSC3C4=CC=C([N+]([O-])=O)C=C4)N3C2=NN=C(S2)C1=CC=CC=C1 1.623 

11 A11 O=C(CSC3C4=C([N+]([O-])=O)C=CC=C4)N3C2=NN=C(S2)C1=CC=CC=C1 1.627 
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2. Development of pharmacophore model: [12-14] 

All the pharmacophore models are built using the 

steps given below  

a. Structure drawing: ChemSketch 12 freeware was 

used to draw structures of the molecules. 

b. Structure optimization: Avogadro 2 was 

employed to optimize the 3D- structure of 11 

benzoic acid derivatives of 1,3,4-thiadiazol. 

c. Alignment of molecules: This step was 

accomplished using Open3Dalign. 

d. Model generation: Lastly, top five active aligned 

molecules were introduced in PyMOL 2.0. Then, 

PyMOL plugin ‘LIQUID’ was employed to 

generate consensus model using default settings. 

 

III. RESULTS AND DISCUSSION 

 

All the molecules considered for the study are 

classified into four groups (Group 1 to 4) with respect 

to the similarity in the type of substitution (Table 2). 

Few molecules which are compared are positional 

isomers of each other. The pharmacophore-based 

analysis of all these molecules reveals that these 

molecules show relation between their antibacterial 

activities and H-bond donor, H-bond acceptor and 

lipophilic regions. All the molecules have three 

lipophilic regions and one H-bond acceptor region as 

shows in the fig. 1. The substituents on the ring gives 

variation in the type of the region (H-bond acceptor, 

H-bond donor or lipophilic) which results in the 

differentiation in the antibacterial activity of these 

molecules. These variations are discussed below.  

 

 
Fig 1: Pharmacophore model of A1 molecule 

 

Table 2 : Classification of molecules 

 

Sr. No.  Group Label Substitution 

- - A1 - 

 

1 

 

Group 1 

A2 p-Chloro 

A3 o,p-di-Chloro 

A4 o-Fluro 

A5 o-Bromo 

2 Group 2 A6 m-hydroxy 

A7 p-hydroxy 

3 Group 3 A8 o-methoxy 

A9 p-methoxy 

4 Group 4 A10 p-nitro 

A11 o-nitro 

 

Table 2: Classification of molecules 

 

 

 



International Journal of Scientific Research in Science and Technology (www.ijsrst.com) | Volume 10 |  Issue 1 

C. N. Jadhav et al Int J Sci Res Sci & Technol. January-February-2023, 10 (1) : 167-174 

 

 

 
170 

Group 1: 

 
A2 

 
A3 

 
A4 

 
A5 

    

Fig 2: 3D structure of molecules A2, A3, A4 and A5 

 

 
A2 

 
A3 

 
 

A4 

 
A5 

    

Fig 3: Pharmacophore models of A2, A3, A4 and A5 

 

 
Fig 4: Consensus pharmacophore model of molecules A2, A3, A4 and A5 represnting various regions  

(Green: Lipophillic, Red: H-Bond acceptor region) 

 

The antibacterial activities of the molecules are due to presence of lipophilic and H-bond acceptor regions in 

the A2, A3, A4 and A5 molecules. These molecules are the most active with respect to antibacterial activities 

amongst all the selected molecules. This increased activity is due to the electron withdrawing groups (F, Cl and 

Br). The lipophilic regions of these molecules are increased due to the presence of halogen substituents as the 

non-substituted molecules are found to be least potent against the bacterial strain.  
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Group 2: 

 
A6 

 
A7 

 
 

A6 

 
 

A7 

    

Fig 5: 3D structure of molecules A6 and A7 Fig 6: Pharmacophore models of A6 and A7 

 

 
Fig 7: Consensus pharmacophore model of molecules A6, and A7 represnting various regions  

(Green: Lipophillic, Red: H-Bond acceptor region, Blue:H-Bond Acceptor) 

 

Molecules A6 and A7 are positional isomers of each other. These molecules have found to have similar activity 

against bacterial strain. The presence of the H-bond acceptor region of -OH group decreases the strength of the 

molecules as compared to the molecules with halogen substituents.  

 

Group 3 

 

 
A8 

 
A9 

 
A8 

 
A9 

    

Fig 8: 3D structure of molecules A8 and A9 Fig 9: Pharmacophore models of A8 and A9 
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Fig 10: Consensus pharmacophore model of molecules A8, and A9 represnting various regions  

(Green: Lipophillic, Red: H-Bond acceptor region,) 

 

Molecules A8 and A9 have similar -OCH3 substituents but with varying position hance these molecules have 

similar strength against bacterial strain. The increased H-Bond-Acceptor region of -OCH3 groups of these 

molecules decreases the antibacterial activities of the molecules.   

 

Group 4: 

 
A10 

 
A11 

 
A10 

 
A11 

    

Fig 11: 3D structure of molecules A10 and A11 Fig 12: Pharmacophore models of A10 and A11 

 

 
Fig 13: Consensus pharmacophore model of molecules A10, and A11 represnting various regions 

(Green: Lipophillic, Red: H-Bond acceptor region,) 
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These molecules have similar antibacterial strength 

since they have similar molecular formula. the 

presence of the -NO2 region increases one H-Bond-

Acceptor region which decreases the antibacterial 

activity of these molecules as compared to the 

molecules with halogen substituents.  

 

A closer inspection of the pharmacophore models of 

all the molecules unveils that the antibacterial activity 

of these molecules is closely related to the H-bond 

donor, H-bond acceptor and lipophilic regions present 

in the molecules. When the antibacterial activity of 

the molecule (A1) which has non-substituted benzene 

ring is compared with remaining molecules (A2 to 

A11) which have substituted benzene ring, a 

deviation in the antibacterial activities is observed.  

 

In case with the halogen substituents (A2, A3, A4 and 

A5) the molecules are found to be more active against 

bacterial strain. This is because of the increased 

lipophilic region due to the presence of halogen 

substituents. Whereas in the molecules with -OH 

substituent (A6 and A7), microbial activity is 

decreased. This decreased activity is because of the H-

bond acceptor region that raised due to -OH group. 

But in the molecules A8 and A9 with -OCH3 

substitution and A10 and A11 with -NO2 substitution 

H-bond acceptor region increases that decreases the 

strength of the molecules against bacterial strain.  

 

IV. CONCLUSION 

 

The antibacterial activity of the molecules is 

associated with the type of the substitution on 

benzene ring. Form the above discussion it can be 

concluded that the increased lipophilic region 

increases the antibacterial activity of the molecules 

while increase in the H-bond donor and H-bond 

acceptor regions decreases it. Hence the halogen 

substituents must be retained to have molecules with 

good antibacterial activity. The present study has 

helped to discover useful structural features of the 

molecules for future optimization.  
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Abstract: Bromodomain-4 (BRD-4) is a key enzyme in post-translational modifications, transcriptional
activation, and many other cellular processes. Its inhibitors find their therapeutic usage in cancer,
acute heart failure, and inflammation to name a few. In the present study, a dataset of 980 molecules
with a significant diversity of structural scaffolds and composition was selected to develop a balanced
QSAR model possessing high predictive capability and mechanistic interpretation. The model was
built as per the OECD (Organisation for Economic Co-operation and Development) guidelines and
fulfills the endorsed threshold values for different validation parameters (R2

tr = 0.76, Q2
LMO = 0.76,

and R2
ex = 0.76). The present QSAR analysis identified that anti-BRD-4 activity is associated with

structural characters such as the presence of saturated carbocyclic rings, the occurrence of carbon
atoms near the center of mass of a molecule, and a specific combination of planer or aromatic nitrogen
with ring carbon, donor, and acceptor atoms. The outcomes of the present analysis are also supported
by X-ray-resolved crystal structures of compounds with BRD-4. Thus, the QSAR model effectively
captured salient as well as unreported hidden pharmacophoric features. Therefore, the present study
successfully identified valuable novel pharmacophoric features, which could be beneficial for the
future optimization of lead/hit compounds for anti-BRD-4 activity.

Keywords: QSAR; BRD-4; pharmacophoric features; X-ray

1. Introduction

Cancer and heart failure are major causes of mortality [1], health complications, and
social and economic problems for millions of people around the globe. Researchers have
identified different chemotherapeutic methods to minimise heart failure as well as the onset,
growth, and survival of cancer cells [1]. However, different serious health issues initiated
or echoed by different anti-cancer and cardiac drugs are of great concerns. Therefore, the
quest for a harmless and effective anti-cancer and cardiac drug is an important goal for the
research and development laboratories of pharmaceutical companies and academic insti-
tutions. For this, researchers generally prefer to inhibit any irregularity occurring during
a vital cellular process. A good number of recent studies have confirmed that reversible
lysine acetylation (RAL) is a dynamic process responsible for protein post-translational
modifications, transcriptional activation, and other cellular processes [2–11]. Therefore,
any anomaly with RAL could lead to the initiation of malignancy or its survival [7,12]. RAL
is regulated by three types of epigenetic regulatory proteins [12,13]: (1) histone acetyltrans-
ferases (HATs) acetylate lysine, (2) Histone deacetylases (HDACs), and (3) bromodomain
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(BRD) family of proteins. HATs are responsible for acetylation of lysine residues on histone
tails and thereby behave as “writers”, whereas the reverse is true for HDACs and sirtuins,
which work as “erasers” that are accountable for the elimination of the acetyl group from
acetylated lysine (KAc) [14]. The Bromodomain and Extra-terminal (BET) family selectively
recognises and links with acetylated lysine residues in histones H3 and H4 [15–17]; thus,
they function as “readers”. The BET proteins, viz., BRD2, BRD3, and BRD-4, and bromod-
omain testis-specific protein (BRDT) are widely recognised as druggable target proteins for
regulating cellular epigenetics [15]. Therefore, intruding interactions between BET proteins
and acetylated lysine have attracted many researchers to develop better therapeutics for
various human diseases including cancer, acute heart failure, and inflammation [2–11].

BRD-4, also called mitotic chromosomal-associated protein (MCAP), Fshrg4, or Hunk1,
is ubiquitously expressed and plays a crucial role in a number of DNA-centered pro-
cesses [15]. It is generally localised in the nucleus and regulates transcription by RNA
polymerase II through a positive transcriptional elongation factor complex [15]. Struc-
turally, it comprises two highly conserved N-terminal bromodomains (BD1 and BD2), an
ET domain, and a C-terminal domain (CTD) [7]. Furthermore, BRD-4 contains a set of
four helices: αZ, αA, αB, and αC. αZ and αA helices are connected through the ZA loop,
whereas the BC loop connects the αB and αC helices [11,18]. Together, the four helices and
the two loops create an active acetyl-lysine binding pocket (see Figure 1) [11,18]. The active
site also consists of a hydrophobic WPF shelf (Trp81, Pro82, and Phe83), ZA loop, Tyr97,
Asn140, and Met149 [11,18]. The majority of BRD-4 inhibitors compete with histone H4 to
imitate the interactions with Tyr97 and Asn140 [3]. The WPF shelf is believed to play an
important role in deciding the selectivity for BET bromodomains [6].

α α α α α α
α α

 

Figure 1. X-ray resolved structure of BRD-4 using pdb 5UVT (a) without molecular surface and
(b) with molecular surface (green: carbon; red: oxygen; blue: nitrogen).

Recent studies indicate that the inhibition of BRD-4 is a good strategy, and a good
number of BRD-4 inhibitors are in clinical or pre-clinical trials (see Figure 2) [2,19,20].

However, the quest for a safer and effective BRD-4 inhibitor with an optimum ADMET
(Absorption, Distribution, Metabolism, Excretion, and Toxicity) profile with a retention of
potency is still in progress. For this, it is essential to know the prominent and concealed
pharmacophoric features associated with BRD-4 inhibitors. To achieve this goal, a good
number of researchers have reported SAR (Structure Activity Relationships) and QSAR
(Quantitative SAR) analyses of BRD-4 inhibitors. Tahir et al. [21] developed a CoMSIA
(3D-QSAR) model with an R2

tr (coefficient of determination) = 0.982 and R2
cv (or Q2

loo)
(cross-validated coefficient of determination for leave-one-out) = 0.500 for a dataset of
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60 quinolinone and quinazolinone derivatives as BRD-4 inhibitors. Tong et al. [22] reported
four 3D-QSAR models possessing R2

tr = 0.912 to 0.963 and R2
cv = 0.574 to 0.759 for the BRD-

4 inhibitory activity of 4,5-dihydro-[1,2,4]triazolo[4,3-f]pteridine derivatives. Obadawo and
co-workers [23] performed QSAR modelling (R2

tr = 0.93 and R2
cv = 0.70) for 40 different

substituted 4-Phenylisoquinolinones as potent BET bromodomain (BRD-4-BD1) inhibitors.
Speck-Planche and Scotti [6] performed multi-target QSAR for bromodomain inhibitors
using linear discriminant analysis and artificial neural networks. Their binary classification
(active/inactive), which is based on a fragment-based topological approach, and analysis
led to the identification of a good number of pharmacophoric features. However, the
fragment-based topological approach involved the use of SMILES of molecules and thereby
lacks the inclusion of 3D information. Thus, even though these studies are successful in
identifying easily visible pharmacophoric features, they are based on small datasets with
limited variations in structures, binary classification, lack thorough validation and general
applicability, and provide partial mechanistic interpretations.

 
Figure 2. Chemical structures of selected BRD-4 inhibitors.

A literature survey reveals that BRD-4 inhibitors possess structural isomerism (posi-
tional, chain, etc.), variations in central scaffolds, and their chemical space is very broad [6,7];
therefore, many concealed or hidden correlations of pharmacophoric features cannot be
identified by visual inspection [24]. In such a situation, there is a need to accomplish
thorough QSAR analysis using a larger dataset of BRD-4 inhibitors. In the present work, we
have performed QSAR analysis of 980 structurally diverse BRD-4 inhibitors. The developed
QSAR model possesses a balance of excellent predictive ability with in-depth mechanis-
tic interpretations, which are reinforced by reported X-ray-resolved structures of BRD-4
inhibitors with the target enzyme.

2. Results

The present QSAR analysis is based on a dataset covering a broad chemical space and
data range owing to the inclusion of structurally diverse compounds with experimentally
measured IC50 in the range of 1 nM to 15 µM. Consequently, this helped us in developing
an appropriately validated genetic algorithm multi-linear regression (GA-MLR) model
for gathering or extending exhaustive information about the pharmacophoric traits that
govern the desired bio-activity (Descriptive QSAR) and also possessing acceptable external
predictive capability (Predictive QSAR) [25–27]. The seven variable-based GA-MLR QSAR
model (see model-A), along with selected internal and external validation parameters (see
Supplementary Material for additional parameters), is as follows.

Model-A: pIC50 = 4.27 (±0.156) + 0.093 (±0.017) * fsp3CringC2B + 0.108 (±0.014) *
com_C_4A + 0.391 (±0.066) * Saturated_Carbo_Rings + 0.428 (±0.036) * fsulfonSaroC8B +
0.625 (±0.059) * flipoacc3B + 0.921 (±0.067) * fsp3OaroN6B—0.367 (±0.063) * fplaNN4B.
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Validation of Model-A: Method of splitting = Random, No. of descriptors = 7,
Ntraining = 785, Ntest = 195, R2

tr = 0.762, R2
adj. = 0.760, RMSEtr = 0.389, MAEtr = 0.326,

CCCtr = 0.865, s = 0.391, F = 355.446, R2
cv (Q2loo) = 0.757, RMSEcv = 0.393, MAEcv = 0.329,

CCCcv = 0.862, Q2
LMO = 0.756, R2

Yscr = 0.009, Q2
Yscr =−0.012, RMSEex = 0.392, MAEex = 0.323,

R2
ex = 0.762, Q2-F1 = 0.762, Q2-F2 = 0.760, Q2-F3 = 0.758, CCCex = 0.860.

A multitude of statistical validation parameters and analysis of associated graphs
has been recommended by different researchers to confirm the statistical robustness and
external prediction ability of a QSAR model [28–39]. The same approach has been fol-
lowed in the present work. A high value of R2

tr, R2
adj., R2

cv (Q2loo), R2
ex, Q2-Fn, CCCex,

etc., and a small value of LOF (lack-of-fit), RMSEtr, MAEtr, R2
Yscr (R2 for Y-scrambling),

etc., along with different graphs (Figure 3a–d) related to model-A support the external
predictive ability, statistical robustness, and point outs the lack of chancy correlation
for model-A [28–38]. Moreover, the Williams plot [40–44] point outs that the majority of
molecules (929 molecules) are within the applicability domain; thus, the model is sta-
tistically acceptable (see Figure 3b). The outliers with high leverage have been labeled
in Figure 3b. Therefore, it fulfills all the Organisation for Economic Co-operation and
Development (OECD) endorsed guidelines for generating a thriving QSAR model.

−

 

 

Figure 3. Different graphs associated with the model: (a) experimental vs. predicted pIC50 (the
solid line represents the regression line); (b) experimental vs. residuals values; (c) Williams plot
for applicability domain (the vertical solid line represents h * = 0.031 and horizontal dashed lines
represent the upper and lower boundaries for standard residuals); (d) Y-randomization.

The descriptions of seven molecular descriptors constituting model-A have been
tabulated in Table 1.
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Table 1. Details of molecular descriptors present in model-A.

Variable Description
Software Used
for Calculation

fsp3CringC2B Frequency of occurrence of ring carbon atoms exactly at 2 bonds
from sp3-hybridised carbon atoms PyDescriptor [45]

com_C_4A Total number of carbon atoms within 4 Å from centre of mass
(com) of molecule

PyDescriptor

Saturated_Carbo_Rings Total number of saturated rings containing carbon atoms only DataWarrior [46]

fsulfonSaroC8B Frequency of occurrence of aromatic carbon atoms exactly at 8
bonds from sulphur atoms of Sulfone group PyDescriptor

fsp3OaroN6B Frequency of occurrence of aromatic nitrogen atoms exactly at 6
bonds from sp3-hybridised oxygen atoms PyDescriptor

flipoacc3B Frequency of occurrence of H-bond acceptor atoms exactly at 3
bonds from lipophilic atoms PyDescriptor

fplaNN4B Frequency of occurrence of nitrogen atoms exactly at 4 bonds
from planer nitrogen atoms PyDescriptor

Interestingly, five molecular descriptors, viz., com_C_4A, fsp3CringC2B, flipoacc3B,
fsulfonSaroC8B, and Saturated_Carbo_Rings, comprise the presence of different types of
carbon atoms, which indicates the importance of carbon atoms in deciding BRD-4 inhibitory
activity. The same is true for nitrogen, which is a part of three molecular descriptors, viz.,
flipoacc3B, fplaNN4B, and fsp3OaroN6B. Since, in general, the presence of carbon increases
lipophilicity whereas nitrogen is attributed to significantly influence the pharmacological
and hydrophilic profile, therefore, a balance of an appropriate number of carbons for
lipophilicity and nitrogen is necessary to obtain adequate BRD-4 inhibitory activity. Of the
seven descriptors in model-A, six have positive coefficients and only one has a negative
coefficient. The effects of descriptors and their role in deciding the BRD-4 inhibitory profile
have been discussed in more detail with relevant examples in the Discussion section.

3. Discussion

Mechanistic Interpretation of QSAR Model

An appropriately validated relationship between prominent structural features or
molecular descriptors of the molecules with the bioactivity enlarges knowledge about
mechanism of action of molecules, reasons for their specificity, and pharmacophoric
atoms/groups accountable for the desired bioactivity [20,26,39]. In the present analy-
sis, although we have equated the IC50 values of different molecules in a relationship with
a specific molecular descriptor (or feature), a synergistic or reverse effect of other molecular
descriptors or unknown factors having a superseding influence in deciding the overall IC50
value of a molecule cannot be ignored. That is, a single molecular descriptor or feature
neither decides nor completely explains the experimental IC50 value for such a large and
structurally diverse set of molecules. In other words, the effective use of a validated QSAR
model depends on the synergetic consideration of constituent molecular descriptors. The
newly developed QSAR model-A comprises seven descriptors.

The molecular descriptor fsp3CringC2B represents the frequency of occurrence of
ring carbon atoms exactly at two bonds from sp3-hybridised carbon atoms. If the same
ring carbon atom was also present at less than two bonds from any other sp3-hybridised
carbon atoms, then it was excluded while calculating fsp3CringC2B. Its positive coeffi-
cient in model-A and also a correlation of 0.30 with pIC50 indicate that increasing such
a combination of ring and sp3-hybridised carbon atoms could lead to better inhibitory
activities for BRD-4. For example, a comparison of molecule 736 with 737 indicates the
significant influence of ring carbon atoms (shown using green dots in Figure 4a,b) at exactly
two bonds from sp3-hybridised carbon atoms. This is further supported by their reported
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X-ray resolved structures with BRD-4. Molecule 736 (pdb: 5z1s [47]) has an additional
water-mediated interaction with receptors with a distance of 3.37 Å (see Figure 4c) due to
the -OCH3 group present in the benzoxazinone ring. The same -OCH3 group is responsible
for increasing the value of fsp3CringC2B for 736, but it is absent in 737 (pdb: 5z1r [47]).
The difference in IC50 for the following pairs of molecules further support the influence of
fsp3CringC2B on the activity profile: 255 with 499, 725 with 716, 231 with 240, and 89 with
105, to mention a few.

From this discussion, it appears that ring carbon atoms alone are important. However,
replacing fsp3CringC2B by number of ring carbon atoms as a descriptor in model-A reduced
the statistical performance from R2

tr = 0.76 to 0.73. In addition, the number of ring carbon
atoms has a correlation of 0.27 with pIC50. Therefore, fsp3CringC2B is a better descriptor
than the number of ring carbon atoms.

 

Figure 4. Comparison of BRD-4 inhibitory activity of molecule 736 with 737 with respect to
fsp3CringC2B: (a,b) 2D representation of 736 and 737; (c,d) X-ray-resolved structures of 737 (pdb:
5z1r) and 736 (pdb: 5z1s). Cyan coloured spheres represent water molecules, and dashed lines signify
interactions and distances in Å.

com_C_4A, which stands for total number of carbon atoms within 4 Å from centre
of mass (com) of molecule, has a positive coefficient in model-A. Therefore, increasing
the value of com_C_4A leads to better inhibitory activities. This observation is supported
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by the fact that it has a correlation of 0.404 with pIC50, and molecules with IC50 < 10 nM
(29 molecules) possess a high value of com_C_4A. In addition, a simple comparison of the
following pairs of the molecules strengthens this observation: 620 with 621, 720 with 710,
724 with 717, 526 with 518, and 691 with 692, and 595 with 596. At first glance, it looks as if
com_C_4A is pointing out the importance of the number of carbon atoms. However, nC
(number of carbon atoms) has a correlation of 0.29 with pIC50 and substituting com_C_4A
by nC led to a decrease in statistical performance of model-A from R2

tr = 0.76 to 0.69.
Therefore, com_C_4A is a better choice as a variable for model-A.

As the presence of carbon is generally associated with the increased lipophilicity of
a molecule, therefore, com_C_4A indicates that the lipophilic part must be concentrated
near the com of the molecule for better activities. This in turn provides a crucial hint
about the active site of BRD-4. It appears that a significant portion of the active site of
BRD-4 is reasonably lipophilic in nature. This is supported by the fact that the active site
of BRD-4 consists of a hydrophobic WPF shelf (see Figure 1) [11,18]. Thus, the findings
of the present QSAR analysis are supported by the reported X-ray-resolved structure of
BRD-4 enzyme. In addition, the pharmacophore model, depicted in Figure 5, generated
using most active molecule 297, again points out the presence of a lipophilic region near
the com of the molecule.

 
Figure 5. Pharmacophore model using most active molecule 207 (red: H-bond acceptor; blue: H-bond
donor; green: hydrophobic region). Distances are shown using yellow dashed lines and figures
indicate the distances in Å for different regions from center of mass. The black sphere represents the
position of the center of mass of molecule.

Another descriptor that also point outs the importance of lipophilicity of a molecule is
flipoacc3B, which represents the frequency of occurrence of H-bond acceptor atoms exactly
at three bonds from lipophilic atoms. However, an acceptor atom was excluded while
calculating flipoacc3B if it is also present within two or less bonds from same or any other
lipophilic atom. Evidently, the lipophilic part of a molecule close to H-bond acceptor moiety
(O or N atoms) plays a crucial role in deciding the inhibitory effect for BRD-4. This is once
again visible in the pharmacophore model depicted in Figure 6. A simple comparison of
the following pairs of molecules supports this observation: 812 with 823, 7 with 8, and 4
with 10.

An easily interpretable and influential molecular descriptor is Saturated_Carbo_Rings,
which corresponds to total number of saturated carbocyclic rings. It has positive coefficient
in model-A; therefore, increasing such rings is beneficial. A comparison of IC50 for 411 with
384 (see Figure 6), 137 with 127, 73 with 67, 131 with 124, 60 with 61, 570 with 573, and 572,
230 with 247 is in favour of this observation.

The importance of Saturated_Carbo_Rings in model-A indicates that the lipophilicity
and flexibility of a molecule are the actual factors governing an activity profile. It is
noteworthy that clogP, which represents molecular lipophilicity, has a correlation of 0.193
with pIC50, whereas Saturated_Carbo_Rings has 0.240. Thus, Saturated_Carbo_Rings
is a better choice, as it pinpoints the specific feature or part of the molecule (saturated
carbocyclic rings), which is correlated with the activity due to its lipophilic nature, whereas
clogP is a molecular property. A plausible reason could be the crucial role played by
hydrophobic zones such as saturated carbocyclic rings at the periphery or outer part of
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molecule as a proxy for BRD4 selectivity through their interaction with the WPF shelf [6].
Therefore, saturated carbocyclic rings should be retained in future optimizations for better
activity profiles. Thus, the present work is successful in identifying the significance of
saturated carbocyclic rings as a novel unreported pharmacophore feature associated with
BRD-4 inhibitory activity.

 

≤

≤

Figure 6. Depiction of influence of Saturated_Carbo_Rings on IC50 using molecule 384 and 411 as
representative examples (2D and 3D representations with partial charges).

The molecular descriptor fsulfonSaroC8B (frequency of occurrence of aromatic carbon
atoms exactly at eight bonds from sulphur atoms of Sulfone (-SO2-) group) has a positive
coefficient in model-A. Consequently, increasing the value of fsulfonSaroC8B, favours
binding with BRD-4. It is to be noted that if the same aromatic carbon atom is also present
at ≤7 bonds from a sulphur atom of same or different Sulfone group through any path, then
it was excluded while calculating fsulfonSaroC8B. Obviously, this descriptor signifies the
importance of the Sulfone group (a highly polar group) and its correlation with aromatic
rings (a lipophilic moiety) in deciding the binding with BRD-4. This is clearly reflected in
the difference in the activity of the following pairs of molecules: 715 with 718, 723 with 724,
714 with 715, 707 with 716, 936 with 941, and 942 with 943. Recent studies indicate that
Sulfone moiety is present in a cleft near the ZA-loop and establishes an H-bond with the
-CONH- (amide) of backbone [19].

fsp3OaroN6B stands for the frequency of occurrence of aromatic nitrogen atoms
exactly at six bonds from sp3-hybridised oxygen atom. If the same aromatic nitrogen
atom is also present at ≤5 bonds from the same or any other sp3-hybridised oxygen atom
through any path, then it was excluded while calculating fsp3OaroN6B. For example, 79
with 609, 81 with 620, and 614 with 615, to mention a few. In our previous study [20],
we identified a similar descriptor notringO_acc_6B (total number of all non-ring Oxygen
atoms present within a distance of six bonds from H-bond acceptor atoms) as an important
pharmacophoric feature that governs the binding affinity (Ki) of a molecule for BRD-4. Thus,
a consensus between the previous and the present study indicates that a molecule must
have an H-bond acceptor (preferably aromatic nitrogen) at a distance of six bonds from a
sp3-hybridised oxygen atom (non-ring oxygen favoured). This observation is supported by
the difference in the activity of molecule S1, S2, and S3 [48] (see Figure 7). To add further,
the sp3-hybridised oxygen atom is present as a linker between two aromatic rings or as an
-OR (alkoxy) group in a good number of molecules [20].
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Figure 7. Effect of fsp3OaroN6B on BRD-4 inhibitory activity.

The only descriptor with a negative coefficient in model-A is fplaNN4B, which cor-
responds to frequency of occurrence of nitrogen atoms exactly at 4 bonds from planer
nitrogen atoms. If the same nitrogen atom is also present at ≤3 bonds from the same or
any other planer nitrogen atom through any path, then it was excluded while calculating
fplaNN4B. The following pairs of molecules have a significant difference in their activities,
which could be attributed to the presence of fplaNN4B as a structural feature: 945 with 954,
936 with 944, 411 with 385, 170 with 171, 722 with 714, 563 with 577, 737 with 734, 239 with
240. Therefore, such a combination of nitrogen atoms should be avoided to have better
inhibition of BRD-4.

4. Materials and Methods

The present work follows the standard procedure recommended by OECD and differ-
ent researchers to perform QSAR analysis [49–51]. All the software were used with default
settings to obtain a QSAR model possessing a balance of predictive ability and mecha-
nistic interpretation; however, some settings were changed, which have been reported at
appropriate places. The different steps are as follows.

Step-1: Collection of data and curation: The present work commenced with the
collection of a large dataset of 2026 experimentally tested BRD-4 inhibitors from a free
and publicly available database BindingDB (https://www.bindingdb.org/bind/index.jsp,
accessed on 16 March 2022). A QSAR analysis is significantly influenced by the quality
of data, its composition, and its appropriate curation before further processing [50,52–54].
Therefore, in the next step, data curation was performed [55], which involved the removal
of duplicate entries, organometallic compounds, salts, molecules with ambiguous IC50
values, etc. This reduced the dataset to 980 molecules only. The reduced dataset still
consists of molecules with experimental IC50 (nM) in the range 1 nM to 15 µM and the
presence of diverse scaffolds such as heterocyclic rings, positional isomers, stereoisomers,
etc., enhancing the chemical space and consequently widening the applicability of the
newly developed model. The SMILES (Simplified Molecular Input Line Entry System)
notations, including experimental IC50 and pIC50 (=−log10IC50) of all the molecules used
in the present work, are available in Supplementary Materials. For the sake of convenience,
representative examples have been presented in Figure 8 to depict the structural diversity
of the current dataset.

In Table 2, five most and least active molecules have been included as examples only
along with their SMILES notation: IC50 (nM) and pIC50 (M).

Step-2: In the next step, SMILES notations were used to develop the optimised 3D
structures (semi-empirical PM3 method) of the molecules, accomplished using OpenBabel
2.4 [56] and MOPAC 2012 (openmopac.net) using default settings.

Step-3: A QSAR model achieves a balance of mechanistic interpretation and predictive
ability if a good number of diverse molecular descriptors are calculated, followed by
adequate pruning to reduce the chances of overfitting from noisy redundant descriptors [57].
The next step involved the calculation of myriad number of 1D- to 3D-molecular descriptors
for all molecules. For this, PyDescriptor [45] and DataWarrior [46] were used, which

https://www.bindingdb.org/bind/index.jsp
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generated more than 40,000 molecular descriptors for a single molecule. Obviously, the
descriptor pool contained a good number of redundant molecular descriptors; therefore,
highly correlated (|R| > 0.95) and nearly constant (>98%) variables were removed using
QSARINS 2.2.4 [58]. This considerably decreased the size of set of molecular descriptor
pool from 30,000 to 4326, which still contained a variety of molecular descriptors.

 
Figure 8. Representative examples to indicate the structural scaffold diversity in the present dataset.

Table 2. SMILES notation and IC50 (nM) and pIC50 (M) of five most and least active molecules of the
selected data set.

SN Ligand SMILES
IC50

(nM)
pIC50

(M)

207 Cn1cc2-c3cc(CS(C)(=O)=O)ccc3N(Cc3c[nH]c(=O)c1c23)c1ccccn1 1 9
692 Cn1cc2-c3cc(CS(C)(=O)=O)ccc3N(Cc3c[nH]c(c23)c1=O)c1ccc(F)cc1 1.5 8.824
158 CCS(=O)(=O)c1ccc2Oc3ccc(F)cc3CCCCOc3cc(=O)n(C)cc3-c2c1 2 8.699
570 COc1cc2c(cc1-c1c(C)noc1C)[nH]c1nc(C)nc(Nc3cc(nn3C)C3CC3)c21 2 8.699
688 Cn1cc2CN(c3ccc(F)cc3)c3ccc(CS(C)(=O)=O)cc3-c3c[nH]c(=O)c1c23 2.5 8.602
633 CC(=O)N1CCc2c(C1)c(nn2C1CCOCC1)-c1cccc2c(Cl)cncc12 14,000 4.854
242 CC(=O)N1CCc2c(C1)c(Nc1cccc(C)c1)nn2C1CC1 15,000 4.824
385 Cc1noc(C)c1-c1ccc(C)c(c1)S(=O)(=O)NC1CCNCC1 15,000 4.824
634 CCc1cncc2c(cccc12)-c1nn(C2CCOCC2)c2CCN(Cc12)C(C)=O 15,000 4.824
721 CNC(=O)c1cn(C)c(=O)c2ccccc12 15,000 4.824

4.1. Splitting the Data Set into Training and External Sets and Subjective Feature Selection (SFS)

For developing a useful QSAR model and its appropriate validation, it is essen-
tial to divide the dataset into training and external (also called as prediction or test set)
sets [50,52–54,59]. Consequently, in the present work, the dataset was randomly divided
into training (80% = 785 molecules) and external (20% = 195 molecules) sets to minimise
any bias. The only purpose of the training set was to choose suitable number of variables
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(molecular descriptors), whereas the external set was employed only for validation pur-
pose, i.e., external validation of the model (Predictive QSAR). Genetic Algorithm (GA) and
multi-linear regression (MLR) available in QSARINS 2.2.4 were used for model building.
For this, Q2

LOO was used as a fitness function, and the number of generations was set to
10,000. A decisive step in QSAR modelling is to select the optimum number of molecular
descriptors for model building to avoid over-fitting and to obtain acceptable interpretabil-
ity. Consequently, the heuristic search involved building multiple models from univariate
to multivariate with the successive addition of molecular descriptors until there was an
increase in the value of Q2

LOO, which is called the breaking point [39,60]. A 2D graph
between the number of molecular descriptors involved in the models and Q2

LOO values
has been depicted in Figure 9. The number of variables matching with the breaking point
was considered optimal for model building as there was no improvement in the statistical
performance of model upon the inclusion of additional molecular descriptors. The analysis
led to the matching of breaking points with seven variables. Therefore, QSAR models with
more than seven descriptors were excluded.

 
Figure 9. Graph between number of descriptors against leave-one-out coefficient of determination
Q2

LOO to identify the optimum number of descriptors.

4.2. Building Regression Model and Its Validation

Appropriate validations involving cross/inter validation, external validation,
Y-randomization analysis, and applicability domain (Williams plot) are necessary to esti-
mate the reliability and general applicability of a QSAR model [25,31,33,50,61]. A properly
validated QSAR model finds its usage for QSAR-based virtual screening, lead/hit optimiza-
tion, decision making, etc. The following validation parameters and their recommended
threshold values are usually used to assess a model [39,60]: R2

tr (coefficient of determi-
nation) ≥ 0.6; Q2

loo (cross-validated coefficient of determination for leave-one-out) ≥ 0.5;
Q2

LMO (cross-validated coefficient of determination for leave-many-out) ≥ 0.6, R2 > Q2;
R2

ex (external coefficient of determination) ≥ 0.6; CCC (Concordance Correlation Coeffi-
cient) ≥ 0.80; Q2-Fn ≥ 0.60; high values of external validation parameters R2

ex, Q2
F1, Q2

F2,
and Q2

F3, with low values of R2
Yscr (coefficient of determination for Y-randomization);

RMSE (Root mean square error); MAE (Mean absolute error); RMSEtr < RMSEcv. The for-
mulae for calculating these statistical parameters are available in Supplementary Materials.
In the present analysis, a Williams plot was used to assess the applicability domain of the
newly developed QSAR model.
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4.3. Pharmacophore Model

For pharmacophore modelling, the 3D-optimised structure of the most active molecule,
207, was selected. The model was generated using LIQUID [62,63], a free and easy to use
PyMOL plugin, using default settings, except that the contour region was set to 3 for
H-bond donor/acceptor and hydrophobic regions.

4.4. Other Experimental Details

The reported X-ray resolved structures (pdb 5z1r and 5z1s) were downloaded from
Protein Data Bank (www.rcsb.org accessed on 13 April 2022). PyMOL version 2.4 has been
used for the depiction of molecular interactions between the compounds and the protein.

5. Conclusions

In the present study, a seven-descriptor-based and rigorously validated GA–MLR
QSAR model with R2

tr = 0.79, Q2
LMO = 0.79, and R2

ex = 0.78 was derived to identify the
significant pharmacophoric features that influence BRD-4 inhibitory activity. As mentioned
earlier, it is essential to perceive salient and visually unrecognizable pharmacophoric
features linked with BRD-4 inhibitory activity for different chemical scaffolds. The analysis
indicates that the presence of ring carbon and nitrogen atoms, occurrence of carbon atoms
near the center of mass of a molecule, specific combination of planer nitrogen with ring
carbon, donor and acceptor atoms, etc., are prominent features to be retained in future
optimizations. On the other hand, a combination of nitrogen atoms with planer nitrogen
atoms exactly at four bonds should be avoided for better BRD-4 inhibitory activity. The
reported crystal structures of BRD-4 inhibitors strengthen these observations. The present
study efficaciously captured and reported novel pharmacophoric features and has a good
balance of predictive ability and mechanistic interpretations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph15060745/s1.
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Abstract: The 5-hydroxytryptamine receptor 6 (5-HT6) has gained attention as a target for developing
therapeutics for Alzheimer’s disease, schizophrenia, cognitive dysfunctions, anxiety, and depression,
to list a few. In the present analysis, a larger and diverse dataset of 1278 molecules covering a broad
chemical and activity space was used to identify visual and concealed structural features associated
with binding affinity for 5-HT6. For this, quantitative structure–activity relationships (QSAR) and
molecular docking analyses were executed. This led to the development of a statistically robust
QSAR model with a balance of excellent predictivity (R2

tr = 0.78, R2
ex = 0.77), the identification of

unreported aspects of known features, and also novel mechanistic interpretations. Molecular docking
and QSAR provided similar as well as complementary results. The present analysis indicates that
the partial charges on ring carbons present within four bonds from a sulfur atom, the occurrence of
sp3-hybridized carbon atoms bonded with donor atoms, and a conditional occurrence of lipophilic
atoms/groups from nitrogen atoms, which are prominent but unreported pharmacophores that
should be considered while optimizing a molecule for 5-HT6. Thus, the present analysis led to
identification of some novel unreported structural features that govern the binding affinity of a
molecule. The results could be beneficial in optimizing the molecules for 5-HT6.

Keywords: 5-hydroxytryptamine receptor 6; neurodegeneration; QSAR; molecular docking;
pharmacophoric features

1. Introduction

Millions of people are suffering from central nervous system (CNS)-related diseases,
such as Alzheimer’s disease, schizophrenia, cognitive dysfunctions, anxiety, depression,
etc. [1–4], and are facing diverse health and social challenges. Though therapeutic agents
are available for the treatment of these diseases, they lack the ability to reduce the continu-
ous loss of cognitive function, as most of them target only the acetylcholine deficit [2,3,5–9].
Therefore, there is a need to develop a therapeutic agent with a different mechanism of ac-
tion and bio-activity profile to support the existing drug space. Recently, G-protein-coupled
receptors (GPCRs), viz., the serotonergic system of serotonin (5-hydroxytryptamine) recep-
tors, have received greater attention due to their vital role in signal transduction pathways
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and numerous neurological functions [2,4,7–10]. To add further, 5-hydroxytryptamine
receptors (5-HT1–7) play vital roles in many cognitive dysfunctions such as memory loss,
reduced learning ability, etc. [4,5,8,9]. Among them, the 5-HT6 receptor has emerged as
a promising target due to its crucial role in the onset of Alzheimer’s disease, cognitive
processes, mood control, depression, and anxiety [4,5,8,9], to name a few. It is believed that
blocking the 5-HT6 receptor significantly improves learning and memory processes [4,5,8,9].
In addition, it has also emerged as a molecular target for the treatment of obesity and the
related metabolic syndrome [11]. An additional advantage associated with 5-HT6 is its
restricted and exclusive occurrence within the CNS, which implies that compounds acting
through this receptor could have minimal peripheral side effects [2,3,6,10,12]. Even though
several molecules have been identified as promising ligands with high binding affinities
for 5-HT6 (see Figure 1), none of them has cleared the clinical stages or been approved as a
drug [1,7–10,12].

Figure 1. Chemical structures of representative examples of clinically tested 5-HT6 ligands.

Therefore, there is a need to develop a novel therapeutic agent with a better ADMET
(absorption, distribution, metabolism, excretion, and toxicity) profile and the retention of
a high binding affinity for 5-HT6. For this, it is essential to know the prominent and con-
cealed pharmacophoric features associated with binding affinities for 5-HT6 using a broad,
structurally diverse dataset with adequate variations in activity space. To achieve these
targets, computer-aided drug designing (CADD) is a contemporary and feasible solution
due to its low cost and time efficacy [13,14]. Ligand-based drug designing (LBDD) is a
thriving and widely accepted branch of CADD with a higher success rate of identification
of key pharmacophoric features. It is the method of choice if the 3D structure of a target
protein is not available [14]. Under the terrain of LBDD, the quantitative structure–activity
relationship (QSAR) is an effective and multidisciplinary approach that is useful to identify
salient and hidden pharmacophoric features [15–18].

Though different types of ligands encompassing diverse scaffolds are known for
5-HT6, the lack of an X-ray-resolved 3D structure restricts the use of structure-based drug
designing (SBDD) approaches. Consequently, many researchers have performed QSAR
analysis for 5-HT6 using different types of scaffolds. Doddareddy and co-workers [1]
accomplished a 3D QSAR analysis using a small dataset of 33 N1-arylsulfonylindole
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compounds as 5-HT6 antagonists. The analysis reinforced the pharmacophoric features
reported by López-Rodríguez et al. [4,19]. Later in 2011, Hao et al. [3] studied relatively
a larger dataset of 223 ligands reported for 5-HT6 for QSAR, homology-based molecular
docking, and molecular dynamics simulations for 5 ns. Their analysis pointed out that
the interaction with the residue Asp106 is important. A 2D and 3D QSAR analysis of
arylsulfonamide-derived 5-HT6 receptor antagonists [12] highlighted the importance of
the pharmacophore model reported by López-Rodríguez et al. [4,19]. Though these studies
contributed to the identification of some important structural features, the developed QSAR
models were either based on smaller datasets or specific scaffolds only, thereby lacking
general applicability. In addition, poor external predictive ability restricts their usage for a
lead optimization pipeline. A QSAR analysis based on a large and diverse set of molecules,
with a balance of predictive ability (predictive QSAR) and mechanistic interpretation
(mechanistic QSAR) provides an in-depth understanding of the correlation between the
structural features and the desired bio-activity [15,20,21]. Therefore, QSAR analysis has
been executed in the present work using a large and diverse dataset that covers a broad
chemical and activity space to find out the structural features of high importance for 5-HT6
ligands. Molecular docking has been carried out to support and complement the QSAR
analysis. Further, an in-depth analysis of a larger dataset comprising diverse scaffolds led
to the identification of reported as well as unreported pharmacophoric features, which
could be useful in the optimization of molecules during a drug discovery pipeline.

2. Results

In the present work, we have identified reported as well as unreported structural
features of 5-HT6 ligands. As stated in the introduction section, the emphasis was on
building a genetic algorithm–multilinear regression (GA-MLR) model with a balance of
predictive ability and mechanistic interpretations. The newly built six-parametric model is
as follows:

Model-1: pKi = 6.754 (±0.091) −0.109 (±0.014) * com_Hhyd_3A −0.700 (±0.043)
* ringC_S_4Bc −0.604 (±0.104) * flipo&S_ringN3B −0.528 (±0.075) * KRFPC620 −0.339
(±0.053) * sp3N_sp2O_8B + 0.545 (±0.067) * fsp3Cdon1B

The details of the molecular descriptors present in Model-1 have been tabulated in
Table 1 and are discussed in detail in the discussion section. Table 2 contains selected
validation parameters associated with Model-1.

Table 1. Some details of constituent molecular descriptors present in Model-1.

Molecular
Descriptor Description Software Used

for Calculation Correlation with pKi

com_Hhyd_3A
Total number of hydrogen atoms with partial charge
in the range of ±0.2 within 3 Å from center of mass

of molecule
PyDescriptor −0.625

ringC_S_4Bc Sum of partial charges on ring carbon atoms present
within four bonds from sulfur atom PyDescriptor −0.696

flipo&S_ringN3B Frequency of occurrence of ring nitrogen atom
present exactly at three bonds from lipophilic atom PyDescriptor −0.248

sp3N_sp2O_8B
Total number of sp3-hybridized nitrogen atoms
present within eight bonds from sp2-hybridized

oxygen atoms
PyDescriptor −0.133

KRFPC620 Nitrogen attached to three CH3CH2- groups PaDEL −0.444

fsp3Cdon1B Frequency of occurrence of H-bond donor atom
bonded with sp3-hybridized carbon atom PyDescriptor 0.026
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Table 2. Selected statistical validation parameters for Model-1.

Parameter Value Parameter Value

R2
tr 0.783 Q2

LMO 0.779

R2
adj. 0.781 R2

Yscr 0.006

RMSEtr 0.419 RMSEex 0.425

MAEtr 0.350 MAEex 0.357

CCCtr 0.878 R2
ex 0.772

R2
cv (Q2loo) 0.780 Q2-F1 0.768

RMSEcv 0.422 Q2-F2 0.768

MAEcv 0.352 Q2-F3 0.777

CCCcv 0.876 CCCex 0.871
Note: tr—Training, cv—Cross-validation, ex—External.

It is evident from above statistical parameters that the model is statistically predictive,
with high values of different parameters such as R2

tr (coefficient of determination), R2
adj.

(adjusted coefficient of determination), and R2
cv (Q2

LOO) (cross-validated coefficient of
determination for leave-one-out), R2

ex (external coefficient of determination), Q2−Fn, and
CCCex (concordance correlation coefficient for external set), etc., and low values of LOF
(lack-of-fit), RMSE (root-mean-square error), MAE (mean absolute error), R2

Yscr (R2 for
Y-scrambling), etc. Thus, the model possesses high external predictive ability, is free
from chance correlations, and satisfies the recommended threshold values for various
validation parameters [16,22–29]. All validation parameters associated with Model-1 and
their formulae are available in the Supplementary Materials.

Figure 2 contains the different graphs associated with Model-1, viz., the experi-
mental vs. predicted pKi (Figure 2a), experimental vs. residuals (Figure 2b), and the
Y-randomization plot (Figure 2d). We used a Williams plot to judge the applicability do-
main of the model (see Figure 2c). Thus, it satisfies all the OECD-endorsed guidelines and
criteria for creating a useful QSAR model.

Figure 2. Cont.
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Figure 2. Different graphs associated with the Model-1. (a) Experimental vs. predicted pKi (the solid
line represents the regression line); (b) experimental vs. residuals; (c) Williams plot for applicability
domain (the vertical solid line represents h* = 0.021 and the horizontal dashed lines represent the
upper and lower boundaries of the applicability domain); (d) Y-randomization plot.

The docking scores for all the molecules are incorporated in the Supplementary Materials
(see Excel file ‘SupplementaryMaterial-Final.xlsx’, available in the Supplementary Materials).

3. Discussion

The interpretation of a QSAR model using molecular descriptors, also known as
mechanistic interpretation, is a crucial aspect to highlight and link various structural
features with significant influence in deciding the bio-activity of molecules [15,21]. It is
also one of the requirements suggested by the OECD for developing a thriving QSAR
model. In the present work, we used a simple approach in which the pKi values of different
molecules were compared using a specific molecular descriptor. Nonetheless, we make
clear that the final experimental pKi value of a molecule cannot be governed by just a single
structural feature (molecular descriptor). To add further, the extending or reverse effect
of other molecular descriptors and unknown factors play crucial roles in deciding the pKi
value of a molecule. Therefore, a concomitant consideration of all molecular descriptors
and their associated structural features is a better strategy for the effective use of a QSAR
model. Model-1 encompasses six molecular descriptors.

The molecular descriptor com_Hhyd_3A represents the total number of hydrogen
atoms with a partial charge in the range of ±0.200 and also present within 3 Å from the
center of mass (com) of the molecule. As the partial charge must be within the range
±0.200, this descriptor expresses the role played by non-polar hydrogens [30] when present
within 3Å from the center of mass of the molecule. The descriptor com_Hhyd_3A has a
negative coefficient in Model-1, which indicates that the lower the value, the better the
binding affinity. This could be achieved by replacing non-polar hydrogen atoms with
suitable atoms/groups. This indirectly points out that the presence of polar hydrogens,
in turn, polar groups nearer to center of mass of a molecule, are beneficial for escalating
the pKi value. In addition, hydrogen is smaller than other elements, and replacing it with
any other element will increase the steric bulk. Therefore, bulkiness near the center of
mass of the molecule is highly favorable for increasing the pKi value. To add further,
com_Hhyd_3A depends on the location of the center of mass, which changes with the
positions of groups/atoms (positional isomers). Therefore, the value of com_Hhyd_3A
varies for positional isomers, for example, molecules number 331 and 332. Hence, the
descriptor effortlessly captures the importance of positional isomerism in deciding the
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pKi value. Thus, the descriptor com_Hhyd_3A and its negative correlation (correlation
coefficient R = −0.63) with pKi highlighted the crucial role played by the presence of
polar groups and steric bulkiness near the center of mass of a molecule as well as the
positional isomerism. This observation was further confirmed by comparing following
pairs of molecules: 542 (Ki = 25520 nM, com_Hhyd_3A = 8) with 547 (Ki = 2506 nM,
com_Hhyd_3A = 6) (depicted in Figure 3), 543 (Ki = 14650 nM, com_Hhyd_3A = 9) with
545 (Ki = 8611 nM, com_Hhyd_3A = 6), 1011 (Ki = 91 nM, com_Hhyd_3A = 6) with
1082 (Ki = 419 nM, com_Hhyd_3A = 7), 935 (Ki = 2843 nM, com_Hhyd_3A = 8) vs. 937
(Ki = 2005 nM, com_Hhyd_3A = 6), and 929 (Ki = 2427 nM, com_Hhyd_3A = 7) vs. 938
(Ki = 1540 nM, com_Hhyd_3A = 5), to list a few. Thus, for the first time, com has been used
as a useful approach to explain the differences in the binding affinities of ligands for 5-HT6.
In addition, this novel approach provides a novel justification for the differences in the
activity of positional isomers.

Figure 3. Depiction of com_Hhyd_3A using molecules 542 and 547 as representative examples (radius
of gray sphere is 3 Å).

ringC_S_4Bc, which signifies the sum of partial charges on ring carbon atoms present
within four bonds from a sulfur atom, has a negative coefficient in Model-1. In addition,
it has a correlation coefficient of −0.696 with pKi. Therefore, decreasing the value of
ringC_S_4Bc could lead to a higher pKi value, i.e., a better binding affinity. The descriptor
highlights the importance of ring carbon and sulfur atoms; therefore, it looks as if merely
ring carbon or sulfur atoms are enough to control the binding affinity. Replacing it with
nringC (the total number of ring carbon atoms) or nS (the total number of sulfur atoms)
reduced the statistical performance of Model-1 (R2 = 0.74 and 0.73). Therefore, a combined
presence of ring carbons and sulfur atoms within four bonds from each other has more
influence. The descriptor is shown using molecules 335 and 339 as representative examples
in Figure 4. A comparison of the following pairs of molecules confirmed the observation:
335 with 339, 952 with 953, 954 with 955, 248 with 249, 762 with 763, 221 with 260, 175 with
650, 1089 with 1101, 989 with 1030, etc.

A literature survey revealed that a combination of a H-bond acceptor, such as a sul-
fonamide or sulfone moiety, along with fused rings such as naphthalene, benzothiophene,
or indole, is highly suitable for augmenting the pKi values of 5-HT6 ligands [6] due to
their hydrophobic character [5]. Interestingly, the sulfone or sulfonamide groups are di-
rectly attached to fused rings in many compounds of the present dataset. In addition, in
the present work, we found that the partial charges on the ring carbons of fused rings
also influenced the binding affinity of a molecule for 5-HT6. Therefore, the hydrophobic
character of fused rings and the partial charges on a ring carbon are equally important.
This observation is further supported by the molecular docking analysis. The molecular
docking analysis revealed that molecules number 335 and 339 have different poses and
types of interactions. Molecule 335 has an established H-bond with Asp87 (distance 2.86 Å)
and a pi–pi interaction with Phe-222 (distance 5.17 Å), whereas molecule 339 has only a
H-bond formation with Asn225 (distance 2.70 Å) and lacks any pi–pi interactions. Molecule
335 was able to establish a pi–pi interaction due to the presence of a sulfone group, which
caused substantial changes in the partial charges of ring carbon atoms and the C-S-C bond



Pharmaceuticals 2022, 15, 834 7 of 18

angle (99.8◦ in 335 and 105.6◦ in 339) and also changed the solvent-accessible surface areas
(2312.8 Å2 for 335 and 2098.4 Å2 for 339). The docking poses for molecules number 335
and 339 are shown in Figure 4c. The yellow dotted line represents the prominent interac-
tion with distances in Angstrom units. It is clear from the present analysis that not only
lipophilic factors but electronic factors associated with ring carbon atoms vicinal to sulfur,
in turn aromatic/aliphatic rings, are an important parameter in deciding the inhibitory
activity for 5-HT6. Thus, the present work is successful in identifying novel unreported
crucial aspects of a previously known pharmacophoric feature required for better activity
for 5-HT6.

Figure 4. Molecules 335 and 339 as representative examples to depict the effect of descriptor
ringC_S_4Bc. (a) Comparison of docking pose of 335 (pink) and 339 (blue), (b) C-S-C bond an-
gle shown using yellow dotted lines, (c) docking pose for 335 (pink) and 339 (blue), (d) carbon atoms
(yellow) within four bonds of sulfur (magenta) with respective partial charges.

The molecular descriptor flipo&S_ringN3B represents the frequency of occurrence
of a ring nitrogen atom exactly three bonds from a lipophilic atom or sulfur atom. If the
same ring nitrogen atom is also present at two or less bonds from any other lipophilic
atom or sulfur atom, then it is neglected while calculating flipo&S_ringN3B. It has a
negative coefficient in Model-1, which suggests that lowering the value of flipo&S_ringN3B
could lead to a better binding profile. This observation is justified by the fact that there
are 383 molecules with Ki ≤ 10 nM, but only one of them has flipo&S_ringN3B = 2
(molecule number 50). Only two molecules (molecules number 569 and 978) possess
flipo&S_ringN3B = 1, and the remaining 380 molecules have flipo&S_ringN3B = 0. A
comparison of molecules 870 with 871, 896 with 903, and 892 with 897 and 898 further
strengthens the observation. For example, consider molecules 986 and 1024. In the case of
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molecule 986, the presence of an additional -CH3 group on the imidazole ring increased the
number of lipophilic atoms within three bonds of the ring nitrogen as well as the lipophilic
surface area (178.3 Å2), thereby having flipo&S_ringN3B = 0, while molecule 1024 lacks
such a substituent and consequently has flipo&S_ringN3B = 1 and a lower lipophilic surface
area of 173.5 Å2 (See Figure 5).

Figure 5. Representation of flipo&S_ringN3B using molecules 986 and 1024 as examples. The green
contour in the middle figures depicts the lipophilic surface area.

Likewise, in the case of highly active molecules, a lower value of flipo&S_ringN3B is
possible due to a lower number of ring nitrogen (for example molecule 681) or due to the
presence of lipophilic atoms within three bonds of a ring nitrogen. Thus, this descriptor
signifies that the presence of lipophilic atoms near ring nitrogen atoms decreases the value
of flipo&S_ringN3B, which in turn increases the pKi value. In other words, it points out
an unreported structural feature of conditional importance of lipophilic atoms as well as
ring nitrogen atoms in deciding the binding affinity profile. A plausible reason could be
attributed to the fact that increasing the lipophilic environment around a ring nitrogen
balances the polarity induced by the highly electronegative nature of nitrogen, which
ultimately leads to improved brain penetration [4] due to the better lipophilic characters
of the molecule. The molecular docking poses for molecules number 986 and 1024 (see
Figure 5) indicate that the additional -CH3 group is responsible for pi-alkyl hydrophobic
interactions with the active site residues of 5-HT6 for molecule number 986. In the case of
molecule number 986, the additional -CH3 group interacts with Phe221, Cys91, and Trp218.
The interaction with Trp218 is absent in case of molecule number 1024.

The molecular descriptor fsp3Cdon1B, which signifies the frequency of occurrence of
a H-bond donor atom directly bonded with an sp3-hybridized carbon atom, has a positive
coefficient in Model-1. Therefore, increasing such a combination of carbon and H-bond



Pharmaceuticals 2022, 15, 834 9 of 18

donor atoms could lead to a higher pKi value. An inspection of molecules with Ki ≤ 10 nM
(383 molecules) reveals that only 16 molecules lack such a combination of donor and carbon,
286 molecules have one such combination, and 82 molecules possess fsp3Cdon1B = 2. A
comparison of molecules number 250 (Ki = 71.1 nM, fsp3Cdon1B = 0) and 251 (Ki = 7.2 nM,
fsp3Cdon1B = 1) further supports the positive effect of the presence of fsp3Cdon1B on
the pKi value (see Figure 6). The molecular docking poses for molecules number 250
and 251 support this observation (see Figure 6b–d). Both molecules interact with similar
residues such as Leu163 (H-bond). However, a prominent difference in the docking poses
of molecules number 251 and 250 is the H-bond formation with a distance of 2.52 Å by
the -NH of the piperidine ring with Asp87, which is absent in the case of 250. This is due
to the fact that the pyran ring of molecule 250 is oriented away from Asp87, whereas the
piperidine ring of 251 is close enough to establish a H-bond with Asp87. Thus, it highlights
the importance of the presence of a donor atom in the 5-HT6 ligand. The -NH of the
piperidine ring is responsible for fsp3Cdon1B = 1 for molecule number 250. Thus, the
molecular docking and QSAR provided similar and complementary results.

Figure 6. (a) Representation of fsp3Cdon1B using molecules number 250 and 251 as examples,
(b) docking pose for molecule number 251 (dotted line represents H-bond formation), (c) overlap of
docking pose of 250 (cyan) and 251 (pink), (d) docking pose for 250.

Another molecular descriptor which highlights the importance of nitrogen atoms and
their local environment is KRFPC620. The molecular descriptor KRFPC620 considers the
count of a fragment that encompasses a planer nitrogen atom attached to three CH3-CH2-
groups. For better clarification, it is depicted in Figure 7 using representative examples
only. The negative coefficient for the descriptor indicates that the pKi value increases with
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a decrease in the value of KRFPC620. A comparative analysis of the following pairs of
molecules supports this trend: 472 with 776, 748 with 749, 757 with 761, 1074 with 1096, 1068
with 1075, 1100 with 1116, 1094 with 1058, etc. To add further, of the 383 molecules with
Ki ≤ 10 nM, 37 molecules have KRFPC620 = 1, whereas 346 molecules lack the presence of
KRFPC620. Therefore, such a combination of nitrogen with CH3-CH2- must be avoided for
a better pKi value.

Figure 7. Pictorial representation of KRFPC660 (blue colored) using representative examples.

Many researchers have highlighted the importance of the presence of a positive ion-
izable atom or group such as the nitrogen in piperazine or in a (dimethylamino)ethyl
fragment for a better binding affinity for 5-HT6 [4]. The present work also successfully
highlighted the negative impact of a third ethyl group on ionizable nitrogen on binding
affinity. Therefore, in agreement with previous studies [4,12], a methyl substituted piper-
azine, non-substituted piperazine, or a (dimethylamino)ethyl fragment is a better choice to
act as a positive ionizable moiety.

Another descriptor whose value must be lowered due to its negative coefficient in
Model-1 to have a better pKi value is sp3N_sp2O_8B. It counts the total number of sp3-
hybridized nitrogen atoms present within eight bonds of sp2-hybridized oxygen atoms. Of
the 383 molecules with Ki ≤ 10 nM, 181 molecules lack such a combination of nitrogen and
oxygen atoms, whereas the remaining 201 molecules possess only one such combination.
In addition, the following pairs of molecules, on comparison, support the observation: 624
with 627 (see Figure 8), 557 with 556 and 555, 271 with 274, 116 with 120, and 117 with 123,
to mention a few.

To summarize the prominent structural features and the pharmacophoric model, we
used the two most active molecules, 681 and 271, as representative examples (see Figure 9).
The pharmacophoric pattern consists of two hydrophobic regions (green contour), two
H-bond acceptor regions (red contour), and one H-bond acceptor region (blue contour),
as depicted in Figure 9a using molecule 681. Thus, the pharmacophoric pattern agrees
with previous studies [4,12]. Figure 9b depicts the molecular descriptor ringC_S_4Bc in
molecule 271. Figure 9c represents the descriptors fliporingN3B and fsp3Cdon1B. The
three hydrophobic -CH3 groups shown by green dots are responsible for balancing the
hydrophilic effect of ring nitrogen atoms, thus enhancing the CNS penetration ability of a
molecule. Moreover, the -CH3 groups labelled as A and B enhance the value of fsp3Cdon1B,
as they are directly attached to donor atoms. Thus, the present work not only captured the
pharmacophoric features reported by López-Rodríguez et al. [4,12] but also successfully
extended it.
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Figure 8. Illustrative examples for representation of sp3N_sp2O_8B.

Figure 9. Depiction of (a) pharmacophoric feature using molecule 681 (green: hydrophobic, red:
H-bond acceptor, blue: H-bond donor regions, dotted lines show distances in Angstrom units),
(b) yellow atoms represent ringC_S_4Bc in molecule 271, (c) fliporingN3B represented by red-colored
bonds with numbering using molecule 271.

The molecular docking score spans from −5.7 to −12.2 for molecules in the current
dataset (see Supplementary Materials). For the sake of convenience, twenty molecules with
the highest and lowest molecular docking scores are tabulated in Table 3. Surprisingly, not
only the molecular docking score has a weak correlation of 0.10 with pKi but also many
molecules with lower binding affinity values have better docking scores (see Tables 3 and 4).
This could be attributed to the large size of the active site of 5-HT6 (see Figure 10), which
allows the adoption of different conformations for molecules. Moreover, recent studies
point out that current docking software such as AutoDock, Dock, etc., and respective
algorithms for docking scores are inclined toward the flexibility of ligands, which in turn,
is associated with the loss of ligand conformational entropy on binding [31]. The molecules



Pharmaceuticals 2022, 15, 834 12 of 18

with lower binding affinity for 5-HT6 have a high degree of flexibility. Thus, all these
factors together resulted in an artificially more favorable binding score for the more flexible
decoys than for actives.

Figure 10. Binding site of 5-HT6 used in the present work.

Table 3. The molecular docking score and Ki (nM) for ten molecules with the highest and lowest
molecular docking scores.

Molecule
Number SMILES Ki

(nM)

Affinity-
Docking

Score (Kcal/mol)

741 CC(=O)Nc(cc1)ccc1CCNICC2Cc(c23)ccc4c3ccn4S(=O)(=O)c5ccccc5 79.43 −12.2

134 C1NCCCC1C(=O)Nc(ccc2)c(c23)[nH]nc3S(=O)(=O)c4cccc(c45)cccc5 9.8 −12

489 c1cccc(c12)[nH]cc2C(C3=O)CC(=O)N3CCCN(CC4)CCC4c5c[nH]c(c56)ccc(c6)OC 264 −11.9

490 c1cccc(c12)[nH]cc2C(C3=O)CC(=O)N3CCN(CC4)CCC4c5c[nH]c(c56)ccc(F)c6 1146 −11.8

1093 CC(=O)Nc(n1)[nH]c(c1C)-c2cn(c(c23)cccc3)S(=O)(=O)c4cccc(c45)cccc5 13 −11.7

668 CI(C)CCC1c2c[nH]c(c23)ccc(c3)NS(=O)(=O)c(ccc4)c(c45)nccc5 21.2 −11.7

133 C1CCCCN1CCC(=O)Nc(ccc2)c(c23)[nH]nc3S(=O)(=O)c4cccc(c45)cccc5 24 −11.7

381 FC(F)(F)c1cc(ccc1)S(=O)(=O)n(c(c2c34)CCC(C2)N)c3ccc(c4)OC 39.1 −11.7

805 c1cccc(c12)ccc(c2)S(=O)(=O)NCCN(CC3)CC=C3c4c[nH]c(c45)ccc(F)c5 67 −11.7

628 c1cccc(c12)CN([C@@H](C2)C(=O)N)C(=O)CCCCN3CCN(CC3)c(cccc4)c4-c5ccccc5 594 −11.7

1086 CCn1cncc1-c2c[nH]c(c23)ccc(Br)c3 1349 −7.3

1016 CCn1cncc1-c2c[nH]c(c23)cccc3 3020 −7.3

1203 N1CCC[C@@H]1Cc2c[nH]c(c23)cccc3 60 −7.2

1202 c1cccc(c12)n(cc2)C[C@H]3CCCN3C 550 −7.2

339 NCCc1cc(ccc1)Sc2ccccc2 115 −7.1

93 CCN(CC)CCc1c[nH]c(c12)cccc2 575 −6.4

738 NCCc1c[nH]c(c12)ccc(c2)O 42.333 −6.2

534 CC(N)Cc1c[nH]c(c12)cccc2 910.505 −6.2

444 NCCc1c[nH]c(c12)ccnc2 64 −5.7

445 CN(C)CCc1c[nH]c(c12)ccnc2 100 −5.7
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Table 4. SMILES (simplified molecular input line entry system) notation, Ki (nM), pKi (M), and
molecular docking score for the five most and five least active molecules of the selected dataset.

Molecule
Number SMILES (Simplified Molecular Input Line Entry System) Notation Ki(nM) pKi(M) Docking Score

(Kcal/mol)

681 C1CNCCN1c(ccc2)c(c23)scc3S(=O)(=O)c4ccccc4 0.5006 9.301 −9

271 Cc(n1)cc(NC)n(c12)nc(NC)c2S(=O)(=O)c3ccccc3 0.5754 9.24 −8.3

142 C1CNCCC1Nc(c2)ccc(c23)[nH]nc3S(=O)(=O)c(c4)ccc(c45)cccc5 0.6 9.222 −10.8

279 Cc(n1)IN)c(C)n(c12)nc(NC)c2S(=O)(=O)c3ccccc3 0.6457 9.19 −8.4

428 CN(C1)CIn2)c1c(C)n(c23)nc(NC)c3S(=O)(=O)c4ccccc4 0.66 9.18 −9.1

622 O=I(C)c(=O)n(C)c(c12)ncn2CCCCN3CCN(CC3)c4ccccc4 14210 4.847 −9.6

543 c1cccc(OC)c1N(CC2)CCICCCCI(=O)N(C)C(=O)C3(C)c4ccccc4 14650 4.834 −10.1

267 c1ccccc1N(CICCN2CC(O)CN3C(=O)N(C)C(=O)C3(c4ccccc4)c5ccccc5 20410 4.69 −9.7

542 c1cccc(F)cICC2)I2CCCCCN3C(=O)N(C)C(=O)C3(C)c4ccccc4 25520 4.593 −10.1

266 c1cI(OC)c1N(CC2)CCN2CCCN3C(=O)N(C)C(=O)C3(c4ccccc4)c5ccccc5 29070 4.537 −10.8

4. Materials and Methods

In the present study, we have followed the OECD (Organization for Economic Co-
operation and Development) guidelines and standard protocol, which has been endorsed
by different researchers, for an effective QSAR analysis [15,17,18,21,29,32–35]. The different
steps for developing a model involved a careful selection of a dataset and data curation,
followed by 3D structure generation for all molecules, molecular descriptor calculations
and their pruning, model development and its thorough validation (internal and external),
and mechanistic interpretation [20,36,37]. These steps were executed sequentially to avoid
errors and human bias and to ensure the appropriate validation of the model.

4.1. Selection of Dataset

The size, composition, and structural diversity of the dataset are important char-
acteristics that decide the success and utility of QSAR and molecular docking analysis
throughout the pipeline of drug discovery [15–17,21,29,32,34,38–41]. Therefore, a large
dataset of 3398 reported ligands for 5-HT6 was downloaded from BindingDB (https:
//www.bindingdb.org/bind/index.jsp, accessed on 14 January 2022). Then, duplicates,
salts, metal derivatives, rule-of-five violators, and molecules with undefined Ki values
were removed as a part of data curation [42], which reduced the size of the dataset to
only 1278 molecules. The reduced dataset was still diverse enough, with the presence of
positional and chain isomers, different heterocyclic and aromatic scaffolds, stereoisomers,
etc. The experimental Ki spanned five orders of magnitude (0.5006 nM to 29.07 µM). For a
better QSAR analysis, the experimental Ki values were converted to pKi (pKi = −lgKi). To
understand the structural variation possessed by the dataset, some highly active and least
active molecules are depicted in Figure 11, and their other details are presented in Table 4.

4.2. Calculation of Molecular Descriptors and Objective Feature Selection (OFS)

The next step involved the conversion of all SMILES notations to respective 3D-optimized
structures using the appropriate method. For this, OpenBabel 3.1 [43] was used to convert
SMILES to SDF (structure data file). After that, MOPAC2016 [44] was used to convert
SDF to MOL2 using PM3, a semi-empirical method based on the same formalism and
equations as the Austin Model-1 (AM1) method, for structure optimization and partial
charge assignment. Then, molecular descriptor calculations were accomplished using
PyDescriptor [45] and PaDEL [46], which together provided more than 42,000 molecular
descriptors for each molecule. Though the myriad numbers of molecular descriptors
increase the possibility of achieving a successful QSAR analysis, they also increase the
risk of chance correlations or overfitting from noisy redundant descriptors. Therefore,

https://www.bindingdb.org/bind/index.jsp
https://www.bindingdb.org/bind/index.jsp
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OFS was performed using QSARINS 2.2.4 [47], which eliminated near constant (for 90%
molecules) and highly intercorrelated (|R| > 0.90) molecular descriptors. After OFS,
the reduced set of molecular descriptors encompassed only 4186 descriptors, which still
covered a broad descriptor space due to the presence of 1D to 3D descriptors, fingerprint,
and charged-based descriptors as well as atom-pair descriptors. The remaining descriptors
were easily interpretable in terms of structural features, thereby increasing the possibility
of mechanistic interpretation of the model.

Figure 11. Representative examples from the selected dataset (five most active and five least active
molecules) of 5-HT6 ligands.

4.3. Splitting the Dataset and Subjective Feature Selection (SFS)

SFS is a crucial step during model building to select a suitable number and set of
molecular descriptors using a suitable feature selection algorithm such as stepwise regres-
sion, genetic algorithm, etc. For the appropriate training and validation of the model,
before actual model building, the dataset was randomly divided into a training set (80%,
i.e., 1024 molecules) and a prediction set (20%, i.e., 254 molecules). The random division
of a dataset into an 80:20 proportion was performed to avoid any bias and minimize in-
formation leakage [32,48], to confirm the external predictive ability of the model, and to
achieve a better composition of the training and prediction sets [29,34]. The training set
was used only for the selection of the appropriate number and set of molecular descriptors.
The prediction set, also termed the external validation set, was used only for the validation
of the newly developed model.

It is essential to include the optimum number of molecular descriptors in the model
to avoid over- and underfitting. Consequently, a simple graphical method was used to
identify the optimum number of descriptors for a model. Usually, the successive addition
of a variable (molecular descriptor) in a multilinear regression (MLR) model augments the
value of Q2

LOO until the final elevation point is achieved [25,29]. After that, there is little
or poor augmentation to the value of Q2

LOO. Hence, the number of molecular descriptors
matching the elevation point were considered optimum for model building [36]. This is
depicted in Figure 12 as a graph. From Figure 12, the final elevation point is matched to
six molecular descriptors. Therefore, the heuristic search was confined to including only
six molecular descriptors in the QSAR model using a multi-regression analysis. The set
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of molecular descriptors were selected using a genetic algorithm as a feature selection
algorithm and using Q2

LOO as the fitness parameter along with the genetic algorithm–
multilinear regression (GA-MLR) method using QSARINS-2.2.4 [47].

Figure 12. Plot of number of descriptors against leave-one-out coefficient of determination, Q2
LOO,

to identify the optimum number of descriptors.

4.4. Building Regression Model and Its Validation

The search for six molecular descriptors for the development model ultimately pro-
vided different combinations of different molecular descriptors. However, only one com-
bination of molecular descriptors was selected due to the statistical performance and the
satisfaction of the following stringent parameters and criteria, which have been suggested
by other researchers [16,22–29]:

R2
tr ≥ 0.6; Q2

LOO ≥ 0.5; Q2
LMO (cross-validated coefficient of determination for leave-

many-out) ≥ 0.6; R2
tr > Q2

LOO; R2
ex ≥ 0.6, CCC (concordance correlation coefficient) ≥ 0.80;

Q2-Fn ≥ 0.60; high values of the external validation parameters R2
ex, Q2

F1, Q2
F2, and Q2

F3;
and low values of R2

Yscr (coefficient of determination for Y-randomization), RMSE (root-
mean-square error), and MAE (mean absolute error), with RMSEtr < RMSEcv.

The formulae and other details of these statistical parameters are available in the
Supplementary Materials. For further validation, it was essential to determine the applica-
bility domain of the QSAR model [49,50]. For this, we used a Williams plot (standardized
residuals vs. hat values) to evaluate the applicability domain of the QSAR model [47].

4.5. Molecular Docking

Since the X-ray-resolved structure of 5-HT6 is not available, an appropriately vali-
dated and reported homology model built using a β2 receptor template (PDB ID: 4LDE)
by Vanda et al. [8] was used for molecular docking [6,7] in the present work. 4LDE (se-
lected template) and 5-HT6 (modelled receptor) possess equivalent positions for the most
conserved amino acid in each helix and motifs characteristic for class A GPCRs [6–8]. The
sequences of 5-HT6 and 4LDE were retrieved from the UniProtKB/Swiss-Prot database [8].
The protein was prepared using Chimera (www.cgl.ucsf.edu/chimera/, accessed on
14 January 2022) with default settings. Then, for the execution of molecular docking,
AutoDock Vina [51], available in DockingApp [52], which allows users to select flexible
residues of the input receptor, was used with flexible docking for virtual screening with
default settings. The binding site of 5-HT6, which consists of four major grooves, P1-P4,
used in the present work, is depicted in Figure 10. The binding site was used for automated

www.cgl.ucsf.edu/chimera/
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molecular docking for all the molecules. Further details of molecular docking are available
in the Supplementary Materials.

5. Conclusions

The present work has resulted in the development of a statistically predictive GA-MLR
model with a balance of excellent predictive ability (R2

tr = 0.78, R2
ex = 0.77) and novel

mechanistic interpretations. The present QSAR and molecular docking analysis has suc-
cessfully identified the importance of steric bulkiness, polar groups, and substitution with
respect to the center of mass. It also highlighted the role played by partial charges on ring C
atoms present near sulfur atoms. Further, Model-1 successfully identified that a conditional
occurrence of lipophilic atoms/groups with respect to nitrogen atoms is better for having
a higher pKi value. The crucial role played by the interrelationships between specific
types of atoms, such as sp3-hybridized carbon/nitrogen atoms, ring nitrogen atoms, etc.,
further escalated the expediency of Model-1. The model possesses high external predictive
ability, which is evident from its statistical performance. In conclusion, the present work
not only effectively identified reported and novel unreported pharmacophoric features
associated with 5-HT6 but also offers a highly predictive QSAR model. It could be beneficial
throughout the drug discovery pipeline to optimize the lead compounds to develop a better
therapeutic for 5-HT6.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ph15070834/s1: Additional statistical parameters for model-1, Addi-
tional details of experimental procedure for molecular docking, Statistical symbols with names and
explanations, Molecular descriptors for all molecules used in model-1, their correlation matrix and
molecular docking score.
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Abstract: Colorectal cancer oncogenesis is linked to dysbiosis, oxidative stress and overexpression
of CDK2. The 4H-pyran scaffold is considered an antitumoral, antibacterial and antioxidant lead
as well as a CDK2 inhibitor. Herein, certain 4H-pyran derivatives were evaluated as antibacterial,
antioxidant and cytotoxic agents against HCT-116 cells. Derivatives 4g and 4j inhibited all the tested
Gram-positive isolates, except for B. cereus (ATCC 14579), with lower IC50 values (µM) than ampicillin.
In addition, 4g and 4j demonstrated the strongest DPPH scavenging and reducing potencies, with
4j being more efficient than BHT. In cell viability assays, 4d and 4k suppressed the proliferation
of HCT-116 cells, with the lowest IC50 values being 75.1 and 85.88 µM, respectively. The results of
molecular docking simulations of 4d and 4k, inhibitory kinase assays against CDK2, along with
determination of CDK2 protein concentration and the expression level of CDK2 gene in the lysates of
HCT-116 treated cells, suggested that these analogues blocked the proliferation of HCT-116 cells by
inhibiting kinase activity and downregulating expression levels of CDK2 protein and gene. Moreover,
4d and 4k were found to induce apoptosis in HCT-116 cells via activation of the caspase-3 gene.
Lastly, compounds 4g, 4j, 4d and 4k were predicted to comply with Lipinski’s rule of five, and they
are expected to possess excellent physiochemical and pharmacokinetic properties suitable for in vivo
bioavailability, as predicted by the SwissADME web tool.

Keywords: colorectal cancer; dysbiosis; oxidative stress; 4H-pyran; CDK2; caspases; ADME

1. Introduction

Colorectal cancer (CRC) is a huge international health burden. It is currently ranked as
the third most common cancer and the fourth most common cause of cancer-related death
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globally [1]. According to estimates from GLOBOCAN, in 2020 there were 1.9 million new
CRC incident cases and 0.9 million deaths worldwide. The global projections for 2040 of
new CRC cases are estimated to reach approximately 3.2 million [2].

Colorectal tumorigenesis is a highly complex process (Figure 1). Although little is
known about the exact causes of sporadic cancer (with no family history of genetic predis-
position), it is initiated by a number of carcinogenic events, which lead to the accumulation
of genetic mutations in oncogenes and tumor suppressor genes, in addition to epigenetic
modifications. These events drive the transformation of normal cells into uncontrolled
adenomas and eventually to malignant carcinomas [3]. A good understanding of the
factors promoting or accompanying these carcinogenic events would enable better policies
for prevention and targeted therapy. Oxidative stress and dysbiosis of colon microflora
constitute risk factors that drive these carcinogenic events, while deregulation of cell-cycle
related proteins is a key feature of all cancer cells [4].

 

Figure 1. Background of this work.

Oxidative stress is caused by an overwhelming production of reactive oxygen species
(ROS) accompanied by the downregulation of antioxidant enzymes within the cell. These
reactive molecular species may be generated from endogenous sources (intrinsic), including
mitochondria, inflammatory cells and several enzymatic cellular complexes. In addition,
they can originate from external sources (extrinsic), such as toxins, certain drugs, radiation
and tobacco smoking. It is now well established that uncontrolled increased levels of
reactive oxygen species contribute to the etiology of CRC via different mechanisms. One
mechanism involves lipid peroxidation via attacking polyunsaturated fatty acids, which
lead to the production of malonaldehyde, hexanal, acrolein and 4-hydroxy-2-nonenal, all
of which are known mutagenic products capable of inducing persistent destabilization
of chromosomes [5]. A second mechanism involves DAN modification, which results in
mutations particularly in the p53 gene and mitochondrial DNA [5]. A third mechanism
comprises induction of chronic inflammatory bowel diseases (IBDs), including, Crohn’s
disease (CD) and ulcerative colitis (UC) [6]. Moreover, deregulation of ROS is accompanied
by the generation of an inflammatory environment, which suppresses apoptosis and acti-
vates proliferation and angiogenesis, thus eventually leading to the initiation of neoplastic
transformation [7]. In addition, several studies have also proved the involvement of ROS in
the migration and invasion of cancerous cells [8]. Furthermore, ROS play a prominent role
in chemotherapy resistance toward drugs, such as 5-fluorouracil, vinblastine, doxorubicin
and tamoxifen [8]. Consequently, trapping free radicals with antioxidants seems to be
a possible approach to prevent inflammation and cancer. Additionally, antioxidants are
reported to exhibit anticancer activities through activating immune response, inhibiting
angiogenesis, downregulating oncogenes and stimulating tumor suppressor genes [9].
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Experimental evidence has established that dysbiosis of certain intestinal bacterial
strains can promote chronic gastrointestinal inflammations, which eventually will lead to
the development and spread of CRC [10,11]. The Gram-negative strains, Escherichia coli [12]
and Klebsiella pneumonia belong to this class of virulent pathogens [13]. Additionally,
certain studies have hypothesized that Pseudomonas bacteria are directly pro-oncogenic and
promoters for CRC [14].

Additionally, animal model studies have shown that Enterococcus faecalis caused colon
inflammation after infection, which promoted CRC occurrence [15]. In addition to this,
some case studies indicated that the mean copy number of Enterococcus faecalis in people
with colorectal cancer was significantly higher than in those with polyps and healthy
people, which implies the ability of this strain to induce colorectal carcinogenesis [16].

Despite the recent advances in novel chemotherapy, such as immune checkpoint
inhibitors, limitations due to chemotherapeutic resistance remain. Many preclinical and
clinical studies have shown that microbiota modulate cancer treatment responses via
influencing pharmacokinetic properties, such as metabolism, enzymatic degradation and
pharmacodynamics (i.e., immunomodulation), in cancer therapy. Therefore, some new
insights into cancer treatment are proposed based on manipulating the gut microbiota to
augment cancer therapeutic responses [17].

Cancer patients who are undergoing anticancer treatment have severely weakened
immune systems; thus, they are more vulnerable to bacterial infections and their life-
threatening complications. A previous retrospective surveillance study revealed that the
most common associated bacterial pathogens were Klebsiella pneumonia and
Enterococcus faecium (bloodstream), Pseudomonas aeruginosa (respiratory tract), Escherichia coli
(in urinary tract), Staphylococcus aureus and S. epidermidis (skin and soft tissues) [18]. It is
worth noting that some of these microbes are rather difficult to treat, as they are considered
to be drug-resistant isolates [19]. Furthermore, several reports have associated antibiotic
resistance with oxidative stress [20]. Therefore, molecules exerting antioxidant [21] and/or
antibacterial [22] effects would be considered as attractive candidates that could provide
protection against the development of CRC and its complications.

Up to 85% of CRC cases exhibit chromosomal instability (CIN), featuring changes
in chromosome numbers and structure. CIN affects the expression of tumor-associated
genes and/or genes regulating cell-cycle division [23]. Decades of research in diverse fields,
including cell biology, yeast genetics, biochemistry and genetic engineering, have identified
the regulators of the cell division cycle [24]. Normally, the transitions of the cell cycle of the
mammalian cell are strictly mediated by many cyclins and their effectors, cyclin dependent
kinases (CDKs), which are a group of conserved serine/threonine protein kinases, each of
which regulates a specific stage of the cell cycle [25]. In human cells, 20 CDKs and 29 cyclins
have been identified. The CDK family is comprised of CDK1–7 and CDK14–18, which
mediate cell-cycle transitions and cell division, whereas CDK8–13 and CDK19–20 regulate
gene transcription [26]. Thus, any deregulation in the function or change in the level of
these enzymes can result in the induction of tumorigenesis, including CRC [27]. In fact,
previous reports have confirmed that the expression of CDK2 is dramatically increased in
various colon cancer cell lines [28], including HCT-116, HCT-15 [29], LoVo and DLD-1 [30],
compared with “normal” human colon epithelial cells (HCECs). Thus, targeting CDK2 has
been recognized as a potential therapeutic approach for colon cancer treatment [31]. In
addition, CDK2 inhibitors are likewise expected to have effectiveness in combination with
other drugs or where synthetic lethality can be identified [32].

Taken together, the discovery, design and development of novel effective molecules
for neutralizing free radicals and eradicating virulent bacterial strains and inhibiting CKD2
are to be considered as preventive and therapeutic approaches against CRC.

Consequently, in a quest to design new chemical compounds to meet all these health
needs, the pyran scaffold can be considered a potential synthetic target. The 4H-Pyran
motif is embedded in bioactive 4H-chromene derivatives which display antitumoral and
antibacterial effects, such as compounds Ia,b [33], and antioxidant activities, such as
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derivatives IIa,b [34]. Moreover, compelling evidence has indicated that CDK2 is a valid
anticancer target of pyran-containing compounds III–VI, as shown in Figure 2 [35–37], due
to its pro-tumorigenic role via interference with cell division cycle.

 

Figure 2. Examples of pyran-containing compounds with antibacterial [33], antioxidant [34] and
anticancer activities via inhibition of CDK2 [35–37].

Synthetically, 4H-pyrans and pyrano[2,3-c]pyrazoles derivatives are easily accessible,
using a variety of catalysts [38,39] at ambient temperature, or under microwave or ultra-
sound irradiations [40–42]. These compounds are proven to display antibacterial [43–45],
antitumoral [46–48] and antioxidant activities [49].

Based on the above-stated facts and in continuation of our research program of anti-
cancer drug discovery, we designed and synthesized some new 4H-pyran and
pyrano[2,3-c]pyrazole derivatives for in vitro biological screening as antioxidant, antibac-
terial and antiproliferative agents against HCT-116 cells of human colorectal cancer [50,51].
The underlying mechanism of the antiproliferative actions of the promising cytotoxic 4H-
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pyran derivatives was studied using molecular docking simulations in the ATP binding
pocket of CDK2 and through the performance of a CDK2 inhibitory assay. Moreover, the
concentration of CDK2 protein and the expression level of CDK2 gene in the lysates of
HCT-116 cells treated with the cytotoxic candidates were measured and compared with
positive and negative control experiments. Furthermore, quantitative real time PCR experi-
ments for the caspase-3 gene were carried out to investigate the apoptotic activity of these
candidates. Lastly, the expected physiochemical and pharmacokinetic properties of the
active candidates were predicted using a Lipinski’s rule of five filter and BOILED-EGG and
bioavailability radar charts.

2. Results and Discussion

2.1. Chemistry

Initially, the 4H-pyran templates 4a–m were prepared using one-pot, tandem cascade
Knoevenagel condensation/Michael addition and cyclization reactions of diverse aryl
aldehydes 1a–k, malononitrile 2 and various β-ketoesters 3a–c in ethanolic piperidine
solutions at room temperature. Similarly, the synthesis of pyrano[2,3-c]pyrazole derivatives
5a,b was efficiently achieved via one-pot, four-component reactions of ethyl acetoacetate
3b, hydrazine hydrate, aromatic aldehydes 1e,f and malononitrile 2 under thermal heating
and in the presence of ethanol as a solvent and triethyl amine as a catalyst (Scheme 1).
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Scheme 1. Synthesis of 4H-pyrans and 4H-pyrano[2,3-c]pyrazole derivatives.
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The structures of all synthesized compounds were confirmed by their spectroscopic
data, in addition to the results of elemental analyses. Thus, the IR spectra of derivatives
4a–m showed the characteristic stretching absorption bands in the frequency range of
νmax (KBr)/cm−1 3478~3416 (asymmetric vibration—NH2) and 3349~3197 (symmetric
vibration—NH2), 2203~2188 (C≡N) and 1724~1689 (C=O); whereas the IR spectra of 5a,b
indicated the presence of the stretching absorption bands at νmax (KBr)/cm−1 3377 and
3309 (asymmetric vibration—NH2), 3381 and 3357 (symmetric vibration—NH2), 3159 and
3183 (NH) and 2170 and 2183 (C≡N).

The detailed 1HNMR and 13CNMR analytical data for derivatives 4a–m and 5a,b are
presented in the experimental section. In addition, the mass spectrum (EI) of each com-
pound displayed the anticipated molecular ion peak. The spectra of some representative
examples are provided in the Supplementary Materials.

Finally, the results of the elemental analyses for C, H and N of all the synthesized
compounds were found to be within the permissible limits.

2.2. Biological Screening

2.2.1. Antioxidant Assays

Antioxidants are substances capable of free radical scavenging, quenching singlet oxy-
gen, inactivating peroxides and other reactive oxygen species (ROS), chelating metal ions,
quenching secondary oxidation products and inhibiting pro-oxidative enzymes. Therefore,
the antioxidant potential of a compound can be evaluated using a variety of chemical assays
with different mechanisms [52]. Since the synthesized compounds are electron-rich, with
substituents capable of electron donation and H-bond donation as well, in this study, two
radical scavenging methods were employed, including the 1,1 diphenyl-2-picrylhydrazyl
(DPPH) assay and the ferrous-reducing antioxidant capacity (FRAC) assay.

Initially, the DPPH radical scavenging potency assay was performed at various con-
centrations of the studied compounds ranging from 0.03 to 1 mg/mL. The IC50 values
for DPPH were calculated from the plot of the scavenging effect against the compound
concentration.

The obtained results (Table 1) showed that the compounds 4g, 4j, 4l, 4m and 4d

exhibited the highest scavenging activity at 1 mg/mL, with scavenging potencies of 90.50,
88.00, 70.20, 69.00 and 65.25 %, respectively, as compared to 95.30 % for BHT. At the
same concentration, the remaining compounds demonstrated poor to moderate DPPH
radical scavenging activities ranging from 23.25 to 57.10%. Determination of the half-
maximal inhibitory concentrations indicated that compounds 4g and 4j displayed the
most promising free radical scavenging activities, with the lowest IC50 values of 0.329 and
0.1941 mM, respectively, as compared to BHT, which exhibited 0.245 mM.

Secondly, FRAC was determined over the concentration range of 0.0−1 mg/mL via
monitoring Fe3+−Fe2+ transformation in the presence of the studied compounds and the
reference antioxidant BHT to estimate the values of efficient concentration (EC50), expressed
in mM. As depicted in Table 1, the pyrans 4g, 4j and BHT exhibited comparable tendencies
with respect to their reducing power, with EC50 values of 0.072, 0.074 and 0.089 mM,
respectively, whereas the rest of the tested compounds were less effective, with EC50 values
in the range of 0.149−1.562 mM.
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Table 1. Antioxidant activities of the studied 4H-pyran and 4H-pyrano[2,3-c]pyrazole derivatives
as determined by calculation of IC50 (mM) and EC50 (mM) values. Experiments were performed in
triplicate and are reported as the means ± standard deviations.

Comp. No.
IC50 (mM) for DPPH
Scavenging Potency

DPPH Radical
Scavenging Effenciency (%)

at 1 mg/mL
Reducing Power EC50 (mM)

4a 2.291 ± 0.134 24.15 ± 1.62 0.827 ± 0.045
4b 2.560 ± 0.117 23.25 ± 1.06 1.197 ± 0.079
4c 2.243 ± 0.050 57.10 ± 1.56 1.234 ± 0.067
4d 0.504 ± 0.032 65.25 ± 1.77 0.149 ± 0.016
4e 1.651 ± 0.097 39.25 ± 1.06 0.305 ± 0.039
4f 3.336 ± 0.131 43.75 ± 1.77 0.398 ± 0.045
4g 0.329 ± 0.042 90.50 ± 2.12 0.072 ± 0.004
4h 1.309 ± 0.075 33.50 ± 2.12 0.221 ± 0.011
4i 1.784 ± 0.115 26.05 ± 1.06 0.274 ± 0.039
4j 0.194 ± 0.011 88.00 ± 1.41 0.074 ± 0.004
4k 1.050 ± 0.075 40.55 ± 2.19 1.562 ± 0.102
4l 0.919 ± 0.026 70.20 ± 1.70 0.801 ± 0.019

4m 0.421 ± 0.017 69.0 ± 2.83 0.506 ± 0.034
5a 0.826 ± 0.092 45.50 ± 2.12 0.363 ± 0.047
5b 1.781 ± 0.082 37.50 ± 2.12 0.467 ± 0.041

BHT 0.245 ± 0.027 95.30 ± 0.42 0.089 ± 0.003

2.2.2. Antibacterial Assays

The results for the in vitro antibacterial properties of the synthesized compounds
against five Gram-positive and four Gram-negative human-pathogenic strains, which were
assessed by both the agar diffusion method (based on inhibition zone (IZ)) and the broth
dilution bioassay (for the determination of the half-maximal inhibitory concentration (IC50)
values), using ampicillin as the reference antibiotic drug, are shown in Tables 2 and 3.

Some of the tested compounds were found to be more effective against Gram-positive
bacteria than Gram-negative isolates by producing larger IZs and lowering IC50 against
certain strains. Reduced sensitivity against Gram-negative pathogens can be attributed
to the restricted permeability of the chemical inhibitors across their cell walls due to the
existence of an outer cell envelope, which acts as a selective barrier [53].

The results against Gram-positive strains identified compound 4g as the most active
agent against B. subtilis (ATCC 6633), with a lowered IC50 value (25.69 µM) and a bigger in-
hibition zone of 28.00 mm, compared to the results obtained for ampicillin: IC50 = 37.20 µM,
IZ = 25.50 mm. Despite pyrans 4f, 4i, 4j, 4l and 4m displaying lower IC50 values (ranging
from 36.79 to 23.64 µM), their IZs were bigger, in the range of 21.50 (4j) to 9.50 mm (4i).

Considering S. aureus (ATCC 25923) and S. epidermidis (ATCC 14990), bigger IZs (mm)
were displayed by 4g (27.50, 29.75) and 4j (25.25, 26.65) as compared to the results of
21.50, 22.50 obtained for ampicillin, respectively. In addition, these derivatives exhibited
lowered IC50 (µM) values (4g: 27.78, 30.32) and (4j: 33.34, 33.34) as compared to 38.64 and
50.09 produced by ampicillin against these isolates, respectively.
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Table 2. Antibacterial evaluation of the studied compounds against some Gram-positive bacterial strains by measurement of the diameters of the inhibition zones
(IZs, mm) and determination of the half-maximal inhibitory concentrations (IC50s, µM). Ampicillin was used as the reference antibiotic. Results were obtained from
three independent experiments.

B. cereus
(ATCC 14579)

B. subtilis
(ATCC 6633)

E. faecalis
(ATCC 29122)

S. aureus
(ATCC 25923)

S. epidermidis
(ATCC 14990)

Comp. No. IZ (mm) IC50 (µM) IZ (mm) IC50 (µM) IZ (mm) IC50 (µM) IZ (mm) IC50 (µM) IZ (mm) IC50 (µM)

4a 7.50 ± 0.71 71.75 ± 2.04 5.20 ± 0.28 64.43 ± 3.37 9.00 ± 1.41 49.64 ± 1.81 8.00 ± 1.41 41.20 ± 2.48 9.50 ± 0.71 42.32 ± 1.33
4b 16.50 ± 0.71 43.14 ± 1.98 19.50 ± 0.71 49.12 ± 1.39 15.50 ± 0.71 56.77 ± 1.59 20.50 ± 0.71 50.23 ± 1.39 23.50 ± 0.71 32.42 ± 1.39
4c 14.00 ± 1.41 44.50 ± 0.83 11.00 ± 1.41 46.27 ± 1.68 10.00 ± 1.41 41.05 ± 2.18 15.50 ± 0.71 37.01 ± 2.02 16.65 ± 0.50 30.37 ± 1.00
4d 9.50 ± 0.71 39.52 ± 0.80 12.00 ± 1.41 40.32 ± 1.95 14.50 ± 0.71 29.10 ± 2.27 9.00 ± 1.41 24.40 ± 1.15 8.50 ± 0.71 26.69 ± 1.15
4e 23.00 ± 1.41 33.57 ± 1.58 20.50 ± 0.71 37.73 ± 1.58 15.50 ± 0.71 37.32 ± 2.16 16.50 ± 2.10 34.82 ± 2.16 20.50 ± 2.12 30.80 ± 1.58
4f 22.50 ± 0.71 42.40 ± 2.65 19.50 ± 0.71 36.79 ± 0.87 19.00 ± 1.41 34.61 ± 0.59 16.50 ± 0.71 38.35 ± 1.31 14.50 ± 0.71 33.05 ± 2.65
4g 29.00 ± 1.41 29.42 ± 1.49 28.00 ± 1.41 25.69 ± 1.70 24.50 ± 0.71 31.82 ± 1.49 27.50 ± 0.71 27.78 ± 1.25 29.75 ± 0.35 30.32 ± 1.49
4h 4.50 ± 0.71 46.48 ± 1.52 6.00 ± 1.41 50.08 ± 2.83 8.00 ± 1.41 45.94 ± 0.75 17.50 ± 0.71 32.72 ± 0.93 16.50 ± 0.71 35.79 ± 1.52
4i 14.50 ± 0.71 38.01 ± 1.37 9.50 ± 0.71 31.56 ± 1.95 6.50 ± 0.71 37.46 ± 1.37 9.50 ± 2.12 40.21 ± 1.37 11.50 ± 0.71 45.97 ± 0.96
4j 24.50 ± 0.71 27.63 ± 1.51 21.50 ± 0.71 23.64 ± 0.37 23.20 ± 0.57 28.16 ± 1.51 25.25 ± 1.06 33.34 ± 1.70 26.65 ± 0.92 33.34 ± 1.70
4k 7.00 ± 1.41 48.06 ± 1.35 4.50 ± 0.71 42.14 ± 2.48 5.50 ± 0.71 45.37 ± 0.57 5.75 ± 0.35 43.89 ± 0.57 4.50 ± 0.71 50.22 ± 2.48
4l 10.00 ± 1.41 33.22 ± 2.42 11.50 ± 0.71 32.56 ± 1.50 6.00 ± 1.41 37.81 ± 1.50 9.00 ± 1.41 31.12 ± 0.55 10.50 ± 0.71 33.35 ± 1.10
4m 18.50 ± 0.71 35.76 ± 1.20 21.50 ± 0.71 32.75 ± 2.05 20.50 ± 0.71 35.28 ± 2.22 17.50 ± 0.71 33.23 ± 1.01 18.50 ± 0.71 35.04 ± 1.88
5a 12.50 ± 0.71 62.43 ± 0.46 12.50 ± 0.71 62.43 ± 0.46 10.50 ± 0.71 51.86 ± 1.39 14.00 ± 1.40 43.93 ± 1.39 13.50 ± 0.71 54.84 ± 1.88
5b 8.00 ± 1.41 42.65 ± 1.66 8.50 ± 0.71 41.77 ± 1.23 9.75 ± 1.06 45.13 ± 1.87 5.50 ± 0.71 39.14 ± 1.66 6.60 ± 0.57 50.05 ± 0.61
Ampicillin 23.50 ± 0.71 25.76 ± 0.57 25.50 ± 0.71 37.20 ± 1.43 24.50 ± 0.71 36.49 ± 3.03 21.50 ± 0.71 38.64 ± 2.00 22.50 ± 0.71 50.09 ± 3.43
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Table 3. Antibacterial evaluation for the studied compounds against some Gram-negative bacterial
strains by measurement of the diameters of the inhibition zones (IZs, mm) and determination of the
half-maximal inhibitory concentrations (IC50s, µM). Ampicillin was used as the reference antibiotic.
Results were obtained from three independent experiments.

E. coil
(ATCC 25966)

K. pneumonia
(ATCC 700603)

P. aeruginosa
(ATCC 27853)

S. enteric
(ATCC 43972)

Comp. No. IZ (mm) IC50 (µM) IZ (mm) IC50 (µM) IZ (mm) IC50 (µM) IZ (mm) IC50 (µM)

4a 4.5 ± 0.71 138.41 ± 6.68 2.5 ± 0.7 131.09 ± 3.50 5.5 ± 0.7 37.6 ± 0.5 4.5 ± 0.7 119.63 ± 1.91
4b 2.5 ± 0.71 100.19 ± 3.90 1.5 ± 0.7 99.07 ± 2.50 2.5 ± 0.7 84.05 ± 5.01 1.5 ± 0.7 118.14 ± 3.34
4c 2.5 ± 0.71 93.74 ± 4.98 3.5 ± 0.7 112.25 ± 1.42 7.5 ± 0.7 85.90 ± 2.61 8.5 ± 0.7 100.26 ± 2.61
4d 3.5 ± 0.71 88.67 ± 2.52 4.5 ± 0.7 72.63 ± 0.69 6.5 ± 0.7 67.36 ± 1.37 7.0 ± 0.0 65.77 ± 2.29
4e 2.7 ± 0.35 103.22 ± 3.05 2.5 ± 0.7 90.73 ± 2.78 4.5 ± 0.7 87.96 ± 2.78 3.5 ± 0.7 96.14 ± 2.50
4f 7.5 ± 0.71 95.72 ± 5.61 4.5 ± 0.7 82.00 ± 3.43 6.0 ± 1.4 104.76 ± 2.81 6.5 ± 0.7 94.16 ± 3.43
4g 11.0 ± 1.41 61.84 ± 5.38 11.5 ± 0.7 61.84 ± 2.99 13.5 ± 0.7 54.07 ± 4.48 11.5 ± 0.7 53.02 ± 3.29
4h 1.5 ± 0.71 114.05 ± 0.80 3.5 ± 0.7 118.33 ± 2.67 4.5 ± 0.7 89.48 ± 2.94 5.5 ± 0.7 111.65 ± 2.94
4i 5.5 ± 0.71 82.57 ± 1.65 6.5 ± 0.7 79.86 ± 3.02 8.5 ± 0.7 62.02 ± 2.20 8.0 ± 1.4 91.52 ± 2.74
4j 10.5 ± 0.71 57.12 ± 0.80 12.0 ± 1.4 48.35 ± 3.99 14.5 ± 0.7 49.68 ± 4.78 14.5 ± 0.7 51.81 ± 2.92
4k 4.5 ± 0.71 80.24 ± 4.31 2.5 ± 0.7 77.82 ± 2.96 3.5 ± 0.7 73.24 ± 3.50 2.5 ± 0.7 75.53 ± 2.42
4l 3.5 ± 0.7 90.07 ± 2.63 2.5 ± 0.7 77.46 ± 7.08 4.5 ± 0.7 72.74 ± 2.63 4.0 ± 0.0 77.60 ± 1.58
4m 5.5 ± 0.71 69.35 ± 2.89 6.5 ± 0.7 66.70 ± 2.41 9.5 ± 0.7 60.92 ± 2.17 8.5 ± 0.7 61.77 ± 2.17
5a 2.8 ± 0.21 109.67 ± 5.95 6.0 ± 1.4 96.46 ± 4.96 5.5 ± 0.7 85.89 ± 3.30 4.5 ± 0.7 104.72 ± 1.32
5b 3.5 ± 0.71 116.84 ± 4.09 4.5 ± 0.7 109.54 ± 1.75 6.5 ± 0.7 92.30 ± 1.46 7.5 ± 0.7 106.03 ± 2.92
Ampicillin 23.5 ± 0.71 57.96 ± 4.87 21.0 ± 1.4 32.91 ± 2.29 21.5 ± 0.7 41.50 ± 1.72 19.5 ± 0.7 14.88 ± 0.34

Moreover, derivative 4b selectively exerted a larger IZ (23.50 mm) and a lower IC50
value (32.42 µM) against S. epidermidis, whereas compounds 4a, 4c, 4d, 4e, 4f, 4l, 4m and
5b inhibited it, with lowered IC50 values (µM) spanning from 50.05 (5b) to 26.69 (4d),
though they displayed smaller inhibition zones than the reference, ranging from 6.60 (5b)
to 20.50 (4e). Therefore, S. epidermidis can be considered the most sensible strain to the
synthesized compounds. Similarly, compounds 4c, 4d, 4e, 4f, 4h, 4l and 4m suppressed the
growth of S. aureus, with lowered IC50 values spanning from 24.40 (4d) to 38.35 (4f) and
smaller IZs ranging from 9.00 (4d and 4l) to 17.50 (4m and 4h).

With regard to E. faecalis (ATCC 29122), pyran 4g and the standard drug produced
equal inhibition zones of 24.50 mm; however, 4g was capable of exhibiting a lowered IC50
value of 31.82 µM in comparison with that of 36.49 µM for ampicillin.

Contrarily, pyrans 4d, 4f, 4j and 4m showed lower inhibition zones, ranging from
14.50 (4d) to 23.20 mm (4j), and lower IC50 values, ranging from 28.16 (4j) to 35.28 µM (4m),
than ampicillin.

Lastly, although the same compounds 4g and 4j exerted the biggest inhibition zones of 29.00
and 24.50 mm relative to that of 23.50 mm exerted by ampicillin against B. cereus, they exhibited
higher IC50 values (29.42 and 27.63 µM, respectively) as compared to ampicillin (25.76 µM).

Collectively, 4g showed promising antibacterial efficiency (lower IC50 values and
bigger IZs) against all of the tested isolates as compared to the reference antibiotic, except
for B. cereus, which was the microbe least sensitive to the synthesized compounds. Similarly,
4j was very effective against S. aureus (ATCC 25923) and S. epidermidis (ATCC 14990).

Contrarily, the anti-Gram-negative evaluation revealed that none of the studied com-
pounds was capable of inhibiting the microbes with bigger IZs or lower IC50 values, except
for 4a, which inhibited P. aeruginosa (ATCC 27853), with an IC50 of 37.6 µM, which is lower
than those of ampicillin (41.50 µM) and 4j, which suppressed E. coli (ATCC 25966) by a
comparable concentration of 57.12 µM to that of ampicillin (57.96 µM).

Furthermore, the lowest IC50 values against K. pneumonia (ATCC 700603) and S. enteric
(ATCC 43972) were displayed by the derivatives 4g (61.84 and 54.07 µM) and 4j (48.35 and
49.68 µM) as compared to 32.91 and 41.50 µM, respectively, for ampicillin.

In summary, although none of the tested compounds showed significant activities
against Gram-negative microbes, the observed anti-Gram-positive potential of compounds
4g and 4j is of great significance. This is due to the fact that Gram-positive strains are
reported to be common causes of bloodstream, skin, soft-tissue and intra-abdominal in-
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fections [54], which result in severe manifestations, such as sepsis [55] and/or endocardi-
tis [56], especially in immunosuppressed cancer patients. Furthermore, recent reports have
indicated that some of these bacterial isolates showed multidrug-resistant profiles [57],
particularly E. faecalis and S. aureus, which amplify their serious complications and increase
health care expenditures.

The observed broad-spectrum anti-Gram-positive profiles of 4g and 4j as compared to
the other analogues can be attributed to their improved antioxidant capabilities. Indeed,
the positive correlation between these two activities is well-documented. Catechin, which
is a well-known potent free radical scavenger, has been reported to display anti-Gram
positive and anti-Gram negative activities as well. Several mechanisms have been reported
to account for the toxicity of catechin towards bacteria. Oxidative damage through mem-
brane permeabilization was found to be the inhibitory mechanism of catechin against
B. subtilis [58]. In addition, some experimental data showed a significant decrease in super-
oxide dismutase (SOD) and catalase (CAT) activity after treatment of the Gram-positive
S. aureus strain with catechin at its minimum inhibitory concentration (MIC). These inhi-
bitions could be attributed to the capability of catechin as an antioxidant agent to chelate
the metal cofactors (Zn, Fe and Mn) at SOD catalytic sites [59]. Inhibiting superoxide
dismutase would increase the bacterial sensitivity to the reactive oxygen species, resulting
in inhibition of bacterial growth [60]. Other alternative proposals for the bactericidal actions
of catechin include its ability to generate hydrogen peroxide, which causes cell membrane
damage [61]. Hydrogen peroxide generation by antioxidants was reportedly attributable to
antioxidant autoxidation in culture media [62]. In the view of the aforementioned facts, it
can be suggested that the antibacterial effects of the antioxidant candidates 4g and 4j might
be attributed to one or more of the indicated mechanisms, which could be investigated
in future.

2.2.3. Cell Viability Assays

The synthesized compounds were also examined at four concentrations (10, 25, 50
and 100 µg/mL) for their cytotoxic effects on human colorectal cancer HCT-116 cells after
their incubation together for 24 h. The results, which were expressed in terms of percent
of viable cells at each concentration as plotted in Figure 3, revealed that analogs 4g and
4j were not able to inhibit the growth of the cancerous cells, even at the highest used
concentration (100 µg/mL). Conversely, they displayed the highest detectable percentages
of viable cells: 86.0 and 94.0% at 100 µg/mL, respectively. Meanwhile, eleven compounds,
namely, 4k, 4b, 4d, 6b, 4l, 4m, 4c, 4e, 5a, 4h and 4i, exhibited potent cytotoxic activity at
a concentration of 100 µg/mL by reducing cells viability to the extent of 11.0–32.5. The
remaining compounds in this series, namely, 4a and 4f, displayed the least cytotoxic effects
with percent cell viability measures of 46.0 and 55.5, respectively.

Based on these results, the IC50 values for the promising cytotoxic candidates were
determined, as shown in Table 4.

The calculated IC50 values (µM) ranged from 75.10 (4d) to 332.59. The smallest median
concentrations were exhibited by compounds 4d (75.10), 4k (85.88), 4m (89.33), 4l (93.35)
and 5b (97.91).



Pharmaceuticals 2022, 15, 891 11 of 39

 

0

20

40

60

80

100

120

4a 4b 4c 4d 4e 4f 4g 4h 4i 4j 4k 4l 4m 5a 5b

Ce
ll 

Vi
ab

ili
ty

 (%
)

Compound

10µg/ml 25µg/ml 50µg/ml 100µg/ml

Figure 3. Cytotoxic potency of the studied compounds on HCT-116 cells expressed as percent-
ages of viable cells at 10, 25, 50 and 100 µg/mL concentrations. Results were obtained from three
independent experiments.

Table 4. IC50 values of cytotoxicity for the studied 4H-pyran and pyrano[2,3-c]pyrazole derivatives
on HCT-116 cells expressed in µg/mL and µM. Experiments were performed in triplicate and are
reported as the means ± standard deviations.

Comp. No. Mean IC50 (µg/mL) Mean IC50 (µM)

4a 51.99 ± 4.54 165.43 ± 14.44
4b 36.51 ± 3.18 101.60 ± 8.83
4c 43.01 ± 2.03 102.07 ± 4.82
4d 32.78 ± 2.22 75.10 ± 5.09
4e 49.71 ± 3.53 137.92 ± 9.78
4f 106.67 ± 4.29 332.59 ± 13.38
4g ND 1 ND 1

4h 69.21 ± 4.29 184.89 ± 11.46
4i 65.95 ± 4.53 180.99 ± 12.42
4j ND 1 ND 1

4k 31.90 ± 2.83 85.88 ± 7.61
4l 35.55 ± 1.77 93.35 ± 4.63

4m 37.10 ± 2.10 89.33 ± 5.05
5a 60.00 ± 3.28 189.21 ± 10.84
5b 33.52 ± 2.42 97.91 ± 7.06

1 ND: Not determined.

2.2.4. Investigation of the Underlying Mechanism of Action for the
Antiproliferative Candidates
2.2.4.1. Molecular Docking Simulations against CDK2 as a Potential Molecular Target

The molecular docking approach has become a powerful tool for identifying com-
pounds showing potential anticancer activity against a specific target and with a selective
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inhibition mechanism [63]. Cancer is increasingly viewed as a cell-cycle disease. Cyclin-
dependent kinases (CDKs) are a crucial protein family involved in cell proliferation through
regulating the progression of the cell cycle and transcription. Animal model studies and
molecular analyses of human tumors have indicated that many of these regulators are
altered in cancer, particularly, CDK4, CDK6 and CDK2 and their substrates, which con-
trol progression through the G1/S phases of cell-cycle division. A literature survey con-
firmed that CKD2 is a valid target for 4H-pyran derivatives (Figure 2) with anticancer
activities [33–37]. Therefore, to investigate whether or not the cellular mechanism by which
the most active cytotoxic derivatives 4d and 4k suppressed the proliferation of HCT-116
cells is related to the inhibition of CDK2, the induced-fit docking approach in the ATP
active site of the enzyme using the Glide program of Schrodinger-Maestro 11.2 was em-
ployed prior to the in vitro inhibitory kinase assays. The ATP-binding pocket of CDK2 is
considered to be the site most commonly targeted by the kinase inhibitors. They compete
with ATP to bind at the kinase site by forming hydrogen bonds with backbone amino acid
residues and by establishing hydrophobic interactions with side chains of surrounding
residues [64], leading to the inhibition of kinase phosphorylation and suppression of CDK2
hyperactivation, thus, holding back infinite cell proliferation [65].

In this study, the docking procedures were initially validated using redocking ap-
proach. Thus, the CDK2-inhibitor 4-[3-hydroxyanilino]-6,7-dimethoxyquinazoline (co-
crystallized ligand, DTQ) was removed, after which it was redocked to reproduce the
reported complex (PDB code: 1DI8). The significant residues in the active site of the protein
are Lys33, Glu51 and Asp145. Figure 4 shows the superimposition of the predicted and the
co-crystal structure of the reference inhibitor in the ATP active site of the protein. Moreover,
the value of the root-mean-square deviation (RMSD) between the redocked conformation
of DTQ and that observed in the X-ray crystallographic complex was found to be 0.34 Å,
which is less than the cutoff value (2 Å) for the correct docking procedures. These obser-
vations confirmed that the redocked ligand was closely bound to the true conformation,
indicating the reliability of the docking protocols.

Afterwards, a comparative in silico molecular modeling study using the most active
cytotoxic derivatives 4d and 4k, along with the least active analogue, 4f, and the well-
known CDK2 inhibitor BMS-265246, which was used in the in vitro inhibitory kinase
assays, as well as the co-crystallized ligand (DTQ), was performed. Upon completion of
each docking calculation, a maximum of 100 poses per ligand were generated and the final
best-docked conformations were ranked using an XP Glide score function and Glide energy.

According to the data presented in Table 5, the cocrystal ligand DTQ and BMS-265246

showed better scoring functions than the synthesized compounds. Both 4d and 4k showed
high affinity to the target protein, with 4d demonstrating comparable binding strength (Glide
energy = −48.700 Kcal/mol) to the co-crystal ligand (Glide energy = −49.122 Kcal/mol) and
BMS-265246 (Glide energy = −47.340 Kcal/mol), whereas the inactive analog 4f exhibited
the lowest affinity to the enzyme with the highest Glide energy value (−30.726 Kcal/mol).

Lastly, the lowest-energy docked complexes of the co-crystallized ligand DTQ, the
reference inhibitor BMS-265246, 4d, 4k and 4f with the protein were used to identify the
crucial interactions for inhibition of CDK2. The ligand–protein interactions (hydrogen
bonds, as well as hydrophobic interactions) are shown in Figures 5–14.

Table 5. Binding free energy of 4d, 4k, 4f, BMS-265246 and DTQ at the active site of CDK2.

Ligands Glide Score XP Glide Energy Kcal/mol

4k −6.383 −43.311
4d −6.224 −48.700
4f −4.160 −30.726

Co-crystallized ligand (DTQ 1) −9.649 −49.122
BMS-265246 −7.187 −47.340

1 DTQ: 4-[3-hydroxyanilino]-6,7-dimethoxyquinazoline.
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Figure 4. Redocked (yellow) and co-crystallized (baby blue) ligand (DTQ) in the ATP binding pocket
of CDK2 after self-docking calculations.
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Figure 5. Three-dimensional binding interactions of DTQ within the ATP binding pocket of CDK2. 
Figure 5. Three-dimensional binding interactions of DTQ within the ATP binding pocket of CDK2.
Hydrogen bonds (yellow dotted lines), hydrogen atoms (white), nitrogen atoms (blue), and oxygen
atoms (red).
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Figure 6. Two-dimensional binding interactions of DTQ within the ATP binding pocket of CDK2.
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Figure 7. Three-dimensional binding interactions of BMS-265246 within the ATP binding pocket of
CDK2. Hydrogen bond (purple dotted line), hydrogen atoms (white), nitrogen atoms (blue), fluorine
atoms (light green), and oxygen atoms (red).

 

Figure 8. Two-dimensional interactions of BMS-265246 within the ATP binding pocket of CDK2 kinase.
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Figure 9. Three-dimensional model of binding interactions of compound 4d after docking
Figure 9. Three-dimensional model of binding interactions of compound 4d after docking calculations
in the ATP binding pocket of CDK2. Hydrogen bond (black lines), hydrogen atoms (white), nitrogen
atoms (blue), and oxygen atoms (red).

Figure 10. Two-dimensional model of binding interactions of compound 4d after docking calculations
in the ATP binding pocket of CDK2.
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Figure 11. Three-dimensional model of binding interactions of compound 4K after docking calcu-
lations in the ATP binding pocket of CDK2. Hydrogen bond (black lines), hydrogen atoms (white),
nitrogen atoms (blue), and oxygen atoms (red).

 

Figure 12. Two-dimensional model of binding interactions of compound 4K after docking calculations
in the ATP binding pocket of CDK2.
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Figure 13. Three-dimensional model of binding interactions of compound 4f after docking calcu
Figure 13. Three-dimensional model of binding interactions of compound 4f after docking calcula-
tions in the ATP binding pocket of CDK2. Hydrogen atoms (white), nitrogen atoms (blue), chlorine
atom (green), and oxygen atoms (red).

 

−

Figure 14. Two-dimensional model of binding interactions of compound 4f after docking calculations
in the ATP binding pocket of CDK2.
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Docking pose for DTQ:

Through examination of molecular docking, the pose of DTQ is shown to be very
interesting, as it involves an active site water molecule as a bridge for H-bond establish-
ment [66]. In addition to this, the phenolic OH and N-1 of the pyrimidine ring of DTQ are
responsible for H-bond formation with Lys33 and Leu83, respectively (Figures 5 and 6).

It is noteworthy that the H-bonding interactions with Lys33 and Leu83 on the protein
backbone are important for potent inhibitory activity [67].

Docking pose for BMS-265246:

The docking pose for BMS-265246 indicates that it coordinated different residues of
the enzyme due to hydrophobic and polar interactions.. The Leu83 residue and the NH
of the pyrazole ring of BMS-265246 are responsible for a strong H-bond formation with a
distance of 2.15 Å. The N-2 atom of the same pyrazole ring interacted with Asp86 due to
mild polar interactions. The 2,6-diflouro-4-methyl phenyl moiety established hydrophobic
interactions with the nearby residues, viz. Ala144, Asp145 and Leu148 (Figures 7 and 8).
From these docking results, the obtained pose of BMS-265246 established similar important
molecular interactions, in particular, H-bonding with Leu83, as documented before [68].

Docking pose for 4d:

This pyran derivative formed three hydrogen bonds—with amino acid residue ASP86
through its amino group as a donor, with amino acid GLN131 through the 3-methoxyl
group as an acceptor and the last with ASN132 as an acceptor through the 5-methoxyl
group. These binding interactions confirmed the importance of the methoxy groups
at the m-positions (3,5-positions) as well as the amino group for further optimization.
Additionally, this ligand showed lipophilic interactions with ILE10, VAL18, ILE10, PHE80
and LEU148. Moreover, the phenyl ring was involved in pi–pi stacking interactions with
PHE80 (Figures 9 and 10)

Docking pose for 4k:

Likewise, the analysis of the binding interactions between CDK2 and compound 4k

(Figures 11 and 12) revealed the formation of two hydrogen bonds between the amino acid
residues ASP86 and LYS129 in the active pocket and amino (as a donor) and nitrile (as an
acceptor) substituents of 4k. Additionally, the phenyl ring of the benzyl moiety showed
lipophilic interactions with ILE10, VAL18, ILE10, PHE80, LEU148, LEU134 and VAL64.

Docking pose for 4f:

Contrarily, the inactive derivative 4f did not form any hydrogen bonds inside the
active site of CDK2. However, it showed lipophilic interactions with ILE10, VAL18, LEU83
and Val64, as shown in Figures 13 and 14.

Overall, it can be concluded that there is a positive correlation between the docking
simulations and the results of the cell viability assays, which support our claim that CDK2
is a potential target which could be responsible for the observed antiproliferative activities
of compounds 4d and 4k.

Moreover, the docking analyses of 4d, 4k and 4f successfully provided information on
possible structural modifications to improve kinase inhibitory efficiency. These analyses
highlighted that an inhibitor for CDK2 requires a bulkier ring to be attached to the main
scaffold (the pyran ring in the present case) through a flexible chain of two to three atoms.
Furthermore, it should be present at the periphery of the molecule to penetrate well inside
the ATP binding site to establish lipophilic and mild polar interactions [69]. In addition,
docking analyses indicated that H-bond donors or acceptors on the central scaffold could
substantially enhance binding with the receptor.

2.2.4.2. In Vitro CDK2 Inhibitory Assays

To further substantiate the promising results of the docking analyses of pyrans 4d and
4K in the ATP active site of CDK2, their in vitro potencies to inhibit the enzyme activity
were evaluated over a concentration range of 0.01−10 µM. The results of kinase assays
(Figure 15) revealed that both pyrans strongly affected CDK2 activity in a dose-dependent
manner. Thus, compound 4d, at 0.01, 0.1, 1, or 10 µM, decreased CDK2 activity by 26.9, 41.5,
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72.5 and 89%, respectively, while compound 4k inhibited kinase efficiency by 21.9, 42.4,
66.3 and 83.6%, respectively, at the same concentrations. On the other hand, the positive
control BMS-265246 was found to be more effective and reduced CDK2 activity by 92.3%
at the highest concentration used (10 µM).
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Figure 15. In vitro evaluation of the CDK2 inhibitory efficiency of pyrans 4d and 4K as compared to
the reference inhibitor BMS-265246 over a concentration range of 0.01−10 µM. Results were obtained
from three independent experiments.

Moreover, the IC50 values for 4k, 4d and BMS-265246 were deduced (Figure 16) and
they were found to be 0.214, 0.143 and 0.036 µM, respectively.
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Figure 16. IC50 values of 4d, 4K and BMS-265246 against CDK2.

Thus, our results for the kinase inhibitory assays are in agreement with the previously
reported studies, which indicated that tropane–pyran hybrid structures could be consid-
ered as promising core scaffolds for developing new anticancer agents acting as CDK2
inhibitors [37].
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It is worth noting that inhibition of CDK2 activity is considered to be a good approach
for preventing chemotherapy-induced alopecia (CIA) by arresting the cell cycle without
sensitization of the epithelium [70].

Collectively, the results of the docking simulations, the cell viability inhibition assays in
HCT-116 colon cancer cells and the in vitro CDK2 inhibitory assays confirmed the potential
of pyrans 4K and 4d as antiproliferative agents via the induction of cell-cycle arrest through
CDK-2 inhibition.

2.2.4.3. Further Mechanistic Studies via Quantitative Determination of the Concentration
of CDK2 Protein and the Expression Profile of the CDK2 Gene in HCT-116 Cells Treated
with the Cytotoxic Candidates

During the pathogenesis of cancer in humans, the enzymatic machinery, including
human cyclins and their kinase (CDK) partners, which control the decisions to progress
from a resting state (G0) to the cell cycle (G0-to-G1 transition) and/or to progress from
the G1 (Gap-1) phase (in which the cell prepares for DNA synthesis) to the S phase (DNA
synthesis phase), was found to be dysregulated, resulting in unrestrained proliferation.
Furthermore, mutations have been observed in genes encoding CDKs; thus, the growth
promoter and activator of G1 phase progression (the CDK2 gene) has been reported to be
overexpressed in some human cancer subtypes, including colorectal, leukemia, pancreatic
and renal carcinomas [24,71]. Moreover, overexpression of CDK2 in primary CRC tumors
is linked to lymph node metastasis [72]. Therefore, different strategies for therapeutic
intervention have been proposed based on inhibiting CDK activity and silencing the co-
expressed genes in colon cancer cells to prevent them from proliferating and to induce
their death [73].

Based on these facts, the effects of 4d and 4k on the expression levels of the CDK2
protein as well as the CDK2 gene were studied in a two-step protocol.

First, the commercial Human CDK2 ELISA Kit was used to estimate concentrations of
the protein in the lysate of HCT-116 cells treated with 4d and 4k. The results were compared
with the positive (cells treated with the reference CDK inhibitor, BMS-265246) and negative
control experiments. The data presented in Figure 17 show that the concentration of
CDK2 was estimated to be 7.466 ng/mL in the negative control experiment, while it
was reduced to 2.229, 3.932 and 4.634 ng/mL in the positive control, 4k- and 4d-treated
samples, respectively. These results implied that compounds 4d and 4k downregulated
the expression of the CDK2 protein 1.9- and 1.6-fold, respectively, as compared to the
negative control.
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Figure 17. In vitro quantitative determination of the concentrations of CDK2 (ng/mL) in HCT116
cells treated with pyrans 4d and 4K compared with the positive control BMS-265246 and the negative
control samples.
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Second, the expression profiles of the CDK2 gene in HCT-116 cells treated with com-
pounds 4d and 4k were determined. The results were compared with the positive control
(cells treated with the well-known cytotoxic drug 5-fluorouracil) and the negative control
(untreated cells).

As shown in Figure 18, the CDK2 transcript levels were decreased significantly, 0.29-,
0.45- and 0.50-fold, by 5-FU, 4K and 4d, respectively, as compared to the untreated cells
after 24 h of the treatment.

 

Figure 18. The expression profiles of the CDK2 gene in the lysate of HCT-116 cancer cells treated
with compounds 4d and 4k.

Accordingly, our results imply that pyrans 4K and 4d might cause growth arrest in
HCT-116 cancer cells via downregulation of CDK2 gene and protein as well.

2.2.5. Investigation of the Apoptotic Potential via Real-Time PCR Determination of the
Expression Profile of the Caspase-3 Gene in HCT-116 Cells Treated with Pyrans 4d and 4k

Normally, apoptosis, or programmed cell death, is considered as a safeguard mech-
anism for managing stress and maintaining tissue homeostasis. It proceeds through a
series of well-ordered biochemical cascades of events, which are regulated by a network
of proteins. However, due to genetic and epigenetic mutations, deregulation of these
proteins occurs, which results in evasion of apoptosis. This oncogenic transformation is
a hallmark of human cancer, and it contributes to other tumorigenic events, including
uncontrolled growth, accumulation of further genetic mutations, tumor angiogenesis and
metastasis and chemotherapeutic resistance [74]. Therefore, reinitiating selective cancer cell
death is a fundamental goal in anticancer drug development. Research in cancer biology
has provided fundamental insights into the apoptotic pathways and their deregulation
in colon cancer. Moreover, it has identified the molecular targets for reinitiating selec-
tive tumor cell death, including antiapoptotic Bcl-2 family proteins, apoptosis inhibitors
and activators of the TRAIL death receptor signaling pathway, as well as other apoptotic
markers, such as caspases. Among the caspases, which play critical roles in apoptosis,
are the initiators, including caspases-8 or 9, and the effectors, including caspase-3 and
caspase-7. After being activated by the initiators, the executioner caspases cleave numerous
vital structural and regulatory proteins, leading to cell death [75]. Previous studies have
demonstrated that expression level of caspase-3 is downregulated in cancer; therefore,
enhancing its activity with natural and synthetic compounds was suggested as a possible
strategy for cancer therapy [76,77]. In fact, pyran-containing, 4H-chromene derivatives,
such as 3-amino-1-(4-fluorophenyl)-1H-benzo[f ]chromene-2-carbonitrile [78] and 3-amino-
1-(4-iodophenyl)-8-methoxy-1H-benzo[f ]chromene-2-carbonitrile [79], were found to be
effective against HT-29 cells of CRC and -MDA-MB-231 cells of breast cancer, respectively,
via a 3-caspase-dependent apoptosis mechanism; therefore, we anticipated that our closely
related pyran analogues 4d and 4k might be capase-3 inducers as well. Thus, the real-time
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quantitative PCR analyses of caspase-3-gene levels following treatment with compounds
4d and 4K at a concentration of 10 mg/mL for 24 h, were performed to investigate their
potential as proapoptotic agents.

As shown in Figure 19, the treated HCT-116 cultures showed significant expression of
caspase-3 gene as compared to the positive (5-FU-treated) and the negative (pure HCT-116
cells) control cultures. The transcription levels of the caspase-3 gene in HCT-116 in treated
cultures were increased 7.31-, 4.62- and 2.55-fold by 5-FU, 4K and 4d, respectively, as
compared to the negative control. These results indicated a concentration of 10 mg/mL for
increasing the expression of caspase-3 gene and subsequent induction of mitochondrial
apoptosis of the HCT-116 cells.

 

Figure 19. The expression profiles of caspase-3 gene in lysates of HCT-116 cells treated with 5-FU

and pyrans 4d and 4k as compared to the untreated HCT-116 cells (negative control).

Overall, pyrans 4d and 4k can be considered interesting candidates to be subjected to
further studies in order to investigate their usefulness in developing new anti-CRC agents
capable of inhibiting the proliferation of HCT-116 cells through inducing cell-cycle arrest at
the G1/S boundary by targeting CDK2 and enhancing the apoptosis of cancerous cells via
activation of the caspase-3 gene.

2.3. Physicochemical and Pharmacokinetic Properties and Lipinski’s Rule of Five

Six physicochemical parameters, comprising Lipophilicity (LIPO), Size, Polarity
(POLAR), Insolubility (INSOL), Unsaturation (UNSAT) and Flexibility (FLEX) were
predicted for the tested compounds using the bioavailability radar chart [80], in which the
pink-colored zone (Figure 20) indicates the suitability of physicochemical properties to
have good in vivo bioavailability.

The results indicated that, compounds 4g and 4d did not violate any parameters in
the radar chart, while 4j and 4k derivatives violated only the UNSAT parameter, which is
acceptable. The calculated log p values were intermediate (2.27 for 4g, 2.99 for 4j, 2.98 for
4d and 2.80 for 4k). Based on these data, it can be predicted that all the tested derivatives
would have good bioavailability profiles, especially the molecules 4g and 4d.

The SwissADME server provides a BOILED-EGG chart to indicate human intestinal
absorption (white part), blood–brain barrier penetration (yellow part) and the probability
of the tested compound acting as a substrate (PGP+, blue color) or not a substate (PGP−,
red color) for permeability glycoprotein (PGP).

The results (summarized in Figure 21) showed that all the tested derivatives can be
expected to be of good oral absorption, which is indicated by their presence in the white
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area. Moreover, they would not penetrate the blood–brain barrier (BBB, egg yolk area);
thus, they would not cause CNS toxicity. Finally, the four compounds are red-colored,
which means that they are not anticipated to be substrates for PGP; therefore, they would
not suffer from restricted entry to the target cells through efflux pumps [81].

 

Figure 20. The bioavailability radar plots for the tested compounds (the colored zone is the suitable
physicochemical space for oral bioavailability).
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Figure 21. The BOILED-EGG chart for the studied compounds.
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Eventually, the drug-likeness and good oral bioavailability characteristics for the
studied compounds were predicted using the Lipinski’s rule of five filter [82]. As shown in
Table 6 no compound did violate any parameter of the rule, which states that no violation
or even one violation indicates expected good oral bioavailability.

Table 6. Drug-likeness of the tested compounds.

Comp. No. Properties Comment

4g

• Log P = 2.27 (<5) No violation
• Molecular weight = 334.75 g/mol (<500)

• No. of H-bond donor groups (Ohs + NHs) = 3 (≤5)
• No. of H-bond acceptor atoms (Os + Ns) = 6 (≤10)

4j

• Log P = 2.99 (<5) No violation
• Molecular weight = 376.41 g/mol (<500)
• No. of H-bond donor groups (OHs + NHs) = 2 (≤5)
• No. of H-bond acceptor atoms (Os + Ns) = 6
• (≤10)

4d

• Log P = 2.99 (<5) No violation
• Molecular weight = 436.46 g/mol (<500)

• No. of H-bond donor groups (OHs + NHs) = 2 (≤5)

• No. of H-bond acceptor atoms (Os + Ns) = 8 (≤10)

4k

• Log P = 2.80 (<5) No violation
• Molecular weight = 371.39 g/mol (<500)
• No. of H-bond donor groups (OHs + NHs) = 2
• (≤5)
• No. of H-bond acceptor atoms (Os + Ns) = 6 (≤10)

Although the in-silico predictions are promising, these results are preliminary and
should be confirmed experimentally.

3. Materials and Methods

3.1. Chemistry

3.1.1. General

All reagents were used as supplied commercially. The IR spectra were obtained using
potassium bromide (KBr) discs and recorded on a PerkinElmer FTIR spectrophotometer,
Spectrum BX 1000 in wave number (cm−1). Nuclear magnetic resonance spectroscopy
was performed on a Bruker Avance 500 spectrometer, operating at 500 MHZ for 1H and
125 MHZ for 13C at 25 ◦C (Research Unit, College of Pharmacy, Prince Sattam Bin Abdu-
laziz University, Al-Kharj, KSA), or on an Eclipse 300 FT NMR spectrometer operating at
300 MHz spectrometer for 1H and at 75 MHz for 13C at 25 ◦C (College of Science, King
Saud University, Riyadh, KSA). The chemical shifts are expressed in ppm and tetramethyl
silane (TMS) was used as internal standard; mass spectra were recorded on a Shimadzu
Qp-2010 Plus Mass Spectrometer using Ionization Mode: EI (Micro Analytical Center, Cairo
University, Egypt). Percentages of C, H and N in the new compounds were evaluated at
the regional center for Mycology and Biotechnology (RCMB), Al-Azhar University.

3.1.2. General Procedures for the Synthesis of
6-Amino-5-cyano-4-(aryl)-2-methyl-4H-pyran-3-carboxylic Acid Esters 4a–m

To an ethanolic mixture (20 mL) of benzaldehyde derivative 1a–k (0.004 mol), namely,
2-formyl-benzoic acid, 3-methxy-2-nitro benzaldehyde, 3,4,5-trimethoxy benzaldehyde,
biphenyl-3-carbaldehyde, 2-chloro-3-hydroxy-benzaldehyde, 2,4,6-trimethoxy benzalde-
hyde, 4-fluorobenzaldehyde, 4-methoxybenzaldehyde, 4-formyl-benzonitrile, 2-chloro-
benzaldehyde, or 2,4-dichlorobenzaldehyde, and malononitrile 2 (0.004 mol, 0.264 g),
piperidine (0.8 mL) and the appropriate β-ketoester derivative 3a–c (0.004 mol) namely;
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methyl acetoacetate, ethyl acetoacetate or benzyl acetoacetate were added. The resulting
reaction mixture in each was stirred at room temperature for 24 h, then it was worked up
as described below to obtain the desired product.

6-Amino-4-(2-carboxy-phenyl)-5-cyano-2-methyl-4H-pyran-3-carboxylic acid methyl
ester 4a

Filtration of the obtained reaction suspension afforded a yellow solid, which was washed
with H2O/dil. HCl, air dried and recrystallized from EtOH to give shiny white crystals,
yield (63%), m.p. 216–218 ◦C; νmax (KBr)/cm−1 3328 (broad OH and NH2), 3193 (CH-Ar),
2895 (CH-aliphatic), 2656, 2544, 2196 (CN), 1716 (C=O-ester), 1675 (C=O-carboxylic), 1605
(C=C), 1445 1405, 1377, 1325, 1264, 1226, 1182, 1124, 1068, 1042, 955, 876, 842, 803, 749,
728, 648, 624, 518, 442; δH (500 MHz; DMSO-d6) 7.73 (1H, dd, J = 7.7, 1.1 Hz, CH-Ar), 7.50
(1H, t, J = 7.3 Hz, CH-Ar), 7.29–7.25 (2H, m, 2 × CH-Ar), 6.85 (2H, br. s, NH2), 5.63 (1H,
s, C4H-pyran), 3.46 (3H, s, O-CH3), 2.31 (3H, s, CH3); δC (125 MHz; DMSO-d6), 168.60
(C=O), 165.83 (C=O), 158.73, 157.04, 146.03, 131.95, 130.48, 129.36, 129.01, 126.39, 119.27,
107.59 (4 × CH-Ar, 2 × Cq-Ar, 3 × Cq-pyran, CN), 56.05 and 51.29 (C5-pyran and O-CH3),
32.72 (C4H-pyran), 18.40 (CH3); MS (EI) m/z (%) [M+] 314.85 (0.24) for C16H14N2O5, 268.90
(39.95), 252.85 (14.51), 236.90 (100.00), 208.90 (11.83), 192.90 (10.28), 133.00 (31.62), 116.05
(21.80), 105.00 (41.68), 89.00 (27.86), 77.05 (77.39), 66.00 (29.21), 57.05 (15.98). Anal. Calcd.
for C16H14N2O5: C, 61.14; H, 4.49; N, 8.91. Found; C, 61.36; H, 4.70; N, 9.07.

6-Amino-5-cyano-4-(3-methoxy-2-nitro-phenyl)-2-methyl-4H-pyran-3-carboxylic acid ethyl
ester 4b

The excess solvent was evaporated and the resulting yellow solid was washed with
water, air dried and recrystallized from EtOH to afford a pure product as a pale yellow solid,
yield (85%), m.p. 220–222 ◦C; νmax (KBr)/cm−1 3475 (asymmetric NH2), 3351 (symmetric
NH2), 3168 and 3098 (CH-Ar), 2989, 2940, 2898 and 2847 (CH-aliphatic), 2192 (CN), 1679
(C=O), 1629 and 1586 (C=C), 1530 (NO2), 1478, 1449, 1372, 1332, 1277, 1210, 1122, 1056, 1018,
956, 908, 851, 802, 655, 613, 562, 512, 443; δH (500 MHz; DMSO-d6) 7.51 (1H, t, J = 8.2 Hz,
CH-Ar), 7.18 (1H, d, J = 8.4 Hz, CH-Ar), 7.06 (2H, br. s, NH2), 6.88 (1H, d, J = 7.9 Hz, CH-Ar),
4.35 (1H, s, C4H-pyran), 3.96 (2H, q, J = 7.1 Hz, O-CH2-CH3), 3.87 (3H, s, O-CH3), 2.32 (3H,
s, CH3), 0.99 (3H, t, J = 7.1 Hz, O-CH2-CH3); δC (125 MHz; DMSO-d6), 164.76 (C=O), 158.89,
158.08, 149.97, 139.63, 137.79, 131.78, 120.83, 118.79, 111.67, 105.54 (3 × CH-Ar, 3 × Cq-Ar,
3 × Cq-pyran, CN), 60.21 (O-CH2), 56.55 and 55.80 (C5-pyran and O-CH3), 34.43 (C4H-
pyran), 18.22 (2 × CH3); MS (EI) m/z (%) [M+] 359.80 (0.40) for C17H17N3O6, 341.85 (35.07),
324.85 (5.56), 311.90 (6.19), 296.85 (4.09), 283.85 (8.98), 272.90 (12.99), 297.90 (43.20), 251.90
(11.35), 237.90 (10.52), 226.90 (34.93), 206.90 (11.00), 178.90 (12.93), 160.95 (11.26), 140.05
(6.60), 127.05 (9.20), 115.05 (20.68), 102.00 (23.05), 90.00 (29.84), 76.05 (69.38), 67.00 (100.00),
59.01 (38.59), 51.05 (33.51); Anal. Calcd. for C17H17N3O6: C, 56.82; H, 4.77; N, 11.69. Found:
C, 57.11; H, 4.83; N, 11.97.

6-Amino-5-cyano-4-(3-methoxy-2-nitro-phenyl)-2-methyl-4H-pyran-3-carboxylic acid
benzyl ester 4c

Addition of ice/H2O to the reaction mixture and filtration gave the crude product as a
yellow precipitate which was air dried and recrystallized from EtOH/petroleum ether to
obtain the pure product as a yellow powder, yield (64%), m.p. 190–192 ◦C; νmax (KBr)/cm−1

3434 (asymmetric NH2), 3321 (symmetric NH2), 3221; 3190 and 3090, 3031 (CH-Ar), 2942
and 2846 (CH-aliphatic), 2195 (CN), 1716 (C=O), 1673 and 1603 (C=C), 1528 (NO2), 1479,
1449, 1406, 1370, 1315, 1285, 1225, 1174, 1181, 1133, 1063, 963, 912, 847, 804, 756, 695, 662,
566, 524, 435; δH (300 MHz; DMSO-d6) 7.55-7.46 (2H, m, 2 × CH-Ar), 7.30–7.17 (3H, m,
3 × CH-Ar), 7.08 (2H, br. s, NH2), 7.07-7.01 (2H, m, 2 × CH-Ar), 6.87 (1H, d, J = 7.5 Hz,
CH-Ar), 5.07 and 4.98 (2H, AB q, J = 12.6 Hz, O-CH2-Ph), 4.39 (1H, s, C4H-pyran), 3.88
(3H, s, O-CH3), 2.32 (3H, s, CH3); δC (75 MHz; DMSO-d6), 164.11 (C=O), 158.80, 158.06,
150.11, 139.42, 137.64, 135.98, 131.82, 128.22, 127.79, 127.48, 120.89, 118.67, 111.77, 105.49
(8 × CH-Ar, 4 × Cq-Ar, 3 × Cq-pyran, CN), 65.56 (O-CH2-Ph), 56.64, 55.89 (C5-pyran
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and O-CH3), 34.65 (C4H-pyran), 18.48 (CH3); MS (EI) m/z (%) [M+ + 1] 422.10 (0.25) for
C22H19N3O6, 404.00 (1.48), 360.10 (1.07), 343.05 (0.02), 309.10 (0.76), 291.10 (1.16), 283.05
(1.27), 268.05 (3.94), 252.05 (1.83), 227. 00 (4.78), 201.00 (2.05), 153.05 (0.43), 140.05 (0.78),
107.10 (2.60), 92.05 (8.02), 91.05 (100.00), 77.05 (3.46), 65.00 (12.07), 51.00 (3.09); Anal. Calcd.
for C22H19N3O6: C, 62.70; H, 4.54; N, 9.97; O, 22.78. Found: C, 62.59; H, 4.68; N, 10.19.

6-Amino-5-cyano-2-methyl-4-(3,4,5-trimethoxy-phenyl)-4H-pyran-3-carboxylic acid benzyl
ester 4d

Filtration of the resulting mixture afforded a yellowish-white powder. Recrystal-
lization from MeOH/petroleum ether afforded shiny white crystals, yield (57%), m.p.
158–160 ◦C; νmax (KBr)/cm−1 3430 (asymmetric NH2), 3327 (symmetric NH2), 3181 (CH-Ar),
2940 and 2887 (CH-aliphatic), 2373, 2192 (CN), 1711 (C=O), 1689, 1641 and 1593 (C=C),
1503, 1463, 1427, 1378, 1322, 1252, 1222, 1120, 1059, 995, 888, 856, 802, 759, 719, 693, 662,
578, 515 cm−1; δH (300 MHz; DMSO-d6) 7.37–7.25 (3H, m, 3 × CH-Ar of benzyl group),
7.18–7.11 (2H, m, 2 × CH-Ar of benzyl group), 6.92 (2H, br. s, NH2), 6.37 (2H, s, 2 × CH-Ar
of trimethoxyphenyl group), 5.10 and 5.02 (2H, ABq, J = 12.9 Hz, O-CH2-Ph), 4.32 (1H, s,
C4H-pyran), 3.68 (6H, s, 2 × O-CH3), 3.64 (3H, s, O-CH3), 2.35 (3H, s, CH3); δC (75 MHz;
DMSO-d6), 165.45 (C=O), 158.44, 157.36, 152.89, 140.52, 136.47, 135.89, 140.52, 136.47, 135.89,
128.27, 127.88, 127.56, 119.76, 106.73, 104.351 (7 × CH-Ar, 5 × Cq-Ar, 3 × Cq-pyran, CN),
65.77 (O-CH2-Ph), 59.99, 57.29 and 55.76 (C5-pyran and 3 × O-CH3), 39.30 C4H-pyran,
18.30 (CH3); MS (EI) m/z (%) [M+ + 1] 437.05 (6.98) for C24H24N2O6, [M+] 436.05 (24.88),
345.00 (36.17), 327.00 (2.08), 301.05 (3.55), 284.00 (5.49), 269.05 (9.70), 244.00 (3.34), 221.00
(2.36), 168.00 (2.28), 134.05 (1.57), 128.05 (0.90), 109.05 (1.08), 91.05 (100.00), 65.00 (9.29),
51.00 (2.45). Anal. Calcd. for C24H24N2O6: C, 66.04; H, 5.54; N, 6.42. Found: C, 66.21; H,
5.59; N, 6.64.

6-Amino-4-biphenyl-3-yl-5-cyano-2-methyl-4H-pyran-3-carboxylic acid ethyl ester 4e

The resulting mixture was poured onto ice/H2O and filtered to give a pale-yellow
powder, air dried and recrystallized from EtOH/ petroleum ether to afford white crystals,
yield (73%); m.p. 186–190 ◦C; νmax (KBr)/cm−1 3374 (asymmetric NH2), 3213 (asymmetric
NH2), 3060 and 3032 (CH-Ar), 2976 and 2922 (CH-aliphatic), 2368, 2340, 2188 (CN), 1708
(C=O), 1676 and 1602 (C=C), 1475, 1419, 1373, 1321, 1262, 1211, 1180, 1132, 1069, 951, 902,
868, 774, 746, 698, 647, 545, 513; δH (500 MHz; DMSO-d6) 7.62 (2H, d, J = 7.5 Hz, 2 × CH-Ar),
7.52 (1H, d, J = 7.9 Hz, CH-Ar), 7.48 (2H, t, J = 7.55 Hz, 2 × CH-Ar), 7.44–7.41 (2H, m,
2 × CH-Ar), 7.38 (1H, t, J = 7.3 Hz, CH-Ar), 7.17 (1H, d, J = 7.8 Hz, CH-Ar), 6.98 (2H, br. s,
NH2), 4.43 (1H, s, C4H-pyran), 3.98 (2H, q, J = 7.1 Hz, O-CH2-CH3), 2.35 (3H, s, CH3), 1.02
(3H, t, J = 7.1 Hz, O-CH2-CH3); δC (125 MHz; DMSO-d6), 165.46 (C=O), 158.54, 156.81,
145.60, 140.21, 140.04, 129.19, 128.97, 127.48, 126.58, 126.21, 125.51, 125.28, 119.76, 107.07
(9 × CH-Ar, 3 × Cq-Ar, 3 × Cq-pyran, CN), 60.16 (O-CH2-Ph), 57.15 (C5-pyran), 38.85
(C4H-pyran), 18.22 (CH3), 13.67 (CH3); MS (EI) m/z (%) [M+ + 1] 360.85 (9.65) and [M+]
359.90 (36.27) for C22H20N2O3, 330.85 (26.30), 313.90 (24.30), 293.90 (4.77), 286.90 (15.54),
270.90 (8.75), 228.90 (10.19), 206.90 (100.00), 178.90 (24.65), 160.95 (15.76), 133.05 (6.67),
115.00 (10.63), 105.05 (15.92), 88.00 (16.94), 77.05 (22.94), 67.00 (44.11), 51.00 (14.94); Anal.
Calcd. for C22H20N2O3: C, 73.32; H, 5.59; N, 7.77. Found: C, 73.59; H, 5.71; N, 7.98.

6-Amino-4-(2-chloro-3-hydroxy-phenyl)-5-cyano-2-methyl-4H-pyran-3-carboxylic acid
methyl ester 4f

The resulting mixture was poured on ice–dil. HCl mixture, then filtered and the obtained
solid was air dried to obtain an off-white powder. Recrystallization from EtOH/petroleum
ether gave a shiny white powder yield (85%), m.p. 238–240 ◦C; νmax (KBr)/cm−1 3478 (OH),
3319 (NH2), 3015 (CH-Ar), 2946 and 2843 (CH-aliphatic), 2366, 2200 (CN), 1713 (C=O),
1674, 1634 and 1593 (C=C), 1462, 1403,1374, 1349, 1261, 1227.7, 1187, 1133, 1074, 976, 853,
801, 759, 726, 667, 547, 500, 443; δH (500 MHz; DMSO-d6) 10.09 (1H, s, OH), 7.08 (1H, t,
J = 7.9 Hz, CH-Ar), 6.85 (2H, br. s, NH2), 6.81 (1H, dd, J = 8.1, 1.1 Hz, CH-Ar), 6.60 (1H, dd,
J = 7.6, 1.1 Hz, CH-Ar), 4.93 (1H, s, C4H-pyran), 3.49 (3H, s, O-CH3), 2.34 (3H, s, CH3); δC
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(125 MHz; DMSO-d6), 165.82 (C=O), 158.60, 157.52, 152.94, 143.39, 127.38, 119.63, 119.50,
119.30, 119.23, 114.55, 106.22 (3 × CH-Ar, 3 × Cq-Ar, 3 × Cq-pyran, CN), 56.45 and 51.41
(C5-pyran and O-CH3), 35.28 (C4H-pyran), 18.12 (CH3); MS (EI) m/z (%) [M+ + 1, 37Cl]
322.80 (0.92); [M+, 37Cl] 321.80 (4.70); [M+ + 1, 35Cl] 320.80 (3.09) and [M+, 35Cl] 319.80
(13.67) for C15H13ClN2O4, 306.80 (1.28), 304.80 (3.81), 285.85 (10.38), 284.90 (58.22), 272.85
(1.03), 270.85 (0.36), 252.85 (5.53), 246.85 (1.34), 244.85 (3.08), 224.90 (4.03), 222.90 (1.39),
193.90 (10.96), 192.90 (100.00), 175.90 (9.94), 160.95 (28.16), 127.05 (6.44), 114.00 (10.61),
105.05 (20.05), 99.00 (12.74), 89.00 (23.42), 77.05 (19.61), 67.00 (54.84), 59.05 (37.40), 57.05
(11.01), 51.05 (10.88). Anal. Calcd. for C15H13ClN2O4: C, 56.17; H, 4.09; N, 8.73. Found: C,
56.44; H, 4.32; N, 8.99.

6-Amino-4-(2-chloro-3-hydroxy-phenyl)-5-cyano-2-methyl-4H-pyran-3-carboxylic acid
ethyl ester 4g

The resulting reaction mixture was poured onto ice–dil. HCl mixture, then filtered
and the obtained solid was air dried to afford an off-white powder. Recrystallization
from EtOH/petroleum ether gave a shiny off white powder (65%), m.p. 212–213 ◦C;
νmax (KBr)/cm−1 3454 (OH), 3350 (NH2), 3197 (CH-Ar), 2974 and 2853 (CH-aliphatic), 2642,
2574, 2372, 2203 (CN), 1713 (C=O), 1669 and 1606 (C=C), 1583, 1465, 1408, 1375, 1322, 1293,
1234, 1185, 1134, 1073, 975, 862, 807, 763, 727, 670, 560, 487; δH (300 MHz; DMSO-d6) 10.10
(1H, s, OH), 7.08 (1H, t, J = 7.1 Hz, CH-Ar), 6.95 (2H, br. s, NH2), 6.83 (1H, d, J = 7.8 Hz,
CH-Ar), 6.60 (1H, d, J = 7.8 Hz, CH-Ar), 4.90 (1H, s, C4H-pyran), 3.94 (2H, q, J = 7.2 Hz,
O-CH2-CH3), 2.38 (3H, s, CH3), 0.98 (3H, t, J = 7.2 Hz, O-CH2-CH3); δC (75 MHz; DMSO-d6),
165.28 (C=O), 158.55, 157.39, 152.98, 143.49, 127.42, 119.48, 119.29, 114.48, 106.37 (3 × CH-Ar,
3 × Cq-Ar, 3 × Cq-pyran, CN), 60.09 (O-CH2), 56.26 (Cq-pyran), 34.6 (C4H-pyran), 18.08
(CH3), 13.62 (CH3); MS (EI) m/z (%) [M+ + 1, 37Cl] 337.00 (0.63), [M+, 37Cl] 336.00 (3.06),
[M+ + 1, 35Cl] 335.00 (2.34) and [M+, 35Cl] 334.00 (8.94) for C16H15ClN2O4, 307.00 (5.17),
305.00 (14.95), 300.05 (15.37), 299.10 (81.62), 291.00 92.77), 289.00 (7.87), 271.05 (3.09), 261.00
(9.05), 225.00 (6.39), 208.00 (12.99), 207.00 (100.00), 179.00 (31.94), 161.00 (17.35), 133.05 (6.00),
127.05 (4.38), 115.05 (3.79), 105.05 (5.32), 89.05 (6.04), 77.05 (3.88), 67.00 (15.90), 63.00 (11.37),
57.05 (3. 59), 51.00 (4.07); Anal. Calcd. for C16H15ClN2O4: C, 57.41; H, 4.52; N, 8.37. Found:
C, 57.57; H, 4.41; N, 8.56.

6-Amino-5-cyano-2-methyl-4-(2,4,6-trimethoxy-phenyl)-4H-pyran-3-carboxylic acid ethyl
ester 4h

Filtration of the resulting reaction mixture afforded a yellow solid, which was washed
with water and air dried. Recrystallization from EtOH afforded the pure product as a
yellow powder, yield (60%), m.p. 196–198 ◦C; νmax (KBr)/cm−1 3465 (asymmetric NH2),
3330 (symmetric NH2), 3228 and 3192 (CH-Ar), 2940 and 2839 (CH-aliphatic), 2371, 2198
(CN), 1709 (C=O), 1688 and 1602 (C=C), 1460, 1404, 1330, 1226, 1150, 1119, 1062, 948, 922,
816, 785, 717, 649, 606, 500; δH (300 MHz; DMSO-d6) 6.54 (2H, br. s, NH2), 6.18 (2H, s,
2 × CH-Ar), 4.88 (1H, s, C4H-pyran), 3.90 (2H, q, J = 6.9 Hz, O-CH2-CH3), 3.75 (3H, s,
O-CH3), 3.71 (6H, s, 2 × O-CH3), 2.23 (3H, s, CH3), 1.02 (3H, t, J = 6.9 Hz, O-CH2-CH3); δC
(75 MHz; DMSO-d6) 166.31 (C=O), 159.85, 159.700, 159.13, 156.94, 120.54, 112.39, 105.44,
91.41 (2 × CH-Ar, 4 × Cq-Ar, 3 × Cq-pyran, CN), 59.78, 56.36, 56.12, 55.96, 55.27 (O-CH2,
C5-Pyran, 3 × O-CH3), 27.26 (C4H-pyran), 18.08 (CH3), 13.91 (CH3); MS (EI) m/z (%)
[M+ + 1] 375.00 (5.63) and [M+] 374.05 (24.69) for C19H22N2O6, 345.00 (17.76), 343.00 (29.18),
329.05 (6.42), 313.00 (4.86), 297.00 (100.00), 285.05 (18.39), 269.05 (13.20), 257.05 (21.80),
241.05 (4.48), 227.00 (4.35), 207.00 (11.32), 179.00 (12.32), 161.00 (11.25), 134.05 (10.03), 77.00
(8.03), 66.95 (15.11), 57.00 (5.43), 51.00 (3.59). Anal. Calcd. for C19H22N2O6: C, 60.95; H,
5.92; N, 7.48. Found: C, 61.17; H, 6.08; N, 7.71.

6-Amino-5-cyano-4-(4-fluoro-phenyl)-2-methyl-4H-pyran-3-carboxylic acid benzyl ester 4i

The resulting reaction mixture was poured onto iced water and the precipitated solid
was filtered off to obtain a yellow powder, which was washed with plenty of water, air
dried, recrystallized from EtOH/ petroleum ether to give a pale yellow powder, yield (80%),
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m.p. 124–126 ◦C; νmax (KBr)/cm−1 3458 (asymmetric NH2), 3324 (symmetric NH2), 3238
and 3095 (CH-Ar), 2939 (CH-aliphatic), 2370, 2199 (CN), 1721 (C=O), 1680 and 1602 (C=C),
1504, 1450, 1405, 1376, 1321, 1219, 1177, 1119, 1056, 958, 852, 763, 742, 696, 595, 521, 466; δH
(300 MHz; DMSO-d6) 7.31–7.27 (3H, m, 3 × CH-Ar), 7.13-7.09 (6H, m, 6 × CH-Ar), 6.94 (2H,
br. s, NH2), 5.07 and 4.98 (2H, ABq, J = 16.4 Hz, O-CH2-Ph), 4.34 (1H, s, C4H-pyran), 2.32
(3H, s, CH3); δC (75 MHz; DMSO-d6), 164.65 (C=O), 157.80, 156.91, 140.17, 135.43, 128.80,
128.72, 127.98, 127.63, 127.42, 115.06, 114.78, 106.18 (9 × CH-Ar, 3 × Cq-Ar, 3 × Cq-pyran,
CN), 65.48 (O-CH2-Ph), 56.99 (C5-pyran), 38.74 (C4H-pyran), 18.04 (CH3); MS (EI) m/z (%)
[M+ + 1] 365.05 (0.42) and [M+] 364.05 (1.41) for C21H17FN2O3, 273.05 (44.27), 269.10 (9.28),
251.05 (0.71), 229.00 (3.41), 213.00 (2.77), 200.00 (0.74), 184.00 (1.45), 158.00 (1.24), 145.05
(1.10), 133.05 (1.33), 121.05 (0.83), 91.05 (100.00), 77.00 (2.43), 65.00 (13.54), 51.00 (3.00).

6-Amino-5-cyano-4-(4-methoxy-phenyl)-2-methyl-4H-pyran-3-carboxylic acid benzyl ester 4j

The resulting reaction mixture was poured onto iced water and the precipitate was
filtered off to obtain a yellow solid, which was washed with plenty of water, air dried and
recrystallized from EtOH–petroleum ether to give off-white shiny crystals, yield (87%),
m.p. 170–172 ◦C; νmax (KBr)/cm−1 3407 (asymmetric NH2), 3328 (symmetric NH2), 3263,
3219 and 3009 (CH-Ar), 2958 (CH-aliphatic), 2370, 2189 (CN), 1698 (C=O), 1678, 1646 and
1603 (C=C), 1511, 1417, 1379, 1334, 1261, 1208, 1174, 1113, 1059, 1032, 1004, 948, 852, 813,
771, 692, 601, 568, 527; δH (300 MHz; DMSO-d6) 7.31–7.29 (3H, m, 3 × CH-Ar), 7.12–7.09
(2H, m, 2 × CH-Ar), 7.00 (2H, dd, J = 8.4, 2.7 Hz, 2 × CH-Ar), 6.94 (2H, br. s, NH2), 6.84
(2H, dd, J = 8.4, 2.72 Hz, 2 × CH-Ar), 5.05 and 5.3 (2H, ABq, J = 12.6 Hz, O-CH2-Ph), 4.27
(1H, s, C4H-pyran), 3.74 (3H, s, O-CH3), 2.31 (3H, s, CH3); δC (75 MHz; DMSO-d6), 165.39
(C=O), 158.25, 158.14, 156.76, 136.82, 135.79, 128.24, 127.84, 127.63, 119.74, 113.83, 107.18
(9 × CH-Ar, 3 × Cq-Ar, 4 × Cq-pyran, CN), 65.67 (O-CH2-Ph), 57.57, 55.04 (C5-pyran and
O-CH3), 38.92 (C4H-pyran), 18.23 (CH3); MS (EI) m/z (%) [M+ + 1] 377.05 (0.99) and [M+]
376.05 (3.61) for C22H20N2O4, 310.05 (0.77), 285.05 (51.33), 269.05 (6.84), 241.05 (6.47), 225.00
(4.71), 212.00 (0.68), 184.00 (3.11), 161.00 (4.63), 135.05 (2.31), 108.05 (1.55), 91.05 (100.00),
77.00 (4.75), 65.00 (13.86), 51.00 (3.36).

6-Amino-5-cyano-4-(4-cyano-phenyl)-2-methyl-4H-pyran-3-carboxylic acid benzyl ester 4k

Evaporation of the excess solvent afforded a sticky, dark-red residue, which was
treated with iced water, to resolve it into a dark-red precipitate. Filtration, air drying and
recrystallization from EtOH gave shiny golden crystals, yield (58%), m.p. 156–158 ◦C; νmax
(KBr)/cm−1 3407 (asymmetric NH2), 3301 (symmetric NH2), 3265, 3224, 3196 and 3061
(CH-Ar), 2964 and 2887 (CH-aliphatic), 2373, 2203 (CN), 1720 (C=O), 1685 and 1607 (C=C),
1497, 1449, 1405, 1376, 1319, 1258, 1216, 1182, 1129, 1057, 913, 864, 797, 752, 696, 615, 549,
507, 484, 437; δH (300 MHz; DMSO-d6) 7.76 (2H, d, J = 8.1 Hz, 2 × CH-Ar), 7.33–7.27 (5H,
m, 5 × CH-Ar), 7.08–7.02 (4H, m, 2 × CH-Ar and NH2), 5.08 and 4.96 (2H, ABq, J = 12.6
Hz, O-CH2-Ph), 4.44 (1H, s, C4H-pyran), 2.34 (3H, s, CH3); δC (75 MHz; DMSO-d6), 164.98
(C=O), 158.50, 158.38, 150.35, 135.64, 132.57, 128.23, 127.92, 127.74, 119.31, 118.76, 109.61,
105.66 (9 × CH-Ar, 3 × Cq-Ar, 3 × Cq-pyran, 2 × CN), 65.79 (O-CH2-Ph), 56.33 (C5-pyran),
34.85 (C4H-pyran), 18.43 (CH3); MS (EI) m/z (%) [M+] 371.00 (0.94) for C22H17N3O3, 280.00
(55.65), 269.05 (16.00), 236.00 (2.30), 178.95 (2.02), 128.05 (1.20), 107.05 (2.71), 91.05 (6.47),
65.00 (12.33), 51.00 (3.64).

6-Amino-4-(2-chloro-phenyl)-5-cyano-2-methyl-4H-pyran-3-carboxylic acid benzyl ester 4l

Filtration of the resulting reaction suspension afforded a pale-yellow solid that was
washed with plenty of water, air dried and recrystallized from MeOH–petroleum ether
to give white crystals, yield (70%), m.p. 162–164 ◦C; νmax (KBr)/cm−1 3467 (asymmetric
NH2), 3321 (symmetric NH2), 3217, 3180, 3058 and 3030 (CH-Ar), 2955 (CH-aliphatic),
2368, 2200 (CN), 1724 (C=O), 1678 and 1598 (C=C), 1467, 1440, 1402, 1378, 1321, 1229, 1177,
1127, 1060, 958, 830, 745, 698, 674, 616, 577, 499, 420; δH (300 MHz; DMSO-d6) 7.37–7.14
(7H, m, 7 × CH-Ar), 7.02–6.90 (4H, m, 2 × CH-Ar and NH2), 5.07 and 4.98 (2H, ABq,
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J = 12.6 Hz, O-CH2-Ph), 4.91 (1H, s, C4H-pyran), 2.36 (3H, s, CH3); δC (75 MHz; DMSO-d6),
165.34 (C=O), 158.59, 158.56, 140.06, 135.77, 132.06, 129.74, 129.49, 128.42, 128.27, 127.82,
127.57, 119.19, 105.76 (9 × CH-Ar, 3 × Cq-Ar, 3 × Cq-pyran, CN), 65.76 (O-CH2-Ph), 56.19
(C5-Pyran), 35.02 (C4H-pyran), 18.39 (CH3); MS (EI) m/z (%) [M+, 37Cl] 382.05 (0.64) and
[M+, 35Cl] 380.05 (1.17) for C21H17ClN2O3, 291.00 (8.32), 289.00 (24.11), 271.05 (0.47), 269.10
(12.27), 247.00 (0.67), 245.00 (3.25), 209.00 (1.63), 207.00 (0.46), 181.00 (1.10), 179.00 (0.92),
167.00 (0.95), 165.00 (1.23), 136.05 (0.29), 134.10 (0.90), 91.05 (100.00), 77.05 (3.48), 65.00
(16.45), 51.00 (4.41). Anal. Calcd. for C21H17ClN2O3: C, 66.23; H, 4.50; N, 7.36. Found: C,
66.48; H, 4.73; N, 7.57.

6-Amino-5-cyano-4-(2,4-dichloro-phenyl)-2-methyl-4H-pyran-3-carboxylic acid benzyl
ester 4m

Filtration of the reaction suspension and recrystallization of the obtained solid from
ethanol gave a white powder, yield (57%), m.p. 146–148 ◦C; νmax (KBr)/cm−1 3466 (asym-
metric NH2), 3322 (symmetric NH2), 3223 and 3190 (CH-Ar), 2957 (CH-aliphatic), 2371,
2341, 2202 (CN), 1720 (C=O), 1683, 1642 and 1603 (C=C), 1462, 1402, 1375, 1223, 1176, 1124,
1098, 1060, 1005, 956, 844, 745, 698, 647, 584, 517, 455; δH (300 MHz; DMSO-d6) 7.45 (1H,
d, J = 2.1 Hz, CH-Ar), 7.35 (1H, dd, J = 8.4, 2.1 Hz, CH-Ar), 7.28–7.18 (4H, m, 4 × CH-Ar),
7.05–6.93 (4H, m, 2 × CH-Ar, NH2), 5.09 (1H, d, J = 12.6 Hz, one of O-CH2-Ph), 4.92 (1H,
d, J = 12.6 Hz, one of O-CH2-Ph), 4.87 (1H, s, C4H-pyran), 2.36 (3H, s, CH3); δC (75 MHz;
DMSO-d6), 164.50 (C=O), 158.46, 158.09, 140.88, 135.27, 132.54, 131.57, 130.72, 128.37, 127.78,
127.50, 127.37, 118.61, 104.89 (8 × CH-Ar, 4 × Cq-Ar, 3 × Cq-pyran, CN), 65.37 (O-CH2),
55.30 (C5-pyran), 34.64 (C4H-pyran), 18.01 (CH3); MS (EI) m/z (%) [M+, 37Cl] 416.00 (0.58),
[M+, 35Cl] 414.00 (0.79) for C21H16Cl2N2O3, 324.90 (19.35), 322.90 (29.45), 307.90 (0.29),
305.90 (0.37), 280.95 (1.65), 279.95 (0.60), 269.05 (13.68), 270.00 (4.80), 243.00 (1.44), 221.90
(0.76), 207.95 (1.20), 186.95 (0.94), 164.00 (1.00), 134.05 (1.62), 92.05 (8.02), 91.05 (100.00),
79.05 (2.57), 65.00 (14.26), 57.05 (5.88), 51.00 (3.42). Anal. Calcd. for C21H16Cl2N2O3: C,
60.74; H, 3.88; N, 6.75. Found: C, 60.95; H, 4.12; N, 6.93.

3.1.3. General Procedures for Synthesis of
6-Amino-4-(aryl)-3-methyl-2,4-dihydro-pyrano[2,3-c]pyrazole-5-carbonitrile 5a,b

To a mixture of ethyl acetoacetate 3b (0.003, 0.39 g, 0.38 mL) and hydrazine hydrate
(2.1 equiv., 0.0062, 0.31 g, 0.3 mL), the appropriate aromatic aldehyde 1e or 1f (0.003 mol)
was added, followed by malononitrile 2 (0.003, 0.2 g), EtOH (20 mL) and Et3N (0.0007 mol,
0.07 g, 0.1 mL). The resulting reaction mixture was heated under reflux for 12 h.

6-Amino-4-(2-chloro-3-hydroxy-phenyl)-3-methyl-2,4-dihydro-pyrano[2,3-c]pyrazole-5-
carbonitrile 5a

Evaporation of the excess solvent and recrystallization of the remaining product from
EtOH afforded a beige solid, yield (65%), m.p. 240–242 ◦C; νmax (KBr)/cm−1 3377 and 3309
(OH, NH2 and NH), 3159 (CH-Ar), 2929 (CH-aliphatic), 2698, 2368, 2171 (CN), 1650 and
1597 (C=C), 1515, 1486, 1458, 1412, 1344, 1291, 1257, 1189, 1161, 1102, 1051, 962, 863, 834,
782, 724, 670, 604, 559, 462; δH (300 MHz; DMSO-d6) 12.12 (1H, s, NH), 10.18 (1H, br. s, OH),
7.11 (1H, t, J = 7.8 Hz, Ar-H), 6.90 (2H, br. s, NH2), 6.84 (1H, dd, J = 8.0, 1.1 Hz, Ar-H), 6.58
(1H, apparent d, J = 7.5 Hz, Ar-H), 5.06 (1H, s, C4H-pyran), 1.82 (3H, s, CH3); δC (75 MHz;
DMSO-d6) 161.19, 154.92, 153.01, 135.28, 127.4, 120.47, 119.26, 114.52, 97.57, (3 × CH-Ar,
3 × Cq-Ar, 3 × Cq-pyran, Cq-pyrazole, CN), 55.99 (C5-pyran), 30.67 (C4H-pyran), 9.55
(CH3); MS (EI) m/z (%) [M+ + 1 37Cl] 304.95 (1.37), [M+, 37Cl], 304.00 (7.36), [M+ +1 35Cl]
303.00 (5.84) and [M+, 35Cl] 302.00 (22.49) for C14H11ClN4O2, 278.00 (1.13), 276.00 (3.31),
269.05 (0.21), 267.05 (1.22), 237.00 (1.99), 201.00 (18.55), 176.00 (10.65), 175.00 (100.00), 128.05
(1.25), 115.10 (5.92), 105.05 (1.99), 99.00 (2.82), 89.00 (4.58), 77.00 (3.02), 66.00 (7.52), 63.00
(8.23), 57.05 (3.77), 51.00 (4.44). Anal. Calcd. for C14H11ClN4O2: C, 55.55; H, 3.66; N, 18.51.
Found: C, 55.79; H, 3.78; N, 18.68.
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6-Amino-3-methyl-4-(2,4,6-trimethoxy-phenyl)-2,4-dihydro-pyrano[2,3-c]pyrazole-5-
carbonitrile 5b

The resulting reaction mixture was cooled down and poured onto ice/water to obtain
a pale-yellow precipitate. Recrystallization from EtOH/DMF afforded a yellow/mustard
solid (70%), m.p. 182–184 ◦C; νmax (KBr)/cm−1 3183 and 3183 (NH2 and NH), 3002
(CH-Ar), 2940 and 2841 (CH-aliphatic), 2696, 2372, 2184 (CN), 1655 and 1599 (C=C), 1490,
1462, 1409, 1334, 1281, 1226, 1149, 1118, 1040, 951, 922, 828, 759, 733, 650, 581, 526; δH
(300 MHz; DMSO-d6) 11.75 (1H, s, NH), 6.54 (2H, s, 2 × Ar-H), 6.14 (2H, br. s, NH2),
5.02 (1H, s, CH-pyran), 3.72 (3H, s, OCH3), 3.64 (6H, s, 2 × OCH3), 1.86 (3H, s, CH3);
δC (75 MHz; DMSO-d6) 161.68, 159.29, 155.09, 133.60, 120.28, 111.57, 97.63, (2 × CH-Ar,
4 × Cq-Ar, 3 × Cq-pyran, C3-pyrazole, CN), 55.80, 55.24, 54.79 (C5-pyran and 3 × O-CH3),
24.3 (C4H-pyran), 8.89 (CH3); MS (EI) m/z (%) [M+] 302.00 (22.49) for C17H18N4O4, 342.05
(15.25), 327.05 (29.93), 311.00 (100.00), 295.00 (5.77), 276.05 (14.53), 245.00 (54.35), 230.00
(8.58), 201.00 (4.44), 175.00 (26.46), 139.10 (8.45), 121.05 (6.39), 98.05 (11.78), 77.05 (10.21),
65.05 (7.86), 57.05 (15.75).

3.2. Biology

3.2.1. Antioxidant Assays

The in vitro antioxidant potential of the synthesized compounds was assessed by two
different techniques and compared to butylated hydroxytoluene (BHT), a widely used
commercial antioxidant which was taken as the positive control.

DPPH Radical Scavenging Assay

The compounds’ capacities to scavenge the stable radical 1,1 diphenyl-2-picrylhydrazyl
(DPPH) formed in solution by donation of a hydrogen atom or an electron was investigated
according to the method described by Bersuder and coworkers [83]. Due to the fact that the
initial blue/purple solution of diphenyl picrylhydrazine changes to yellow in the presence
of compounds with a capacity to scavenge DPPH free radicals, this reaction is used as a
measure of a compound’s ability to scavenge any free radical. Briefly, a 0.5 mL volume of
DPPH ethanolic solution was mixed with an equal volume of each sample concentration
(0.03 to 1 mg/mL), shaken strongly and incubated at room temperature for 1 h in darkness.
The absorbance of the residual DPPH radicals was measured at 519 nm and compared to
that of the control (without the tested compound). DPPH radical scavenging was calcu-
lated using the following formula: Scavenging effect (%) = (1 − Acompound/AControl) × 100,
where Acompound and Acontrol are the absorbances of the tested compound and of the control,
respectively. A plot of the scavenging effect (%) versus the sample concentration was also
performed to determine the compound concentration providing 50% inhibition (IC50).

Reducing Power Assay

The reducing power of the studied compounds was assessed according to Oyaizu’s
method [84]. Briefly, different concentrations (ranging from 0 to 1 mg/mL) of each tested
compound were first mixed with 1 mL of 0.2 M sodium phosphate buffer (pH 6.6) and
1 mL of 1% potassium ferricyanide (K3Fe(CN)6) and incubated at 50 ◦C for 20 min. After
the addition of 1.25 mL of 20% trichloroacetic acid (TCA), the mixture was centrifuged
for 10 min at 3000 rpm and the upper layer solution was then mixed with 0.5 mL of 0.1%
fresh ferric chloride and an equal volume of deionized water. Finally, the absorption of the
resulting mixture was measured at 700 nm using a UV spectrophotometer against distilled
water as the blank, while butylated hydroxytoluene (BHT) was used as a positive control.
The sample ferric reducing power capability was indicated by increased absorbance.

3.2.2. Antibacterial Activity

The antibacterial activity of all synthesized compounds was evaluated against the
Gram-negative strains E. coli (ATCC 25966), K. pneumonia (ATCC 700603), P. aeruginosa
(ATCC 27853) and S. enteric (ATCC 43972) and against the Gram-positive strains B. cereus
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(ATCC 14579), B. subtilis (ATCC 6633), E. faecalis (ATCC 29122), S. aureus (ATCC 25923)
and S. epidermidis (ATCC 14990), using the agar diffusion method through measuring the
appearance of the inhibition zone on the surface of the top agar, as reported by Berghe
and Vlietinck [85]. Ampicillin (10 µg/well) was used as the positive reference standard.
Bacterial viability was also investigated by determining the colony-forming ability (CFU)
of bacteria incubated at different time intervals without or with appropriate amounts of the
compound, which were mixed with 2 ×107 CFU/mL in sterile BHI and incubated under
shaking for 60 min at 37 ◦C. Samples were serially diluted into sterile BHI, streaked onto
media agar plates and incubated for 24 h at 37 ◦C. The antibacterial potency of the tested
compounds was expressed as the residual number of CFUs with reference to the initial
inoculums. The results presented as the half-maximal (50 %) inhibitory concentration (IC50)
values are the means of three different measurements.

3.2.3. Cell Culture

Cytotoxic potency was examined for a human colon cancer cell line HCT-116 (Ameri-
can Type Culture Collection; Manassas, VA, USA) using various amounts of each compound
(10, 25, 50 and 100 µg). Samples were diluted in Dulbecco’s Modified Eagle’s Medium,
consisting of 10% Fetal Bovine Serum, and added to cells grown and cultured for 24 h
in a 5% CO2-humidified incubator at 37 ◦C. Then, the activity of lactate dehydrogenase
released from damaged cells was determined in the collected supernatant aliquots using
an ELISA endpoint assay (Benchmark Plus, Bio-Rad, Hercules, CA, USA). As positive
and negative controls, respectively, 0.1% Triton X-100 in the assay medium and the assay
medium only were used. Cell viability, shown as mean values ± SDs (n = 3), was expressed
as a relative percentage of the OD values determined at 600 nm in compound-treated cells
and the control.

3.2.4. CDK2 Inhibitory Assay

CDK-2 inhibition activity of the studied compounds 4d and 4k was evaluated using
a commercial CDK2 ELISA Kit (cat. no.: 79599; BPS Biosciences, San Diego, CA, USA)
following the manufacturer’s instructions. Briefly, different concentrations of each com-
pound or the positive control BMS-265246 (0.01, 0. 1, 1 or 10 µM) were incubated with
20 µL of diluted CDK2/CyclinA2 enzyme at 30 ◦C for 45 min. Following the addition of
50 µL Kinase-Glo® Reagent to each well, the plate was incubated at room temperature for
15 min. Then, the luminescence signal was measured using the microplate reader. The
CDK2 inhibitory activity was expressed as inhibition percentage, which was determined
by comparison with a control experiment for comparative purposes. IC50 values were
deduced from the curves. All measurements were performed in triplicate.

3.2.5. In Vitro Quantitative Determination of CDK2 Concentration in HCT-116 Cells

The in vitro quantitative measurement of concentration of CDK2 in lysates of HCT-116
cells was carried out using a commercial Human CDK2 ELISA Kit (cat. no.: LS-F22176;
LifeSpan Biosciences Inc., Seattle, WA, USA) in the presence or absence of the studied
compounds (4d and 4k), following the manufacturer’s instructions. Briefly, standards,
blanks or samples were first incubated in the corresponding wells for 90 min at 37 ◦C. Then,
biotinylated detection antibody was added to each well and the plate was incubated for 1 h
at 37 ◦C followed by the addition of an Avidin–Horseradish Peroxidase (HRP) conjugate
which binds to the biotin. After incubation of the mixture for 30 min at 37 ◦C, unbound
Avidin–HRP conjugate was washed away and a TMB substrate was then added which
reacts with the HRP enzyme, resulting in color development. After that, the reaction was
stopped using a sulfuric acid stop solution to terminate the color-development reaction
and the optical density of each well was measured using a microplate reader at 450 nm.
BMS-265246 was used as the standard drug for inhibition of CDK2. All measurements
were performed in triplicate.



Pharmaceuticals 2022, 15, 891 33 of 39

3.2.6. Gene Expression Profiles
Design of the Primer

Primers specific for the cyclin-dependent kinase-2 (CDK2) and caspase-3 genes were de-
signed using primer blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/, accessed on
31 October 2021) or primer3 (https://primer3.ut.ee/, accessed on 31 October 2021) software.
The selected genes covered the two main groups of the cyclin-dependent kinase-2 (CDK2)
gene and the caspase-3 gene. Primers were used in RT-qPCR analysis to amplify fragments
of 100–200 bp in length (Table 7).

Table 7. Oligonucleotide primer pairs used for quantitative real-time polymerase chain reaction
(RT-qPCR) analysis.

Gene Name Forward Primer Reverse Primer

Caspase-3 F 5′-GGAAGCGAATCAATGGACTCTGG-3′ R 5′-GCATCGACATCTGTACCAGACC-3′

Housekeeping gene (GAPDH) F 5′-GCACCGTCAAGGCTGAGAAC-3′ R 5′-ATGGTGGTGAAGACGCCAGT-3′

RNA Isolation and Reverse Transcription

Total RNA was extracted from each cell culture flask using the RNeasy extraction kit
(RNeasy micro kit, cat. no. 74004). Up to 1 × 106 cells, depending on the cell line, were
disrupted in buffer RLT and homogenized and disrupted. Ethanol was then added to
the lysate, creating conditions that promote the selective binding of RNA to the RNeasy
membrane. The samples were then applied to the RNeasy Mini spin column. Total RNA
binded to the membrane, contaminants were efficiently washed away and high-quality
RNA was eluted in RNase-free water. All bind, wash and elution steps were performed
by centrifugation in a micro-centrifuge, with DNAse I treatment. The amount of extracted
RNA was quantified by estimating the absorbance at 260 nm. The purity of the RNA was
checked by measuring the ratio of the absorbance at 260 and 280 nm, where a ratio ranging
from 1.8 to 2.0 was taken to be pure. The absence of degradation of the RNA was verified
by RNA electrophoresis on a 1.5% agarose gel containing ethidium bromide. First-strand
cDNA was generated from 1 µg of each flask using the High-Capacity cDNA Archive Kit,
Model for One-Step RT-PCR procedures (RT-PCR kit- BioRad-USA, cat. no. 345-0412),
according to the manufacturer’s protocol.

Quantitative Real-Time PCR (qRT-PCR)

Quantitative real-time PCR was carried out with the Thermal Cycler Rotorgene Real-
Time System II (Rotorgene, South Korea) with the SYBR kit. The primer sequences are
shown in Table 5. The PCR reaction was carried out in triplicate in 96-well plates. The
mixture included 12.5 µL SYBR premix ExTag, 1 µL of 60 ng cDNA as the template, 5 µL
of 2 µmol/L primer premix and 6.5 µL of DNase-free nuclease water at a total volume of
25 µL. The thermal profile of the real-time system was one step at 95 ◦C for 30 s, followed
by 30 to 45 cycles at 95 ◦C for 10 s (denaturation) and at 55 ◦C for 30 s (annealing and
extension), followed by an added dissociation pattern. The actin gene was used as an
internal control gene, was abundant and remained constant, and GAPDH was used as an
internal standard (housekeeping gene).

Data Analysis

The relative expression levels through the average cycle threshold (CT) were success-
fully detected. Average CT values were calculated from the triplicate experiment conducted
for each gene; the CT value was detected by subtracting the average CT value of genes from
the CT value of actin and GAPDH genes. The relative expression levels of the target genes
were calculated using the ∆∆ Ct method [86] and the reference genes GAPDH for the cancer
cell line. Finally, a fold change equation (2−1) was used to estimate relative expression
levels, while the standard deviation was calculated from the replicated experimental data.

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://primer3.ut.ee/
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3.3. In Silico Studies

The cyclin-dependent kinase 2 (CDK2) enzyme was selected as the molecular target to
investigate the underlying molecular mechanism of the antiproliferative effects based on
similarity to previously reported antitumoral pyran derivatives, which induced cell-cycle
arrest via targeting CDK2 enzyme [35–37]. The structure of the target protein was retrieved
from the Protein Data Bank (www.rcsb.org accessed on 10 January 2022). Thus, the three-
dimensional crystal structure (PDB code: 1DI8) of CDK2 in complex with 4-[3-hydroxy
anilino]-6,7-dimethoxyquinazoline (DTQ) was used.

The protein was prepared with a protein preparation wizard available in the Schrodinger
suite, using the standard protocol recommended by Schrodinger, which involved removal
of water/solvent molecules, fixing of non-standard residues and adding hydrogens and
partial charges.

The structures of the studied compounds (ligands), including 4d, 4f, 4k, BMS-265246

and DTQ, were sketched using the built-in panel of Maestro 11.
Ligand preparation is a capability of the Schrodinger software suite that combines

tools for generating 3D structures and 2D (SDF) representations as well as performing
ligand geometry minimization. By employing the Ligprep protocol, all the ligands were
organized using OPLS3 with default settings, and the output file was saved in maegz
format automatically [87].

The Glide module [88] in extra precision (XP) mode [89] was used for flexible molecular
docking of all the molecules inside the active site (ATP binding site of the kinase) [90], using
default settings, as recommended in the manual for the Glide module from Schrodinger.
The residues Lys33, Glu51 and Asp145, constituting the active site, were set as flexi-
ble residues. For validation of the docking protocol, the co-crystallized ligand DTQ

(4-[3-hydroxyanilino]-6,7-dimethoxyquinazoline) was redocked, with an RMSD of 0.34 Å.
Upon completion of each docking calculation, a maximum of 100 poses per ligand

were generated, which were passed through a series of filters, and the final best docked
structures were ranked using a Glide score function and Glide energy. The Glide score
of the predicted poses, which is the scoring energy for the best pose (lowest energy) of
each ligand in the binding site, and the Glide energy were used to quantify the binding
strength of the different compounds to the target protein. The protein–ligand complexes
were analyzed to examine various types of interactions. For the best-scored ligands, the 2D
and 3D plots of molecular ligand–receptor interactions were analyzed for hydrogen bonds
and halogen bonds.

ADME Evaluation

SwissADME [91] is a free web tool for evaluating the pharmacokinetics, drug-likeness
and medicinal chemistry friendliness of small molecules.

It was accessed on 10 January 2022 to predict the ADME properties of the bioactive
synthesized compounds 4g, 4j, 4d and 4k.

4. Conclusions

Eleven new derivatives of 2-amino-4H-pyran and one 2,4-dihydropyrano[2,3-c]pyrazole
were synthesized, fully characterized and examined for antioxidant and antibacterial activi-
ties as well as cytotoxicity on a HCT-116 cell line of colorectal cancer. Derivatives 4g and 4j

showed promising antioxidant potencies as compared to BHT. Moreover, these analogues
were more potent than ampicillin, displaying lowered IC50 values against the Gram-positive
strains B. subtilis (ATCC 6633), S. aureus (ATCC 25923) and S. epidermidis (ATCC 14990)
and E. faecalis (ATCC 29122). The cell viability assays showed that compounds 4d and
4k exhibited the strongest antiproliferative activities, whereas 4g and 4j were found to
be inactive. Thus, the latter analogues would be suitable candidates for further toxicity
studies to evaluate their potential as safe antioxidant and anti-Gram-positive bacterial
agents that could be used as preventive and adjuvant therapeutic agents against CRC.
The antiproliferative mechanism of action of 4d and 4k was investigated using molecular

www.rcsb.org
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docking simulations within the ATP binding site of CDK-2. The docking results revealed
that 4d and 4k would inhibit CDK2 activity by competing with ATP to bind on the ki-
nase site through establishing hydrogen bonds with backbone amino acid residues and
by establishing hydrophobic interactions with side chains of surrounding residues. In
addition, the docking results revealed that a more powerful inhibitor for CDK2 requires a
bulkier ring to be attached to the pyran ring through a flexible chain of two to three atoms.
Moreover, H-bond donors or acceptors on the central scaffold could substantially enhance
binding with the receptor. Further mechanistic studies, including kinase inhibitory assays,
quantitative measurement of CDK-2 protein and real-time PCR profiling of CDK-2 gene
in HCT-116 treated cells, confirmed that the antiproliferative actions of 4d and 4k could
be attributed to inhibiting the activity and downregulating the expression level of CDK-2
protein and gene as well. Consequently, these derivatives would be useful leads for the
generation of new anti-CRC agents that do not cause chemotherapy-induced alopecia and
arrest the cell cycle without sensitization of the epithelium. Finally, investigation of the
proapoptotic potential of these analogues using real-time PCR profiling of the caspase-3
gene in HCT-116 treated cells indicated that the concentration of 10 mg/mL of 4d or 4k

is optimal for inducing mitochondrial apoptosis of the HCT-116 cells via upregulating
the expression of caspase-3; therefore, further studies on this topic will be pursued in the
future. Despite the in-silico predictions of the ADME profiles and drug-likeness properties
of the bioactive candidates 4g, 4j, 4d and 4k using the bioavailability radar plots, the
BOILED-EGG chart and Lipinski’s rule of five filter provided a first glance at the potential
of these derivatives to be orally bioactive, though more in vivo investigations using animal
models are needed to confirm the validity of these predictions.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ph15070891/s1: Representative spectra of the synthesized compounds.
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Abstract: ALK tyrosine kinase ALK TK is an important target in the development of anticancer
drugs. In the present work, we have performed a QSAR analysis on a dataset of 224 molecules in
order to quickly predict anticancer activity on query compounds. Double cross validation assigns
an upward plunge to the genetic algorithm–multi linear regression (GA-MLR) based on robust
univariate and multivariate QSAR models with high statistical performance reflected in various
parameters like, fitting parameters; R2 = 0.69–0.87, F = 403.46–292.11, etc., internal validation parame-
ters; Q2

LOO = 0.69–0.86, Q2
LMO = 0.69–0.86, CCCcv = 0.82–0.93, etc., or external validation parameters

Q2
F1 = 0.64–0.82, Q2

F2 = 0.63–0.82, Q2
F3 = 0.65–0.81, R2

ext = 0.65–0.83 including RMSEtr < RMSEcv.
The present QSAR evaluation successfully identified certain distinct structural features responsible
for ALK TK inhibitory potency, such as planar Nitrogen within four bonds from the Nitrogen atom,
Fluorine atom within five bonds beside the non-ring Oxygen atom, lipophilic atoms within two
bonds from the ring Carbon atoms. Molecular docking, MD simulation, and MMGBSA computation
results are in consensus with and complementary to the QSAR evaluations. As a result, the current
study assists medicinal chemists in prioritizing compounds for experimental detection of anticancer
activity, as well as their optimization towards more potent ALK tyrosine kinase inhibitor.

Keywords: ALK tyrosine kinase inhibitors; QSAR; anticancer; molecular docking; MD simulation;
MMGBSA

1. Introduction

The cancer kinome is currently acknowledged as a powerful target for the treatment
of cancer; it comprises over 500 protein kinases, however only a few of them possess
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therapeutic activity. The term ALK was coined from a chromosomal rearrangement inside
anaplastic large cell lymphoma (ALCL) that was described as a front companion but
discovered in 1994 [1]. Anaplastic lymphoma kinase (ALK) is a kind of oncogenic protein
that is often expressed in the brain, small intestine, or testis but not in normal lymphoid
cells [2]. The main physiologic aspect inhibited by the anaplastic lymphoma kinase (ALK)
gene is brain development, which can keep many cancers altered, including non-small-cell
lung cancer (NSCLC) or anaplastic large cell lymphomas (ALCL) [3].

Moreover, ALK gene activation appears to contribute to the initiation of carcinogen-
esis in a variety of human cancers such as anaplastic large cell lymphoma, lung cancer,
inflammatory myofibroblastic tumors, and neuroblastoma, with the end result of fusion
with additional oncogenes (NPM, EML4, TIM, etc.) and gene amplification, mutation, and
protein overexpression [4]. As a basis for the researchers’ involvement with the tyrosine
kinase as a specific target in cancer treatment, the ALK fusion protein was created. TK
plays a major role in signal transduction and is classified as a protein kinase up to the
point where it is separated from the phosphate group by a tyrosine residue [5]. ALK is
a recognized molecular target in a variety of ALK mutated malignancies, including non–
small cell lung cancer. On the other hand, the rise of drug resistance has almost completely
restricted the scientific advantage of targeting ALK with tyrosine kinase inhibitors (TI) [6].
Furthermore, because of the treatment of ALK rearranged cancer, ALK has been suggested
as a therapeutic target protein.

Academic institutions and the pharmaceutical sector are working hard to develop
potent ALK inhibitors. Currently, the US Food and Drug Administration (US. FDA) has
approved crizotinib, Entrectinib, ceritinib, or alectinib for the treatment of patients with
metastatic “ALK-positive” NSCLC [7–12]. Small-molecular inhibitors of ALK, such as
AP26113 [13] and lorlatinib (PF-06463922) [14], are currently being evaluated in clinical
studies (See Figure 1). On the other hand, irreversible drug resistance is rapidly spreading
over the world, endangering the efficacy of chemotherapy containing these drugs. Alec-
tinib [2], ceritinib [3], ASP3026 [4], PF-0643922, X-396, AP26113, and TSR-011 are examples
of small molecules of ALK inhibitors that have been developed and are now being tested
in clinical studies) [15–17].

 

Figure 1. Demonstration of some ALK Tyrosine kinase inhibitors presently under clinical trials.

We conducted a quantitative structure activity relationship (QSAR) investigation on a
dataset of 224 compounds, including clinically installed ALK tyrosine kinase inhibitory
activity (Ki), in order to evaluate the critical structural and physicochemical requirements
for ALK inhibitors as potent anticancer agents.

Following are the most common QSAR modelling steps: (I) selection of a dataset
of molecules that cover a wide chemical space along with verified bio-activity expressed
in terms of Ki, IC50 or EC50; (II) generation of 3D-structures of the molecules followed
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by their optimization using appropriate molecular mechanics; (III) molecular descriptor
calculation and data pruning using an acceptable statistical method, if required; (IV) QSAR
model development using an appropriate technique that recommends promising molecular
descriptor selection; and (V) double cross validation of the developed QSAR models.
Statistical QSAR evaluates the bioactivity of a chemical based on its in vitro modification
and in vivo testing in a wet lab. Furthermore, illustrative QSAR legitimately vary along
with the statistical parameters between QSAR models that provide deep understanding for
the pharmacokinetic then optimization of the lead drug [18–26].

Therefore, in the present study, we have attempted to create a QSAR model by utilizing
a dataset of 224 structurally diverse compounds whose ALK tyrosine kinase inhibitory
activity was previously determined experimentally (Ki). Additionally, the most active
compounds in the current dataset have been examined for molecular docking studies,
which have been followed by MD simulation and MMGBSA calculations. The primary
goal of the current work is to uncover the array of Pharmacophoric characteristics involved
in the binding affinity or stability of the drug-ALK complex. Furthermore, the stability on
the drug receptor complex was observed and analyzed using MD simulation or MMGBSA
techniques. The QSAR model developed in this work should provide useful information to
the synthetic chemists in the discovery and development of leads to more powerful ALK
Tyrosine kinase inhibitors.

2. Results

All the statistical parameters associated with fitting, double validation, or Y-scrambling
for the generation of de-novo-QSAR models 1.1–1.2, along with the respective threshold
values for half of the parameters are displayed in Table 1 (at the bottom of the table).

Table 1. The statistical parameters connected with the fitting, double validation and Y-scrambling for
models 1.1 and 1.2.

Statistical Parameters Model-1.1
(Univariate Dividedset Model)

Model-1.2
(Multivariate DividedSet Model)

Fitting
R2 0.699 0.86

R2
adj 0.692 0.86

R2-R2
adj 0.001 0.003

LOF 0.57 0.25
Kxx 0.00 0.29

Delta K 0.83 0.14
RMSEtr 0.74 0.48
MAEtr 0.57 0.38
RSStr 101.03 42.10
CCCtr 0.81 0.93

S 0.75 0.49
F 403.4 292.1

Internal Validation
Q2

LOO 0.68 0.86
R2-Q2

LOO 0.005 0.007
RMSEcv 0.75 0.49
MAEcv 0.58 0.39

PRESScv 102.9 44.6
CCCcv 0.81 0.92
Q2

LMO 0.68 0.86
R2

Yscr 0.005 0.02
RMSE AVYscr 1.35 1.3

Q2
Yscr −0.01 0.03

External Validation
RMSEext 0.79 0.57
MAEext 0.61 0.45

PRESSext 27.8 14.3
R2

ext 0.65 0.83
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Table 1. Cont.

Statistical Parameters Model-1.1
(Univariate Dividedset Model)

Model-1.2
(Multivariate DividedSet Model)

Q2-F1 0.64 0.82
Q2-F2 0.63 0.82
Q2-F3 0.65 0.81

CCCext 0.80 0.90
r2m aver. 0.52 0.75
r2m delta 0.10 0.15

k’ 0.99 0.99
K 0.98 0.99

Clos’ 0.10 0.04
Clos 0.01 0.0

Fitting parameters such as R2, R2
adj, and CCCtr, among others, have achieved val-

ues well above the mentioned threshold limits, indicating the statistical acceptability of
comprehensive QSAR models with a wide variety of chemical descriptors in them. Q2

LOO,
Q2

LMO, and so on are internal validation parameters whose values indicate the statistical
robustness of QSAR models. High values for external validation parameters R2

ext, Q2-Fn,
and so on indicate external predictability for both models which is reflected in a graph
of experimental endpoint verses model predicted endpoint (Figure 2A,C). Williams plots
that support applicability domain (AD) on the developed QSAR models are shown in
Figure 2. To exclude the possibility of occasional improvement in QSAR models, appro-
priate threshold values based on sufficient parameters and minimal correlation among
molecular descriptors must be maintained (See Supplementary Materials File S5 for the
detailed formulas for the calculation of various QSAR model performance parameters).
Statistical robustness and high external predictability are strong arguments in favor of
these models.

  

 

−8.9 (±1.5) + 25.0 (±2.4) 

Figure 2. (A) Graph of experimental vs. Predicted pKi values for model 1.1; (B) Williams plot for
model 1.1; (C) Graph of experimental vs. Predicted pKi values for model 1.2; (D) Williams plot for
model 1.2.
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2.1. Model. 1.1 (Univariate Analysis)

The univariate statistical analysis of the divided dataset QSAR model revealed that the
dataset molecules have a gradual then spectacular outset (R2 = 0.690) with the descriptor
rsa, which stands for ratio of surface area (ratio of molecular surface area to the solvent
accessible surface area). The developed univariate QSAR model is as follow:

pKi = −8.9 (±1.5) + 25.0 (±2.4) × rsa (1)

2.2. Model. 1.2 (Multivariate Analysis)

The another QSAR model with multiple varioable is given below;

pKi = −6.7 (±1.09) + 21.6 (±2.1) × rsa + 1.08 (±0.16) × notringO_F_5B + 0.06
(±0.03) × N_plaN_4B + −0.03 (±0.02) × ringC_lipo_2B

(2)

(Supplementary Materials Tables S3 and S4.)

3. Discussion

A precisely validated correlation between visible features of molecules, as embodied
by molecular descriptors and their ALK TK inhibitory potency, amplifies the records
about mechanistic features of molecules, as well as specificity and volume (presence and
even absence) of various structural characteristics for favorable anticancer activity. In a
broad sense, the ALK TK inhibitory efficacy of the compounds in the current dataset is
the aggregate of four chemical descriptors that emerged in the developed univariate and
multivariate QSAR models. Molecular descriptors may be classified into two groups based
on their sign between sophisticated QSAR models.

The molecular descriptors rsa, notringO_F_ 5B, and N_plaN_4B performed well in the
established QSAR models. Amplification of the values of these chemical descriptors can
also contribute to an increase in the compound’s ALK TK inhibitory efficacy.

The raised QSAR models include the molecular descriptor ringC_lipo_2B with a nega-
tive coefficient, and by decreasing the value of that molecular descriptor the compound’s
ALK TK inhibitory efficacy may be increased. The value of these four molecular descriptors
is highlighted in the next section by comparing the variation in ALK TK inhibitory potency
of the molecules (expressed in terms of Ki and pKi) with the shift in the values of the
molecular descriptors seen in the QSAR models. However, the compound’s bioactivity
is the result of the combined action of several molecular descriptors that may or may not
have been included in QSAR models.

3.1. Mechanistic Interpretation

3.1.1. rsa

The present QSAR evaluation performed on a given dataset marked the ratio of
molecular surface area (All_MSA, molecular surface area) to the solvent accessible surface
area (All_SASA) encoded by rsa (ratio of surface area) as one of the best performing
molecular descriptors with a positive relationship with ALK TK inhibitory potency of the
molecule. The chemical descriptor rsa (ratio of surface area) encrypts information on the
molecular surface area (All_MSA: molecular surface area of the molecule (all atoms)) to the
solvent accessible surface area (All_SASA: solvent accessible surface area of the molecule
(all atoms)) ratio, and has a positive relationship with the molecule’s ALK TK inhibitory
potency. A small change in rsa results in a big change in the inhibitory activity of ALK TK.
Because rsa is the ratio of the value of All_MSA to the value of All_SASA, the large possible
value of All_SASA to the small value of All_SASA will set the rsa to the larger value, thus
increasing the molecule’s ALK tyrosine kinase inhibitory efficacy. This is demonstrated
by comparing molecule 178 (pKi = 10, rsa = 0.68, All_MSA = 400.5, All_SASA = 587.6) to
molecule 181 (pKi = 9.252, rsa = 0.66, All_MSA = 426.6, All_SASA = 639.9). The significance
of rsa may be demonstrated by another pair of molecules 110 (pKi = 4.5, rsa = 0.528) and
47 (pKi = 5.4, rsa = 0.575) that also corroborate the observation (see Figure 3a). A triad of
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compound 54 (pKi = 5.9, rsa = 0.573), compound 65 (pKi = 6.0, rsa = 0.589), and compound
144 (pKi = 6.9, rsa = 0.610) also highlights the importance of high value of ratio of surface
area (see Figure 3b).

 

Figure 3. Illustration of the molecular descriptor rsa for the molecular pair 47 and 110 (a), and for the
molecular pair; 54, 65 and 144 (b) only.

3.1.2. N_plaN_4B

The molecular descriptor N_plaN_4B represents the number of Nitrogen atoms with
four bonds from the planar Nitrogen atom and it has a positive coefficient in the developed
QSAR model. A significant number of such booster pairs of Nitrogen and planar Nitrogen
may provide a more powerful ALK TK inhibitory activity. This observation is reinforced
by comparing the molecule 92 (pKi = 6.8, N_plaN_4B = 5) with five booster Nitrogen pairs
to the molecule 78 (pKi = 5.9, N_plaN_4B = 2) with just two booster Nitrogen pairs.

Moreover, in clinical trial agent AP26113 has such booster pairs, i.e. planar Nitrogen
within four bonds from the Nitrogen atoms. The present observation confirmed that the
QSAR model has successfully identified similar Pharmacophoric traits which are also
present in clinical trial agents AP26113. Therefore, the planar Nitrogen within 4 bonds
from the Nitrogen atom is mandatory for enhancing the affinity of ALK tyrosine kinase
inhibitors (see Figure 4).

≥ ≥ ≥

Figure 4. Illustration of Molecular descriptor N_plaN_4B in clinical trial molecule AP26113
(IC50 = 0.07 nM).

Additionally, replacement of the molecular descriptor N_plaN_4B with fplaNN4B
(represent the frequency of occurrence of Nitrogen atom exactly at four bonds from the
planer Nitrogen atom) (Q2

loo = 0.85, R2 = 0.85) and ringN_plaN_6B (occurrence of planar
Nitrogen within six bonds from the ring Nitrogen atom) (Q2

loo = 0.85, R2 = 0.85) led to the
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diminution in the statistical presentation of the model. Thus, it can be concluded that the
molecular descriptor N_plaN_4B is the better choice for predicting the ALK TK inhibitory
potency. Consequently, the optimal value of distance between planar nitrogen and nitrogen
atom is four bonds.

3.1.3. notringO_F_5B

The molecular descriptor notringO_F_5B represents the number of Fluorine atoms
within five bonds from the non-ring Oxygen atom. This molecular descriptor has a positive
relationship with the ALK TK inhibitory activity of the compound, and therefore augment-
ing its value could offer a more potent ALK TK inhibitor. The significance of the presence
and large value of a pair of Fluorine within five bonds from non-ring Oxygen can be
rationalized from the fact that in the present dataset, the relatively least active compounds
with pKi ≥ 7.400 (with very few exceptions) either Fluorine atoms itself absent or such
booster pair of Fluorine and non-ring Oxygen is absent, i.e. notringO_F_5B = 0. Whereas,
in most active compounds with pKi ≥ 9.155 at least one such Fluorine is five bonds away
from the non-ring Oxygen atom (notringO_F_5B ≥ 1). In addition to this, there are 36 such
diverse sets of compounds in the entire dataset which comprises one to two such a pair of
oxygen atom and fluorine atom present within five bonds. Moreover, the compounds such
as, 174 (pKi = 9.24, notringO_F_5B = 2), 175 pKi = 9.20, notringO_F_5B = 2), 165, and 167
were present in prediction set while; the rest of 32 active compounds were exist in training
set. Around 16% of the molecule comprises this molecular descriptor. The occurrence of
the molecular descriptor notringO_F_5B was not only limited to the series of homologues
molecules, but it occurs in the diverse set of molecules like 161 and 167 also. Additional
evidence in support is the molecule 161 (pKi = 9.398, notringO_F_5B = 1) with the molecule
173 (pKi = 9.420, notringO_F_5B = 2) (see Figure 5).

 

Figure 5. Illustration of molecular descriptor notringO_F_5B for the molecules 161 and 173, 174 and
175, and 167.

From this observation it is revealed that the combination of Fluorine atom with non-
ring Oxygen atom is independently important for inhibitory potency of ALK TK; but shift-
ing a fluorine atom with any sulfur atom [i.e., notringO_S_5B (Q2

LOO = 0.7219, R2 = 0.7344)
that represent the occurrence of Sulfur atom within five bonds from the non-ring Oxygen
atom] or any acceptor atom [i.e., notringO_Acc_5B (Q2

LOO = 0.7244, R2 = 0.7350) that rep-
resent the occurrence of acceptor atom within five bonds from the non-ring Oxygen atom]
significantly diminishes the statistical presentation of the QSAR model. Therefore, the
presence of a fluorine atom has good correlation with the Ki value.
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3.1.4. ringC_lipo_2B

The molecular descriptor ringC_lipo_2B encodes information on the occurrence of
the ring carbon atoms within two bonds from lipophilic atoms. This observation is sup-
ported by comparing the pKi value of the molecule 156 (pKi = 8.55, ringC_lipo_2B = 14)
with the molecule 162 (pKi = 8.30, ringC_lipo_2B = 19), for which decrease in the value
of the molecular descriptor ringC_lipo_2B for the molecule 162 to 14 resulted into an in-
crease in the pKi value by about 0.25 per unit. The triad of the molecules 180 (pKi = 8.699,
ringC_lipo_2B = 16), 179 (pKi = 9.155, ringC_lipo_2B = 14), 178 (pKi = 10, ringC_lipo_2B = 11)
also signifies the importance of the molecular with this Pharmacophoric future (see
Figure 6a,b). This is obvious as the macrolides and aromatic rings are quite abundant
in the present dataset molecules.

 

Figure 6. Presentation of the molecular descriptor ringC_lipo_2B for the molecular pair 156 and
162 (a) and for another molecular pair; 180, 179 and 178 (b) only (the ring carbon atoms within
2 bonds from the lipophilic carbon atoms are highlighted by blue ball).

On the other hand, when we have shifted molecular descriptor ringC_lipo_2B with the
descriptors ringC_lipo_1B and fringCnotringC1B in which the statistical performance of the
QSAR model was meaningfully improved with the molecular descriptor fringCnotringC1B
(Q2

LOO = 0.87, R2 = 0.87); while performance slightly goes down with the descriptor
ringC_lipo_1B (Q2

LOO = 0.84, R2 = 0.85). Therefore, from the present observation, it is
revealed that with an increase in numbers of the non-ring carbon atoms attached directly
to the ring carbon atoms, TK inhibitory potency could increase. Based on this observation,
the optimal distance between non ring carbon atom/lipophilic atom and ring carbon atom
must be one. Moreover, we have highlighted the structure of molecule 156 and 162 to
rationalize the impact of the molecular descriptor ringC_lipo_2B. Absence of the triazole
ring, methyl group on the pyrazole ring and carbonitrile group significantly affects the TK
inhibitory potency, and may be the possible reason for the decline in the potency of the
molecule 162.

3.2. Molecular Docking

ALK was discovered to be a new receptor tyrosine kinase (RTK) with an external
ligand-binding domain (1030 amino acids), a transmembrane domain (28 amino acids),
and an intracellular tyrosine kinase domain based on the amino acid sequences (561 amino



Molecules 2022, 27, 4951 9 of 27

acids) [26,27]. While the human ALK tyrosine kinase domain is very comparable to
the insulin receptor, its extracellular domain is unique among the RTK family in that it
comprises two MAM domains (meprin, A5 protein, as well as receptor protein tyrosine
phosphatase mu), an LDLa domain (low-density lipoprotein receptor class A), and a
glycine-rich region [27,28].

ALK’s ATP binding site has 27 residues, and to boost selectivity against other kinases,
residues that differ from ALK were targeted. The ALK Leu1198 residue is preserved in
26 percent of the kinome and is typically Phe or Tyr in other kinases. By expanding into
this pocket and bumping against the bigger Phe and Tyr residues, this smaller Leu residue
might potentially provide selectivity against the majority of kinases (60 percent) [14].

The protein data bank provided the ALK tyrosine kinase pdb file (pdb id-5fto, Res-
olution 1.7 Å). The pdb 5fto was chosen for its X-ray resolution or sequel complete-
ness. The protein 5ft was prepared by UCF Chimera chimera-1.16-win64 software (https:
//www.cgl.ucsf.edu/Visitors/index.html, Oakland, California, accessed on 2 March 2022).
During protein preparation, we have retained water molecules. High affinity for a protein
target must be attained as it is a crucial component of drug design. Although there are
statistical mechanics-based formal mathematical equations that can be used to calculate
binding free energies, doing so in practice is quite challenging, especially when the effect
is caused by a single water molecule rather than the bulk properties of water and it is
impossible to capture solvation effects. It is impossible to avoid these granular effects; a
review of PDB structures reveals that each ligand-protein combination contains 4–6 ligand-
bound water molecules. Furthermore, water not only stabilizes ligand interactions but
plays a biological role in dictating specificity. Therefore, the improved protein with water
molecules was appropriate for docking analysis. Before the docking investigation, the
natural ligand (Entrectinib) was removed; in the present study, the binding site for native
ligand, namely the active site, has been studied. As a result, the compounds were docked
between the active site, where the native ligand was originally bound orthosterically along
ALK tyrosine kinase, and the docking pose for the most active molecules 172 and 178,
and an example is shown here for convenience (see Figure 7a,b). Based on the activity
profile, we have carried out molecular docking analysis of the compounds 172 and 178
only. The docking analysis of compound 172 into the ALK tyrosine kinase binding pocket
revealed conventional hydrogen bonding, carbon hydrogen bonding, pi-pi stacked, and
pi-alkyl hydrophobic interactions (See Figure 7c), with a docking score of −8.009 kcal/mol
(RMSD = 0.84 Å) and binding energy of −77.42 kcal/mol (see Table 2). In the binding
pocket of the ALK tyrosine kinase, compound 172 adopts the same collapsed conformation
as the co-crystallized ligand Entrectinib (See Figure 7d). The hydrogen atom on the N1
nitrogen between the pyrazole ring performs conventional hydrogen bonding with the oxy-
gen atom of the residue GLU1197 forming the hinge region with the interatomic association
of 2.87 Å, where the oxygen atom of the stated residue acted as hydrogen bond acceptor,
and the hydrogen atom on the N1 nitrogen atom acted as hydrogen bond donor. Alongside,
another conventional hydrogen bond was discovered in the hydrogen atom on the N2
pyrazole nitrogen with the residue MET1199 of the hinge region (interatomic distance
2.17 Å), within which pyrazole nitrogen appeared as like a hydrogen bond acceptor along
MET1199 residue emerged as a hydrogen bond donor in the current composite 172-ALK
tyrosine kinase complex. Table 2 displays the full docking results for the composite 172.
Furthermore, the gatekeeper residue LEU1198 was attached with N2 nitrogen over the
pyrazole ring through carbon hydrogen bonding along an interatomic distance of 2.82 Å. It
was reported that the LEU1198 decide the selectivity of the ligand against variety of the
kinases. The present observation in the docking analysis supports this fact.

https://www.cgl.ucsf.edu/Visitors/index.html
https://www.cgl.ucsf.edu/Visitors/index.html
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(a) (b) 

  

(c) (d) 

Figure 7. Depiction of alignment of compound 172 within the active site of ALK tyrosine kinase (a,b),
2D interaction of compound 172 with ALK tyrosine kinase (c) and Superimposed conformation of
compound 172 with the pdb 5fto ligand (green colored); Entrectinib (d).

Moreover, at an interatomic distance of 4.81 Å, the pi-pi stacking hydrophobic contact
has been facilitated by the indulgence of the pi orbital of the benzene ring and the pi orbital
of the PHE1127. Furthermore, in compound 172, the pyrimidine ring is anchored with
VAL1130 (interatomic distance 4.28 Å) and LEU1256 (interatomic distance 4.56 Å) and
is coupled to the benzene cyclononaphane ring by alkyl hydrophobic contact. VAL1130
(interatomic distance 4.48 Å) and LEU1256 (interatomic distance 5.07 Å) make pi-alkyl
hydrophobic contact with the pyrimidine ring and the cyclononaphane ring at the same
time. Furthermore, the presence of an ether linkage in the unsaturated cyclononaphane ring
amplifies the hydrophobicity of compound 172 as compared to the saturated benzene ring
and, to a lesser extent, pyrimidine ring carbons. These findings validate the significance
of the cyclononaphane ring in the molecule 172, which is primarily responsible for the
compound’s efficacy as mediated by the hydrophobic contact with the ALK tyrosine kinase.
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Table 2. Presentation of docking interactions of the compound 172.

Residue Distance in Å
Type of

Interaction Type of Bonding From Nature To Nature Angle
DHA

Angle
HAY

MET1199:H 2.17 Hydrogen Bond Conventional
Hydrogen Bond MET1199 H-Donor 0:N H-Acceptor 142.364 93.83

GLU1197 2.87 Hydrogen Bond Conventional
Hydrogen Bond 0:H H-Donor GLU1197 H-Acceptor 111.868 157.456

LEU1198 2.82 Hydrogen Bond Carbon
Hydrogen Bond LEU1198 H-Donor 0:N H-Acceptor 140.175 119.444

PHE1127 4.81 Hydrophobic Pi-Pi Stacked PHE1127 Pi-Orbitals 0 Pi-Orbitals

VAL1130 4.28 Hydrophobic Alkyl VAL1130 Alkyl 0 Alkyl

LEU1256 4.59 Hydrophobic Alkyl LEU1256 Alkyl 0 Alkyl

PHE1127 4.48 Hydrophobic Pi-Alkyl PHE1127 Pi-Orbitals 0 Alkyl

VAL1130 5.07 Hydrophobic Pi-Alkyl 0 Pi-Orbitals VAL1130 Alkyl

ALA1148 3.54 Hydrophobic Pi-Alkyl 0 Pi-Orbitals ALA1148 Alkyl

MET1199 5.43 Hydrophobic Pi-Alkyl 0 Pi-Orbitals MET1199 Alkyl

LEU1256 4.62 Hydrophobic Pi-Alkyl 0 Pi-Orbitals LEU1256 Alkyl

LEU1122 4.93 Hydrophobic Pi-Alkyl 0 Pi-Orbitals LEU1122 Alkyl

VAL1130 3.94 Hydrophobic Pi-Alkyl 0 Pi-Orbitals VAL1130 Alkyl

LEU1256 4.17 Hydrophobic Pi-Alkyl 0 Pi-Orbitals LEU1256 Alkyl

As a result, it can be concluded that the molecule 172 that binds to the ALK tyrosine
kinase and drug receptor complex was mostly stabilized via conventional hydrogen, carbon
hydrogen, pi-pi cation contact, alkyl hydrophobic and pi-alkyl hydrophobic interactions
(See Figure 7).

Moreover, the residues: ALA1148 (interatomic distance 3.54 Å), MET1199 (inter-
atomic distance 5.43 Å), LEU1256 (interatomic distance 4.62 Å), LEU1122 (interatomic
distance 4.93 Å), VAL1130 (interatomic distance 3.94 Å) and LEU1256 forming part of a
glycine rich loop (interatomic distance 4.17 Å) establishes a pi-alkyl hydrophobic interac-
tion with the pi electrons of the pyrimidine and benzene rings, strengthening the molecule
172-ALK tyrosine receptor complex.

Furthermore, the docking analyses for compound 178 reveal the stability of the drug
receptor complex through the formation of water-mediated hydrogen bonds, carbon hy-
drogen bonds, pi-pi stacking hydrophobic contacts, alkyl and pi-alkyl interactions, and a
binding energy of −87.50 kcal/mol (docking score −7.84 kcal/mol, RMSD: 1.06 Å). The
HOH2080 water molecules display hydrogen bonding contact with the N7 nitrogen atom
of the cyclononaphane ring with an interatomic distance of 2.87 Å (see Figure 8a,b). At the
same time, hydrogen of the N7 nitrogen produced by keto-enol tautomerism binds to the
ASP1203 residue (interatomic distance 2.58 Å). This interaction is mediated by the presence
of N7 nitrogen as a hydrogen bond donor and the oxygen atom of the ASP1203 residue.
In addition, ASP1203 and the N1 nitrogen atom of the pyrazine ring in compound 178
formed another carbon hydrogen bond (see Figure 8a,b) (see Table 3). The superimposed
conformation of compound 178 with the pdb-5fto ligand Entrectinib into the binding pocket
of ALK TK is shown in Figure 8c,d.

Interestingly, the two pi-pi stacking hydrophobic contact into the drug receptor com-
plex has been sustained and facilitated by the involvement of pi electrons from the pyrazine
ring, pyrimidine ring, as well as pi electrons from the saturated benzene ring in residue A:
PHE1127 (Interatomic distances 5.03 and 3.82 Å resp.). As a result, the residues A: ALA1148
(Interatomic distance 3.88 Å), A: LEU1122 (Interatomic distance 5.49 Å), A: LEU1198 (In-
teratomic distance 5.22 Å), and A: MET1199 (Interatomic distance 5.47 Å) establish an
alkyl hydrophobic contact with the cyclononaphane ring’s C4 substituted methyl moiety.
Furthermore, the pi electrons of the benzene ring at residue A: PHE1127 (interatomic dis-
tance 4.51 Å) establish pi-alkyl hydrophobic contact with the alky moieties of the pyrazine
and pyrimidine rings. The pyrazine ring and pyrazine then form a two pi-alkyl contact
with the residue A: LEU1256, with interatomic distances of 5.43 and 4.60 Å, respectively.
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Similarly, the residues A: VAL1130 and A: LEU1122 were linked with the pyrimidine ring
and benzene ring via pi-alkyl hydrophobic interactions (Interatomic distances 4.14 Å and
3.84 Å, respectively). The Figure 9A,B displays the 2D interaction and surface view for the
compound 172 and 178.

  

(a) (b) 

  

(c) (d) 

Figure 8. Depiction of alignment of compound 178 within the active site of ALK tyrosine kinase (a,b),
2D interaction of compound 178 with ALK tyrosine kinase (c), and Superimposed conformation of
compound 178 with the pdb-5fto ligand (cyan colored): Entrectinib (d).
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Table 3. Presentation of docking interactions of the compound 178.

Residue Distance in Å
Type of

Interaction
Types of
Bonding From Nature To Nature Angle

DHA
Angle
HAY

HOH2080 2.87 Hydrogen Bond
Water Hydrogen

Bond; Carbon
Hydrogen Bond

0:H3 H-Donor HOH2080 H-Acceptor 114.83 91.8

ASP1203 2.58 Hydrogen Bond Carbon
Hydrogen Bond 0:H1 H-Donor ASP1203 H-Acceptor 119.9 102.5

ASP1203 2.70 Hydrogen Bond Carbon
Hydrogen Bond 0:H1 H-Donor ASP1203 H-Acceptor 147.9 110.3

PHE1127 5.03 Hydrophobic Pi-Pi Stacked PHE1127 Pi-Orbitals 0 Pi-Orbitals

PHE1127 3.82 Hydrophobic Pi-Pi Stacked 0 Pi-Orbitals PHE1127 Pi-Orbitals

ALA1148 3.88 Hydrophobic Alkyl ALA1148 Alkyl 0:C Alkyl

LEU1256 4.66 Hydrophobic Alkyl 0:C Alkyl LEU1256 Alkyl

LEU1122 5.49 Hydrophobic Alkyl 0:C Alkyl LEU1122 Alkyl

LEU1198 5.22 Hydrophobic Alkyl 0:C Alkyl LEU1198 Alkyl

MET1199 5.47 Hydrophobic Alkyl 0:C Alkyl MET1199 Alkyl

PHE1127 4.51 Hydrophobic Pi-Alkyl PHE1127 Pi-Orbitals 0:C Alkyl

LEU1256 5.43 Hydrophobic Pi-Alkyl 0 Pi-Orbitals LEU1256 Alkyl

VAL1130 4.14 Hydrophobic Pi-Alkyl 0 Pi-Orbitals VAL1130 Alkyl

LEU1256 4.60 Hydrophobic Pi-Alkyl 0 Pi-Orbitals LEU1256 Alkyl

LEU1122 3.84 Hydrophobic Pi-Alkyl 0 Pi-Orbitals LEU1122 Alkyl

 
Figure 9. (A) Best docked pose of 172 with ALK displaying 2D interaction plot on the left panel. Pink
dashed lines indicating the Pi-Alkyl bond and residues embedded in light green sphere indicating to
involve in Van der Waals interactions. On the center panel, surface view of ALK displaying binding
cavity of 172 and right panel displaying the zoomed out binding pocket having amino acid residues
surrounding the 172 molecule; (B) Best docked pose of 178 with ALK displaying 2D interaction plot
on the left panel. Pink dashed lines indicating the Pi-Alkyl bond and residues embedded in light
green sphere indicate involvement in Van der Waals interactions. On the center panel, surface view
of ALK displaying binding cavity of 178 and right panel displaying the zoomed out binding pocket
having amino acid residues surrounding the 178 molecules.
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In case of the molecule 178, there is a complete reversal of the conformation in com-
parison with the reported pdb 4CMU for the molecule 178. In the present work, we have
used pdb 5fto for performing docking for the most active molecules 172 and the 178. The
co-crysallized native ligand was docked along the 172 and the molecule 178. The RMSD
values for the molecule 178 was found to be 1.06 Å, while co-crystallized ligand (pdb-5fto)
displayed a RMSD of 1.19 Å, which was less than the molecule 178. This observation
revealed the good fit of the molecule 178 into the binding pocket of the ALK tyrosine kinase
due to the relatively higher flexibility of the ligand. The success rates in binding mode
prediction for different docking programs such as, AutoDock 4 version (v4.2.6), FlexX 1.8,
FRED (OEDocking 4.1.2.1), Glide 6.7, CCDC GOLD Suite 5.3, and ICM-Pro docking on
the numerous known ligands when the RMSD cutoff ranges from 1.0 to 3.0 Å [29]. The
same docked complex of the molecule 178 with ALK TK was analysed for the stability
by MD simulation and MMGBSA. Although most of the existing docking programs were
developed as a general methodology for different systems, they do have their own strengths
and limitations and may show different performances on specific applications.

The simulation studies revealed the stability of 178 into the binding pocket of ALK
TK, although it displayed reverse conformation. Moreover, the reversal of the conforma-
tion could also be attributed to the large size of active site of ALK TK (See Figure 8a,b),
which allows adoption of different conformations for molecule 178. Additionally, re-
cent studies point out that current docking software like AutoDock 4 version (v4.2.6),
Dock (version 3 and 6), NRG Suite (PyMOL versions 1.2 and above) etc. and respective
algorithms for docking scores are inclined toward flexibility of ligands which in turn is
associated with loss of ligand conformational entropy on binding. Various factors such as
binding site characteristics, one-dimensional properties of the compound library, the type
of the binding pocket, ligand and protein flexibility and input differences apparently decide
the docking performance [30]. Therefore, the molecule 178 (docking score −7.84 kcal/mol)
with lower binding affinity for ALK TK has displayed a high degree of flexibility. Thus, all
these combined factors resulted in an artificially more favorable binding score for more
flexible decoys than for actives.

In addition to this, when we have redock the molecule 178 again into the binding
pocket of ALK TK for comparing the docking results with the QSAR findings, it has attained
similar conformation as that of the co-crysallized ligand (pdb-5fto) and the molecule 172.
This observation supports the reported finding related to the loss of bioactive conformation
due to the high degree of flexibility.

3.3. Comparison of Molecular Docking Results with the Reported X-ray Evidences

For comparing the docking results with the QSAR findings, it has attained similar
conformation to that of the co-crysallized ligand (pdb-5fto) and the molecule 172. The
docking position of molecule 172 shows that the phenyl with fluorine as a substituent
is within the cavity formed by GLY1269 and ASN1254. Maria Menichincheri et al. [31]
reported a similar observation. The molecule 171 has a comparable benzene ring with
a fluorine substituent; however, the docking position shows that the fluorine carrying
ring is unable to occupy the cavity produced by GLY1269 and ASN1254. Furthermore,
conformation is completely reversed for molecules 171 and 172. One probable explanation
is the existence of an extra carbon atom in molecule 172, which has resulted in increased
flexibility and rsa (ratio of surface areas = ALL_MSA/ALL-SASA). As a result, QSAR and
docking led to consistent and complementary results (see Figure 10).

Similarly, comparing molecules 176 and 178 indicates an intriguing impact of the
N_Plan_4B and ringC_lipo_2B on docking position and activity profile. When compared
to molecule 176, molecule 178 has a larger number of N_Plan_4B and a lower value of
ringC_lipo_2B. This might be the explanation for the docking conformation reversal and
variances in binding affinities. The added planer nitrogen appears to be boosting the
polarity of the molecule (see Figure 11a,b).
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(a) (b) 

Figure 10. Depiction of the docking pose for the molecules 171 (a) and 172 (b) within the binding
pocket of the ALK tyrosine kinase.

The combined effect of increase rsa and the presence of notringO_F_5B have resulted in
increased potency for 218 as compared to 214. Another example is the pair of molecules 191
verses 205. This observation again divulges that the QSAR results and docking outcomes
are in complete agreement with each other.

 

(a) 

Figure 11. Cont.
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(b) 

adius of gyration is a measure of the protein’s compactness. The Radius of Gy-

Figure 11. Depiction of the docking pose for the molecule 178 (a) and 176 (b) within the binding
pocket of the ALK tyrosine kinase.

3.4. Molecular Dynamics Simulation (MD)

Molecular dynamics and simulation (MD) experiments were performed to investigate
the stability or convergence of the most active compounds 172 and 178 bound ALK complex.
Based on the activity profile and molecular docking results, we have used dock complexes
of the compound 172 and 178 for MD simulation analysis. When the root mean square
deviation (RMSD) data were compared, each simulation including 100 ns revealed stable
conformation. The C-backbone of ALK bound to 172 exhibited a deviation of about 2.2 Å
(see Figure 12) while the C-backbone of ALK bound to 178 exhibited a deviation of about
1.8 Å (Figure 12); RMSD plots are within the acceptable range signifying the stability of
proteins in the 172 and 178 bound state earlier than or after simulation; however, it can also
be suggested that the two ligands, 172 and 178 bound to ALK is quite stable within complex.

 

Figure 12. MD simulation trajectory analysis of Root Mean Square Divisions (RMSD) of 172 and
178 bound with ALK at 100 ns time frame displayed H-Bond plot of 172 bound ALK (red), 178 bound
ALK (black).

The radius of gyration is a measure of the protein’s compactness. The Radius of Gyra-
tion was reduced in 172 and 178 bound proteins, respectively (see Figure 13). According to
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the overall quality analysis based on RMSD and Rg, 172 or 178 bound to the protein targets
subsequently in the binding cavities and plays a significant role in the protein stability.

 

Figure 13. MD simulation trajectory analysis of Radius of gyration (Rg) of 172 and 178 bound with
ALK at 100 ns time frame displayed H-Bond plot of 172 bound ALK (red), 178 bound ALK (black).

Plots for root mean square fluctuations (RMSF) of amino acid residues are shown at a
time function of 100 ns. From the 100 ns simulation runs on ALK shown in Figure 14, ligand
172 has few variations peaks at residue indices 1145, 1220, and 1290, but ligand 178 has
fluctuations at residues 1139, 1220, 1275, and 1345, although it was subsequently stabilized.
As a result of the RMSF plots, it is reasonable to conclude that the protein structures were
stable throughout the simulation within the 172, 178 bound conformation.

Figure 14. MD simulation trajectory analysis of Root Mean Square Fluctuations (RMSF) of 172 and
178 bound with ALK at 100 ns time frame displayed H-Bond plot of 172 bound ALK (red), 178 bound
ALK (black).

The average hydrogen bonds established in 172 and 178 or the corresponding proteins
throughout the 100 ns simulation were also noticed and recorded in Figure 15. From 0 ns
to a100 ns, an average of one hydrogen bonding is seen throughout the simulation or
the same for MD simulations on 172 and 178 including ALK (Figure 15). Overall, three
hydrogen bonds were generated during the simulation, as determined by a 2D ligand
binding plot of 172 bound ALK protein, whereas in 178 bound along ALK, an average
of one hydrogen bonding was produced. The quantity of hydrogen bonding over ALK
along 172 and 178 hold strengthened the binding, assisting in making it more stable during
the simulation (See Figure 15). In molecular docking studies, we have observed from the
2D interaction diagram where in ALK-172, we can see two hydrogen bonds were formed,
on the other hand for ALK-178 we have observed single hydrogen bonding, therefore the
same pattern for Molecular Dynamics.
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Figure 15. MD simulation trajectory analysis of Hydrogen Bonding (H-Bonds) of 172 and 178
bound with ALK at 100 ns time frame displayed H-Bond plot of 172 bound ALK (red), 178 bound
ALK (black).

The step wise analysis of the stimulation trajectory of every 25 ns from beginning
to end is depicted in Figure 16. The simulation trajectories exhibited the ligand 172 and
178 having no significant conformational changes throughout the 100 ns simulation. This
signifies that the simulation complexes of ALK-172 and ALK-178 are stable and the ligand
conformations at the active binding pocket of the ALK remains significantly unaltered (See
Figure 16).

 

−
−

Figure 16. Stepwise trajectory analysis for every 25 ns displaying the protein and ligand conformation
during 100 ns of simulation of [i] ALK-172 and [ii] ALK-178.
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3.5. Molecular Mechanics Generalized Born and Surface Area (MMGBSA) Calculations and
Energy Calculations

The MMGBSA technique is widely used to calculate the binding energy of ligands to
protein molecules. With ALK, ligand 172 has the lowest binding energy of −49.3 kcal/mol,
whereas 178 has a binding energy of −52.5 kcal/mol. The GbindvdW, GbindLipo, and
GbindCoulomb energies contributed the most to the common binding energy of all kinds
of interactions. Gbind is governed by non-bonded interactions such as GbindCoulomb,
GbindCovalent, GbindHbond, GbindLipo, GbindSolvGB, and GbindvdW. Across all in-
teractions, the GbindvdW, GbindLipo, and GbindCoulomb energies contributed the most
to the average binding energy. On the other hand, the GbindSolvGB and Gbind Cova-
lent energies contributed the least to the final average binding energies. Furthermore,
the GbindHbond interaction values of the 172-ALK and 178-ALK complexes indicated
stable hydrogen bonds with amino acid residues. GbindSolvGB and GbindCovalent had
negative energy contributions in all of the compounds, and so opposed binding. When
coupled, GbindSolvGB and GbindCovalent verified adverse energy contributions and
hence resisted binding. Figure 17 (left panel) shows that 172 and 178 at the ALK binding
pocket experienced an angular shift of the angle (curved to straight) after post simulation
at pre-simulation (0 ns) (100 ns) (see Figure 17). These conformational alterations result in
improved binding pocket acquisition and engagement with residues, resulting in increased
stability and binding energy (see Table 4).

 

Δ − −
Δ − −
Δ − −

Δ − −
Δ − −
Δ
Δ

−
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Figure 17. MMGBSA trajectory (0 ns, before simulation and 100 ns, after simulation) exhibited
conformational changes upon binding the ligands with the protein, (A) ALK-172; (B) ALK-178. The
arrows indicating the overall positional variation (movement and pose) of 172 and 178 at the binding
site cavity.

Table 4. Binding energy calculation of 172 and178 with ALK and non-bonded interaction energies
from MMGBSA trajectories. (* indicates mean value of energy parameters).

Energies (kcal/mol) * ALK-172 ALK-178

∆Gbind −49.4 ± 4.2 −52.6 ± 3.0
∆GbindLipo −17.4 ± 0.6 −19.5 ± 1.5
∆GbindvdW −41.1 ± 3.2 −44.8 ± 3.1

∆GbindCoulomb −9.1 ± 3.5 −5.7 ± 2.2
∆GbindHbond −1.4 ± 0.6 −0.3 ± 0.2
∆GbindSolvGB 19.7 ± 3.1 18.2 ± 1.8

∆GbindCovalent 1.0 ± 0.9 1.3 ± 1.2

As a result, it is possible that the 172 (See Figure 18A) and 178 (See Figure 18B)
molecules have a high affinity for the primary target ALK. In ALK bounded 172 complex
systems, the average total energy was −130.00 kcal/mol (green), while van der Waal’s
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energy (vdW) seemed to be merged over the total energy with an average energy of
−30.00 kcal/mol, which was seen as the primary contributor to the stability of the ALK172
complex (cyan). Furthermore, coulombic interactions had a little impact on system stability,
contributing an average energy of −101.00 kcal/mol (red) (See Figure 18). The energy pro-
files of the protein, ALK, and 178 complex systems were chosen to demonstrate the overall
system’s stability. In this regard, the Total Energy of the ALK-178 system has demonstrated
to be completely stable, with an average total energy of −55.00 kcal/mol (dark green).
However, van der Waal’s energy (vdW) remained merged up-on the total energy with
an average energy of −40 kcal/mol, taking into account as the primary contributor to
the ALK-178 complex’s stability (cyan). Furthermore, coulombic interactions performed
a minimal influence in system stability, supplying an average energy of −10.00 kcal/mol
(red) as seen in Figure 18.

Figure 18. Energy plot of protein ALK with; (A) 172 complex system during the entire simulation
event of 100 ns; (B) 178 complex system during the entire simulation event of 100 ns. The total energy
(light green), van der Waal’s energy (cyan) and coulomb energy (red) of the entire system indicating
the stability of the individual systems bound to molecule.

Thus, MM-GBSA calculations resulted from MD simulation trajectories that were well
justified with the binding energy obtained from docking results. Furthermore, the last
frame (100 ns) of MMGBSA displayed the positional change of the 172 and 178 as compared
to the 0 ns trajectory, indicating the better binding pose for best fitting in the protein’s
binding cavity (See Figure 19).

 

Figure 19. Variations in the Ki and chemical structure in the present dataset of ALK tyrosine
kinase inhibitors: Five most active compounds (b), and five least active compounds (a) from the
present series.
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4. Materials and Methods
4.1. Selection of Data-Set

For the current study, 224 molecules with diverse structural features were selected due
to the presence of different scaffolds and the substantial variation in the activity profile with
an experimentally determined inhibition coefficient (Ki) for ALK tyrosine kinase [32–35].
Ki values ranging from 0.1 to 100,000 nM were changed to pKi (Ki = −log Ki) before
actual QSAR evaluation for the ease of handling the data. The Figure 19 depicts five most
active molecules followed by five least active molecules, indicating the heterogeneity of
bio-activity and chemical properties. The Table 5 displays SMILES notations alongside
ChEMBL id [36] and reported Ki and pKi values for several sample compounds. (See
Table S1 in Supplementary Materials displaying Sr no, ChEMBL id, smiles notation, Ki
value, and pKi values).

Table 5. Presentation of Serial number, ChEMBL ID, Smiles, pKi and Ki value of 10 most active and
10 least active molecules in the dataset as representative examples only.

Sn CHEMBL ID Smiles pKi Ki in nM

178 CHEMBL3286823 Cc1nn(C)c2c1-
c1cnc(N)c(n1)O[C@H](C)c1cc(F)ccc1C(=O)N(C)C2 10 0.1

172 CHEMBL3286815 N#Cc1[nH]nc2c1-
c1cnc(N)c(c1)OCc1cc(F)ccc1OCCC2 9.68 0.22

176 CHEMBL3286820 Cc1nn(C)c2c1-
c1cnc(N)c(c1)O[C@H](C)c1cc(F)ccc1C(=O)N(C)C2 9.58 0.29

216 CHEMBL4286522 Cc1[nH][n+](C)c2c1-
c1cnc(N)c(c1)O[C@H](C)c1cc(F)ccc1C(=O)N(C)C2 9.53 0.29

173 CHEMBL3286816 Cn1ncc2c1-
c1cnc(N)c(c1)OCc1cc(F)ccc1OCCC2 9.42 0.38

161 CHEMBL3128064 Cc1nc(C(C)(C)O)sc1-
c1cnc(N)c(O[C@H](C)c2cc(F)ccc2-n2nccn2)c1 9.39 0.4

181 CHEMBL3286832 C[C@H]1Oc2nc(cnc2N)-
c2c(nc3ccc(C#N)cn23)CN(C)C(=O)c2ccc(F)cc21 9.25 0.56

174 CHEMBL3286818 C[C@H]1Oc2cc(cnc2N)-
c2c(nn(C)c2C#N)CCOc2ccc(F)cc21 9.24 0.57

175 CHEMBL3286819 C[C@H]1Oc2cc(cnc2N)-
c2c(nn(C)c2C#N)CCCOc2ccc(F)cc21 9.20 0.61

179 CHEMBL3286830 C[C@H]1Oc2cc(cnc2N)-
c2c(nn(C)c2C#N)CN(C)C(=O)c2ccc(F)cc21 9.1 0.7

110 CHEMBL1995765 Nc1cc( = O)[nH]n1-c1ccccn1 4.5 31,622.7

13 CHEMBL1972934 Nc1ncnc2sccc12 4.4 39,810.7

39 CHEMBL1975212 Nc1ncnc2scc(-c3ccccc3)c12 4.4 39,810.7

48 CHEMBL1949855 O=c1[nH]cnc2c(Cl)cccc12 4.4 39,810.7

107 CHEMBL1994159 CC(=O)c1cccc(-c2ccc3nccn3n2)c1 4.3 50,118.7

129 CHEMBL2000879 c1ccc(C2CCc3[nH]ncc3C2)cc1 4.3 50,118.7

33 CHEMBL1971519 Nc1n[nH]c2cccc(-c3ccc(F)cc3)c12 4.2 63,095.7

34 CHEMBL1971534 NC(=O)c1cc2ccncc2s1 4.2 63,095.7

50 CHEMBL1975921 O=c1[nH]c2cc(Br)cnc2[nH]1 4.2 63,095.7

131 CHEMBL2007097 Nc1nc(=O)[nH]c2sccc12 4.1 79,432.8

4.2. Molecular Structure Drawing and Optimization

The complete 224 molecules’ 2D structures were drawn using free and open source
software’s ChemSketch 12 Freeware (https://www.acdlabs.com/resources/free-chemistry-

https://www.acdlabs.com/resources/free-chemistry-software-apps/chemsketch-freeware/
https://www.acdlabs.com/resources/free-chemistry-software-apps/chemsketch-freeware/
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software-apps/chemsketch-freeware/ accessed on 2 March 2022, version 2021), while
their 3D structures were generated using Open Babel 2.4, respectively. Furthermore,
optimization of the full dataset molecules was achieved using the MMFF94 force field
provided in TINKER (default settings), whilst Open3DAlign was used for molecular
alignment, respectively [37].

4.3. Molecular Descriptor Calculation and Objective Feature Selection (OFS)

PyDescriptor, which is available as a plugin in the PyMOL 2.5 software application,
was used to calculate descriptors for each molecule [38]. Molecular descriptors with almost
constant values (>95 percent) and co-linearity (|R|) greater than 0.95 were eliminated
using objective feature selection (OFS) stability among QSARINS v2.2.4 [39]. This approach
removed unnecessary molecular descriptors that impact multi-collinear and mock vari-
ables in the GA-MLR model. As a result, following OFS treatment, about 3339 molecular
descriptors were separated in order to develop QSAR models.

4.4. Subjective Feature Selection, QSAR Model—Development and Validation

The condensed pool of computed molecular descriptors includes 1D- and 3D-descriptors,
as well as molecular properties or value descriptors, and so on. Coinciding with a huge
molecule, followed by a vivid gap. After developing robust QSAR models, the Subjective
Feature Selection (SFS) function in QSARINS v2.2.4 is used to run Genetic Algorithm
(GA) based multi linear regression (MLR). QSAR models were developed in accordance
with OECD guidelines and were then subjected to extensive internal or external statistical
validation, Y-scrambling, or Applicability domain examination. The following steps are
included in the QSAR model development practice. The whole dataset was utilised to
create QSAR models, which were mostly based on the undivided (training set) dataset,
however in this study, we are presenting one univariate divided set and another divided
set multivariate QSAR models

1. The QSAR techniques have been anticipated to use a loosely split operation in
QSARINSv2 software v2.2.4 based on a divided dataset. It divided a given dataset
into 80% training (180 molecules in the training set) and 20% prediction (44 molecules
in prediction set). The 180 molecules from the training set were used to generate the
QSAR model, and external validation was completed on 44 compounds from the
prediction set.

2. The QSARINS software v2.2.4 program was used to construct GA-MLR mainly based
QSAR models, incorporating default parameters. Q2

LOO is utilised as a fitness pa-
rameter to accomplish subjective feature selection. While doing SFS, the Q2

LOO value
was extraordinarily prolonged up to the four variables, but an insignificant uplift was
seen after that. Thus, in order to keep the QSAR model from over-fitting, SFS was
previously limited to a set of four descriptors. This resulted in the creation of simple
and predictive QSAR models. (See Supplementary Materials Table S2 values for the
selected four molecular descriptors present in QSAR models).

An important aspect of developing a good QSAR model with minimal over-fitting
and appropriate interpretability is to have an enough number of molecular descriptors in
QSAR the model. In the present study, a plan (see Figure 20) was projected in the large
range of molecular descriptors included among the model yet R2

tr and Q2
LOO values to get

the so-called breaking point. As a result, the variety of chemical descriptors related to the
breakdown point used to be prioritized for model construction. Figure 20 shows that the
breakage point correlates with four different factors. As a result, QSAR models with more
than four descriptors were rejected.

https://www.acdlabs.com/resources/free-chemistry-software-apps/chemsketch-freeware/
https://www.acdlabs.com/resources/free-chemistry-software-apps/chemsketch-freeware/
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Figure 20. Plot of number of descriptors against Coefficient of Determination R2 and Leave-One-Out
Coefficient of Determination Q2 to identify the optimum number of descriptors.

To perform acceptable validation, QSARINS v2.2.4 was used to do (a) leave-one-out
(LOO) or leave-many-out (LMO) parameter-based internal validation; (b) external vali-
dation; (c) Y-scrambling or model applicability domain (AD) analysis in accordance with
OECD requirements. The robustness of the GA-MLR-based QSAR model was previously
assessed on the basis of how well the various statistical parameters perform on the respec-
tive starting value. Two QSAR models (1.1 and 1.2) consisting of univariate divided set
and multivariate divided set models with excellent values on these parameters and best
predictive capability were chosen for the analysis, but the rest of the QSAR models failed
to fulfil some of these factors above-mention values and were omitted [35].

4.5. Molecular Docking

The protein data bank provided the ALK tyrosine kinase pdb file (pdb id-5fto, Res-
olution 1.7). For its X-ray resolution or sequel completeness, the pdb 5fto was carefully
chosen. The optimized protein is appropriate for docking analysis. The protein preparation
was carried by UCF chimera-1.16-win64 software (See Supplementary Materials for the
detail procedure of protein preparation by chimera-1.16 software). Before the docking in-
vestigation, the natural ligand (Entrectinib) was removed. In the present study, the binding
site for native ligand, namely the active site, has been studied. As a result, the compounds
were docked between the active site, where the native ligand was originally bound along
ALK tyrosine kinase, and the docking posture for the most active molecules 172 and 178
is shown below for convenience. The NRGSuite programme (PyMOL versions 1.2 and
above) was used to do the molecular docking investigation. Because this is a free and open
source software program, it may also be utilised as a PyMOL plugin [35]. It detects surface
holes in a protein and uses them as target binding sites for docking simulations with the
help of FlexAID [40]. It employs a genetic algorithm for function conformational search,
model ligand and side-chain flexibility, and allows for covalent binding simulation. To
achieve substantial performance with NRGSuite, the flexible–rigid docking approach was
employed in conjunction with the following default settings: Because of the binding sites,
the input technique is spherical (diameter: 17); the spacing on the three-dimensional grid is
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0.385; facet band flexibility is no; ligand flexibility is yes; ligand posture is no; restrictions
are no. Hetero groups-cloud molecules included; van der Walls permeability −0.1; solvent
types-none; variation on chromosomes—1000; variation on generations—1000; fitness
model-share; copy model-population boom; and variation on top complexes—5. After
the docking process was validated, the molecule Entrectinib, a discovered tyrosine kinase
inhibitor, was employed for validation.

4.6. MD Simulation Analysis

The virtual screening findings are utilised to evaluate the most active Molecule 178
with a docking score of −7.8 kcal/mol and Molecule 172 (−8.0 Kcal/mol) in molecular
dynamics and simulation using the Schrodinger Desmond versus 2020.1 (MD simulation).
The SPC (Simple factor charge) model was utilised to bind protein ligands using the docking
complexes Molecule 178 and Molecule 172. In this system, the OPLS-2005 pressure subject
and explicit solvent model with SPC water molecules were applied. To neutralise the
charge, Na+ ions were added [41]. To imitate the physiological environment, 0.15 M NaCl
alternatives are provided to the computer [42]. The Nose–Hoover chain coupling approach
was employed to build up the NPT ensemble with temperature 300 K, leisure time of 1.0 ps,
and pressure 1 bar, which was once as soon as maintained in all simulations. A 2 fs time
step will be employed. The barostat approach with the Martyna–Tuckerman–Klein chain
coupling scheme [43] was originally utilised for pressure control with a leisure time of
2 ps. The particle mesh Ewald technique [44] was used to calculate long-range electrostatic
interactions with a radius of 9 for Coulomb interactions. The non-bonded forces were
estimated using the RESPA integrator. The root mean square deviation (RMSD), root mean
square fluctuation (RMSF), radius of gyration (Rg), and protein ligand interactions were
assessed to have a check at the stability of the complex in MD simulations.

4.7. Molecular Mechanics Generalized Born and Surface Area (MMGBSA) Calculations

The binding free energy (Gbind) of docked complexes was determined using the
molecular mechanics generalized born surface region (MM-GBSA) module in MD simu-
lations comprising 5fto bonded with the most active molecule 178 and the molecule 172.
(Schrodinger suite, LLC, New York, NY, USA, 2017-4). At around the same time, the binding
free energy was estimated using the OPLS 2005 force field, the VSGB solvent model and
rotamer search techniques [45]. Following the MD run, the MD trajectories frames were
chosen at 10 ns intervals. The total free energy binding used to be calculated the usage of
Equation (1):

∆Gbind = Gcomplex − (Gprotein + Gligand) (3)

where,

∆Gbind = binding free energy,
Gcomplex = free energy of the complex,
Gprotein = free energy of the target protein, and
Gligand = free energy of the ligand.

5. Conclusions

A cheminformatics technique was used effectively in the current investigation to
predict ALK Tyrosine kinase inhibitory activity in order to uncover fundamental structural
aspects important for anticancer activity. Two statistically robust univariate and four para-
metric QSAR models with exceptional external predictive capability were built, and the
right number of molecular features were accurately positioned. The QSAR analysis effec-
tively identified a combination based on previously unknown Pharmacophoric properties.
The existence of fluorine atoms on the phenyl ring, as well as the presence of planar nitrogen
atoms, must be retained in future drug design, coupled with some novel Pharmacophoric
qualities such as rsa. The molecular descriptors identified in the developed QSAR models,
such as the ratio of surface area (rsa), planar nitrogen within four bonds from the nitrogen
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atom, fluorine atom within five bonds from the non-ring oxygen atom, lipophilic atoms
within two bonds from the ring carbon atoms, and so on, can potentially enhance the ALK
Tyrosine kinase inhibition potency. QSAR and molecular docking studies have successfully
identified certain significant Pharmacophoric traits, such as the presence of an extra carbon
atom in molecule 172, which results in increased flexibility and rsa; comparison of molecule
176 with 178 reveals an interesting influence of the N_PlanN_4B and ringC_lipo_2Bon
docking pose and activity profile; and reversal in docking conformation and differences in
the binding affinities of compounds 176 and 178. Moreover, identification of the additional
polar nitrogen in QSAR analysis responsible for increasing the polarity of the molecule. This
observation reveals that the QSAR and docking results are completely consistent with one
another. The molecular docking studies on the 172 and 178 with the ALK tyrosine kinase
receptor revealed that these compounds anchored to the ALK tyrosine kinase along the
orientation or position extremely close to co-crystallized ligand; Entrectinib that resulted
from crystallographic analysis of the ALK tyrosine kinase protein including its actual lig-
and. As a result, the created QSAR models meet the threshold values for several statistical
parameters required to get the accuracy and applicability of a QSAR model. As a result,
the obtained QSAR models include an appropriate mix of quantitative and qualitative
characteristics. The pharmacophoric properties found in QSAR models show tremendous
potential for optimizing dataset compounds in accordance with more potent ALK tyrosine
kinase inhibitors as anticancer leads. Furthermore, MD simulation and binding free energy
analyses support the findings of the QSAR and molecular docking studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27154951/s1, Table S1: The SMILES notation for two
hundred twenty four (224) ALK tyrosine kinase leads, along with their reported Ki and pKi values.
Table S2: The values for selected molecular descriptors present in QSAR models. Table S3: Details
regarding performance of Univariate Divided set model 1.1. containing Different graphs associated
with model, Table S4: Details regarding performance of Multivariate divided set model comprising
Different graphs associated with model 1.2. Statistical parameters for used for validation of QSAR
models. File S5: Description of the performance parameters in QSARINS.
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Abstract: Using 84 structurally diverse and experimentally validated LSD1/KDM1A inhibitors, quan-
titative structure–activity relationship (QSAR) models were built by OECD requirements. In the QSAR
analysis, certainly significant and understated pharmacophoric features were identified as critical for LSD1
inhibition, such as a ring Carbon atom with exactly six bonds from a Nitrogen atom, partial charges of
lipophilic atoms within eight bonds from a ring Sulphur atom, a non-ring Oxygen atom exactly nine
bonds from the amide Nitrogen, etc. The genetic algorithm–multi-linear regression (GA-MLR) and double
cross-validation criteria were used to create robust QSAR models with high predictability. In this study,
two QSAR models were developed, with fitting parameters like R2 = 0.83–0.81, F = 61.22–67.96, internal
validation parameters such as Q2

LOO = 0.79–0.77, Q2
LMO = 0.78–0.76, CCCcv = 0.89–0.88, and external

validation parameters such as, R2ext = 0.82 and CCCex = 0.90. In terms of mechanistic interpretation
and statistical analysis, both QSAR models are well-balanced. Furthermore, utilizing the pharmacophoric
features revealed by QSAR modelling, molecular docking experiments corroborated with the most active
compound’s binding to the LSD1 receptor. The docking results are then refined using Molecular dynamic
simulation and MMGBSA analysis. As a consequence, the findings of the study can be used to produce
LSD1/KDM1A inhibitors as anticancer leads.

Keywords: LSD1; KDM1A; QSAR; anticancer; molecular docking; MD simulation; genetic algorithm–
multi linear regression; MMGBSA

1. Introduction

Lysine-specific histone demethylase 1A (LSD1), also known as lysine (K)-specific
demethylase 1A (KDM1A), is a crucial member of the monoamine oxidases family. LSD1
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catalyzes two important and completely opposing enzymatic reactions with flavin adenine
dinucleotide (FDA) as a cofactor: transcription repression via de-methylation at histone
3 lysine 4 methyl 1/2 (H3K4me1/2) and transcription activation via de-methylation at
histone 3 lysine 9 methyl 1/2 (H3K9me1/2) [1]. LSD1 is also involved in the de-methylation
of TP53, E2F1, and DNMT1 [2]. The typical healthy physiological condition is characterized
by regimented epigenetic control of cyclic cellular processes, including rejuvenation, differ-
entiation, and proliferation. LSD1 modulates differentiation and proliferation pathways
in highly proliferative and widely metastatic small-cell lung cancer (SCLC) [3]. LSD1
overexpression is also found in other cancer types, including prostate cancer, breast cancer,
colorectal cancer, and neuroblastoma [1–3].

According to reports, if LSD1 overexpression is reduced in several forms of blood
malignancies (haematological sarcomas) such as leukaemia, multiple myeloma, and solid
tumours, cell differentiation is also reduced. This makes LSD1 an appealing target for
anticancer medication development [1].

There have been several reports of reversible LSD1 inhibitors to date [4]. Sorna et al.
used high-throughput virtual screening to identify reversible LSD1 inhibitors; however,
these drugs appeared to have considerable off-target and nonspecific effects [4,5]. Ma et al.
found several pyrimidine–thiourea hybrids that showed a high sensitivity to LSD1 inhibi-
tion in vitro and in tumour xenografts. [4]. Furthermore, Li et al. developed a series of [1–3]
triazolo [4,5-d] pyrimidine derivatives as selective LSD1 inhibitors, which were reported
to block tumour cell migration [5]. The activity of documented reversible inhibitors, on
the other hand, did not meet the advances of covalent inhibitors, due in part to the huge
size and polarity of the LSD1 substrate binding pocket [6]. Furthermore, the reported com-
pounds’ erroneous binding techniques and the lack of theoretical research motivated us to
hunt for hidden and buried structural features that are required for developing effective,
efficient, and reversible LSD1 inhibitors. This convergence of circumstances encouraged us
to do a computational study on the proven reversible LSD1 inhibitors from the appropriate
database, as well as examine the underlying structural elements influencing the design and
inhibition of potent and effective LSD1 inhibitors.

QSAR is a statistically-based intersectional plan of activities and standardized tech-
nique for identifying the mathematical relationship between the structural property of a
molecule and its biological activity. General QSAR modelling protocol involves: (I) select-
ing a sufficiently abundant, admissible molecular dataset with accurate biological activity;
(II) 3D-structure creation and optimization; (III) molecular descriptor calculation and con-
strained trimming using appropriate statistical methods; (IV) QSAR model development
using an algorithm that fits favourable molecular descriptors; and (V) sufficient valida-
tion of the existing QSAR model (s) [5]. Circumstantial QSAR analysis quantifies the
relationship between conspicuous but seemingly confusing molecule structural features
and their experimentally studied biological activity. Statistical QSAR analysis predicts
the biological activity of a drug prior to wet lab manufacturing and experimental in vivo
testing. A QSAR that is conceptually neutral, illustrative, and statistically enhances phar-
macokinetics knowledge [6,7]. This emphasizes the value of the QSAR study in promoting
lead optimization.

QSAR models for LSD1 inhibitors have been discussed by a number of researchers.
Rahman Abdizadeh et al. developed a 3D QSAR model for the set of tranylcypromine
derivatives as a data set that performed similarly to the CoMFA (q2 = 0.67; r2ncv = 0.93;
r2pred = 0.97), CoMFA-RF (q2 = 0.69; r2ncr = 0.93; r2pred = 0.93), CoMSIA (q2 = 0.83;
r2ncv =0.96; r2pred = 0.96), and HQSAR models (q2 = 0.85; r2ncv,= 0.90; r2pred = 0.73) for
training as well as the test set of LSD1 inhibition. Moreover, the significant gap between
the q2 and the r2 values indicate the overfitting in both the COMFA and CoMSIA models.
However, because of the absence of mechanistic interpretation and atom-by-atom phar-
macophoric features in CoMFA and CoMSIA investigations, their use has been limited
to the optimization of a few pharmacological classes [8]. To date, several LSD1 inhibitors
have been approved, and some of them, including ORY-1001, GSK-2879552, IMG-7289,
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INCB059872, CC-90011, and ORY-2001 (See Figure 1), are currently being studied in clinical
trials for cancer treatment, particularly in small lung cancer cells (SCLC) and acute myeloid
leukaemia (AML) [9].

 

Figure 1. Presentation of the Structures of some clinical trial molecules.

A moderate-sized dataset-based QSAR with enough predictive capability and mech-
anistic understanding is clearly useful for boosting lead potency. In this study, we used
molecular docking, MD simulation, and MMGBSA to create robust QSAR models for
84 structurally varied molecules with empirically established LSD1 inhibitory efficacy.

2. Results

Despite the fact that the current study is based on a moderate size dataset of 85 molecules,
the existence of multiple molecular scaffolds, functional groups, substituents, diverse rings
viz. non-aromatic, homoaromatic, heteroaromatic, fused rings; spiro compounds, etc., has
significantly covered a vast chemical space. The QSAR models developed are based on a split
and entire data set. R2, R2adj, CCCtr, and other fitting metrics have values far above the allowed
threshold values, indicating that the QSAR models are statistically tolerable with the required
number of chemical descriptors. Internal validation parameters include Q2

LOO, Q2
LMO, and

others with values that condescend to give the statistical robustness of the QSAR models. The
external predictability of both models can be seen in the high values of external validation aspects
like R2

ex and Q2
Fn. Model applicability domain is supported by William’s plots (See Figure 2)

(Applicability Domain). Fulfillment of allowed threshold values for numerous parameters, as
well as poor correlation among molecular descriptors, rule out the possibility of serendipitous
QSAR model construction [10–14] (see Table S2, Supplementary Information). These grounds
validate these models’ statistical robustness and strong external prediction.

2.1. Outlier Behavior of the Dataset Molecules

The third type of outlier, outliers toward the model, can only be identified after the
regression model has been established. They indicate an X-Y link. Because of the variety of
chemical structures explored in the study, model outliers are a specific form of outlier that
may be found in high numbers in the QSAR/QSPR data set.

Based on the Williams plot, molecule 60 was identified as the third type of outlier in
the divided set model, molecule 79 as an X outlier, and molecule 82 as a Y outlier. Figure 3
illustrates the core plot and loading plot of the Descriptor in a split-set QSAR model. The
descriptor ring, CH3B, has a significant impact on molecule 60’s outlier characteristics, but
the descriptors lipo_ringS_8Bc and com_sp2O_4A have a substantial impact on molecule 82.
The descriptor fringCH3B, on the other hand, had a major impact on molecule 79. The
aforementioned conclusion explained the impact of particular molecular descriptors on the
cluster of molecules in the dataset (See Figure 3).
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Figure 2. (A) Graph of experimental vs. Predicted pEC50 values for model 1.1. (B) Williams plot for
model 1.1. (C) Graph of experimental vs. Predicted pEC50 values for model 1.2. (D) Williams plot for
model 1.2.

2.2. GA-MLR QSAR Models

Model-1.1 (Divided Set: Training Set-80% (67 molecules) and Prediction Set-20%
(17 molecules)):

pEC50 = 13.856 (±1.734)–0.832 (±0.226) avg_molweight—0.211 (±0.087) fringCH3B + 0.263
(±0.092) fNringC6B + 4.482 (±1.892) lipo_ringS_8Bc—0.639 (±0.279) com_sp2O_4A.

[R2 = 0.83, R2
adj = 0.82, Q2

LOO = 0.79, Q2
LMO = 0.78, RMSEtr = 0.49, MAEtr = 0.37,

RSStr = 16.37, CCCtr = 0.91, RMSEcv = 0.54, MAEcv = 0.40, PRESScv = 20.07, CCCcv = 0.89,
R2

ext = 0.82, Q2
F1 = 0.81, Q2

F2 = 0.81, Q2
F3 = 0.81, CCCex = 0.90].

Model-1.2 (Full Set: Training Set-100%, (84 molecules)):
pEC50 = 6.488 (±0.315)–0.151 (±0.078) fringCH3B + 2.921 (±1.496) lipo_ringS_8Bc + 0.972

(±0.349) famdNnotringO9B + 0.347 (±0.104) fdonsp3C2B—0.775 (±0.302) fsp3CamdN4B.

[R2 = 0.81, R2
adj = 0.80, Q2

LOO = 0.78, Q2
LMO = 0.77, RMSEtr = 0.51, MAEtr = 0.41,

RSStr = 22.24, CCCtr = 0.90, RMSEcv = 0.56 MAEcv = 0.45, PRESScv = 26.57, CCCcv = 0.88].
In this QSAR investigation, model 1.1 was constructed using the extended dataset,

whereas model 1.2 was created using the entire dataset. The developed models are distinct
in three of the five descriptors out of a total of five. The effects of variation in each molecular
descriptor on the biological activity of the associated molecule are demonstrated with
examples in the next section, even if the permutation in the bioactivity of each molecule in
the dataset is the total of all five molecular descriptors.
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𝑄 0.81 𝑄 0.81, 𝑄 0.81

Figure 3. Presentation of Score Plot (A) and Loading Plot (B) for the Descriptor in divided set
QSAR Model.

3. Discussion

3.1. Mechanistic Interpretation of Descriptors

fNringC6B, lipo_ringS_8Bc, famdNnotringO9B, and fdonsp3C2B: These four molec-
ular descriptors had positive coefficient values in both the divided and full set models,
showing that amplification in the values of these molecular descriptors improves the an-
ticancer potential of LSD1 inhibitors. The importance of some molecular descriptors is
demonstrated by comparing variations in the pEC50 or EC50 values with transformations
in the values of molecular descriptors.

fNringC6B (frequency of occurrence of ring carbon atom exactly at 6 bonds from
nitrogen atom). This observation is supported by comparing compound 1 (fNringC6B = 1;
pEC50= 9.42) with compound 6 (fNringC6B = 0; pEC50 = 7.71). Possibly, an increase in the
value of fNringC6B to 1 for compound 6 enhanced its LSD1 inhibitory potency by about
two hundred and twenty-two times (∆pEC50 = 2.22) (See Figure 4).

This observation was also seen by comparing the subsequent pair of molecules:
17(PIC50 = 7.25, fNringC6B = 2) with 18(PIC50 = 7.21, fNringC6B = 0), 31(PIC50 = 7.04,
fNringC6B = 4) with 32(PIC50 = 6.91, fNringC6B = 0), 52(PIC50 = 6.11, fNringC6B = 1) with
56(PIC50 = 5.88, fNringC6B = 0), etc.

Vianello Paola et al. and colleagues also reported the synthesis of chemical 2 (4-ethyl-
N-[3-(methoxymethyl)-2-[(4-[(3R)-pyrrolidin-3-yl] methoxyphenoxy) methyl] phenyl]- 4H-
thieno [3,2-b] pyrrole-5-carboxamide) from the dataset (see Figure 5). The most efficient
basic moiety was compound 2 with pyrrolidin-3-yl-methanol substituent, which had potent
inhibitory activity against LSD1 (IC50 = 0.08570.02 M) according to structure–activity
relationship studies. He went on to say that the polar interaction with two negatively
charged regions of the LSD1 catalytic site is responsible for the compound 2’s increased
potency [10] (See Figure 5).
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Figure 4. Illustration of molecular descriptor fNringC6B for the molecules 1 and 6 only.
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Figure 5. Depiction of the molecular descriptor fNringC6B in the compound 2.

Thus, the present observation supports that the pyrrolidine ring enhances the polarity
of the compound 2 that occurred exactly at 6 bonds. As a whole, the same feature has
been captured in the QSAR model through the descriptor fNringC6B; therefore, QSAR
results are complimentary with the reported findings. At the end, the QSAR model not only
identified the polar nitrogen, but it also recognized the lipophilic carbon atom important
for LSD1 inhibitory activity.

lipo_ringS_8Bc (Sum of partial charges of lipophilic atoms within 8 bonds from ring
sulfur atom). The molecule with the better LSD1 inhibition might be obtained by en-
hancing the number of lipophilic atoms that accounted within 8 bonds from the sulfur
atom. Just a four-fold amplification in the value of lipo_ringS_8Bc sufficed about 2 × 103
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fold more potent (∆pEC50 = 3.32) LSD1 inhibitor compound 4 (lipo_ringS_8Bc = 0.19;
pEC50 = 8.04) than compound 72 (lipo_ringS_8Bc = 0.05; pEC50 = 4.72). Several other pairs
of compounds also support this observation: 31 (lipo_ringS_8Bc = −0.23; pEC50 = 7.046)
with 32 (lipo_ringS_8Bc = 0; pEC50 = 6.917), 35 (lipo_ringS_8Bc = 0; pEC50 = 6.827) with
36 (lipo_ringS_8Bc = −0.28; pEC50 = 6.81), and 45 (lipo_ringS_8Bc = −0.207; pEC50 = 6.511)
with 46 (lipo_ringS_8Bc = −0.231; pEC50 = 6.509).

Whence merely adding the number of carbon atoms is restricted (here average_molweight,
i.e., molecular property average molecular weight, is with negative correlation) or inadequate,
it is advisable to add electronegative atoms to the carbon atoms within 8 bonds from the ring
sulfur to intensify the partial positive charge on the lipophilic atoms that boost up the LSD1
potency of the compound, respectively (see Figure 6).

 

 

Figure 6. Depiction of molecular descriptor lipo_ringS_8Bc for the molecules 4, 72, and reported
molecule 28186757 only.

Furthermore, a comparison of compound 4 to the previously reported molecule
28186757 suggests that increasing the amount of carbon atoms at the 8th position, specifi-
cally in the ether-containing carbon atom, will enhance the LSD1 inhibitory activity even
more [10].

famdNnotringO9B (Frequency of occurrence of non-ring oxygen atom exactly at
9 bonds from the amide nitrogen) with a positive coefficient exhibit a direct correlation with
LSD1 inhibitory potency. The four displayed compounds, 10, 65, 13, and 14, in Figure 7
illustrate the influence of the present molecular descriptor on the LSD1 inhibitory potency
of the compound. It can be noted that, if the same non-ring carbon atom simultaneously
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occurred at one to eight bonds or more than 9 bonds from the amide nitrogen, then it is
eluded during the calculation of famdNnotringO9B (see Figure 7).

 

 

Figure 7. Pictorial depiction of molecular descriptor famdNnotringO9B for the molecules 10, 65, 13,
and 14 only.



Molecules 2022, 27, 4758 9 of 29

Non-ring oxygen was detected exactly 9 links from the amide nitrogen in compound 10,
but the same oxygen was missing in compounds 65, 13, and 14. This finding further
supports the idea that the appropriate distance between the amide nitrogen and the non-
ring oxygen is important for LSD1 inhibition. This helps to explain why molecules 10
and 65, 13, and 14 have different LSD1 inhibitory action. Instead, Vianello, Paola, and
colleagues found that removing oxygen had only a little effect on the LSD 1 inhibitory
function. This new discovery backs up the QSAR concept, emphasizing the significance of
the oxygen atom in the 9th position from the amide nitrogen. In addition, Vianello Paola
emphasized the importance of thieno [3,2-b]pyrrole-5-carboxamides as novel reversible
inhibitors of the LSD1 receptor, noting that the same amide nitrogen was successfully
detected as famdNnotringO9B in QSAR modelling. As a result, the QSAR results are
consistent with the stated findings.

Another key chemical characteristic, fdonsp3C2B (frequency of occurrence of sp3
hybridised carbon atom exactly at 2 bonds from donor atom), is strongly linked with the
reported bioactivity of LSD1 inhibitors. When comparing compound 1 to compound 57,
it can be shown that increasing the number of sp3 hybridised carbon atoms exactly at 2
bonds enhances the LSD1 inhibitory potency (see Figure 8).

 

Figure 8. Pictorial display of molecular descriptor fdonsp3C2B for the molecules 1 and 57 only.

Furthermore, the same result holds true for a few other compounds: the most active
compound 1 (PEC50 = 9.42, fdonsp3C2B = 6), as well as the compounds 2 (PEC50 = 8.17,
fdonsp3C2B = 2), 3 (PEC50 = 8.10, fdonsp3C2B = 2), 4 (PEC50 = 8.07, fdonsp3C2B = 2),
and 5 (PEC50 = 7.49, fdonsp3C2B = 2). The LSD1 inhibitory activity will be increased
by 3.55 units if the value of the molecular descriptor fdonsp3C2B for the molecule 57 is
increased from 2 to 6 (about a 35-fold increase in LSD1 inhibitory potency). Furthermore,
sp3 hybridised carbon atoms should be added to boost LSD1 inhibitory activity, according
to the current findings. Furthermore, increasing the amount of such sp3 hybridised carbons
along the donor increases the electrical and hydrophobic interaction with the LSD1 receptor,
showing lipophilicity.
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Following that, it was discovered that during the MD modeling of compound 1

that the NH moiety, which acts as a donor with two bonds from the sp3 hybridized
carbon atom (fdonsp3C2B), demonstrated significant hydrogen bonding with GLu308
(86 percent) and thus plays an important role in the stability of the LSD1–compound
1 complex. Furthermore, by including a water molecule, the same NH moiety created
hydrogen bonds with a similar residue (GLu308), increasing the stability of the drug
receptor complex. Furthermore, another NH2 substituent (91 percent) developed hydrogen
bonding connections with the Glue801 residue, increasing the stability of the drug receptor
complex (see Figure 9). This implies that the QSAR modelling has effectively identified
certain important pharmacophores involved in the stability of the drug receptor complex,
in addition to finding the many hidden structural elements crucial for LSD1 inhibition. As
a consequence, the QSAR findings are entirely consistent with the molecular docking and
MD simulation experiments.

 

α
α β β

− −
− − − −

−

Figure 9. Depiction of the involvement of the molecular descriptor fdonsp3C2B in the LSD1-
Compound 1 interactions during MD simulations.

No one chemical descriptor can explain the variation in inhibitory effectiveness of
medicines in a dataset. The performance of the QSAR model is impacted by the syn-
chronous effect of many molecular descriptors, some of which are not included in the
QSAR models.

3.2. Molecular Docking

The molecular interaction of the five most active molecules with the LSD1 protein at
the active site was investigated using molecular docking. The crystal structure of LSD1
was obtained using the RCSB protein data repository (https://www.rcsb.org/structure/
2dw4, accessed on 24 May 2022) (PDB code: 2DW4). The full length of LSD1 comprises
852 amino acids with three key structure domains [11–14]: N-terminal Swi3-Rsc8-Moira
domain (SWIRM domain, residues 172–270); C-terminal amine oxidase-like domain (AOL
domain, residues 271–417 and 523–833); and central tower-like domain (Tower domain,
residues 418–522). The SWIRM domain of LSD1 consists of six long α-helices (SWα1–6) and
two stranded β-sheets (SWβ1–2), which regulates the chromatin remodeling and histone
modification by taking part in protein–protein interactions.

We investigated the probable interactions of inhibitors inside the active site of LSD1 to
better understand the SAR and QSAR models of the five most active drugs. With an RMSD
of 1.3618 A, the 2DW4 ligand was redocked into the LSD1 binding pocket. Because the

https://www.rcsb.org/structure/2dw4
https://www.rcsb.org/structure/2dw4
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accuracy of the docking results was determined by RMSD, this indicates that NRG Suite
docking was able to effectively recognise the correct binding configuration (2.0). The dock-
ing scores for the five compounds, 1 (EC50 = 0.38 nm), 2 (EC50 = 6.7 nm), 3 (EC50 = 7.8 nm),
4 (EC50 = 8.4), 5 (EC50 = 18), and pdb-2dw4 ligand, were found to be −8.33(RMSD−1.38 A),
−10.47(RMSD 1.82 A), −11.16(RMSD 1.32A), −11.10(RMSD 1.58A), −10.96(RMSD 1.13A),
and −11.31(RMSD 1.36A) Kcal/mol, respectively, demonstrating that docking scores could
predict ligand EC50 values. The 2D interactions for the five compounds were displayed in
Figures 10–14.

In terms of compound 5’s low activity, the amide nitrogen forms a conventional
hydrogen bond with the neutral non-polar amino acid residue MET332, a water–hydrogen
bond with HOH1032, and a neutral polar amino acid residue with the pyrrolidine ring.
THR624 forms a second hydrogen bond. With HOH1251, it creates a third water–hydrogen
bond. TRP751, GLY330, LEU859, ALA331, TYR761, VAL811, ARG316, and ALA814, on
the other hand, have been shown to form hydrophobic bonds with a thiene-pyrrole ring, a
benzamide ring, a phenoxy ring, or a pyrrolidine ring (pi-pi T-shaped, amide-pi stacked,
alky and pi-alkyl interactions). Despite the wide and flexible structure of compound five,
the active conformation and compound-5–LSD1 complex were maintained via a variety of
hydrophobic interactions and hydrogen bonding.

Compound 5 and compound 4 have similar interactions, although compound 4 is
three times more powerful than compound 5. In the structure, compound 5 has a folded
shape, whereas compound 4 has an extended conformation akin to the pdb-2dw4 ligand.
Within the active area of the LSD1 receptor, chemicals 5 and 4 are diametrically opposed.
Except for one hydrophobic interaction with a TYR761 amino acid residue, the thien-pyrrole
ring orientation was different. The QSAR models demonstrate the importance of the thiene-
pyrrole ring for the reversible inhibition of the LSD1 receptor. The molecular descriptor
lipo_ringS_8Bc indicates the importance of the Sum of partial charges of lipophilic atoms
within 8 bonds from ring sulfur atoms. With TRP751, compound 4 (lipo ringS 8Bc= −0.1869)
made more than eight types of hydrophobic connections and one pi-sulphure interaction,
whereas compound 5 (lipo ringS 8Bc = −0.2319) made seven hydrophobic contacts (See
Figure 11A,B). The difference in the reactivity of these compounds was linked with the oc-
currence of positively charged lipophilic atoms. The present observation indicates that the
decrease in the negative charge promotes more hydrophobic contacts in the compound 4.
Furthermore, in compound 1 (lipo ringS 8Bc = 0), partial positive charges are zero, un-
derlining the observation of declining negative charges and intensifying positive charges
within the thiene-pyrrole ring, which promotes better hydrophobic contact with the LSD1
receptor. The compounds 3 (lipo_ringS 8Bc = −0.1869) and 2 (lipo_ringS 8Bc = −0.2339)
showed the same behavior. Finally, QSAR analysis was successful in uncovering latent
pharmacophoric characteristics that determine not only the LSD1 inhibitory action of these
compounds, but also their binding pattern. As a result, the molecular docking analysis
results are entirely congruent with the QSAR findings.

Moreover, compound 2 (EC50 = 6.7 nm), was marginally more potent than compound 3

(EC50 = 7.8 nm). The 2D interactions for compounds 2 and 3 show that compound 2

produced three standard hydrogen bonding contacts with SER760, LYS661, ARG316, and
GLU801, but compound 3 did not form any conventional hydrogen bonding interactions
with SER760, ALA809, THR810, or HOH1257. Moreover, compound 2 executed more than
11 different hydrophobic contacts with the HIS564, ALA539, VAL333, GLY330, TRP751,
VAL811, VAL317, ALA814, etc. Moreover, the thiene-pyrrole ring in the compound didn’t
contribute in any of the hydrophobic contact, but it aligned over the solvent accessible
surface area of the LSD1 receptor (See Figure 12A,B). Furthermore, when the conformations
of compounds 2 and 3 are compared to the pdb-2dw4 ligand, it is clear that compound
2 aligns and superimposes entirely along the docked conformation of the pdb ligand.
Following that, in compound 3, the thiene-pyrrole ring aligns vertically in the receptor
(LSD1) binding pocket, which is completely different from the bioactive conformation of
the pdb ligand and could explain the difference in potency between these compounds
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(see Figure 13, green-comp-2, yellow-comp-3, and cyan-pdb-2dw4 ligand). The benzene
ring connected to the thiene-pyrrole ring by amide linkage in compound 3 contains a
bulky substituent (methoxy ethyl) compared to compound 2 (methoxy methyl), which may
have hampered compound 3’s ability to achieve the same bioactive conformation as the
pdb ligand. This helps to explain the differences in potency and binding affinity for the
LSD1 receptor.

 

(A) 

 

(B) 

Figure 10. Presentation of the 2D interactions of compound 5 (A) and pdb-2dw4 ligand (B) with
LSD1 receptor.
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(A) 

 

(B) 

Figure 11. Presentation of the 2D and 3D interactions of compound 4 (A) and compound 1 (B) with
LSD1 receptor.
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(A) 

 

(B) 

Figure 12. Presentation of the 2D and 3D interactions of compound 4 (A) and compound 1 (B) with
LSD1 receptor.
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Figure 13. Comparison of the docked conformation of the compound 2 and 3 with the pdb-2dw4

ligand. (Green colored—Comp 2; yellow colored—Comp 3;s and cyan colored—pdb-2dw4 ligand).

 
Figure 14. Best docked pose of compound 1 with LSD displaying 2D interaction plot on the left panel.
Pink dashed lines indicate the Pi-Alkyl bond, and residues embedded in light green sphere indicate
the involvement in Van der Waals interactions. On the canter panel, surface view of LSD displaying
binding cavity of Compound 1 and right panel displaying the zoomed out binding pocket having
amino acid residues surrounding the Compound 1.
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The compound 2 (PIC50 = 8.174, fdonsp3C2B = 2, lipo_ringS 8Bc = −0.2339) and
3 (PIC50 = 8.174, fdonsp3C2B = 2, lipo_ringS 8Bc= (PIC50 = 8.174, fdonsp3C2B = 2, lipo_ringS
8Bc = −0.2339) differed from the compound 1 (PIC50 = 9.42, fdonsp3C2B = 6, lipo_ringS
8Bc = 0) in terms of two descriptors: fdonsp3C2B and lipo_ringS 8Bc. Compound 3 can’t
form hydrogen bonds or hydrophobic interactions with the receptor because of its altered
orientation. The amide donor produced hydrogen bonds with the SER760 residue in
compound 2, whereas another donor nitrogen of the terminal pyrrolidine ring aligned
over the solvent accessible surface region, and the sp3 hybridised carbon atom made
hydrophobic interactions with the receptor. In the QSAR model, the same feature was
captured. In addition, the thiene-pyrrole ring sulphure atom formed conventional hydrogen
bonds with the ARG316 and GLU 801 residues, as well as a water–hydrogen link with
the HOH1254 residue. The relevance of the thiene-pyrrole sulphure atom, which was
captured in the QSAR model as lipo ringS 8Bc descriptors, is highlighted by this observation.
Furthermore, the lipophilic carbon atoms in the benzene ring of compound 2 connected
to the thiene-pyrrole ring via amide linkage generate distinct hydrophobic interactions
with the receptor. This finding emphasises the significance of positively charged lipophilic
carbon atoms in drug receptor interactions. Thus, QSAR modelling was successful in
identifying the features required to improve binding affinity, and the results were in perfect
agreement with the molecular docking data. In addition, comparison with the most active
compound 1 (PIC50 = 9.42, fdonsp3C2B = 6, lipo ringS 8Bc = 0) indicated the importance of
the lipophilic, as well as the electronic properties required for binding affinity and, ultimately,
LSD1 receptor inhibition.

The docking results revealed that the descriptors, fdonsp3C2B and lipo_ringS_8Bc,
played important roles in the inhibition of the LSD1 receptor, which was consistent with
the QSAR findings.

3.3. Molecular Dynamic Simulations

During the simulation, monitoring the protein’s RMSD can provide insight into its
structural conformation. The RMSD analysis can identify if the fluctuations at the end of the
simulation are centred on some thermal average structure if the simulation has equilibrated.
For tiny, spherical proteins, changes on the order of 1–3 are perfectly acceptable. Larger
changes, on the other hand, imply that the protein is significantly changing form during
simulation. It’s also crucial that your simulation converges, which means the RMSD
values settle around a fixed number. If the average RMSD of the protein is still increasing
or dropping at the end of the simulation, your system has not equilibrated, and your
simulation may not be lengthy enough to do a thorough analysis. Ligand RMSD (right
Y-axis): the ligand RMSD (right Y-axis) shows how stable the ligand is in relation to the
protein and its binding pocket.

When the protein–ligand complex is aligned on the reference protein backbone first,
and then the RMSD of the ligand-heavy atoms is measured, the RMSD of the ligand is
plotted. If the observed values are significantly greater than the RMSD of the protein, the
ligand has most likely diffused away from its initial binding site.

The above-mentioned diagram is the triple run result of Root Mean Square Divisions
(RMSD) MD simulation trajectory analysis. The RMSD plot of the LSD–compound 1

complex (Figure 3) indicates that the complex stabilizes at about 20 ns. After that, for the
length of the simulation, swings in RMSD values for target remain within 0.5, which is
absolutely acceptable. The ligand fit-to-protein RMSD values fluctuate within 0.7 Angstrom
after they have been equilibrated. These findings indicate that the ligands stayed firmly
connected to the receptor’s binding site throughout the simulation period. The RMSD
values for ligand fit to protein do not change much during the simulation duration, showing
that the ligands remain securely attached to the receptor’s binding site, as shown in
Figure 15.
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Figure 15. MD simulation trajectory analysis of Root Mean Square Divisions (RMSD) of compound 1

bound with LSD; 150 ns time frame in triplicate displayed.

Figure 16 shows the average hydrogen bonds established throughout the 150 ns triple
simulation between compound 1 and the various proteins. From 0 to 150 ns, an average of
four hydrogen bonds are observed for LSD, and the same is true for triple MD simulations
of compound 1 and LSD (Figure 16). Throughout the simulation, two hydrogen bonds
were established, as shown by the 2D ligand binding figure. The number of hydrogen
bonds between LSD and compound 1 has increased, making the binding stronger and more
robust over simulation.

 

Figure 16. MD simulation trajectory analysis of Hydrogen-bonding (H-bonding) of compound 1

bound with LSD 150 ns time frame in triplicate displayed.

On the RMSF plot, peaks represent portions of the protein that fluctuate the most
during the simulation. Protein tails (both N- and C-terminal) typically change more than
any other part of the protein. Alpha helices and beta strands, for example, are usually
stiffer than the unstructured component of the protein and fluctuate less than loop sections.
According to MD trajectories, the residues with greater peaks belong to loop areas or N-
and C-terminal zones (Figure 17). Although there is some instability between 400 and
600 residues, the stability of ligand binding to the protein is demonstrated by stable RMSF
values of binding site residues.
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Figure 17. MD simulation trajectory analysis of Root Mean Square Fluctuations (RMSF) of com-
pound 1 bound with LSD with their triplicate runs.

The compactness of proteins is measured by the radius of gyration. The Radius of
Gyration of LSD proteins bound to compound 1 was reduced (Figure 18). Compound 1

bonded to the protein targets posthumously in the binding cavities and plays a substantial
role in the stability of the proteins, according to the overall quality analysis using RMSD
and Rg.

 

Figure 18. MD simulation trajectory analysis of Radius of Gyration (RoG) of compound 1 bound
with LSD with their triplicate runs.

Protein interactions with the ligand can be detected throughout the simulation. These
interactions can be categorized and summarized by type, as shown in the graphs below. The
four types of protein–ligand interactions (or ‘contacts’) are hydrogen bonds, hydrophobic,
ionic, and water bridges. The ‘Simulation Interactions Diagram’ panel in Maestro can be
used to analyse the subtypes of each interaction type. Over the course of the trajectory,
the stacked bar charts are standardised; for example, a value of 0.7 indicates that the
specific interaction is maintained for 70% of the simulation duration. Values exceeding 1.0
are possible because some protein residues may have several interactions with the same
subtype of ligand. The majority of the important ligand–protein interactions found by
MD are hydrogen bonds and hydrophobic interactions, as shown in Figure 19. In terms of
H-bonds, the LSD–compound 14 complex residues VAL 4288, GLY 290, TYR 571, ASP 754,
and SER 760 are the most essential. Over the course of the trajectory, the stacked bar charts
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were standardised; for example, a value of 1.0 signifies that the specific interaction was
maintained for 100% of the simulation duration. Values exceeding 1.0 are possible because
some protein residues may have several interactions with the same subtype of ligand.

 

Figure 19. Protein-ligand contact histogram (H-bonds, Hydrophobic, Ionic, Water bridges) of LSD
and compound 1.

Figure 20 depicts individual ligand atom interactions with protein residues. Interac-
tions that last more than 30.0 percent of the simulation time (0.00 through 150.0 ns) in the
chosen trajectory are shown.

 

Figure 20. Ligand atom interactions with the protein residues LSD-compound 1.
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The presence of protein secondary structural elements (SSE) such as alpha helices and
beta strands is checked throughout the simulation to guarantee that they are not present.
The plot above shows the distribution of SSE by residue index over the entire protein
structure, and it includes all residues. The graphs at the bottom illustrate the evolution of
each residue and its SSE assignment throughout the experiment, in contrast to the charts
below, which show a summary of the SSE composition for each trajectory frame during the
simulation (as shown in Figure 21).

 

Figure 21. Secondary Structure element distribution by residue index throughout the protein structure.
Red indicates alpha helices, and blue indicate beta-strands of; LSD-compound 1.

In comparison to the 0 ns structure, the positional change was obvious in the stepwise
trajectory analysis of every 25 ns of compound 1 simulation with LSD (Figure 22). In
order to achieve conformational stability and convergence, the ligand, compound 1, was
discovered to exhibit structural angular mobility at the end frame.

The ligand torsions graphic depicts the conformational evolution of each rotatable
bond (RB) in the ligand throughout the simulation trajectory (0.00 through 150.00 ns). The
top panel shows a two-dimensional schematic of a ligand with color-coded rotatable bonds.
Each rotatable bond torsion is accompanied with a dial plot and a bar plot of the same
colour. The structure of the torsion during the simulation is depicted by dial (or radial)
charts. The simulation begins in the radial display’s centre, and the time evolution is
plotted radially outwards.

In the bar charts, which summarize the data from the dial plots, the probability density
of the torsion is shown. If torsional potential data is provided, the graphic also displays
the potential of the rotatable bond (by summing the potential of the related torsions). The
potential values are given in kcal/mol and are displayed on the chart’s left Y-axis. The
correlations between the histogram and torsion potential can reflect the conformational
strain that the ligand undergoes in order to maintain a protein-bound shape (See Figure 23).
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Figure 22. Stepwise trajectory analysis for every 25 ns displaying the protein and ligand conformation
during 150 ns of simulation of LSD-compound 1.

 

Figure 23. Ligand torsion profile of LSD-compound 1 displayed during 150 ns of simulation 1.
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Molecular Mechanics Generalized Born and Surface Area (MMGBSA) calculations.
The MMGBSA method is often used to determine the binding energy of ligands to protein
molecules. The binding free energy of each protein–compound 1 complex was calculated,
as well as the influence of the other non-bonded interactions energies (Table 1). The binding
energy of ligand compound 1 with LSD is −59.78 kcal/mol. Gbind is governed by non-
bonded interactions such as GbindCoulomb, GbindCovalent, GbindHbond, GbindLipo,
GbindSolvGB, and GbindvdW. The GbindvdW, GbindLipo, and GbindCoulomb energies
contributed the most to the average binding energy across all types of interactions. These
conformational alterations result in improved binding pocket acquisition and engagement
with residues, resulting in increased binding energy and stability. Thus, the binding energy
obtained from docking results was well justified by MM-GBSA calculations. Furthermore,
the last frame (150 ns) of MMGBSA displayed the positional change of compound 1 as
compared to the 0 ns trajectory, indicating a better binding pose for best fitting in the
protein’s binding cavity (see Figure 24).

Table 1. Binding energy calculation of compound 1 with LSD and non-bonded interaction energies
from MMGBSA trajectories. (star indicates mean of all th energy value).

Energies (kcal/mol) Mean * LSD1 + Comp-1

∆Gbind −42.18 ± 7.60
∆GbindLipo −07.62 ± 4.78
∆GbindvdW −15.63 ± 7.77
∆GbindCoulomb −12.54 ± 4.07
∆GbindHbond −11.68 ± 2.00
∆GbindSolvGB 31.53 ± 9.70
∆GbindCovalent 10.22 ± 4.00

−

Δ −
Δ −
Δ −
Δ −
Δ −
Δ
Δ

 

Figure 24. MMGBSA trajectory (0 ns, before simulation and 150 ns, after simulation) exhibited
conformational changes of compound 1 upon binding with the proteins, LSD, the arrows indicating
the overall positional variation (movement and pose) of compound 1 at the binding site cavity.
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4. Materials and Methods

4.1. Preparation of Data Sets/Modeling Set Preparation from ChEMBL Data

Only compounds having experimental LSD1 inhibitory potency tested against a range
of LSD1 inhibition assays were used in the ChEMBL [9] database. A limited data set
of 84 LSD1 inhibitors with accurate EC50 values (0.38–89500 nM) was created from a
crude dataset of 191 compounds with experimental EC50 values after removing structural
duplicates, multi-component compounds or salts, and compounds with imprecise EC50
values. The EC50 values in nanomolar (nM) units were converted to molar units first (M).
For the sake of data set handling, EC50 (M) values for each molecule were transformed to
pEC50 (pEC50 = −logEC50). SMILES notations for all 84 substances with experimental EC50
and pEC50 values are listed in Table S1 in Supplementary. Figure 25 shows a representative
example of the five least active and five most active LSD1 inhibitors.

−

 

Figure 25. Representative (a) five least active and (b) five most active LSD1 inhibitors from the
selected data set.

4.2. Calculation of Molecular Descriptors and Objective Feature Selection (OFS)

Using Open Babel 3.1, the SMILES notations were translated to 3D structures [15].
The most stable conformation is found in the geometry optimized molecule. As a result,
calculating molecular descriptors on a dataset of optimized molecules assures that all
physico-chemical attributes for all molecules in the dataset are uniform. Prior to calculating
molecular descriptors, all of the compounds in the current dataset were optimized using
TINKER (force field MMFF94). An appropriate calculation of many molecular descriptors
is required in QSAR analysis to improve mechanistic understanding. A huge collection of
more than 30,000 unique 1D- to 3D-molecular descriptors may be found in PyDescriptor, a
PyMOL plugin [16]. Data trimming was performed to prevent the risk of overfitting due
to noisy duplicated descriptors. Then, using QSARINS-2.2.4 [17], objective feature selec-
tion (OFS) was used to exclude near-constant, constant, and significantly inter-correlated
(|R| > 0.90) molecular descriptors. Despite the fact that only 1733 molecular descriptors
were accepted into the contracted molecular descriptor pool, it nevertheless has a wide
range of descriptors that cover a wide chemical spectrum.
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4.3. Splitting of the Data Set Molecules into Training and External Sets and Subjective
Feature Selection

To avoid information leaking, it is critical to divide the entire data set into training
and prediction sets with correct configuration and sizes prior to rigorous subjective feature
selection [18]. To avoid bias, the entire data set was arbitrarily divided into two sets:
training (an 80%, or 67 molecules) and prediction (20%, or 17 molecules). The sole objective
of a training set is to select an acceptable number of molecular descriptors for developing
QSAR models, whereas the prediction set is used to validate these models externally
(Predictive QSAR). The genetic algorithm-reinforced multilinear regression (GA-MLR)
method, as implemented in QSARINS-2.2.4, was used to pick acceptable descriptors using
Q2

LOO as a fitness parameter for subjective feature selection.
To construct a good QSAR model, it is critical to avoid overfitting and to choose an

appropriate number of molecular descriptors in order to provide satisfactory interpretability.
As a result, a graph of the number of molecular descriptors (X-axis) involved in the models
against R2tr and Q2

LOO values (Y-axis) has been plotted in the current communication to
achieve breaking point, with the number of molecular descriptors corresponding to the
breaking point being an optimum number of descriptors in QSAR model building. Because
the graph in Figure 3 shows a breaking point at five variables, QSAR models with more
than five descriptors were eliminated (See Figure 26).

 

Figure 26. Depiction of Plot for the number of descriptors against the Coefficient of Determination R2

and Leave-One-Out Coefficient of Determination Q2 to identify the optimum number of descriptors.

4.4. Model Development and Validation

The robustness of the created models was determined using a variety of validation
criteria reported in the literature. Internal predictability and statistical quality of the
developed model were tested using parameters such as the coefficient of determination (r2),
leave-one-out cross-validation (Q2

LOO), and leave-many-out cross-validation to achieve
this (Q2

LMO). In addition, for each developed model, the standard error of estimate(s) was
defined. For the given QSAR models for the stated dataset, RMSE (Root Mean Squared of
Errors) for the training (RMSETR) and external prediction sets (RMSEext) that denote the
complete error of the model that was predicted as an extra portion of the accuracy [5,18]
were used.

The QUIK rule (Q Under the Influence of K) was used to examine the inter-correlation
between descriptors. To reduce inter-correlation among descriptors, the QUICK rule was
set to 0.05. The fit of the randomly reordered Y-data was checked using Y-randomization
with 2000 iterations to ensure the trustworthiness of the created QSAR model. The de-
pendent variables (pEC50 value) of the training set were shuffled, and new coefficients of
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determination were produced for the randomization of the constructed QSAR model. The
new models’ coefficients of determination are significantly low, indicating that the reported
model in this QSAR research was not acquired by chance correlation [19].

All models were externally validated using the following validation criteria: r2ext
(external determination coefficient), Q2

F1, Q2
F2, Q2

F3, Concordance Correlation Coefficient
(CCC), CCCex, r2m, and r2m. The R2m (overall) parameter penalizes a model when there
are big disparities between observed and predicted values of all the compounds in the
collection (considering both training and test sets). The difference between the values of the
expected and the resultant experimental activity data was assessed using the r2m (pEC50
value). It has been suggested that the observed value for the r2m should be lower than 0.2
if the r2m value is more than 0.5. To validate model reliability and robustness, all QSAR
models were examined for validation parameters such as Golbraikh and Tropsha’s criterion.

In general, the created QSAR model’s predictive ability is determined by how well
the anticipated value matches the observed (experimental biological activity) value. Even
the presence of a single outlier reduces the generated QSAR model’s prediction ability. Fol-
lowing that, we attempted to identify the outliers based on compound with a considerably
high residual value in GA-MLR QSAR models. Furthermore, by comparing the predicted
value to the standardized residual values, we were able to identify the outlier compounds.
Similarly, the leverage effect in Williams’ plot revealed structural variation in database
compounds. The created QSAR model’s applicability domain is determined by combining
the leverage and standard residuals [20–23].

4.5. Molecular Docking Analysis

The protein data bank (https://www.rcsb.org/structure/2DW4, accessed on 24 May 2022)
was used to obtain the pdb file for the LSD1 receptor. The pdb 2dw4 [24] was chosen because of
its X-ray resolution and sequence completion. The health of the protein was evaluated before
actual docking simulations by plotting Ramchandran’s plot [25] (See Figure 27). For docking
analysis, the optimized protein is acceptable. Although all of the compounds were docked into
the active site, the docking pose for the most active compound 1 as a representative has been
shown below for convenience.

 

Figure 27. Ramchandran plot for LSD1 receptor.

The software NRGSuite [26] was utilized for molecular docking analysis. This open-
source software is accessible as a PyMOL plugin (www.pymol.org, accessed on 7 July 2022).
With the help of FlexAID [27], it can detect the surface cavities in a protein and use them as

https://www.rcsb.org/structure/2DW4
www.pymol.org


Molecules 2022, 27, 4758 26 of 29

target-binding sites for docking simulations. It models ligand and side-chain flexibility, as
well as covalent docking, and employs a genetic algorithm for conformational search. To
gain the best performance using NRGsuite, we used a flexible-rigid docking technique with
the following default settings: Side chain flexibility—no; ligand flexibility—yes; ligand pose
as reference—no; constraints- no; HET groups- included water molecules; van der Walls
permeability—0.1; solvent types—no type; number of chromosomes—1000; number of
generations—1000; fitness model—share; reproduction model—population boom; number
of TOP complexes—5. The native ligand, a known tranylcypromine inhibitor of LSD1 [24],
was used to validate the docking technique for molecular docking.

4.6. Molecular Dynamic Simulation

Desmond, a package from Schrödinger LLC [28], was used to simulate molecular
dynamics for 150 nanoseconds. Docking experiments provided the earliest step of protein
and ligand complexes for molecular dynamics simulation. In static settings, Molecular
Docking Studies can predict the ligand binding state. Because docking provides a static view
of a molecule’s binding pose in a protein’s active site [29], MD simulations tend to compute
atom movements over time by integrating Newton’s classical equation of motion. The
ligand binding status in the physiological milieu was predicted using simulations [30,31].

Protein Preparation Wizard or Maestro was used to preprocess the protein–ligand
complex, which included complex optimization and minimization. The System Builder
tool was used to prepare all of the systems. TIP3P was chosen as a solvent model with
an orthorhombic box (Transferable Intermolecular Interaction Potential 3 Points). In the
simulation, the OPLS 2005 force field was used [32]. Counter ions were added to the models
to make them neutral. A total of 0.15 M salt (NaCl) was added to replicate physiological
circumstances. For the entire simulation, the NPT ensemble with 300 K temperature
and 1 atm pressure was chosen. Before the simulation, the models were loosened. After
every 100 ps, the trajectories were saved for analysis, and the simulation’s stability was
determined by measuring the root mean square deviation (RMSD) of the protein and ligand
over time.

4.7. Molecular Mechanics Generalized Born and Surface Area (MMGBSA) Calculations

During MD simulations of LSD complexed with complex 1, the binding free energy
(Gbind) of docked complexes was calculated using the premier molecular mechanics
generalized born surface area (MM-GBSA) module (Schrodinger suite, LLC, New York,
NY, USA, 2017-4). The binding free energy was calculated using the OPLS 2005 force
field, VSGB solvent model, and rotamer search methods [16–18]. After the MD run, 10 ns
intervals were used to choose the MD trajectories frames. The total free energy binding
was calculated using Equation (1):

∆Gbind = Gcomplex − (Gprotein + Gligand) (1)

where, ∆Gbind = binding free energy, Gcomplex = free energy of the complex,
Gprotein = free energy of the target protein, and Gligand = free energy of the ligand. The
MMGBSA outcome trajectories were analyzed further for post-dynamics structural modifications.

5. Conclusions

Pharmacophoric traits responsible for improved LSD1 inhibition unraveled by present
QSAR evaluation are interconnected and thus easy to incorporate to optimize present LSD1
inhibitors towards more potent analogues; for example, a higher number of Nitrogen atoms
precisely at six bonds and a lower number of Hydrogen atoms at three bonds from the ring
Carbon atom can be introduced at the same time to optimize the LSD1 inhibitors towards
better activity, and a higher number of non-ring Oxygen atoms precisely at nine bonds
from the amide Nitrogen and a less frequent occurrence of sp2 Oxygen within 4Å boosts
the LSD1 inhibitory activity. Likewise, the hydrogen bond donor atom at two bonds and
amide Nitrogen at four bonds from sp3 hybridized Carbon atoms enhances the desired
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activity. Two of the five descriptors in the split-set model emphasize the relevance of the
ring carbon atom, whereas one descriptor represents the importance of the ring Sulphur
atom, indicating that there is room for modification of dataset compounds for greater LSD1
inhibition. On the other hand, two out of five descriptors emphasize the relevance of amide
nitrogen, suggesting that the current dataset compounds might be optimized for improved
LSD1 inhibition. Lipophilic atoms, such as ring carbon atoms, were identified as a possible
center for the optimization of LSD1 inhibitors for anticancer efficacy by certain chemical
descriptors. As a result, the created QSAR model may be used to improve compounds
for better LSD1 inhibition and cancer prevention. The docking results revealed that the
descriptors, fdonsp3C2B and lipo_ringS_8Bc, played important roles in the inhibition of
the LSD1 receptor, which was consistent with the QSAR findings. The MD simulation
results display that the ligands were tightly bound to the binding site of the receptor
during the simulation. The ligands are still firmly connected to the receptor’s binding
site, as evidenced by the fact that the RMSD values for the ligand fit-to-protein does not
significantly vary over the course of the simulation. Compound 1’s position was altered in
the last 150-ns frame of the MMGBSA simulation, compared to the 0-ns trajectory, indicating
a more advantageous binding pose for the binding cavity of the protein. Therefore, the MD
simulation and MMGBSA analysis strengthens the outcome of the QSAR and Molecular
docking studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27154758/s1. Table S1: The SMILES notation for
84 leads, along with their reported EC50 and pEC50 values. Table S2: The values for selected
molecular descriptors present in QSAR models.
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Alzheimer’s disease (AD) is a severe neurodegenerative disorder of the brain

that manifests as dementia, disorientation, difficulty in speech, and progressive

cognitive and behavioral impairment. The emerging therapeutic approach to

AD management is the inhibition of β-site APP cleaving enzyme-1 (BACE1),

known to be one of the two aspartyl proteases that cleave β-amyloid

precursor protein (APP). Studies confirmed the association of high BACE1

activity with the proficiency in the formation of β-amyloid-containing neurotic

plaques, the characteristics of AD. Only a few FDA-approved BACE1 inhibitors
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GRAPHICAL ABSTRACT

Food molecules as a potential BACE1 inhibitor against Alzheimer’s disease.

are available in themarket, but their adverse off-target effects limit their usage.

In this paper, we have used both ligand-based and target-based approaches

for drug design. The QSAR study entails creating a multivariate GA-MLR

(Genetic Algorithm-Multilinear Regression) model using 552 molecules with

acceptable statistical performance (R2 = 0.82, Q2
loo = 0.81). According to

the QSAR study, the activity has a strong link with various atoms such as

aromatic carbons and ring Sulfur, acceptor atoms, sp2-hybridized oxygen,

etc. Following that, a database of 26,467 food compounds was primarily

used for QSAR-based virtual screening accompanied by the application of the

Lipinski rule of five; the elimination of duplicates, salts, and metal derivatives

resulted in a truncated dataset of 8,453 molecules. The molecular descriptor

was calculated and a well-validated 6-parametric version of the QSAR model

was used to predict the bioactivity of the 8,453 food compounds. Following

this, the food compounds whose predicted activity (pKi) was observed above

7.0 M were further docked into the BACE1 receptor which gave rise to

the Identification of 4-(3,4-Dihydroxyphenyl)-2-hydroxy-1H-phenalen-1-one

(PubChem I.D: 4468; Food I.D: FDB017657) as a hit molecule (Binding

Affinity = −8.9 kcal/mol, pKi = 7.97 nM, Ki = 10.715 M). Furthermore, molecular

dynamics simulation for 150 ns and molecular mechanics generalized born

and surface area (MMGBSA) study aided in identifying structural motifs

involved in interactions with the BACE1 enzyme. Molecular docking and

QSAR yielded complementary and congruent results. The validated analyses
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can be used to improve a drug/lead candidate’s inhibitory efficacy against

the BACE1. Thus, our approach is expected to widen the field of study of

repurposing nutraceuticals into neuroprotective as well as anti-cancer and

anti-viral therapeutic interventions.

KEYWORDS

beta-site APP cleaving enzyme 1, BACE1, Alzheimer’s disease, glioblastoma, QSAR,

molecular docking, MD simulations, golden lotus banana

Introduction

Alzheimer’s disease (AD) is a devastating mental illness,
which leads to an irreversible, progressive brain disorder
that slowly destroys memory skills and learning abilities (De
Strooper and Karran, 2016). Though the disease progression
and risk factors of AD are not completely understood, a large
number of evidence suggest the formation of amyloid-beta (Aβ)
is central to the pathophysiology of AD (Vassar et al., 1999).
AD progression stages vary from mild to severe in middle-
aged people to older persons detected with cognitive tests (Hall
et al., 2019). During the preclinical stage of AD, patients seem to
be symptom-free, but neurodegenerative changes occur in the
brain. Abnormal accumulation of Aβ-containing plaques and
hyperphosphorylated tau throughout the brain causes healthy
neurons to exhibit loss of synaptic connections, ion-channel
dysfunctions, and severe deterioration in neuronal health. This
ultimately leads to neuronal cell death and cognitive decline in
elderly persons (Musi et al., 2018; Sebastián-Serrano et al., 2018).
This progressive accumulation of Aβ is caused by imbalances in
the levels of Aβ production, aggregation, and clearance (Murphy
and LeVine, 2010; Jabir et al., 2021). Moreover, alterations
in synaptic plasticity and integral neuronal circuitries severely
hamper neurogenesis.

The Special Report examines MCI, including Alzheimer’s,
from the perspectives of consumers and primary care providers.
AD affects 6.5 million Americans who are 65 years old or
older. By 2060, this figure may increase to 13.8 million unless
medical advances prevent, slow down, or cure AD. A total of
121,499 AD deaths were reported on official death certificates
in 2019. According to one COVID-19 report, AD is the sixth
most common cause of death in the United States in 2019
and will move up to the seventh most common cause in
2020 and 2021. Among Americans 65 and older, AD is the
seventh most common cause of death. Between 2000 and 2019,
mortality from HIV, heart disease, and stroke all dropped,
whereas AD deaths rose by 145 percent. In 2021, 16 billion
hours of care were supplied by over 11 million family members
and other unpaid caregivers. These statistics demonstrate a
decrease in carers and an increase in the amount of care that
each caregiver who is still working gives. $271,6 billion was

spent on unpaid dementia care in 2021. Family caregivers now
have a higher risk of emotional discomfort as well as poorer
mental and physical health due to COVID-19. Caregivers of
dementia are also impacted by COVID-19. To safeguard their
own health and the health of their families, several caregivers
have resigned. However, there is a need for more dementia
carers. Medicaid payments are more than 22 times greater than
Medicare payments, and payments to beneficiaries 65 and older
with AD or other dementias are approximately three times
more than payments to beneficiaries without these illnesses.
Hospice, long-term care, and healthcare for dementia patients
will cost $321 billion in 2022. A poll by the Alzheimer’s
Association indicates MCI obstacles. The study revealed low
MCI knowledge, a lack of desire to seek medical attention for
symptoms, and challenges with MCI diagnosis. According to
survey findings, clinical trial participation should be increased
together with MCI awareness and diagnosis, particularly in
impoverished communities (Alzheimer’s Association, 2012).

Aβ is a neurotoxic aggregate produced by the consecutive
proteolysis of β-amyloid precursor protein (APP) by two
aspartyl proteases, beta-site APP cleaving enzyme, Beta-
Secretase (BACE1), and finally by γ secretase (Sinha et al., 1999;
Vassar et al., 1999; Yan et al., 1999; Cui et al., 2011; Zhang et al.,
2011). BACE1 is a novel target, a type 1 transmembrane aspartic
protease, related to the pepsin and retroviral aspartic protease
families (Moussa-Pacha et al., 2020), having 501 amino acids and
is predominantly expressed in the human brain (Zacchetti et al.,
2007; Hassan et al., 2018).

As there is a strong association between Aβ accumulation
and AD, the primary therapeutic strategy for the treatment
of AD targets lowering the concentration of Aβ. One such
strategy that has come up in recent findings involves inhibiting
the enzymes that generate Aβ in the first place. BACE1
antisense oligonucleotide treatment to APP overexpressing
cells is reportedly responsible for a decreased production of
β-secretase cleaved APP fragments. Recent studies suggest that
the levels of BACE1 protein and their activity were raised
to approximately double in patients with AD where BACE1
might initiate or enhance AD pathogenesis. Several studies
proved that BACE1 is a vital drug target and active site of the
enzyme (Sinha et al., 1999; Vassar et al., 1999; Dingwall, 2001;
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Fukumoto et al., 2002; Yang et al., 2003; Li and Südhof, 2004).
It is covered by a flexible antiparallel β-hairpin, called a flap
(Hussain et al., 2000). It is elucidated that the flap can control
substrate access to the receptor site and set the substrate into
the perfect orientation for the catalytic process (Lin et al., 2000).
Hence, the inhibition of proteases such as BACE1may represent
modifying treatment for AD by controlling the production of
Aβ (Tresadern et al., 2011; Arif et al., 2020). Therefore, BACE1
inhibitors may be used to treat AD.

Natural compounds have been investigated for many years
for their ability to target a range of trans-acetyl peptidases in
the search for new medications with fewer side effects due
to their high biocompatibility. Apart from their benefits, the
majority of natural compounds have a variety of disadvantages,
including a high molecular weight, low stability, and in
many cases, insufficient solubility. These difficulties can be
resolved by using computer-assisted research to generate more
effective and selective inhibitors. They are less harmful and
more readily absorbed into the body than manufactured
drugs. Computational techniques enable the modeling and
screening of such compounds in a cost-effective and informative
manner from a vast library of choices. The binding sites
for various bioactive substances in BACE1 protein were
predicted, and their interactions were explored utilizing the
Food database and molecular docking. Musella lasiocarpa’s
bioactive component, 4-(3,4-Dihydroxyphenyl)-2-hydroxy-1H-
phenalen-1-one, is found to be the potential inhibitor of BACE1.
M. lasiocarpa, also known as Chinese Dwarf Banana, is the
only species in the genus Musella, which belongs to the family
of Musaceae. Some novel compounds have also been isolated
from this plant, which showed remarkable in vitro anticancer
activities and some degree of antimicrobial activity (Bo et al.,
2000; Dong et al., 2011).

These results demonstrate the potential of theM. lasiocarpa

as a source of novel drugs, nutraceuticals, and functional foods.
The result from this study will inspire the perspective of natural
compounds and computer-aided drug discovery and, in the
long run, significantly reduce the time required to research and
build new lead compounds with specified biological activity and
structural variety.

Methodology

QSAR modeling

Organization for economic corporation and development
guidelines and a standard protocol recommended by different
researchers, which involved sequential execution of (1) data
collection and its curation, (2) structure generation and
calculation of molecular descriptors, (3) objective feature
selection (OFS), (4) splitting the dataset into training and
external validation sets, and (5) subjective feature selection

involving building a regression model and validation of
the developed model, has been followed to build a widely
applicable QSAR model for the BACE1 inhibitory activity.
This also ensures thorough validation and successful
application of the model.

Selection of data set

The data set of BACE1 inhibitory activity used for building,
training, and validating the QSAR model in the present work
was downloaded from the Chembl database (accessed on 22nd
December 2021)1, which is a free and publicly accessible
database. Initially, the data set comprised of 552 molecules
(Davies et al., 2015). Then, as a part of data curation, entries with
ambiguous Ki values, duplicates, salts, metal-based inhibitors,
etc., were omitted. The final data set comprises structurally
diverse 371 molecules with remarkable variation in structural
scaffolds, which were tested experimentally for potency in
terms of Ki (nM). A collection of 371 molecules with various
structural configurations with mentioned enzyme inhibitory
concentration (Ki) was decided on for the existing work
(O’Boyle et al., 2011; Tosco et al., 2011; Fujita and Winkler,
2016). The Ki values ranging from 0.47 to 1,400 nM have
been transformed to pKi (pKi = – logKi) earlier than real
QSAR evaluation for ease of dealing with the data. Five least
and five most active molecules are depicted in Figure 1 to
illustrate the version in bio-activity with chemical features. The
SMILES strings with mentioned Ki and pKi values for all of the
molecules are depicted inside Supplementary Table 1 with the
Supplementary material.

Molecular structure drawing and optimization

Drawing the 2D structures of all 371 and converting them to
their corresponding 3D structures was done using ChemSketch
12 Freeware and Open Babel 2.4, (O’Boyle et al., 2011) both
free and open-source software, respectively.2 After that, the
MMFF94 force field available in TINKER (default setting)
and Open3DAlign is used for optimization and molecular
alignment, respectively.

Molecular descriptor calculation and objective
feature selection

PyDescriptor has over 30,000 molecular descriptors for each
molecule (Masand and Rastija, 2017). Molecular descriptors
with near constant values (>95%) and resonance (|R|) > 0.95
were eliminated using OFS in QSARINS v2.2.4 (Gramatica
et al., 2013, 2014). This work removed duplicate molecular
descriptors and prevented collisions of multicollinearity and
hypothetical variables in the Genetic Algorithm multiple linear
regression (GA-MLR) model. Only 3,281 molecular descriptors

1 https://www.ebi.ac.uk/chembl/g/#search_results/all/query bace 1

2 www.acdlabs.com
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FIGURE 1

Schematic representation of the inhibition of Aβ plaque formation by FDB017657.

were found in the reduced pool of molecular descriptors
generated after OFS processing.

Subjective feature selection, QSAR model
development, and validation

A reduced set of molecular descriptors consisting of 1D to
3D descriptors, molecular properties and charge descriptors,
etc., covers a fairly complete descriptor space. A statistically
robust genetic algorithm (GA) based on multiple linear
regression (MLR) was deployed to run the QSAR model using
the subjective feature selection (SFS) task in QSARINS v2.2.4.
Models derived according to the organization for economic
corporation and development (OECD) principles have been
subjected to rigorous internal and external statistical validation,
scrambling, and range analysis. The QSAR deployment process
goes through the following steps:

To generate a QSARmodel from the split data set, a random
split operation is performed in QSARINS v2.2.4 to split the
given data set into 80% training set (297 molecules) and 20%
predictions (74 molecules set). A total of 297 molecules in the
training set were used to develop the QSAR model, and external
validation was performed on 74 molecules in the prediction set
(Gramatica et al., 2013).

The GA-MLR-based QSAR model was built with the
default setting QSARINS v2.2.4. Subjective feature selection was
performed by setting Q2

LOO as a fitness feature. The Q2
LOO

score increased significantly to six variables but then increased
slightly. Therefore, to avoid overfitting the model, SFS was
limited to a set of seven descriptors. This helped to get a simple
and informative QSAR model (see Supplementary Table 2 in
Supplementary information) for additional information on the
six selected molecular descriptors present in the QSAR).

A good QSAR model which has been properly validated
using various methods such as cross-validation, external

validation, Y-randomization, and applicability domain
(Williams plot) is useful for future utilization in virtual
screening, molecular optimization, and decision making, etc.
The following statistical parameters and their recommended
threshold values are routinely used to validate a model
(Bellacasa et al., 2013; Roskoski, 2013; Fujita and Winkler,
2016; Gramatica, 2020): R2

tr ≥ 0.6, Q2
loo ≥ 0.5, Q2

LMO ≥ 0.6,
R2 > Q2, R2

ex ≥ 0.6, RMSEtr < RMSEcv, 1K ≥ 0.05,
CCC ≥ 0.80, Q2-Fn ≥ 0.60, r2m ≥ 0.5, (1-r2/ro2) < 0.1,
0.9≤ k≤ 1.1 or (1-r2/ro2)< 0.1, 0.9≤ k’≤ 1.1,(ro2- r’o2|)< 0.3,
RMSEex, MAEex, R2

ex, Q2F1, Q2
F2, Q2

F3, and low R2
Yscr,

RMSE and MAE. The formulae for calculating these statistical
parameters are available in Supplementary Table 3 in the
Supplementary material. In addition, the Williams plot was
plotted to evaluate the applicability domain of the QSARmodel.

QSAR-based virtual screening

A database of 26,467 food compounds was downloaded
from FooDB (accessed December 28, 2021)3, primarily for
QSAR-based virtual screening (VS) accompanied through the
utility of Lipinski rule of five; the elimination of duplicates, salts,
and metal derivatives resulted in a truncated dataset of 8,453
molecules. Therefore, the 8,453-food molecule was mainly used
for VS-based QSAR. Prior to the calculation of the molecular
descriptor, the 3D molecular system was organized within the
same Method as a modeling set. Next, the molecular descriptor
was calculated and a well-validated 6-parametric version of the
QSAR model was used to predict the bioactivity of the new
compound (Gramatica, 2013; Neves et al., 2018; Zaki et al., 2021;
Jawarkar et al., 2022; Mukerjee et al., 2022). (The calculated

3 http://foodb.ca/
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molecular descriptors alongwith the predicted pKi andKi values
with smiles strings are given in Supplementary Table 4 in the
Supplementary material).

Virtual screening of natural
compounds using molecular docking

The structure-based virtual screening of the compounds was
performed using AutoDock vina Version 1.1.2 (Trott andOlson,
2010). Binding sites of BACE1 for screening were predicted
using DoGSiteScorer (Volkamer et al., 2012) and information
about the binding site of the native ligand. The size of the grid
box was set to be 96 × 52 × 56 Å for BACE1, centered around
the identified binding site. The compounds with the best binding
affinity (kcal/mol) corroborating ligand-based screening in the
QSAR analysis were selected for the studies.

Preparation of protein and ligand
molecule

The target of interest BACE1 (PDB I.D: 2ZHV)
crystallographic structure was discovered in the Protein
Data Bank’s structural database, and a molecular editor with
an open-source license was used to import the structure
(Discovery studio visualizer 4.0)4 (Figure 2). To get the
structure optimized, the UCSF Chimera utilized the steepest
descent to find 1,000 steps, followed by the conjugate gradient
of energy minimization approach to optimize the structure
of 4-(3,4-dihydroxyphenyl)-2-hydroxy-1H-phenalen-1-one
(PubChem I.D: 4468; Food I.D: FDB017657) was acquired from
Food Database after screening and QSAR. This dataset was
imported into the DS visualizer and saved as PDB files.

The FOODdatabase was used to obtain the library of ligands
by screening the metabolites of M. lasiocarpa (Bonvino et al.,
2018). The smiles notation and the three-dimensional structures
of the selected ligands were downloaded in SDF format from
the PubChem database (Kim et al., 2019), and further ligand
structure files were converted to PDB format using Open Babel
software (O’Boyle et al., 2011). The energy minimization of the
ligands was performed in UCSF Chimera software (Pettersen
et al., 2004) using the Amber ff 14 sb force field. The receptor
used in the study is receptor tyrosine kinase; RCSB Protein
Data Bank (PDB) (Berman et al., 2000) was used to download
receptors BACE1 with PDB I.D: 2ZHV, Resolution: 1.85 Å.
The protein structure was prepared by removing ligand, water
molecules, and metal ions. Polar hydrogens were added, and
non-polar hydrogens were merged. Finally, Kollman charges
were added to the proteinmolecule before converting to PDBQT
format by AutoDock Tools (v.1.5.6) of the MGL software
package (Forli et al., 2016).

4 https://www.rcsb.org/structure/2ZHV

Molecular docking for validation of
docking score

The best hits from the QSAR modeling and virtual
screening were re-docked against BACE1 (PDB I.D: 2ZHV).
Protein and ligand preparations were done using AutoDock
Tools (v.1.5.6) (Forli et al., 2016). Gasteiger charges were
added to the ligand molecules prior converting to the
PDBQT format. Online server DoGSiteScorer and the
information about the binding site residues of native
ligand were used to construct the grid box. The grid box
of dimensions 96 × 52 × 56 Å for BACE1 with 0.375 Å grid
spacing was constructed using auto grid 4.2. Semi-flexible
docking was done keeping the receptor molecule rigid and
ligands flexible. Molecular docking was done via AutoDock
4.2 (Morris et al., 2009) using the Lamarckian Genetic
Algorithm (LGA) scoring function with the number of GA
runs = 100, population size = 550, and a maximum number of
evaluations = 24,000,000.

Molecular dynamics simulation
(MD-simulation) and free energy
landscape (FEL) analysis

TheMD simulations studies were carried out in triplicate on
dock complexes for BACE1 (PDB I.D: 2ZHV) with FDB017657
using the Desmond 2020.1 from Schrödinger, LLC. The
triplicate samplings were made using the same parameters
for each MD run to obtain the reproducibility of the results.
The OPLS-2005 force field (Bowers et al., 2006; Chow et al.,
2008; Shivakumar et al., 2010) and explicit solvent model with
the stocktickerSPC water molecules were used in this system
(Jorgensen et al., 1983). Na+ ions were added to neutralize
the charge of 0.15 M, and NaCl solutions were added to the
system to simulate the physiological environment. Initially, the
system was equilibrated using an NVT ensemble for 150 ns to
retrain over the protein- FDB017657 complex. Following the
previous step, a short run of equilibration and minimization
was carried out using an NPT ensemble for 12 ns. The NPT
ensemble was set up using the Nose-Hoover chain coupling
scheme (Martyna et al., 1994) with the temperature at 27◦C,
the relaxation time of 1.0 ps, and pressure of 1 bar maintained
in all the simulations. A time step of 2fs was used. The
Martyna–Tuckerman–Klein chain coupling scheme (Martyna
et al., 1992) barostat method was used for pressure control
with a relaxation time of 2 ps. The particle mesh Ewald
method (Toukmaji and Board, 1996) was used to calculate
long-range electrostatic interactions, and the Radius for the
Coulomb interactions was fixed at 9Å. RESPA integrator was
used for a time step of 2 fs for each trajectory to calculate
the bonded forces. The root means square deviation (RMSD),
radius of gyration (Rg), root mean square fluctuation (RMSF),
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and the number of hydrogen (H-bonds) were calculated to
monitor the stability of the MD simulations. The free energy
landscape of protein folding on the FDB017657 bound complex
was measured using geo_measures v 0.8 (Kagami et al., 2020).
Geo_measures include a powerful library of g_sham and form
the MD trajectory against RMSD and Radius of gyration
(Rg) energy profile of folding recorded in a 3D plot using
matplotlib python package.

Molecular mechanics generalized born
and surface area (MMGBSA)
calculations

During MD simulations of BACE1 complexed with
FDB017657, the binding free energy (Gbind) of docked
complexes was calculated using the premier molecular
mechanics generalized Born surface area (MM-GBSA) module
(Schrodinger suite, LLC, New York, NY, United States, 2017-4).
The binding free energy was calculated using the OPLS 2005
force field, VSGB solvent model, and rotamer search methods
(Piao et al., 2019). After the MD run, 10 ns intervals were used
to choose the MD trajectories frames. The total free energy
binding was calculated using equation 1:

1Gbind = Gcomplex − (Gprotein + Gligand) (1)

Where, 1Gbind = binding free energy, Gcomplex = free
energy of the complex, Gprotein = free energy of the target
protein, and Gligand = free energy of the ligand. The MMGBSA
outcome trajectories were analyzed further for post-dynamics
structure modifications.

Dynamic cross-correlation and
principal component (PCA) analysis

During a 150 ns MD simulation, a dynamic cross-
correlation matrix (DCCM) was constructed across all C-atoms
for all complexes to examine domain correlations. During a
150 ns simulation of the BACE1 (PDB I.D- 2ZHV) complexed
with FDB017657, PCA analysis was used to recover the
global movements of the trajectories. To calculate the PCA, a
covariance matrix was created as stated. For conformational
analysis of the FDB017657 in bound complex, 20 alternative
conformational modes of the main component as movements
of trajectories were calculated, and a comparison of the first
highest mode (PC2) with PC10 was investigated. Geo measures
v 0.8 was used to calculate the free energy landscape of protein
folding on an FDB017657-bound complex (Kagami et al.,
2020). The MD trajectory versus PC2 and PC10 energy folding
profiles were recorded in a 3D plot using the matplotlib python
package using Geo measures, which includes a comprehensive
library of g_sham.

Results

The present QSAR analysis is performed using a moderate-
size data set comprising structurally diverse compounds with
experimentally measured Ki in the range from 0.47 to 1,400 nM.
Thus, it covers a sufficiently broad chemical and data range.
This helped to derive a properly validated (Martin and
Muchmore, 2012; Gramatica et al., 2013; Masand et al., 2015;
Fujita and Winkler, 2016) genetic algorithm unified with
multilinear regression (GA-MLR) model to collect or extend
thorough information about the pharmacophoric features that
control the desired bio-activity (Descriptive QSAR) and having
adequate external predictive capability (Predictive QSAR). The
six variable-based GA-MLR QSAR model along with selected
internal and external validation parameters (see Supplementary

material for additional parameters) is as follows:
QSARModel (Divided Set: Training Set-80% and Prediction

Set-20%):
pKi = 4.415 (± 0.236) + 0.046 (± 0.017) ∗

com_lipohyd_5A + 0.12 (± 0.027) ∗ faccC3B + 0.353
(± 0.105) ∗ aroC_sumpc+ 0.273 (± 0.034) ∗ N_acc_5B+ 0.109
(± 0.02) ∗ aroC_ringS_6B + 0.269 (± 0.04) ∗ fsp3OringC8B +

Statistical parameters related to fitting, double cross-
validation, and Y-scrambling for the de novo QSAR model with
thresholds for some parameters (bottom of table) are shown in
Table 1.

Thresholds for some important statistical parameters:
R2 ≥ 0.6, Q2

LOO ≥ 0.5, Q2
LMO ≥ 0.6, R2 > Q2, R2

ex ≥ 0.6,
RMSEtr < RMSEcv, 1K ≥ 0.05, CCC ≥ 0.80, Q2

Fn ≥ 0.60,
r2m ≥ 0.6, 0.9 ≤ k ≤ 1.1 and 0.9 ≤ k′ ≤ 1.1 at RMSE≈2,
MAE 4 ≈04 R2

adj of fitting parameter R2, etc.) The threshold is
significantly exceeded, confirming the adequacy of the number
of molecular descriptors in the model and the statistical
acceptability of the QSAR model. The values of Q2

LOO, Q2
LMO,

etc., (internal validation parameters) confirm the statistical
robustness of the QSAR model. The high values of the external
test parameters R2

ex, Q2
F1, Q2

F2, Q2
F3, etc., emphasize the

external predictability of the QSAR model. The coverage area of
the model (Applicability Domain) is determined fromWilliams
plots for the QSAR model (see Figure 3). Almost all statistical
parameters reached values well above the accepted threshold,
and the minimal correlation between the selected molecular
descriptors precluded the possibility of random development of
the QSAR model. This data confirms the statistical reliability
and high external predictability of the developed QSAR models.

A nicely proven correlation among salient capabilities of
the molecules represented through molecular descriptors, and
their bioactivity expands statistics approximately mechanistic
elements of molecules, specificity, and quantity (presence or
even absence) of various structural developments for preferred
bioactivity. Although, withinside the QSAR analysis, we’ve as
compared the Ki values of various molecules in correlation
and as an impact of a specific molecular descriptor, a similar
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TABLE 1 Statistical parameters for the developed QSAR model.

Statistical parameters Model

Fitting

R2 0.8120

R2
adj 0.8168

R2-R2
adj 0.0037

LOF 0.1807

Kxx 0.2382

Delta K 0.0928

RMSEtr 0.4079

MAEtr 0.3276

RSStr 49.5888

CCCtr 0.9014

s 0.4128

F 221.7565

Internal validation

Q2
LOO 0.8120

R2-Q2
LOO 0.0085

RMSEcv 0.4175

MAEcv 0.3352

PRESScv 51.9415

CCCcv 0.8968

Q2
LMO 0.8123

R2
Yscr 0.0197

RMSE AV Yscr 0.9534

Q2 Yscr −0.0283

External validation

RMSEext 0.4604

MAEext 0.3803

PRESSext 15.4724

R2
ext 0.7829

Q2-F1 0.7832

Q2-F2 0.7819

Q2-F3 0.7714

CCCext 0.8742

r2m aver. 0.6607

r2m delta 0.1977

k′ 0.9967

K 0.9999

Clos′ 0.0496

Clos 0.0000

or contrary impact of different molecular descriptors or
unknown descriptors has a dominant impact in figuring out
the general Ki value of a molecule cannot be neglected. In
different words, a single molecular descriptor is incapable of
absolutely explaining the experimental Ki value for this sort of
numerous set of molecules. That is, the successful usage of the
advanced QSAR model is based on the concomitant usage of
molecular descriptors.

Mechanistic interpretation

com_lipohyd_5A (occurrence of the lipo-hydrophobic
atoms within 5A from the center of mass of the molecule) Since
this descriptor received a positive coefficient in the developed
QSAR model, increasing the value of the molecular descriptor
com_lipohyd_5A was observed to increase BACE1 inhibitory
activity. This can be observed by comparing the compound
368 (pKi = 7.75, com_lipohyd_5A = 14) with 48 (pKi = 6.37,
com_lipohyd_5A = 13) for which an increase in the value of
the molecular descriptor com_lipohyd_5A from 13 for the
molecule 48 to the 14 will give rise to increase in pKi value
by about 1 unit (about ten-fold increase in BACE1 inhibitory
activity). This observation is further reinforced by the following
pair of molecules; 243 (pKi = 7.35, com_lipohyd_5A = 8)
and 134 (pKi = 6.93, com_lipohyd_5A = 7), 211
(pKi = 7.92, com_lipohyd_5A = 12) and 207 (pKi = 7.58,
com_lipohyd_5A = 11), 189 (pKi = 8.4, com_lipohyd_5A = 15)
and 255 (pKi = 8.19, com_lipohyd_5A = 10), 262
(pKi = 5.52, com_lipohyd_5A = 15) and 115 (pKi = 4.97,
com_lipohyd_5A = 13), etc. Shifting the molecular descriptor
com_lipohyd_5A with com_lipohyd_6A statistically improves
the performance (R: 0.84) of the developed QSAR model, while
replacing com_lipohyd_5A with com_lipohyd_4A statistically
drops the performance of the QSAR model (R: 0.81). This
observation underscores the importance of the molecular
descriptor com_lipohyd_5A. In addition, the optimum distance
between lipo-hydrophobic atoms from the center of mass of the
molecule should be maintained at 6 Å to show better inhibitory
activity against BACE1.

faccC3B (occurrence of the carbon atom exactly at three
bonds from the acceptor atom). If the same descriptor exists

in two or four bonding at the same time, it will be removed
during the calculation of faccC3B. This descriptor received a

positive sign in the developed QSAR model. Therefore, further

increases in faccC3B value increase the inhibitory efficacy of
BACE1 inhibitors. Comparison of the compound 331 (pKi = 7.6,

faccC3B = 7) with 142 (pKi = 6.87, faccC3B = 6) illustrate the
influence of the molecular descriptor faccC3B. If the value of

the molecular descriptor faccC3B is enhanced from 6 for the
molecule 142 to 7 will upsurge the pki value by about 1 unit
(about 10-fold amplification in the BACE1 inhibitory activity).
Following pair from Figures 3C,D of molecules support this
observation; 295 (pKi = 8.72, faccC3B = 6) and 255 (pKi = 8.19,
faccC3B = 4), 262 (pKi = 5.52, faccC3B = 3) and 115 (pKi = 4.97,
faccC3B = 2), 258 (pKi = 8.7, faccC3B = 9) and 274 (pKi = 7.58,
faccC3B = 8), 128 (pKi = 6.28, faccC3B = 3) and 60 (pKi = 6.1,
faccC3B = 2), 169 (pKi = 8.7, faccC3B = 9) and 286 (pKi = 7.55,
faccC3B = 7), etc.

This shows that simple carbon atoms along the 3-bond
acceptor atom are essential for inhibitory efficacy, but the
molecular descriptors faccC3B and fdonC3B (frequency of
carbon atoms exactly 3 bonds away from the donor atom). Or
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FIGURE 2

Variations in activity and chemical structure in the present dataset of BACE1 inhibitors.

fdonlipo5B (an acceptor atom with exactly 5 bonds from the
donor atom) greatly improves the statistical detection power
of the developed QSAR model (fdonC3B, R: 0.89) (fdonlipo5B,
R: 0.88). This observation shows that the inhibitory effect can
be enhanced by replacing the acceptor atom with a donor
atom with 3 bonds of the same topology distance, or by
moving the carbon atom to any lipophilic atom along the
donor by a distance of five bonds. This observation shows
that the carbon atom is more important along the donor
atom located at the optimum distance of the three bonds.
Therefore, since most H-bond donors or acceptors are nitrogen
or oxygen, the presence of donor atoms close to the carbon
atom may help to enhance the interaction with the polar
residues of the receptor (BACE1). In addition, the descriptor
also shows the important role that carbon atoms definitely play
in lipophilicity.

aroC_sumpc (sum of partial charges on aromatic carbon
atoms in the range of + 0.2 and −0.2). A positive coefficient
for aroC_sumpc indicates that the higher the value of this
descriptor, the better the activity profile. The presence
of a large number of carbon atoms makes the molecule
lipophilic, while the presence of positively or negatively
charged carbon atoms causes various types of hydrophobic
interactions with the receptor (BACE1), such as pi-alkyl,
pi-cation, and pi-pi stacking. This observation underscores
the importance of the molecular descriptor aroC_sumpc. This
observation is supported by comparing the following pairs
of molecules: 316 (pKi = 8.5, aroC_sumpc = 0.224000013)
and 23 (pKi = 7.4, aroC_sumpc = −0.088000003),

159 (pKi = 9, aroC_sumpc = 0.013999997) and 298
(pKi = 8.5, aroC_sumpc = −0.197999999), 369 (pKi = 9,
aroC_sumpc = 0.356000006) and 109 (pKi = 8.14,
aroC_sumpc = −0.32299999), etc. This observation pointed out
that negatively charged carbons are not favorable for BACE1
inhibitory activity, hence, ring carbon atom with neutral or
positively charged possesses a better BACE1 inhibitory activity.

Subsequently, shifting the molecular descriptor
aroC_sumpc to the molecular descriptor ringC_sumpc
(sum of partial charges of the ring carbon atom) for future
drug optimization increases the statistical power (R: 0.88)
of the developed QSAR model. Furthermore, assuming that
the molecular descriptor aroC_sumpc is replaced with the
molecular descriptor aroCminus_sumpc (sum of partial charges
of negatively charged aromatic carbon atoms), this reduces
the statistical power (R: 0.75) of the QSAR model. Therefore,
incorporating the ring carbon atom (ringC_sumpc) is a better
choice for future optimization of hits to the lead molecule for
better inhibitory activity of BACE1.

N_acc_5B (occurrence of acceptor atom within 5 bonds
from the nitrogen atom). The molecular descriptor N_acc_5B
indicates that the acceptor atom is within the four bonds of
the nitrogen atom. This molecular descriptor has a positive
coefficient in the developed QSAR model, so increasing the
number of such combinations can enhance BACE1 inhibition.
The effect of N_acc_5B can be explained by comparing the
molecule 258 (pKi = 8.7, N_acc_5B = 5) and 57 (pKi = 6.4,
N_acc_5B = 3). For molecule 57, if the value of the molecule
descriptor increase from 3 to 5 will further amplify the pKi value
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FIGURE 3

Graph for (A) experimental vs. predicted pKi (B) experimental vs. residuals (C) Williams plot for applicability domain (D) Insubria Plot.

by about 2 units, therefore, enhancing the BACE1 inhibitory
activity by about 20 folds. These descriptors pointed out
the importance of the nitrogen atom in BACE1 inhibitory
activity. Moreover, additional molecular pair also illustrate the
effect of N_acc_5B on BACE1 inhibitory activity include; 250
(pKi = 7.64, N_acc_5B = 5) and 55 (pKi = 6.52, N_acc_5B = 3),
189 (pKi = 8.4, N_acc_5B = 5) and 252 (pKi = 7.57,
N_acc_5B = 4), 297 (pKi = 8.0, N_acc_5B = 8) and 102
(pKi = 7.17, N_acc_5B = 7), 312 (pKi = 8.5, N_acc_5B = 4) and
213 (pKi = 6.2, N_acc_5B = 3), etc.

The shift of the molecular descriptor N_acc_5B by the
molecular descriptor N_acc_2B (the occurrence of acceptor

atoms within two bonds from the nitrogen atom) strongly
affects the statistical performance (R: 0.86) of the developed
QSAR model (N_don_5B). This observation shows that the
subsequent descriptor is N_acc_2B, which is useful as a
better alternative to future drug optimization and to enhance
the BACE1 inhibitor activity. Again, it is suggested that the
optimum distance between the acceptor atom and the nitrogen
atom may be two bonds.

On the other hand, replacing the molecular descriptor

N_acc_5B with the molecular descriptor N_don_5B (the
appearance of a donor atom within 5 bonds from the nitrogen

atom) significantly increases the statistical power (R: 0.85)
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of the developed QSAR model. This remark reveals two

strategies for future optimization, consisting of reducing the

topological distance from five bonds to two bonds according
to the N_acc_2B descriptor, and replacement of acceptors
with donors by maintaining the optimal distance of five
bonds. This observation underscores the importance of nitrogen
atoms and acceptor/donor properties for better inhibitory
activity of BACE1.

aroC_ringS_6B (occurrence of the ring sulfur atoms within
six bonds from the aromatic carbon atoms). The positive
coefficient of the developed QSAR model descriptor justifies
the increase in the value of the aroC_ringS_6B descriptor
and further enhances the BACE1 inhibitory activity. Shifting
the molecular descriptor aroC_ringS_6B by fringSringC3B
(frequency of ring carbon atoms in exactly three bonds from
the ring sulfur atom) significantly increases the statistical power
(R:0.91) of the QSAR model. By comparing the molecule
222 (pKi = 8.0, aroC_ringS_6B = 1) and 362 (pKi = 7.75,
aroC_ringS_6B = 0), the influence of aroC_ringS_6B as
illustrated in the Figures 4A–J. Moreover, amplification in
the value of the molecular descriptor aroC_ringS_6B from
0 to 1 for the molecule will uplift the pKi value by about
0.75 units (about 7 fold increase in the BACE1 inhibitory
activity). Another pair of molecules also illustrate the effect
of aroC_ringS_6B on BACE1 inhibitory activity include;
256 (pKi = 8.5, aroC_ringS_6B = 2) and 2 (pKi = 7.5,

aroC_ringS_6B = 1), 295 (pKi = 8.7, aroC_ringS_6B = 2)
and 324 (pKi = 7.3, aroC_ringS_6B = 0), 189 (pKi = 8.4,
aroC_ringS_6B = 2) and 254 (pKi = 8.1, aroC_ringS_6B = 1),
144 (pKi = 7.8, aroC_ringS_6B = 2) and 140 (pKi = 7.0,
aroC_ringS_6B = 0), etc.

Furthermore, replacing the molecular descriptor
aroC_ringS_6B with fringSringC5B (frequency of ring carbon
atoms in exactly five bonds from the ring sulfur atom) shows
an increase in the statistical power (r: 0.94) of the developed
QSAR model. On the other hand, replacing the molecular
descriptor aroC_ringS_6B with fringSC6B (frequency of carbon
atoms appearing in exactly 6 bonds from the ring sulfur atom)
significantly reduces the statistical power (R: 0.80) of the QSAR
model. This observation emphasizes the importance of the ring
carbon atom and the ring sulfur atom. Furthermore, it can be
concluded that reducing the topology bond distance from six
to five bonds strongly affects the inhibitory activity of BACE1.
Therefore, in future drug designs, it is recommended to keep
the optimal distance between the ring carbon and the ring
sprue atom at five bonds in order to increase the inhibitory
activity of base 1. Aromatic and heterocyclic rings are very
powerful motifs in drug discovery with target proteins such
as the classical arene-arene interactions (π stacking), π-sulfur
interactions, and arene-cation interaction. It offers many unique
and powerful interactions such as bonds (end-face interactions)
and recently identified π cations.

FIGURE 4

(A,B) Depiction of molecular descriptor com_lipohyd_5A for the compound 368 and 48 (pink star in the in both molecules indicates center of
mass of the molecule). (C,D) Depiction of molecular descriptor faccC3B for the compound 331 and 48. (E,F) Illustration of the molecular
descriptor N_acc_5B for the molecule 258 and 57. (G,H) Presentation of the molecular descriptor aroC_ringS_6B for the molecule 222 and 362.
(I,J) Illustration of molecular descriptor fsp3OringC8B for the molecule 362 and 48.
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fsp3OringC8B (frequency of occurrence of the ring carbon
atom exactly at eight bonds from the sp3 oxygen atom) If the
same ring carbon atom occurs simultaneously in seven or nine
bonds, it will be bypassed in the fsp3OringC8B calculation. This
molecular descriptor has a positive coefficient in the developed
QSAR model, so increasing its value can improve the Ki value.

The effect of fsp3OringC8B can be assessed by comparing
the molecule 362 9 (pKi = 7.75, fsp3OringC8B = 2)
with 48 (pKi = 6.37, fsp3OringC8B = 1). Increasing the
value of fsp3OringC8B for molecule 1 to 2 for molecule
48 will upsurge the pKi value by 1.38unit (about 13-fold
amplification in the BACE1 inhibitory potential). Following
pair of molecules also explain the effect of fsp3OringC8B on
BACE1 inhibitory activity; 211 (pKi = 7.9, fsp3OringC8B = 3)
and 207 (pKi = 7.5, fsp3OringC8B = 1), 299 (pKi = 8.7,
fsp3OringC8B = 2) and 255 (pKi = 8.1, fsp3OringC8B = 1),
352 (pKi = 8.4, fsp3OringC8B = 2) and 30 (pKi = 6.0,
fsp3OringC8B = 0), 110 (pKi = 7.5, fsp3OringC8B = 4)
and 66 (pKi = 6.5, fsp3OringC8B = 0), etc. Replacing the
fsp3OringC8B molecular descriptor with the fsp3OringC9B
descriptor significantly reduces the statistical power (R: 0.78) of
the developed QSAR model.

This observation underscores the importance of the
molecular descriptor fsp3OringC8B. Therefore, future drug
designs need to maintain the optimal distance between sp3
hybridized oxygen and ring carbon atoms at eight bonds in
order to achieve better BACE1 inhibitory activity. Most oxygen
atoms act as either acceptors or ether linkage, which can confer
lipophilicity on the molecule. This may help to enhance both
polar and hydrophobic interactions with the BACE1 receptor.

Molecular docking for validation of
docking score

In molecular docking analysis of the BACE1 with
FDB017657 in Autodock output, a dock complex displayed
the best conformation. Receptors and ligands were saved in
the.pdbqt format for subsequent usage using the MGL 1.5.6
suite. Vina was launched from a command prompt using the
command line. In the setup, the default grid point spacing
was 0.525 and the exhaustiveness was set to 8. The output files
were in.pdbqt format, and they were analyzed using PyMol
and the Discovery studio visualizer 2021. The ligand-binding
was validated and optimized using the co-crystal ligand. Both
the receptor and ligands were made by combining 48 polar
hydrogen bonds and detecting 1 rotatable bond and adding
Kollman and Gasteiger charges. Finally, both receptor and
ligand molecules were stored in the.pdbqt format. With the
values X = −1.655, Y = 57.005, and Z = 133.83, a grid box
was produced with a spacing of 0.375. Docking experiments
of the protein-ligand complex were carried out using Genetic
Algorithm (GA) parameters were set with 100, population

TABLE 2 Screening of phytochemicals based on their

best binding energy.

Protein-ligand Binding affinity (kcal/mol)

2zhv_8265 −4.8

2zhv_8263 −4.7

2zhv_8262 −7.3

2zhv_8079 −4.7

2zhv_7888 −5

2zhv_7701 −6.4

2zhv_7594 −6.3

2zhv_7334 −2.9

2zhv_7032 −4.9

2zhv_6574 −5.1

2zhv_5179 −5.6

2zhv_4844 −7.6

2zhv_4817 −5.6

2zhv_4693 −4.9

2zhv_4688 −5.8

2zhv_4605 −5.5

2zhv_4468 −8.9

2zhv_4340 −7.6

2zhv_4009 −5.7

2zhv_3981 −4.6

2zhv_3805 −4.7

2zhv_3207 −5.7

2zhv_2839 −4.8

2zhv_1976 −5.4

2zhv_1749 −5.7

2zhv_734 −7.3

2zhv_686 −6.7

2zhv_673 −8.3

2zhv_603 −6.5

2zhv_442 −4.5

2zhv_41 −3.8

2zhv_4 −5.6

size was made 300 with a maximum number of evaluates was
set to low at 2,500,000 and maximum generations of 27,000.
Further docking experiments of the protein–ligand complex
were carried out using the Lamarckian Genetic Algorithm
(LGA) to obtain the lowest free energy of binding (G). The
2ZHV-FDB017657 complex showed free energy of binding
(1G) −8.9 kcal/mol, inhibitory concentration (Ki) 990.57 µM,
ligand efficiency −1.26, total internal energy −1.45 kJ/mol, and
torsional energy 0.3 kJ/mol. The docking scores are mentioned
in Table 2.

The principal residues making the binding pocket around
4-(3,4-dihydroxyphenyl)-2-hydroxy-1H-phenalen-1-one (Food
I.D: FDB017657) are comprised of THR72, THR231, GLY230,
ASP228, GLY34, ILE118, SER35, PHE108, ASP106, LYS107,
GLY74, and GLN73 by Van der Waals interaction forces; ASP32
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is involved in conventional hydrogen bonding, while TYR71 is
involved in forming a conventional Pi-Pi bond (Figure 5, left).

Molecular dynamics simulation (MD)
and free energy landscape analysis

Molecular dynamics and simulation (MD) studies were
carried out to determine the stability and convergence
of the 4-(3,4-Dihydroxyphenyl)-2-hydroxy-1H-phenalen-1-one
(PubChem I.D: 4468; Food I.D: FDB017657) bound BACE1
(PDB I.D: 2ZHV) complex. Each simulation of 150 ns displayed
stable conformation while comparing the root mean square
deviation (RMSD) values.

The Root Mean Square Deviation (RMSD) is a metric for
calculating the average change in the displacement of a group of
atoms in relation to a reference frame. It is calculated for each
and every frame of the trajectory. The RMSD for frame x is:

RMSDX =

√

√

√

√

1

N

N
∑

i=1

(r
′

i(tX)) − ri(tref ))2

where N is the number of atoms in the atom selection; tref is the
reference time (the first frame is usually used as the reference
and is treated as time t = 0); and where r′ is the position of
the selected atoms after superimposing on the reference frame
in frame x, where frame x is recorded at time tx. Every frame
in the simulation trajectory is subjected to the same technique
(Maiorov and Crippen, 1994).

For characterizing local changes along the protein chain, the
Root Mean Square Fluctuation (RMSF) is useful. The RMSF for
residue i is:

RMSFi =

√

√

√

√

1

T

T
∑

t=1

< (r
′

i(t)) − ri(tref ))2 >

The angle brackets indicate that the average of square distance
is taken over the selection of atoms in the residue. where
T is the trajectory time over which the RMSF is calculated,
tref is the reference time, ri is the position of residue I r′ is
the position of atoms in residue I after superposition on the
reference. Its simulation paths of Desmond were examined. MD
trajectory analysis was used to calculate the root mean square
deviation (RMSD), root mean square fluctuation (RMSF), and
protein–ligand interactions. Protein RMSD: The graphs depict
the evolution of a protein’s RMSD (left Y-axis). The RMSD is
estimated based on the atom selection once all protein frames
are aligned on the reference frame backbone.

The Cα-backbone of BACE1 bound to 4-(3,4-
dihydroxyphenyl)-2-hydroxy-1H-phenalen-1-one (PubChem
I.D: 4468; Food I.D: FDB017657) exhibited a deviation of
0.4 Å (Figure 6A). RMSD plots are within the acceptable range
signifying the stability of proteins in the FDB017657 bound
state before and after simulation and it can also be suggested

that FDB017657 bound BACE1 (PDB I.D: 2ZHV) is quite stable
in the complex might be due to significant binding of the ligand.

The radius of gyration is the measure of the compactness of
the protein. FDB017657 bound proteins displayed a lowering of
radius of gyration (Rg) (Figure 6B; R1, R2, R3). The lowering
of Rg indicates the compactness of the protein–ligand complex.
From the overall quality analysis from RMSD and Rg, it can
be suggested that FDB017657 bound to the protein targets
posthumously in the binding cavities and plays a significant role
in the stability of the proteins.

The plots for root mean square fluctuations (RMSF)

displayed a significant RMSF in BACE1 protein at a few
residues at the specific time function of 150 ns. Peaks show

sections of the protein that fluctuate the greatest during
the simulation on the RMSF plot. Typically, the tails (N-

and C-terminal) of proteins change more than any other
portion of the protein. Secondary structural parts such as

alpha helices and beta strands are usually more rigid than

the unstructured portion of the protein and fluctuate less
than loop areas. The residues with higher peaks belong to

loop areas or N and C-terminal zones, as determined by MD
trajectories (Figure 6C). The stability of ligand binding to
the protein is shown by low RMSF values of binding site
residues. From the triplicate runs of BACE1, as shown in
Figure 6C, a few fluctuating peaks can be seen although mostly
the complex is found to be stabilized as shown in Figure 6C. The
RMSF values are acceptable for stabilizing the protein–ligand
complex. Therefore, in RMSF plots, it can be suggested that the
protein structures were stable during simulation in FDB017657
bound conformation.

The average hydrogen bonds formed between FDB017657
and the respective protein, BACE1 (PDB I.D: 2ZHV), during the
150 ns simulation were also recorded (Figure 6D). From 0 ns to
150 ns a formation of hydrogen bonding was found throughout
the simulation and the same for triplicate MD simulation of
FDB017657 with BACE1 (Figure 6D). Moreover, the pattern of
two hydrogen bond formation with BACE1 (PDB I.D: 2ZHV),
in docking was corroborated by the number of hydrogen plot
analyses after 150 ns molecular dynamics (Figure 6D). The
amount of hydrogen bonds between BACE1 with FDB017657
has strengthened the binding and facilitated to conform to a
more stable complex during the simulation.

Throughout the simulation, protein interactions with
the ligand can be observed. As seen in the graph above,
these interactions can be classified and summarized by type.
Hydrogen bonds, hydrophobic, ionic, and water bridges are the
four forms of protein–ligand interactions (or “contacts”). Each
interaction type has a number of subtypes that can be examined
using Maestro’s “Simulation Interactions Diagram” panel (see
Figure 7A). The stacked bar charts are standardized over the
course of the trajectory. Some protein residues may make
several interactions of the same subtype with the ligand, values
above 1.0 are feasible. As shown in Figure 7A, the majority of
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FIGURE 5

Best docked pose of FDB017657 with 2ZHV displaying 2D interaction plot on the left panel. Pink dashed lines indicate the Pi-Alkyl bond and
residues embedded in the light green sphere, indicating involvement in Van der Waals interactions. On the center panel, surface view of 2ZHV
displays binding cavity of FDB017657, and right panel displays the zoomed-out binding pocket having amino acid residues at 3Å surrounding
the FDB017657 molecule.

the significant ligand–protein interactions discovered by MD
are hydrogen bonds and hydrophobic interactions. For 2ZHV-
FDB017657, complex residues VAL_31, ASP_32, TYR_71, and
THR_72 are the most important ones in terms of H-bonds.

Individual ligand atom interactions with protein residues
are depicted in Figure 7B. Interactions that occur for more
than 30.0% of the simulation period in the chosen trajectory
(0.00 through 150.0 ns) are displayed. From Figure 7B, it
can be concluded that the amino acid residues: PHE108,
TRP76, TYR71, and VAL69 involve a hydrophobic interaction,
LYS107, ARG128 possess a positive charge bonding with the
ligand, GLN73, SER35, and ASN37 are involved in polar
interactions, and ASP32 and ASP228 are involved in negatively
charged interaction with the ligand, FDB017657 in 150 ns
simulation time scale.

Throughout the simulation, the existence of protein
secondary structural elements (SSE) such as alpha helices and
beta strands is examined to ensure that they are not present.
The plot shown in Figure 7C depicts the distribution of SSE
by residue index over the complete protein structure, and
it encompasses the full protein structure. In contrast to the
charts, which show the summary of the SSE composition for
each trajectory frame during the course of the simulation, the
graphs at the bottom show the evolution of each residue and
its SSE assignment throughout the experiment. Throughout
the simulation, alpha-helices and beta-strands are monitored as
secondary structure elements (SSE). The left graph shows the
distribution of SSE across the protein structure by the residue
index. The top image highlights the SSE composition for each
trajectory frame throughout the simulation, while the bottom
plot tracks each residue’s SSE assignment through time.

It can be observed from Figure 7D, how each rotatable
bond (RB) in the ligand alters its conformation throughout the
simulation on the ligand torsions map (0.00 through 150.15 ns).
The top panel shows a two-dimensional schematic of a ligand
with color-coded rotatable bonds. There includes a dial plot

as well as bar plots in the same color for each rotatable bond
torsion. The evolution of the torsion’s conformation during
the simulation is depicted using dial (or radial) graphs. The
simulation’s time evolution is depicted radially outwards from
the simulation’s start point at the center of the radial plot. The
data from the dial plots are summarized in the bar plots, which
show the torsion probability density in the data. Alternatively, if
torsional potential data is available, the graphic will also indicate
the rotatable bond’s potential (by summing the potential of the
related torsions) kcal/mol. The potential values are given as
kcal/mol and plotted on the graph’s left Y-axis. The histogram
and torsion potential correlations can reveal the conformational
strain that the ligand is under in order to maintain a protein-
bound conformational state.

The stepwise trajectory analysis of every 25 ns of simulation
of FDB017657 with BACE1 displayed the positional alteration
with reference to the 0 ns structure (Figure 8). It has
been observed that the ligand, FDB017657 has possessed a
structural angular movement at the end frame to achieve its
conformational stability and convergence.

The free energy landscape (FEL) of achieving global minima
of Cα backbone atoms of proteins with respect to RMSD and
radius of gyration (Rg) is displayed in Figure 9, BACE1 bound
to the ligand, FDB017657 achieved the global minima (lowest
free energy state) at 1.1 Å and Rg 20.9 Å (Figure 9). The
FEL envisaged a deterministic behavior of BACE1 to the lowest
energy state owing to its high stability and best conformation at
FDB017657 bound state.

Molecular mechanics generalized born
and surface area calculations

To assess the binding energy of ligands to protein molecules,
the MMGBSA technique is commonly employed. The binding
free energy of each BACE1– FDB017657 complex, as well
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FIGURE 6

(A) MD simulation trajectory analysis of Root Mean Square Divisions (RMSD) of FDB017657 bound with 2ZHV, i.e., BACE1 150 ns time frame in
triplicate displayed: R1 (replicate 1) RMSD plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (red) with control protein BACE1 (PDB I.D: 2ZHV)
(light green); R2 (replicate 2) RMSD plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (dark maroon) with control protein BACE1 (PDB I.D: 2ZHV)
(juniper green); R3 (replicate 3) RMSD plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (lemon yellow) with control protein BACE1 (PDB I.D:
2ZHV) (cyan). (B) MD simulation trajectory analysis of Root Mean Square Fluctuations (RMSF) of FDB017657 bound with BACE1 (PDB I.D: 2ZHV)
at 150 ns time frame in triplicate displayed: R1 (replicate 1) RMSF plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (navy blue) with control
protein BACE1 (PDB I.D: 2ZHV) (black); R2 (replicate 2) RMSF plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (canary yellow) with control
protein BACE1 (PDB I.D: 2ZHV) (red); R3 (replicate 3) RMSF plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (gray) with control protein BACE1
(PDB I.D: 2ZHV) (purple). (C) MD simulation trajectory analysis of Radius of gyration (Rg) of FDB017657 bound with BACE1 (PDB I.D: 2ZHV) at
150 ns time frame in triplicate displayed: R1 (replicate 1) Rg plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (red) with control protein BACE1
(PDB I.D: 2ZHV) (light green); R2 (replicate 2) Rg plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (dark maroon) with control protein BACE1
(PDB I.D: 2ZHV) (juniper green); R3 (replicate 3) Rg plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (cyan) with control protein BACE1 (PDB I.D:
2ZHV) (lemon yellow). (D) MD simulation trajectory analysis of Hydrogen Bonding (H-Bonds) of FDB017657 bound with BACE1 (PDB I.D: 2ZHV)
at 150 ns time frame in triplicate displayed: R1 (replicate 1) H-Bond plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (red); R2 (replicate 2)
H-Bond plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV) (black); R3 (replicate 3) H-Bond plot of FDB017657 bound BACE1 (PDB I.D: 2ZHV)
(light green).
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FIGURE 7

(A) Protein-ligand contact histogram (H-bonds, Hydrophobic, Ionic, Water bridges) of the ligand, FDB017657 bound with 2ZHV recorded in a
150 ns simulation interval. (B) Ligand atom interactions with the protein residues of 2ZHV bound with FDB017657. (C) Secondary Structure
element distribution by residue index throughout the protein structure. Red indicates alpha helices, and blue indicate beta-strands of 2ZHV
bound with FDB017657. (D) Ligand torsion profile.

as the impact of other non-bonded interaction energies,
were estimated. With BACE1, the ligand FDB017657 has a
binding energy of −53.4670 kcal/mol. Non-bonded interactions
like GbindCoulomb, GbindCovalent, GbindHbond, GbindLipo,

GbindSolvGB, and GbindvdW govern Gbind. Across all types
of interactions, the GbindvdW, GbindLipo, and GbindCoulomb
energies contributed the most to the average binding energy.
On the other side, the GbindSolvGB and Gbind Covalent
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FIGURE 8

Stepwise trajectory analysis for every 25 ns displaying the protein, BACE1 (PDB I.D: 2ZHV) and ligand conformation during 150 ns of simulation
of 4-(3,4-Dihydroxyphenyl)-2-hydroxy-1H-phenalen-1-one (PubChem I.D: 4468; Food I.D: FDB017657).

FIGURE 9

Free Energy Landscape displaying the achievement of global minima (1G, kJ/mol) of BACE1 in presence of FDB017657 with respect to their
RMSD (nm) and Radius of gyration (Rg, nm).

energies contributed the least to the final average binding
energies. Furthermore, the GbindHbond interaction values of
BACE1–FDB017657 complexes demonstrated stable hydrogen
bonds with amino acid residues. In all of the compounds,
GbindSolvGB and GbindCovalent exhibited unfavorable energy
contributions and so opposed binding. Figure 10 (left panel)
reveals that between pre-simulation (0 ns) and post-simulation
(0 ns), FDB017657 in the binding pocket of BACE1 has
undergone a large angular change in the pose (curved to

straight) (150 ns). These conformational changes lead to better
binding pocket acquisition and interaction with residues, which
leads to enhanced stability and binding energy (mentioned in
Table 3).

Thus, MM-GBSA calculations resulted fromMD simulation
trajectories well justified with the binding energy obtained
from docking results; moreover, the last frame (150 ns) of
MMGBSA displayed the positional change of FDB017657 as
compared to the 0 ns trajectory signifying the better binding
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FIGURE 10

MMGBSA trajectory (0 ns, before simulation and 150 ns, after simulation) exhibited conformational changes of FDB017657 upon binding with
the protein 2ZHV. The arrows indicate the overall positional variation (movement and pose) of FDB017657 at the binding site cavity.

pose for best fitting in the binding cavity of the protein (see
Figure 10).

Therefore, it can be suggested that the FDB017657 molecule
has a good affinity for the major target BACE1.

Dynamic cross-correlation, principal
component analysis (PCA), and energy
calculations

Molecular dynamics simulation trajectories are analyzed for
dynamic cross-correlation among the domains within protein
chains bound with the FDB017657 molecule. For correlative
dynamic motion, the cross-correlation matrices of BACE1 were
generated and displayed in Figure 11. The blue blocks displayed
in the figure indicated the residues having high correlated
movement and red having the least correlation. The amino acid
residues of FDB017657 bound BACE1 showed the concerted
movement of residues (Figure 11).

Principal component analysis (PCA) determines the
relationship between statistically meaningful conformations

TABLE 3 Binding energy calculation of FDB017657 with 2ZHV and

non-bonded interaction energies from MMGBSA trajectories.

Energies (kcal/mol) 2ZHV

1Gbind −53.467 ± 3.001

1GbindLipo −22.124 ± 2.448

1GbindvdW 33.667 ± 0.0701

1GbindCoulomb −9.827 ± 5.083

1GbindHbond −1.465 ± 0.775

1GbindSolvGB −8.989 ± 1.695

1GbindCovalent −1.079 ± 1.049

(major global motions) sampled during the trajectory. PCA
of the MD simulation trajectories for BACE1 bound to the
FDB017657 molecule was analyzed to interpret the randomized
global motion of the atoms of amino acid residues. The internal
coordinates mobility into three-dimensional space in the spatial
time of 150 ns were recorded in a covariance matrix and the
rational motion of each trajectory is interpreted in the form
of orthogonal sets or Eigen vectors. In the BACE1 trajectory,
PCA indicates statistically significant conformations. It is
possible to identify the major motions within the trajectory
as well as the critical motions required for conformational
changes. In BACE1 bound to FDB017657, two different clusters
along the PC1 and PC2 planes are exhibited that indicate a
non-periodic conformational shift (Figure 12A). While these
global motions are periodic because the groupings along
the PC3 and PC4 planes do not totally cluster separately
(Figure 12B). Moreover, a high periodic global motion was
observed along the PC9 and PC10 planes due to the grouping
of trajectories in a single cluster at the center of the PCA plot
(Figure 12C). Centering of the trajectories in a single cluster
indicates the periodic motion of MD trajectories due to stable
conformational global motion.

The energy profiles of the protein, BACE1 and FDB017657
complex systems, were determined to display the stability of
the entire system. In this regard, the total energy (ETOT)
of the BACE1 bound FDB017657 system was shown to be
very stable with an average total energy of −69.00 kcal/mol
(green). However, van der Waal’s energy (vdW) displayed to
be merged over the total energy with an average energy of
−40.00 kcal/mol and contemplated as a principal contributor
to the stability of the BACE1-FDB017657 complex (cyan).
In addition, Coulombic interactions played a minor role in
the system stability and contributed to an average energy of
−32.00 kcal/mol (red), (see Figure 12D).
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FIGURE 11

Dynamic Cross Correlation matrix (DCCM) of 2ZHV and correlated amino acids conformed into secondary structural domains (colored) and
non-correlated domains (gray) of 2ZHV.

FIGURE 12

(A) PCA of 2ZHV- FDB017657 showing a stable configuration. (B) Energy plot of protein BACE1 and FDB017657 complex system during the
entire simulation event of 150 ns. (C,D) The change in PCA movements. The total energy (dark green), van der Waal’s energy (cyan) and
Coulomb energy (red) of the entire system indicate the stability of the individual systems bound to FDB017657 molecule.

Discussion

Proteolytic processing of APP by BACE1 is the rate-
determining step in Aβ production, hence BACE1 is employed
as a therapeutic target for creating innovative lead compounds
in AD in this study. According to the earlier reports, it was
suggested that the enzyme BACE1 is also associated with
different types of cancers and viruses in conjunction with
AD. In this study, we have tried to reveal the potential
of naturally available food molecules to bind the BACE1’s
active site in a highly specific binding pattern. The aim
of our study is toward the development of a drug from
food compounds with the help of computational biology as

it has the additional advantage regarding safety, and lesser

chance of side effects. The low toxicity profile of natural

products inspired by small-molecule inhibitors may prove to

be a great asset during the frenetic development period of
drug discovery when time is of the essence. Current state-
of-the-art computational approaches can be used to identify
structural and pharmacophoric properties of active natural
compounds that can be used as drugs. Our results suggest
that the selected 8,453 compounds from the Food database
are majorly phenols and naphthol metabolites having a high
potential of showing inhibitory activity against BACE1. The
Food database is a recent database that proved the potential
of food metabolites that we use in our daily life and found its
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major application in developing different therapeutics treating
depressive disorders and others.

A nicely proven correlation among salient capabilities of
the molecules represented through molecular descriptors, and
their bioactivity expands statistics approximately mechanistic
elements of molecules, specificity, and quantity (presence
or even absence) of various structural developments for
preferred bioactivity. Although, with the QSAR analysis, we’ve
compared the Ki values of various molecules in correlation
and as an impact of a specific molecular descriptor, a similar
or contrary impact of different molecular descriptors or
unknown descriptors has a dominant impact in figuring out
the general Ki value of a molecule can’t be neglected. In
other words, a single molecular descriptor is incapable of
absolutely explaining the experimental Ki value for this sort of
numerous sets of molecules. That is, the successful usage of the
advanced QSAR model is based on the concomitant usage of
molecular descriptors.

A QSAR model with multiple chemical descriptors is built
using a dataset of 371 compounds. The resulting model was
rigorously verified for fitting and internal validation to prove its
strong external prediction capacity and resilience. In addition,
virtual screening using QSAR yielded a novel food molecule
with a better Ki value of 10.715 nM. Combined QSARs and
molecular docking studies offered complimentary information
and helped discover prodigious and under-privileged chemical
characteristics that might be leveraged to change a molecule
to produce better BACE1 inhibitors with higher Ki values. In
the future, structural modifications that result in augmented
values for the molecular descriptors with positive coefficients
in the developed model for the anti-BACE1 activity will be
performed to generate novel hits suitable for construction and
in vitro evaluation as anti-Alzheimer’s (AD) disease therapy.
These reports already demonstrated the potential of this plant
as a source of novel drugs, nutraceuticals, and functional foods.
Our present study perhaps supports a further avenue for in vivo

and clinical trial of the food molecule, 4-(3,4-dihydroxyphenyl)-
2-hydroxy-1H-phenalen-1-one to target BACE1 for any future
scope to treat the AD along with viruses and cancer.
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Abstract: In this work, we are interested in finding new catalysts for catecholase, whose principle is

based on the oxidation reaction of catechol to o-quinone. In this context, we have studied a series of

seven quinoline-based compounds. The present work indicates that the complexes formed between

seven selected quinoline compounds and the copper salts viz. Cu(OAc)2, CuSO4, Cu(NO3)2, and

CuCl2 elicit catalytic activities for the oxidation of catechol to o-quinone. The complexes formed with

the Cu(OAc)2 salt show a much higher catalytic activity than the others, whereas the Cu(NO3)2 and

CuCl2 salts formed complexes with low catalytic activity. This study also shows that the oxidation

rate depends on two factors, namely the chemical structure of the ligands and the nature of the ions

coordinated with the copper.

Keywords: catalytic activity; quinoline; catechol oxidase; o-quinone

1. Introduction

Copper is among the important metals in many catalytic processes and is character-
ized by its ability to combine with organic ligands to catalyze several diverse biological
processes [1]. For example, catechol oxidase is a copper-based moiety that catalyzes the
oxidation of phenols to quinones in the presence of oxygen. It is found for example in
plants, wherein it plays an essential role in catalyzing the oxidation of catechol to o-quinone
to produce after polymerization melanin, which gives a dark brown color to damaged
fruits [2]. Dopamine is an important neurotransmitter, which after oxidation and poly-
merization gives polydopamine, an adhesive agent with many industrial applications.
The oxidation of phenols to corresponding quinones is a very interesting process that has
various applications in many fields [3].

Quinoline derivatives are among the compounds with great pharmacological pow-
ers [4], such as antimicrobial [5], anticancer [6–8], antifungal [9,10], antiviral [11], anti-
inflammatory [12], antioxidants [13,14], antitumor [15], anti-SARS-CoV-2 [16], corrosion
inhibitors [17,18], and antimalarial [19]. On the other hand, copper–quinoline complexes
are similar systems that can catalyze many biological processes. For this reason, we are
interested in this work to better understand this compelling mechanism and to discover
the efficiency of quinoline derivatives in the oxidation of catechol.
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This work aims to study the effect of ligands–copper(II) complexes on the oxidation of
catechol to o-quinone in the presence of O2 (Scheme 1). In this respect, the reaction was
first performed without catalysts, then using the copper salts Cu(OAc)2, CuSO4, Cu(NO3)2,

and CuCl2, then using the synthesized ligands (L1, L2, L3, L4, L5, L6, and L7—Scheme 2),
and finally, the reaction was catalyzed by the ligands–copper (II) complexes. In order to
be able to compare and discuss the obtained results, the oxidation rate for each catechol
transformation was calculated.

–

–
–

 

                  

 

                  X =  CH3COO−, NO3−, SO42−, Cl− L =  L1, L2, L3, L4, L5, L6, L7 

the oxidation rate is very low viz. 2.78 μmol −1 −1

sorbance and conversion rate between 7.08 μmol L−1 −1 and 12.64 μmol L−1 −1

47.22 μmol L−1 −1

Scheme 1. The oxidation reaction of catechol to o-quinone.

–

–
–

X =  CH3COO−, NO3−, SO42−, Cl−L =  L1, L2, L3, L4, L5, L6, L7

 

the oxidation rate is very low viz. 2.78 μmol −1 −1

sorbance and conversion rate between 7.08 μmol L−1 −1 and 12.64 μmol L−1 −1

47.22 μmol L−1 −1

Scheme 2. Chemical structure of the studied quinoline ligands.

2. Results and Discussions

The results of this study are represented in Figures 1 and 2, which give the absorbance
as a function of time for the different cases. Figure 1a presents the oxidation of catechol
without any catalyst, while Figure 1b represents the reaction catalyzed by the synthesized
ligands. In Figure 1c, the reaction is catalyzed by the metal salts and finally, Figure 2
provides the obtained results using the complexes formed between the synthesized ligands
and the metal salts. Table 1 represents the oxidation rate for the different cases.
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Figure 1. Oxidation of catechol to o-quinone in the absence of copper complexes: (a) Reaction without

any catalyst, (b) reaction catalyzed by the synthesized ligands, and (c) reaction synthesized by the

metal salts. Reaction conditions: methanol solutions, 0.15 mL metal salt at 2 × 10−3 mol/L, 0.15 mL

ligand at 2 × 10−3 mol/L, 2 mL catechol at 10−1 mol/L are mixed, T = 25 ◦C, λ = 390 nm.

Table 1. Oxidation rate of catechol to o-quinone in (µmol L−1 s−1).

Cu(OAc)2 CuSO4 Cu(NO3)2 CuCl2 Ligands Only

L1 71.38 34.86 16.53 13.33 11.39
L2 94.30 26.25 18.61 11.25 10.83
L3 85.27 27.91 17.36 12.22 12.08
L4 126.80 65.13 31.25 15.55 12.64
L5 114.44 52.63 27.64 14.03 8.61
L6 69.30 26.53 14.03 11.39 7.92
L7 89.58 48.75 17.91 12.64 7.08

Salt only 47.63 17.91 13.33 5.83
Without catalysis 2.78

We notice from Figure 1a that the absorbance remains at almost zero over time and
the oxidation rate is very low viz. 2.78 µmol L−1 s−1. Figure 1b also shows a very low
absorbance and conversion rate between 7.08 µmol L−1 s−1 and 12.64 µmol L−1 s−1. From
Figure 1c, we also notice that the absorbance and oxidation rate remain low for the metal
salts CuSO4, Cu(NO3)2, and CuCl2; however, the salt Cu(OAc)2 has a better oxidation rate
of 47.22 µmol L−1 s−1. Therefore, it can be deduced that the oxidation reaction cannot take
place without a catalyst and that neither ligands nor salts alone can catalyze this reaction,
except Cu(OAc)2, which has a slightly greater catalytic effect compared to the others.
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Figure 2. Oxidation of catechol to o-quinone in the presence of copper complexes: (a) Reaction in the

presence of Cu(OAc)2 and ligands, (b) reaction in the presence of CuSO4 and ligands, (c) reaction

in the presence of Cu(NO)3 and ligands, and (d) reaction in the presence of CuCl2 and ligands.

Reaction conditions: methanol solutions, 0.15 mL metal salt at 2 × 10−3 mol/L, 0.15 mL ligand at

2 × 10−3 mol/L, 2 mL catechol at 10−1 mol/L are mixed, T = 25 ◦C, λ = 390 nm.

The results obtained in Figure 2 show that the complexes formed between the Cu(OAc)2

salt and the ligands possess better catalytic activity for the oxidation of catechol, as
the obtained oxidation rates are the highest (Figure 2a). The L4/Cu(OAc)2 complex
shows an oxidation rate of 126.80 µmol L−1 s−1, followed by the L5/Cu(OAc)2 complex
(114.44 µmol L−1 s−1), then the L2/Cu(OAc)2, L7/Cu(OAc)2, and L3/Cu(OAc)2 com-
plexes with oxidation rates of 94.30, 89.58, and 85.27 µmol L−1 s−1, respectively, and
finally, L1/Cu(OAc)2 and L6/Cu(OAc)2, which give the lowest oxidation rates (71.38 and
69.30 µmol L−1 s−1, respectively).

The complexes formed between the ligands and the CuSO4 salt also give high oxidation
rates but are generally lower than those obtained in the case of Cu(OAc)2, as the highest
oxidation rate is 65.13 µmol L−1 s−1 for L4/CuSO4, followed by L5/CuSO4 and L7/CuSO4,
with oxidation rates of 52.63 and 48.75 µmol L−1 s−1, respectively, and then the complexes
formed between CuSO4 and ligands L1, L3, L6, and L2 come last with oxidation rates of
34.86, 27.91, 26.53, and 26.25 µmol L−1 s−1, respectively (Figure 2b).

The complexes formed between the ligands and Cu(NO3)2 also catalyze the oxidation
reaction, but with slightly lower oxidation rates compared to the previous ones, as the
L3/Cu(NO3)2 complex gives the largest oxidation rate of 31.25 µmol L−1 s−1, followed by
the L5/Cu(NO3)2 complex (27.64 µmol L−1 s−1), and then the complexes formed between
Cu(NO3)2 and the ligands L2, L7, L3, L1, and L6, with oxidation rates of 18.61, 17.91, 17.36,
16.53, and 14.03 µmol L−1 s−1, respectively (Figure 2c).

The complexes formed between the ligands and CuCl2 do not show a significant
catalytic effect, as there is no significant increase in absorbance in all cases, and the oxidation
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rate remains quite low, the largest conversion rate being 15.55 µmol L−1 s−1 for L4/CuCl2
and the smallest being 11.25 µmol L−1 s−1 for L2/CuCl2 (Figure 2d). We deduce from these
results that the chemical structure of the ligands and the nature of the copper salts play an
important role in the catalytic activity of the studied complexes.

It can be seen from this study that all the complexes formed between the ligands
and Cu(OAc)2 have very high catalytic activities compared to the complexes formed with
the other salts, and this is due to the weak bonding between the OAc− anions and the
Cu2+ cations, which facilitates the coordination between the ligands and copper. On the
other hand, the ligands L4 and L5 form complexes with a very high catalytic activity,
because the presence of electron donor groups increases the electron density at the nitrogen
atom, which favors the coordination with the metal and the formation of stable complexes.
However, in the case of L1 and L6, the catalytic activity decreases due to the presence of
electron-withdrawing groups (Cl and CO) that weaken the electron density at the oxygen
atom and thus disfavor the formation of the copper–metal bond. In the case of complexes
formed between the ligands and the metal salt CuCl2, the absorbance remains low, and the
catalytic activity decreases because the Cl- anions are strongly bound to copper, and the
coordination between the metal and the ligands thus becomes very difficult.

In summary, the catalytic activity of copper salts and quinoline ligands is very low,
but their assembly results in complexes that efficiently catalyze the oxidation of catechol
to o-quinone. The results show that the oxidation rate depends on two factors, namely
the ions’ nature, and the ligands’ chemical structure. The ions strongly bound to copper
reduce the coordination of the ligands, resulting in complexes of low catalytic activity, and
the reverse is true for the ions weakly bound to copper, which facilitate the coordination
of the ligands, giving stable complexes and high catalytic activities. On the other hand,
the chemical structure of the ligands plays an essential role, and the presence of electron-
donating groups enriches the coordination site in electron density, which increases the
stability of the studied complex as well as its catalytic activity. However, the presence of
electron-withdrawing groups decreases the electron density at the coordination site, which
decreases the stability of the complex and its catalytic activity.

3. Materials and Methods

3.1. Reaction and Method

The reaction studied is schematized in Scheme 1, the kinetics of this reaction was
followed by measuring the absorbance as a function of time by a UV–Vis spectrophotometer
for one hour at 390 nm (absorption maximum of o-quinone), under the following conditions:
T = 25 ◦C, ε = 1.6 L mol−1 cm−1. The solutions are prepared by dissolving in methanol, and
the complexes are synthesized in situ by mixing 0.15 mL of a solution (2 × 10−3 mol L−1)
of CuX2, nH2O, and 0.15 mL of a solution (2 × 10−3 mol L−1) of the ligand, and then 2 mL
of a solution of catechol at a concentration of 10−1 mol L−1 is added [20].

3.2. Synthesis of Ligands

The studied quinoline derivatives were synthesized according to the procedures
described in the literature (Scheme 3):

Synthesis of 2-chloroquinoline-3-carbaldehyde (compound L1): DMF (3 eq) and POCl3
(4.5 eq) were stirred for 30 min at 0 ◦C, then acetanilide (1 eq) in CHCl3 (15 mL) was added
slowly, and after the addition, the reaction mixture was heated for 16 h (80–90 ◦C). When
the reaction was complete, the mixture was poured into crushed ice and neutralized with
saturated NaHCO3 solution; the resulting precipitate was filtered, washed with water, and
recrystallized in ethyl acetate [21].
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Scheme 3. Protocol for the synthesis of quinoline derivatives.

Synthesis of 2-chloroquinoline-3-carboxylic acid (compound L2): 89 mg of com-
pound L1 were dissolved in a minimum of ethanol, then an ethanolic solution of AgNO3

(0.7 mmol) and NaOH (2.5 mmol) were added. The mixture was left under stirring at
room temperature for 4 h; at the end of the reaction, the excess AgNO3 was removed
by filtration, then a few drops of concentrated sulfuric acid were added to neutralize the
solution. The precipitate formed was filtered, washed with water, and dried to give a dark
yellow product [22].

Synthesis of ethyl 2-chloroquinoline-3-carboxylate (compound L3): In a minimum of
ethanol, 100 mg of compound L2 and 4 drops of concentrated sulfuric acid were added,
and the mixture was refluxed for 8 h. After cooling, the solid formed was recovered by
filtration, washed with water, dried, and recrystallized in ethanol [23].

Synthesis of 2-chloroquinoline-3-carbohydrazide (compound L4): 0.5 mmol of com-
pound L3 and 0.5 mmol of hydrazine were heated at reflux for 4 h in a minimum of ethanol,
and at the end of the reaction, 50 g of ice was added to the solution and the obtained
precipitate was filtered, washed with water, dried, and recrystallized in ethanol [24].
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Synthesis of N′-benzylidene-2-chloroquinoline-3-carbohydrazide (compound L5): To
15 mL of ethanol, 56 mg of compound L4 and 40 mg of benzaldehyde and a few drops of
acetic acid were added and heated at reflux for 12 h. At the end of the reaction, the reaction
mixture was allowed to reach room temperature and the resulting precipitate was filtered,
washed with water, dried, and recrystallized in ethanol [25].

Synthesis of 2-oxo-1,2-dihydroquinoline-3-carbaldehyde (compound L6): Compound
L1 (1 mmol) was heated to 110 ◦C for 12 h in acetic acid (70%), and at the end of the reaction,
the reaction mixture was allowed to reach room temperature. The precipitate formed was
filtered and washed with water, dried, and recrystallized in ethanol [26].

Synthesis of 3-(2-chloroquinolin-3-yl)-1-phenylprop-2-en-1-one (compound L7): To
20 mL of ethanol, 1 mmol of acetophenone, 1 mmol of compound L1, and 5 mL of 10%
NaOH solution were added. After 8 h of stirring at room temperature, the precipitate
formed was filtered, washed with water, and recrystallized in ethanol [27].

NMR data of all these ligands are available in the file Supplementary Materials.

4. Conclusions

The results of this study show that the studied quinoline-derived complexes possess
catalytic activities, and in particular, the complexes formed between the ligands and
the metal salt Cu(OAc)2 efficiently catalyze the oxidation of catechol to o-quinone. The
2-chloroquinoline-3-carbohydrazide ligand (compound L4) exhibits the highest catalytic
activity, and 2-oxo-1,2-dihydroquinoline-3-carbaldehyde (compound L6) exhibits the lowest
catalytic activity. In general, the oxidation efficiency of the studied complexes depends
on the ions’ nature and the ligands’ chemical structure. Ions weakly bound to the metal
and electron-rich coordination sites yield stable complexes that strongly catalyze catechol
oxidation. Further studies are still in progress in our laboratory to synthesize new quinoline
derivatives, evaluate their biological and catalytic activities, as well as to obtain more details
on this compelling catalytic process.

Supplementary Materials: The following supporting information can be downloaded at: https:

//www.mdpi.com/article/10.3390/catal12111468/s1.
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Abstract: Aurora kinase B (AKB) is a crucial signaling kinase with an important role in cell division.
Therefore, inhibition of AKB is an attractive approach to the treatment of cancer. In the present work,
extensive quantitative structure–activity relationships (QSAR) analysis has been performed using a
set of 561 structurally diverse aurora kinase B inhibitors. The Organization for Economic Cooperation
and Development (OECD) guidelines were used to develop a QSAR model that has high statistical
performance (R2

tr = 0.815, Q2
LMO = 0.808, R2

ex = 0.814, CCCex = 0.899). The seven-variable-based
newly developed QSAR model has an excellent balance of external predictive ability (Predictive
QSAR) and mechanistic interpretation (Mechanistic QSAR). The QSAR analysis successfully identifies
not only the visible pharmacophoric features but also the hidden features. The analysis indicates that
the lipophilic and polar groups—especially the H-bond capable groups—must be present at a specific
distance from each other. Moreover, the ring nitrogen and ring carbon atoms play important roles
in determining the inhibitory activity for AKB. The analysis effectively captures reported as well as
unreported pharmacophoric features. The results of the present analysis are also supported by the
reported crystal structures of inhibitors bound to AKB.

Keywords: aurora kinase B; QSAR; pharmacophore modeling

1. Introduction

The machinery for cell division, also known as mitosis, is completely regulated. Any
irregularity or imperfect mitosis results in nondiploid DNA content, which ultimately
causes cancer [1]. Researchers have therefore become interested in developing cancer
chemotherapeutics that target centrosome maturation and separation, mitotic spindle as-
sembly, chromosomal separation, and cytokinesis involving the participation of numerous
important signaling kinases, including aurora, polo-like-kinase (Plk), and cyclin-dependent
kinase (Cdk) [2,3]. The successful transition to mitosis depends on the aurora kinase family
of serine/threonine kinases [4–7]. Since their discovery in 1995 and the initial detection
of their expression in human cancer tissue in 1998 [2,5,7–9], these kinases have received
a great deal of attention. This is due to their aberrant and excessive expression in a wide
range of solid and liquid tumors, such as pancreatic, lung, liver, and breast tumors, as well
as their oncogenic activity [2,4,5,7–11].

The aurora kinase family consists of three isoforms (A, B, and C), each of which differs
in the length and amino acid composition of the N-terminal domain, but they share a
common and conserved ATP binding site [2,12]. In order for the centrosome to mature,
and for spindle assembly, meiosis, and metaphase spindle orientation to occur, aurora-A
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is essential [2,12]. In order to achieve precise chromosomal segregation and cytokinesis,
aurora kinase B (AKB) is required [2,12]. Massive polyploidization and failure to bio-
orientate chromosomes result from AKB inhibition [2,12]. Since aurora kinase C (AKC),
which complements the activity of AKB, has received less attention to date, we decided to
focus only on AKB in this investigation, due to a lack of data for AKC [12].

Aurora kinases have been suggested as prospective targets for anticancer treatments
due to their crucial function in controlling the cell cycle. At this time, none of the ATP-
competitive inhibitors targeting AKB that are in clinical development (Figure 1) have been
granted approval [4,5,13].
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Figure 1. Structures of some known aurora inhibitors in different clinical trial stages.

In these conditions, a quick and effective strategy to find AKB inhibitors is still a key
goal for medicinal chemists. To fulfill this goal, there is a need to use modern methods
such as computer-aided drug design (CADD) to reduce time, costs, trial-and-error proce-
dures, and other required resources [14,15]. The vibrant and developing field of CADD
is successful due to the result-oriented performance of molecular docking, QSAR, and
its other branches [14–16]. In QSAR, a mathematical model is created to connect chemi-
cal descriptors (structural features) to a desired bioactivity profile using a wide range of
machine learning techniques [17,18]. In a more pragmatic sense, QSAR allows one to prior-
itize compounds with desirable attributes for a subsequent (and presumably successful)
biological evaluation [17–19]. Traditional QSAR concentrates on producing statistically
significant models [17–19]. Previously, different researchers have reported QSAR models
for AKB using different techniques. For example, Neaz et al. [20] reported a 3D-QSAR
model for a dataset of forty-eight quinazoline derivatives possessing other heterocyclic
rings. The developed model had a leave-one-out cross-validated correlation coefficient
(Q2LOO) of 0.56. Another 3D-QSAR and molecular docking study of azaindole derivatives
as AKB inhibitors was accomplished by Lan and co-workers [21]. The best developed
QSAR model based on forty-one molecules had Q2LOO = 0.575. Likewise, Ashraf et al. [22]
used a dataset of 57 acylureidoindolin derivatives to develop a 3D-QSAR model, which
had Q2LOO = 0.641, and indicated that electrostatic and hydrophobic fields determine the
activity of compounds. Thus, AKB has been the subject of QSAR research; however, the
developed QSAR models find little usage due to a lack of generalizability, low predictive
power, being based on small datasets comprising limited scaffolds, or a combination of
these factors. Therefore, there is a need to develop a robust and balanced QSAR model
based on a larger dataset, encompassing diverse structural scaffolds. Consequently, in the
present work, a QSAR model has been developed that possesses high external predictive
ability and extensive mechanistic interpretations supported by X-ray-resolved structures.

2. Results

As stated in Section 1, the focus was on developing a genetic algorithm–multilinear
regression (GA–MLR) model with a combination of mechanistic interpretation and high
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predictive power. We have discovered several structural features in the current inves-
tigation. The recently constructed seven-parameter model and its statistical validation
parameters are as follows.

Model A: pIC50 = 4.611 (±0.224) + 0.559 (±0.105) × fringNplaN4B + 0.436 (±0.11) ×
fsp3Csp2N5B + 0.253 (±0.038) × N_H_2B + 0.164 (±0.035) × fsp2Osp2C5B + 0.1 (±0.015)
× da_lipo_5B − 0.317 (±0.056) × fringNC6B − 0.262 (±0.048) × fOringC6B.

Statistical parameters associated with model A: R2
tr = 0.815, RMSEtr = 0.468,

MAEtr = 0.401, CCCtr = 0.898, s = 0.473, F = 277.836, R2cv (Q2LOO) = 0.808, RMSEcv
= 0.477, MAEcv = 0.408, CCCcv = 0.895, Q2LMO = 0.807, R2Yscr = 0.016, Q2Yscr = −0.02,
RMSEex = 0.446, MAEex = 0.373, R2

ex = 0.814, Q2-F1 = 0.811, Q2-F2 = 0.811, Q2-F3 = 0.833,
CCCex = 0.900.

Model A is statistically robust, as shown by the high values of various statistical
parameters, such as the coefficient of determination (R2

tr) and cross-validated coefficient of
determination for leave-one-out (R2cv or Q2LOO), the external coefficient of determination
(R2

ex), Q2-Fn and the Concordance Correlation Coefficient (CCCex), etc., and the low
values of lack-of-fit (LOF), root mean square error (RMSEtr), and mean absolute error
(MAE). As a result, model A has high external predictive ability [23–30], is devoid of
random correlations [31,32], and meets suggested threshold values for key parameters. The
Supplementary Materials contain the formulae to determine these parameters. A Williams
plot was used to evaluate the model’s applicability domain [33–36]. As a result, it complies
with all the OECD-recommended standards and requirements for developing a valuable
QSAR model. Different graphs associated with model A are depicted in Figure 2.
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Figure 2. Different graphs related to model A: (a) experimental vs. predicted pIC50 (the solid line
represents the regression line); (b) experimental vs. residuals; (c) Williams plot for applicability
domain (the vertical solid line represents h* = 0.053 and horizontal dashed lines represent the upper
and lower boundaries for applicability domain); (d) Y-randomization plot.
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There are seven descriptors in model A, which have been calculated by PyDescrip-
tor [37] and tabulated in Table 1. Of the seven descriptors, five descriptors, viz. fringN-
plaN4B, fsp3Csp2N5B, N_H_2B, fsp2Osp2C5B, and da_lipo_5B, have positive coefficients
in model A, implying that increasing their value could lead to a better activity profile,
whereas the reverse is true for the remaining two descriptors, fOringC6B and fringNC6B,
which have negative coefficients in model A. Each molecular descriptor, which is a numeric
representation of structural features [37–39], has correlations with different types of phar-
macophoric features, which govern the inhibitory profile. However, it is to be noted that a
single structural feature can neither explain nor fully determine the final biological activity
(IC50) of a molecule. The biological activity IC50, etc., is an outcome of a combination of
different structural features and some unknown factors. Some features enhance the desired
pharmacological activity, whereas others are responsible for reversing it. It is believed
that two or more pharmacophoric groups concomitantly decide the biological activity
(pharmacophore synergism).

Table 1. Different molecular descriptors present in model A and their descriptions.

Molecular
Descriptor

Description

fringNplaN4B Frequency of occurrence of planer nitrogen atoms exactly at 4 bonds from ring nitrogen atom

fsp3Csp2N5B Frequency of occurrence of sp2-hybridized nitrogen atoms exactly at 5 bonds from sp3-hybridized carbon
atoms

N_H_2B Total number of nitrogen atoms present within 2 bonds from hydrogen atoms

fsp2Osp2C5B Frequency of occurrence of sp2-hybridized carbon atoms exactly at 5 bonds from sp2-hybridized oxygen atoms

da_lipo_5B Total number of lipophilic atoms present within 5 bonds from H-bond donor cum acceptor atoms

fOringC6B Frequency of occurrence of ring carbon atoms exactly at 6 bonds from oxygen atoms

fringNC6B Frequency of occurrence of carbon atoms exactly at 6 bonds from ring nitrogen atoms

3. Discussion

Of the seven descriptors in model A, five descriptors, viz. fringNplaN4B, fsp3Csp2N5B,
N_H_2B, da_lipo_5B, and fringNC6B, indicate the importance of different types of nitrogen
atoms in determining the inhibitory activity for aurora kinase B. The same is true for
carbon, which is present in four descriptors, viz. fsp3Csp2N5B, da_lipo_5B, fringNC6B,
and fOringC6B. The relevance of oxygen is due to its presence in three descriptors, viz.
fsp2Osp2C5B, da_lipo_5B, and fOringC6B. At the same time, it should be noted that the
descriptors present in model A are highly interlinked; that is, increasing the value of one de-
scriptor could significantly change the value of another descriptor. This leads to substantial
changes in the biological profile of a molecule, pointing toward pharmacophore synergism,
as molecular descriptors are mathematical representations of pharmacophores. For exam-
ple, the values of descriptors fringNplaN4B and fringNC6B vary with the presence/absence
of ring nitrogen atoms. Therefore, increasing the value of fringNplaN4B by escalating ring
nitrogen atoms could also lead to a higher fringNC6B value. Therefore, in the present work,
we have adopted an approach that involves the concomitant consideration of two or more
molecular descriptors to explain the variance in the activity profile of matched molecular
pairs (MMP). Accordingly, the molecular descriptors whose values have changed for MMP
have been discussed concurrently with relevant examples in Section 3.

da_lipo_5B:

The descriptor da_lipo_5B is simultaneously associated with two important aspects
of a molecule: lipophilic character and H-bonding-capable (donor and acceptor) atoms. It
is to be noted that, in the present work, a carbon atom is non-lipophilic while calculating
da_lipo_5B, if oxygen or nitrogen is attached to it. The average value of da_lipo_5B for the
top one hundred active molecules (IC50 = 0.26 to 4.3 nM) is 15.29, and the value for the



Int. J. Mol. Sci. 2022, 23, 14527 5 of 18

least active one hundred molecules (IC50 = 611 to 16,000 nM) is 8.51. This reveals that the
higher the number of lipophilic atoms within five bonds of a H-bond-capable atom, the
higher the activity. This gives an initial impression that lipophilicity (mostly represented
by logP [40]) is the only governing factor. However, the calculated logP (clogP), which
represents molecular lipophilicity, has a weak correlation of 0.077 with pIC50, whereas
da_lipo_5B has a value of 0.533. Therefore, the conditional occurrence of lipophilic atoms
in the vicinity of H-bonding-capable atoms is a better choice. A plausible reason could
be the composition of the active site of AKB, which consists of the persistent presence of
lipophilic residues such as Gly, Leu, Val, Phe, etc., between the acidic or basic residues
such as Glu, Asp, Lys [22]. This is why an aurora kinase B inhibitor also requires the
presence of H-bond-capable atoms, preferably with separation by five bonds and the
concomitant occurrence of lipophilic atoms in their vicinity. This observation is confirmed
by the reported X-ray-resolved structure of aurora kinase B (pdb: 4c2w [41]) (see Figure 3).
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Figure 3. (a) A 2D depiction of active site of aurora kinase B (pdb: 4c2w). The dotted line represents
the contour proximity of active site residues. Acidic and basic residues have been highlighted using
red- and blue-colored circles. (b) Comparison of molecule 402 with 314 with respect to da_lipo_5B
(blue-colored bonds and numbering).

The importance of da_lipo_5B highlights the significance of determining the numbers
of donor cum acceptor atoms required to obtain better activity. The average value of donor
cum acceptor atoms for the top one hundred active molecules (IC50 = 0.26 to 4.3 nM) is
3.21, and the value for the least active one hundred molecules (IC50 = 611 to 16,000 nM) is
2.24. A comparison of the following pairs of molecules as representative examples further
highlights the importance of da_lipo_5B: 314 with 402 (see Figure 3), 355 with 347, 206 with
207, 103 with 101, 103 with 99, 61 with 142, 57 with 58, etc.

fringNplaN4B:

fringNplaN4B stands for the frequency of occurrence of planer nitrogen atoms exactly
at four bonds from a ring nitrogen atom. If the same planer nitrogen atom is also present
at ≤4 bonds from the same or any other ring nitrogen atom through any path, then it is
excluded while calculating fringNplaN4B. The importance of fringNplaN4B is reflected by
the fact that the most active 110 molecules with IC50 values ranging from 0.26 to 5.9 nM
have one or more combinations of planer and ring nitrogen atoms. The reverse is true for
less active molecules (IC50 = 16,000 to 611 nM), with some exceptions, such as molecule
numbers 213, 73, 71, 66, 20, etc. Moreover, it was observed that replacing fringNplaN4B
with its corresponding equivalents, fringNplaN3B and fringNplaN5B, for three and five
bonds led to a reduction in the performance of model A (R2 = 0.770, for both). Moreover,
fringNplaN3B and fringNplaN5B have a correlation of R = 0.084 and 0.028 with pIC50,
respectively, whereas fringNplaN4B is a better choice as a descriptor, with R = 0.628.
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However, at first sight, it appears that, individually, ringN (number of ring nitrogen
atoms) or nplanN (number of planer nitrogen atoms) could be an alternative to fringN-
plaN4B. However, both have a weak correlation of 0.207 and 0.374 with pIC50, respectively.
Moreover, a loss in the statistical performance of model A on replacing fringNplaN4B with
ringN (R2 = 0.772) or nplanN (R2 = 0.770) again confirmed the importance of fringNplaN4B.
Therefore, a combination of ring and planer nitrogen atoms separated exactly by four bonds
is an important structural feature to obtain a better pIC50 for AKB.

A literature survey reveals that for pyrrolopyrazole derivatives, a substituted 3-
aminopyrazole moiety is important due to its ability to interact with the hinge region
of the ATP binding site [2]. The three nitrogen atoms of the N-C-N-N pattern present in
3-aminopyrazole are responsible for binding with the receptor [2]. Unfortunately, it appears
that the reported pattern is exclusive to pyrrolopyrazole derivatives bearing a substituted
3-aminopyrazole moiety. Interestingly, the terminal nitrogen atoms of the N-C-N-N pattern
are actually ring and planer nitrogen atoms, thereby suggesting the possible presence
of fringNplaN4B. However, in many active molecules of the present dataset bearing a
substituted 3-aminopyrazole moiety, the value of fringNplaN4B is zero; this is because the
planer nitrogen of the N-C-N-N pattern is also present within ≤4 bonds of the other ring
nitrogen atom. However, in several active molecules for AKB, fringNplaN4B is present
due to other scaffolds (see Figure 4). In other words, instead of the N-C-N-N pattern or a
substituted 3-aminopyrazole moiety, an emphasis on the simultaneous presence of planer
and ring nitrogen atoms separated by four bonds in the molecule is a better strategy to
enhance the inhibitory profile against AKB. Hence, the present work successfully identified
a novel aspect of a reported pattern (N-C-N-N) and extended it for other scaffolds.
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Figure 4. Representation of influence of fringNplaN4B on activity profile of AKB inhibitors. The
numbers (blue/red) indicate the counting of number of bonds between ring and planer nitrogen.

N_H_2B:

The positive coefficient for N_H_2B indicates that the presence of hydrogen in the
vicinity of nitrogen is beneficial to increase the inhibitory activity for aurora kinase B.
In many molecules, N_H_2B exists due to the direct attachment of a hydrogen atom to
a nitrogen atom (N-H) or due to hydrogen atoms bonded to carbon atoms adjacent to
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nitrogen (N-CHn fragment). N_H_2B favors two important structural features that could
lead to a better inhibitory profile: (1) the presence of polar hydrogen atoms as N-H or N-
CHn fragments; (2) steric hindrance or bulkiness in the vicinity of nitrogen atoms, because
hydrogen is the smallest among all the elements. The lesser the bulkiness around nitrogen
atoms, the better the inhibitory profile. These two structural features in combination allow
the polar interactions or H-bond formation between the ligand and the receptor. This
observation, and the significance of N_H_2B as well as da_lipo_5B, is confirmed by the two
forms of the ligand VX-680 (molecule number 14) in the pdb 4b8m [42].

The ligand VX-680 exists in two different forms, labeled as TA and TB in the present
work, in the two chains of pdb 4b8m. From Figure 5 and Table 2, it is clear that the TA
form consists of a higher number of hydrogen atoms than TB, especially in the vicinity of
nitrogen atoms. This led to different values for N_H_2B for the two forms (see Figure 5).
The form TA, having a higher N_H_2B value, has a higher number of interactions with
the receptor, because the additional hydrogen atoms attached to the nitrogen atoms of
the pyrazole (designated as N19 and N20) ring and aminopyrimidine (designated as N14)
are responsible for H-bond interactions with Glu171, Phe172, and Ala173 (see Table 2).
Meanwhile, these interactions are absent for TB, even though the respective atoms N19 and
N14 of TB are more proximate to receptor atoms. The TB form has only one prominent
interaction with the receptor due to the nitrogen (designated as N20) of the pyrazole ring
in the form of a H-bond with Ala173.
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Figure 5. Pictorial representation of N_H_2B using VX-680 (pdb 4b8m) as an example.

Table 2. Distances of different atoms of TA and TB forms of VX-680 (molecule number 14) from the
receptor atoms (pdb 4b8m).

TA Form TB Form

Residue
Residue

Atom
Ligand
Atom

Distance Residue
Residue

Atom
Ligand
Atom

Distance

GLU171 O N19 2.97 GLU171 O N19 2.74

PHE172 CA N20 3.47 PHE172 CA N20 3.52

ALA173 N N20 2.84 ALA173 N N20 2.74

ALA173 O N14 2.93 ALA173 O N14 2.91

HOH2005 O N13 3.32 HOH2005 O N30 2.80
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The following comparisons of molecules further highlight the importance of N_H_2B
(see Figure 6): 108 with 75 and 101, 486 with 487 and 484, and 148 with 144, to list a
few. A simple analysis of these examples indicates that the presence of a pyrazole ring
leads to a better IC50 for a molecule (see Figure 6). However, it has a negative correlation
(R = −0.177) with pIC50. A plausible reason appears from the present work suggesting that
H-bond-capable polar groups are more suitable near the periphery of a molecule, rather
than a pyrazole ring, to achieve good interactions with the receptor.
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             Figure 6. Representative examples to understand N_H_2B.

fsp3Csp2N5B:

The descriptor fsp3Csp2N5B is associated with two features, viz. sp2-hybridized
nitrogen and sp3-hybridized carbon atoms. As it has a positive coefficient in model 1,
increasing the numbers of such atoms favors the augmentation of pIC50. At the same
time, increasing fsp3Csp2N5B could influence the values of da_lipo_5B and N_H_2B, as
these descriptors are associated with carbon and nitrogen too. Therefore, it indicates that
pharmacophore synergism determines the final inhibitory ability of a molecule for AKB.
This is clearly reflected when molecule 435 is compared with molecule 438.

The pdb 4c2v contains two different tautomeric forms of ligand YJA in two different
chains, A and B. The influence of fsp3Csp2N5B along with N_H_2B is observed for the two
tautomeric forms of co-crystallized ligand ‘YJA’ in the pdb 4c2v [41]. The two tautomeric
forms show that YJA-T1 and YJA-T2 (see Figure 7) of ligand YJA have different values for
fsp3Csp2N5B and N_H_2B (see Table 3). The online tautomer generator from Chemaxon
(https://disco.chemaxon.com/calculators/demo/plugins/tautomers/, accessed on 28 Oc-
tober 2022) indicates that the ligand YJA can exist in seven different tautomeric forms.
However, only two tautomeric forms, YJA-T1 and YJA-T2, predominate, with approxi-
mately 16 and 84 percent, respectively. The rest of the tautomeric forms have less than a
0.1% probability of existence.

A comparison of the interactions of YJA-T1 and YJA-T2 with the receptor and the
solvent indicates that the two forms have established H-bonds with the similar amino
acid residues of the receptor but with different distances (see Figure 8). The YJA-T2 has
an additional H-bond with the solvent (HOH2108). Moreover, it has a higher number of
interactions with the receptor and the solvent (H2O) within 5 Å compared to YJA-T1. Thus,
the increased value of fsp3Csp2N5B and N_H_2B for these two tautomeric forms correlates
with a higher number of receptor atoms in the vicinity, which ultimately leads to an
augmented number of interactions. Additional details related to the interactions of YJA-T1
and YJA-T2 with the receptor are available in Table S1 in the Supplementary Materials.

https://disco.chemaxon.com/calculators/demo/plugins/tautomers/
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Figure 7. Tautomeric forms of ligand YJA (pdb 4c2v). The red colored numbers have been used for
indication of nitrogen atoms involved in tautomerism.

Table 3. A comparison of two tautomeric forms, YJA-T1 and YJA-T2.

Tautomer with
Descriptor Value

H-Bonds
Formed with

Distance (Å) with Angle
(Donor–Hydrogen–Acceptor)

(Cut-Off: 5 Å)

List of Receptor Heavy Atoms
within

5 Å of N3 atom of Ligand
(Residue–Atom–Distance in Å)

List of Receptor Heavy Atoms
within 5 Å of N1 Atom of

Ligand
(Residue–Atom–Distance in Å)

YJA-T1
fsp3Csp2N5B = 0

N_H_2B = 6
fsp2Osp2C5B = 3

LYS122 at 1.668 with 159.8
◦
,

GLN145 at 2.251 with 142.4,
ALA173 at 1.952 with 163.9

◦

VAL107-CB-4.672,
VAL107-CG1-4.351,
VAL107-CG2-4.419,
LU177-OE2-4.842,
LEU223-CG-4.608,

LEU223-CD1-3.627,
LEU223-CD2-4.406

LEU99-CD1-4.259,
ALA120-CB-4.501,
GLU171-C-4.888,
GLU171-O-4.058,
PHE172-N-4.808,

PHE172-CA-3.818,
PHE172-C-3.832,

PHE172-CB-4.641,
PHE172-CG-4.403,

PHE172-CD1-3.550,
PHE172-CE1-4.156,
ALA173-N-2.936,

ALA173-CA-3.743,
ALA173-C-4.208,
ALA173-O-3.930,

ALA173-CB-3.623,
LEU223-CD1-4.121
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Table 3. Cont.

Tautomer with
Descriptor Value

H-Bonds
Formed with

Distance (Å) with Angle
(Donor–Hydrogen–Acceptor)

(Cut-Off: 5 Å)

List of Receptor Heavy Atoms
within

5 Å of N3 atom of Ligand
(Residue–Atom–Distance in Å)

List of Receptor Heavy Atoms
within 5 Å of N1 Atom of

Ligand
(Residue–Atom–Distance in Å)

YJA-T2
fsp3Csp2N5B = 1

N_H_2B = 7
fsp2Osp2C5B = 3

LYS122 at 2.361 with 157.8
◦
,

GLN145 at 2.323 with 115.7
◦
,

ALA173 at 1.946 with 174.4
◦
,

HOH2108 2.222 with 106.7
◦

PHE104-CG-4.358,
PHE104-CD2-3.203,
PHE104-CE2-3.058,
PHE104-CZ-4.124,
VAL107-CB-4.591,

VAL107-CG1-4.413,
VAL107-CG2-4.142,
LEU223-CD1-4.047,
LEU223-CD2-4.948

LEU99-CD2-3.977,
ALA120-CB-4.707,
GLU171-C-4.734,
GLU171-O-3.872,
PHE172-N-4.690,

PHE172-CA-3.669,
PHE172-C-3.814,

PHE172-CB-4.567,
PHE172-CG-4.418,

PHE172-CD1-3.618,
PHE172-CE1-4.265,
ALA173-N-2.953,

ALA173-CA-3.799,
ALA173-C-4.271,
ALA173-O-3.915,

ALA173-CB-3.635,
LEU223-CD1-4.165

fsp2Osp2C5B:

The molecular descriptor fsp2Osp2C5B underlines the influence of a specific combina-
tion of sp2-hybridized carbon with sp2-hybridized oxygen in determining the inhibitory
profile for AKB. The positive coefficient for fsp2Osp2C5B indicates that increasing such a
combination of oxygen and carbon could lead to a better inhibitory profile. In the present
dataset, there are 426 molecules with the presence of at least one such combination of
oxygen and carbon. Likewise, the 200 most active molecules with IC50 values in the range
of 0.26 to 24 nM, except molecule numbers 36 and 469, also possess fsp2Osp2C5B >1. A
comparison of molecule number 167 with 168 further strengthens this observation (see
Figure 9).

A closer analysis revealed that the sp2-hybridized carbon with sp2-hybridized oxygen,
required for the existence of fsp2Osp2C5B are, in general, aromatic carbon atoms and
oxygen of the carbonyl group, especially the amide group, respectively. This further
highlights the importance of aromatic rings—and in turn lipophilic atoms—as aromatic
carbons are mostly lipophilic in nature. The need for an amide group in conjugation
point outs the necessity of a polar group to enhance the interactions with the receptor.
The two tautomeric forms of YJA-T1 and T2 possess such a combination and it results in
enhanced interactions with the receptor (see Figure 8). Obviously, a sp2-hybridized carbon
atom will be at a respective distance of three and five bonds from the nitrogen and oxygen
atoms of the same amide group; therefore, we also checked the importance of famdNsp2C3B
(frequency of occurrence of sp2-hybridized carbon atoms exactly at three bonds from amide
nitrogen atoms). It was observed that fsp2Osp2C5B and famdNsp2C3B have a correlation
of 0.64 and 0.58, respectively, with pIC50. Therefore, fsp2Osp2C5B is a better choice to be
considered for future optimizations and activity predictions.
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Figure 8. Depiction of prominent interactions of YJA-T1 and T2 with the receptor (pdb: 4c2v).
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Figure 9. Representation of fsp2Osp2C5B using molecule numbers 167 and 168 as representative
examples. The black circle represents the sp2-hybridized carbon at five bonds from sp2-hybridized
oxygen.

fOringC6B:

The descriptor fOringC6B is associated with the simultaneous and conditional occur-
rence of polar (oxygen) and lipophilic characters (ring carbons) with an exact separation
by six bonds. If a ring carbon is also present within five or less bonds of any other oxygen
atom, then it is omitted while calculating fOringC6B. The molecular descriptor fOringC6B
has a negative coefficient in model 1, which means that a higher number of such carbon
atoms could reduce the inhibitory profile of a molecule for AKB. This is confirmed when
the following pairs of molecules are compared: 526 with 511, 526 with 521, 204 with 205,
229 with 231, 477 with 485, and 256 with 257. The descriptor has been depicted in Figure 10.
The red dots indicate the ring carbons, which contribute to fOringC6B at exactly six bonds
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from the oxygen atom. The six bonds separating such carbon and oxygen atoms have been
labeled with numbers.
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Figure 10. Representative examples for fOringC6B. The numbers (red) indicate the counting of
number of bonds between ring carbon and oxygen atom.

It appears that reducing the number of ring carbon atoms is a feasible solution to
achieve a lower value of fOringC6B, but this will affect negatively other descriptors, viz.
da_lipo_5B, fsp2Osp2C5B. Instead, a solution is to reduce the number of oxygen atoms or
alternatively increase their presence within five or less bonds of ring carbon atoms. The
second solution is observed in the case of molecule number 229. The additional -OCH3
led to a decreased value of fOringC6B, because, while calculating fOringC6B, if a ring
carbon atom was simultaneously present within six bonds of two or more oxygen atoms, it
was excluded.

fringNC6B:

The molecular descriptor fringNC6B provides crucial information about the upper
limit for separation required between the lipophilic (carbon atoms) and polar (nitrogen
atoms) moieties to achieve a better activity profile. While calculating fringNC6B, if a carbon
atom is also present within five bonds of any other ring nitrogen, then it is omitted. If a
carbon atom is present exactly at a distance of six bonds from a ring nitrogen atom, then
it contributes negatively; therefore, such a combination should be avoided. Reducing the
bond gap between carbon and ring nitrogen is a feasible and justified solution, as other
descriptors, viz. da_lipo_5B and fsp3Csp2N5B, also indicate the same. As stated earlier,
a plausible reason for this could be the active site of AKB (see Figure 11). The influence
of fringNC6B on activity is confirmed when following pairs of molecules are compared: 5
with 500, 5 with 506, 374 with 406, 507 with 514, to list a few.

As stated earlier, the descriptors present in model A are entangled. Therefore, chang-
ing one descriptor could result in changes in other descriptors. For example, the descriptors
fringNplaN4B and fringNC6B indicate the importance of ring nitrogen atoms. The fringN-
plaN4B has a positive correlation with pIC50 but fringNC6B has the opposite relation.
Therefore, increasing the value of fringNplaN4B by escalating the ring nitrogen atoms
could also lead to a higher fringNC6B value. Hence, a balance of the appropriate number
and types of nitrogen, carbon, and oxygen could lead to significant inhibitory activity for
aurora kinase B.
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Figure 11. Depiction of fringNC6B using molecule numbers 5, 500, and 506 as representative examples.
The carbon present at six bonds from ring nitrogen has been depicted using black dots. The numbers
(black) indicate the counting of number of bonds between ring nitrogen and carbon.

4. Materials and Methods

In this work, we adhered to the OECD’s and other researchers’ suggested standards
and recommendations [17–19,32,43,44] for a successful QSAR analysis. The various pro-
cedures for creating a model included meticulous dataset selection, data curation, 3D
structure production for all molecules, computation and trimming of molecular descrip-
tors, model creation and extensive validation, and mechanistic interpretation [45,46]. To
eliminate bias and ensure proper model validation, these stages were carried out one at
a time.

4.1. Selection of Dataset

The success and efficacy of a QSAR analysis in the drug discovery pipeline are signifi-
cantly influenced by the size, composition, and structural diversity of the selected dataset
used for the analysis [17–19,32,43,44]. As a result, a sizable dataset of 3398 reported AKB
ligands was downloaded from BindingDB (https://www.bindingdb.org/bind/index.jsp,
accessed on 14 January 2022). The dataset was then reduced to 561 molecules only after
duplicates (average value for duplicates), salts, metal derivatives, rule-of-five violators,
molecules with undefinable Ki values, etc., were eliminated during data curation [47]. The
condensed dataset still included a variety of molecules, such as stereoisomers, positional
and chain isomers, various heterocyclic and aromatic scaffolds, etc. Thus, it covered a broad
chemical space. The experimental IC50 ranged from 0.26 to 16,000 nM. The experimental
IC50 values were converted to pIC50 for a better QSAR analysis (−log10IC50). Figure 12
and Table 4 comprise some molecules that are very active and those that are least active, to
help the readers to understand the structural variation present in the dataset.

Table 4. SMILES notation, IC50 (nM), and pIC50 (M) of five most and least active molecules of the
selected dataset.

Mol ID SMILES IC50 (nM) pIC50 (M)

339 O=C(Nc1cc(CNc2ncnc3c(C(=O)N)cccc23)ccc1)c1cnc(NC)cc1 0.26 9.585

326 O=C(Nc1cc(C(Nc2ncnc3c(C(=O)N)cccc23)C)ccc1)c1[nH]nc(C(C)C)c1 0.27 9.569

350 O=C(Nc1cc(CNc2ncnc3c(C(=O)N)cccc23)ccc1)c1[nH]nc2c1CCCC2 0.3 9.523

316 O=C(Nc1cc(C(Nc2ncnc3c(C(=O)N)cccc23)C)ccc1)c1cnc(C)cc1 0.32 9.495

383 O=C(Nc1cc(CNc2ncnc3c(C(=O)N)cccc23)ccc1)c1[nH]nc(C(C)C)c1 0.33 9.481

191 O=C1OCc2c(C)c(O)c(O)c(O)c12 8690 5.061

506 O=C(c1nc(Nc2n[nH]c(C)c2)c2c(n1)cccc2)c1ccccc1 11,500 4.939

https://www.bindingdb.org/bind/index.jsp
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Table 4. Cont.

Mol ID SMILES IC50 (nM) pIC50 (M)

202 O=C(C)c1scc(-c2cnc3[nH]c(-c4ccc(OC)cc4)nc3c2)c1 12,100 4.917

427 O=C(O)c1cnc(Nc2nccc(/C=C\3/C(=O)N(C)/C(=N/c4ccc(CC)cc4)/S/3)c2)cc1 12,505.05 4.903

194 O(C)c1c(Nc2ncc3c([nH]c(-c4c(C)onc4C)c3)c2)cccc1 16,000 4.796
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Figure 12. Representative examples from the selected dataset (five most active and five least ac-
tive molecules).

4.2. Calculation of Molecular Descriptors and Objective Feature Selection (OFS)

The next step involved applying the proper methodology to convert SMILES notations
into 3D-optimized structures. OpenBabel 3.1 [48] was used to translate SMILES to SDF for
this. Then, utilizing PM3 as a force field for structure optimization and partial charge assign-
ment, SDF was converted to MOL2 using MOPAC [49] 2016. After this, PyDescriptor [37]
and PaDEL [50], which together offered more than 40,000 molecular descriptors for each
molecule, were used for molecular descriptor calculation. Although using a large number
of molecular descriptors increases the likelihood that a QSAR analysis will be effective,
with a balance of predictive and mechanistic interpretation abilities, it also raises the risk of
overfitting due to noisy redundancy in the descriptors or chance correlations. As a result,
OFS was carried out using QSARINS 2.2.4 [51], which eliminated molecular descriptors that
were nearly constant (for 90% of molecules) and highly inter-correlated (|R| > 0.90). After
extensive OFS, only 1150 descriptors were finally included in the reduced set of molecular
descriptors, but they nevertheless covered a wide descriptor space because they included
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fingerprints, charged-based, 1D to 3D, and a good number of atom-pair descriptors. The
likelihood of a mechanistic interpretation of the model increased because a significant
portion of the descriptors could be readily interpreted in terms of structural traits.

4.3. Splitting the Dataset into Training and External Sets and Subjective Feature Selection (SFS)

SFS is one of the most important steps in the QSAR model-building process that
involves choosing the right feature selection technique with an adequate number and
set of molecular descriptors. Before developing the QSAR model, the dataset was ran-
domly divided into a training set (80%, or 449 molecules) and a prediction set (20%, or
112 molecules), to allow for proper training and validation of the model. In order to elimi-
nate bias, reduce information leakage [32], confirm the model’s external predictive ability
to predict for molecules other than the training set, and to improve the composition of
the training and prediction sets, the dataset was randomly divided at a ratio of 80:20. The
selection of molecular descriptors was done using the training set only. The prediction set,
also known as the test set or external set, was used exclusively for judging the external
predictive ability of the model.

To prevent over- and underfitting, the QSAR model must have an ideal number of
molecular descriptors (variables). Consequently, the ideal number of descriptors for the
model was identified using a straightforward graphical (or breaking point) method [45,46,52].
The value of Q2LOO typically increases considerably when a new variable (molecular de-
scriptor) is added in stages to an MLR model until the desired elevation is reached. After this,
the value of Q2LOO increases slightly or negligibly. As a result, the number of molecular
descriptors that match the elevation point is ideal for creating a QSAR model. A graph of this
is shown in Figure 13. The last elevation point in Figure 13 corresponds to seven molecular
descriptors. Therefore, the genetic algorithm (GA) in combination with multi-regression
(GA–MLR) method, using QSARINS 2.2.4, was used for the exhaustive search to identify
seven molecular descriptors to develop the QSAR model. For GA–MLR, Q2LOO was used
as the fitness parameter.
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Figure 13. Plot of number of descriptors against leave-one-out coefficient of determination (Q2LOO)
to identify the optimum number of descriptors.

4.4. Building Regression Model and Its Validation

Different combinations of various molecular descriptors were eventually found during
the search for seven molecular descriptors for the QSAR model using GA–MLR. However,
due to the statistical performance and the satisfaction of adhering to strict parameters and
criteria, which have been recommended [17–19,23,27,32,33,44–46,52–57] by a significant
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number of researchers, only one combination of molecular descriptors was chosen. The
following threshold values and conditions were used to select the model:

R2
tr ≥ 0.6, Q2LOO ≥ 0.5, Q2LMO ≥ 0.6, R2 > Q2LOO, R2

ex ≥ 0.6, RMSEtr < RMSEcv,
∆K ≥ 0.05, CCC ≥ 0.80, Q2-Fn ≥ 0.60, r2m ≥ 0.5, (1-r2/ro2) < 0.1, 0.9 ≤ k ≤ 1.1 or (1-
r2/r′o2) < 0.1, 0.9 ≤ k′ ≤ 1.1, | ro2− r′o2| < 0.3, RMSEex, MAEex, R2

ex, Q2F1, Q2F2, Q2F3,
and low R2Yscr, RMSE and MAE.

The model’s application domain must be identified for additional validation. In
order to assess the application domain of the QSAR model, we employed a Williams plot
(standardized residuals vs. hat values).

5. Conclusions

In relation to different features influencing the inhibitory activity for AKB, the present
analysis successfully highlighted the significance of different types of atoms, groups,
patterns, and tautomerism. Additionally, it emphasized the significance of specific patterns
of atoms of different hybridization and their inter-relations in determining the final activity.
The conditional presence of lipophilic (carbon) atoms or groups with respect to nitrogen
atoms was also successfully recognized by model A as being beneficial for obtaining higher
inhibitory for AKB. The present work, for the first time, pointed out the role played by
tautomerism for AKB inhibitors. Model A performed statistically well, which was indicative
of its strong external prediction power. As the current work successfully recognized both
previously described and novel pharmacophoric properties associated with AKB inhibition,
the results are of immense use throughout the drug discovery pipeline for the development
of lead/drug candidates against AKB.
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Magnetic solid phase extraction 
of Sunitinib malate in urine samples 
assisted with mixed hemimicelle 
and spectrophotometric detection
Eslam Pourbasheer 1*, Leila Malekpour 2, Zhila Azari 3, Vijay H. Masand 4 & 
Mohammad Reza Ganjali 5,6

The mixed hemimicelle-based solid phase extraction method using the coated sodium dodecyl sulfate 
by magnetic iron oxide nanoparticles as adsorbent was developed for extraction and determination 
of Sunitinib malate in real samples prior to determination by UV–Visible spectrophotometry. For the 
characterization of synthesized nanoparticles, Fourier transform infrared spectroscopy, and scanning 
electron microscopy was used. The influences of different factors affecting the extraction efficiency of 
Sunitinib malate, including the pH, the adsorbent amount, the volume and eluent type, the amount 
of the surfactant, the ionic strength, extraction, and desorption time, were investigated. At the 
optimized conditions, a good linearity with correlation coefficients of 0.998 and 0.999 was obtained 
over the concentration ranges of 1–22 and 1–19 µg/mL for water and urine samples, in order. The good 
recoveries of 97% and 99% and also, the limits of detection equal with 0.9, and 0.8 µg/mL for water 
and urine samples were enhanced, respectively. These results demonstrate that mixed hemimicelle 
solid phase extraction is a fast, efficient, economical and selective sample preparation method for the 
extraction and determination of Sunitinib malate in different water and urine sample solutions.

Abbreviations
MHSPE  Mixed hemimicelle-based solid phase extraction
SDS  Sodium dodecyl sulfate
SDS-MIONPs  Sodium dodecyl sulfate—magnetic iron oxide nanoparticles
SM  Sunitinib malate
FT-IR  Fourier transform infrared spectroscopy
SEM  Scanning electron microscopy
LOD  Limits of detection
LOQ  Limit of quantification
TKI  Tyrosine kinase inhibitor
VEGFR  Vascular endothelial growth factor receptors
PDGF  Platelet derived-growth factor receptor
GIST  Gastrointestinal stromal tumors
LC–MS/MS  Liquid chromatography-tandem mass spectrometry
HPLC  High-performance liquid chromatography
LLE  Liquid–liquid extraction
SPE  Solid-phase extraction
CPE  Cloud point extraction
MIONPs  Magnetic iron oxide nanoparticles
CTAB  Cetyltrimethyl ammonium bromide
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PZC  Point of zero charge
FeCl3·6H2O  Ferric chloride hexahydrate
FeCl2·4H2O  Ferrous chloride tetrahydrate
NaOH  Sodium hydroxide
HCl  Hydrochloric acid
NaCl  Sodium chloride

Sunitinib malate is a novel oral multi-targeted tyrosine kinase inhibitor with established efficacy in treating 
metastatic renal cell carcinoma and imatinib-resistant gastrointestinal stromal  tumor1–4. Sunitinib malate pre-
vents the growth of cancer cells by obstructing a group of closely linked tyrosine kinase receptors, containing 
vascular endothelial growth factor receptors platelet-derived growth factor receptor, FMS-related tyrosine-kinase 
3 and stem cell factor receptor (FCF c-KIT) at nanomolar  concentrations5–9. In addition, SM is approved for the 
therapy of kidney cancer, advanced renal cell carcinoma, and gastrointestinal stromal  tumors10–12. Therefore, the 
determination of Sunitinib malate in water and also in biological fluids has found significance. To date, various 
analytical techniques have been introduced for the determination of Sunitinib malate, such as LC–MS/MS, HPLC, 
and high-performance liquid chromatography-UV  methods13–15. The need for the complicated instruments, on 
the one hand, and being inexpensive and time-consuming, on the other hand, arouse us to utilize spectropho-
tometry measurements which presents not only quick analysis but also ease of operation and being  economic16–18.

An accurate and sensitive procedure such as sample purification and preconcentration are essential prior to 
instrumental  analysis19–27. Several pre-treatment methods have been employed for the extraction of Sunitinib 
malate, including LLE, SPE, and  CPE28–31. Solid phase extraction has gained more research interest due to 
being simple, and also flexible in terms of selecting the desirable solid phase as adsorbent, which results in the 
maximum preconcentration factor, short extraction time and low cost according to the low usage of the organic 
 solvents32,33.

More recently, MIONPs have been widely applied in analytical research as a flexible adsorbent for the extrac-
tion and determination of various chemical  analytes34–39. The magnetic nanoparticles provide some advantages 
over the traditional sorbents, for instance, the high surface area, short diffusion route, high number of surface-
active sites, and superparamagnetic features, which lead to the maximum extraction recovery, rapid extraction, 
and simplicity of extraction for samples with large  volumes40–43. Nanoparticles are inconstant because of the 
high level of surface energy, which might end in the nanoparticles agglomeration and less yield of  operation44,45. 
To inhibit this problem and improve the extraction efficiency, the surface of the nanoparticles is modified with 
different organic and, or inorganic  materials46,47. Surfactants are such organic subcategory that is utilized in this 
research according to some advantages. First and foremost, SPE is based on the adsorption of surfactant on the 
surface of the adsorbent, which makes mixed (hemimicelles and, or admicelles) (MHSPE), act as a solid–liquid 
interface and could be utilized for the extraction and preconcentration of any types of samples from various 
 matrices17,30,31,48. Secondly, the modification procedure is simple and could be performed during the extraction; 
accordingly, it is time-consuming48. In this called method, as MHSPE, the ionic surfactants such as SDS, CTAB 
and, etc., were adsorbed on the surface of the mineral oxides such as, silica, titanium dioxide, alumina, and iron 
 oxides32,45. The combination of mixed hemimicelles with solid phase extraction and magnetic nanoparticles has 
plenty of advantages, such as high extraction yield, regeneration of sorbent, high breakthrough volume, easy 
analytes elution, and no clean-up  steps31. Facile process, being fast and modifying at the same time of extrac-
tion, another motivational reason to select it as the pretreatment method for most drugs and  pollutants10,33,40,47.

In this study, modified  Fe3O4 nanoparticles with sodium dodecyl sulfate was formed mixed based solid-phase 
extraction method, which was successfully employed for extraction and determination of Sunitinib malate in 
urine and water samples by UV–Visible spectrophotometry technique. According to our literature survey, it is 
for the first time that the mixed hemimicelles solid phase extraction has been applied for the extraction and 
determination of Sunitinib malate in urine and water samples.

Results and discussion
Characterization of magnetic iron oxide nanoparticles. The SEM and IR were utilized to character-
ize the synthesized adsorbent, which modified with SDS. According to our previous  work45, absorption bands 
appeared at 529, 477 and 3202  cm-1 confirm the true synthesis of  Fe3O4 since they are related to the FeO,  Fe2O3, 
and the surface OH group of the magnetic nanoparticles, respectively. After modification, new peaks, which 
stand for the S = O group and stretching mode of the aliphatic C-H groups of SDS were, emerged at 1252 and 
both 2928 & 2842  cm−1, respectively. These peaks demonstrated that the surface of MIONPs was successfully 
modified with SDS. Furthermore, SEM images (Fig. 1) show the uniform spherical shape of the modified mag-
netic nanoparticle with the size of about 39–59 nm.

Mixed hemimicelles-based solid-phase extraction optimization conditions. To maximize the 
extraction efficiency of Sunitinib malate, the influences of different factors such as the pH, the amounts of adsor-
bent, and surfactant, the ionic strength, eluent type and volume and extraction /desorption time were investi-
gated and optimized. All the experiments were done three times and the averages of the results were applied 
for optimization. The UV–vis spectra of Sunitinib malate is shown in Fig. 2. All detections were performed at 
λmax = 425 nm.

Effect of pH. The most significant parameter affecting the formation of mixed-hemimicells based on the 
solid adsorbent is the pH of the sample  solution49. The pH range of 3–10, which was adjusted by applying of 
0.1 M HCl or NaOH solution, was investigated. As it is shown in Fig. 3, the highest absorption amount is related 

Content courtesy of Springer Nature, terms of use apply. Rights reserved



3

Vol.:(0123456789)

Scientific Reports |         (2023) 13:3361  | https://doi.org/10.1038/s41598-023-30404-6

www.nature.com/scientificreports/

Figure 1.  SEM images of SDS-MIONPs nanoparticles.
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Figure 2.  Absorbance spectra of Sunitinib Malate (10 µg/mL).
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Figure 3.  Effect of the pH on extraction efficiency (Extraction conditions: sorbent amount, 30 mg; eluent, 5 mL 
of methanol; Sample volume: 10 mL; Sample concentration: 10 µg/mL; extraction time, 5 min; desorption time, 
5 min).
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to pH 3, and a more increase in the pH from 3 to 10, leads to a reduction in the adsorption of SM. This can 
be related to the decrease in positive charge density on the MIONPs surface, on the other hand, the positively 
charged surface of MIONPs in acidic solutions was desirable for the adsorption of anionic surfactants like SDS. 
The point of zero charge of MIONPs is about 6.550. When the pH of the solution is above the isoelectric point 
of the MIONPs, the surface charge density of the MIONPs becomes less positive; hence, adsorption of SDS on 
nanoparticle surfaces is reduced due to the lack of the formation of mixed. Therefore, electrostatic attraction, 
between the negative head group of SDS as anionic surfactant and the positive surface of MIONPs is potent 
enough to produce hemimicelles. Despite the mentioned reason, the acidic solution sustains the positive charge 
of Sunitinib malate and provides the suitable electrostatic attraction with the negative head group of SDS, which 
is placed at the second layer of mixed hemimicelle. Accordingly, for the optimum value, pH = 3 was selected.

Effect of SDS amount. The SDS concentration effect, on the extraction efficiency of Sunitinib malate, was 
considered by adding different concentrations of SDS from 1 to 9 mg/mL to the sample solution. As shown in 
Fig. 4, in the absence of SDS, the Sunitinib malate hardly adsorbed on the surface of the adsorbent; on the other 
hand, the adsorption of SM on the surface of magnetic iron oxide nanoparticles is in strict need of modification. 
The notably increased adsorption is enhanced by the addition of 2 mg of surfactant, which is large enough for the 
formation of admicelles. By the movements toward smaller amounts of SDS the structure of admicelles changes 
to mixed hemimicelles and hemimicelles which are not proper for the adsorption of SM. Higher amounts of 
2 mg are the beginning point of micelle formation which lead to the gradual decrease in adsorption of SM due 
to the redistribution of Sunitinib malate in the bulk solution. Therefore, 2 mg of SDS was chosen as the optimum 
value for the next experiments.

Effect of ionic strength. The ionic strength of the studied solution on extraction efficiency was evaluated 
by the utilization of NaCl with various concentrations of 1–10% (w /v). The results indicate that in the presence 
of salt, especially in extensive amounts, desorption of Sunitinib malate is diminished based on the competitive 
behaviour of SM and salt for the adsorption on the surface of adsorbent. Accordingly, no salt addition was uti-
lized for the rest of experiments.

Effect of the MIONPs amount. The amount of the adsorbent definitely affects the mechanism of adsorp-
tion and extraction efficiency. In order to choose the required quantity of adsorbent (MIONPs) for the extraction 
of Sunitinib malate, different concentrations of MIONPs suspension were used in the range of 0.08–0.42 mg/mL. 
Nanoparticles have a higher surface area than ordinary sorbents (micron-size particle sorbents), which result in 
high extraction capacity and fast extraction dynamics. Therefore, satisfactory results can be obtained with fewer 
amounts of sorbents. As shown in Fig. 5, the extraction recovery of Sunitinib malate increased with increasing 
sorbent amounts from 80 up to 320 mg/mL of  Fe3O4 nanoparticles, due to the increased accessible adsorption 
sites. The more addition of the adsorbent diminished the adsorption of SM, due to the dramatic reversal in admi-
celle formation, which ended in mixed and, or hemimicelles structures. Therefore, 320 mg/mL of the magnetic 
adsorbent amount was selected as the optimum.

The influence of kind and the volume of the eluent. To enhance the maximum release of SM, differ-
ent organic solvents such as acetonitrile, ethanol, methanol, ethylene glycol and water were studied. As shown in 
Fig. 6a, the highest extraction recovery of Sunitinib malate was obtained by the use of methanol which conforms 
to the necessity of the utilization of organic solvent for the disruption of admicelles, structure. Furthermore, the 
highest solubility of SM in methanol in comparison with others might be the reason for the highest absorbance. 
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Figure 4.  Effect of SDS concentration on extraction efficiency (Extraction conditions: sample pH, 3.0; sorbent 
amount, 30 mg; eluent, 5 mL of methanol; Sample volume: 10 mL; Sample concentration: 10 µg/mL; extraction 
time, 5 min; desorption time, 5 min).
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Figure 5.  Effect of MIONPs amount on extraction efficiency (Extraction conditions: sample pH, 3.0; SDS 
concentration:2 mg/mL; eluent, 5 mL of methanol; Sample volume: 10 mL; Sample concentration: 10 µg/mL; 
extraction time, 5 min; desorption time, 5 min).
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Figure 6.  Effect of eluent type (a) and eluent volume (b) on extraction efficiency (Extraction conditions: sample 
pH, 3.0; sorbent amount, 320 mg; SDS concentration:2 mg/mL; eluent volume, 5 mL; Sample volume: 10 mL; 
Sample concentration: 10 µg/mL; extraction time, 1 min; desorption time, 7 min).
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Figure 6b exhibits the effect of different volumes of methanol in the range from 2 to 8 mL on the extraction 
efficiency of Sunitinib malate. By incrementing the volume to 3 mL, the extraction efficiency increased, and the 
diminution was observed for the higher amounts 3 to 8 ml. It would attribute to the analytes dilution in the high 
volumes of the eluent. Hence, for the optimum eluent volume, 3 mL of methanol was selected. Moreover, our 
primary solution, which extracted was acidic, and therefore, 3 ml of the basic solution (methanol: water; 94:6 
v/v) demonstrated the best extraction efficiency, and was selected as the desirable extractor.

The impact of time on both extraction and back extraction. Extraction/back extraction time is 
defined as the needed time to bring both solution and adsorbent into contact in order to enhance the complete 
transfer of analyte to adsorbent/extractor solvent and in solid phase extraction is measured as the time for the 
shaking by the application of a  shaker45. This extraction/ back extraction time must be long enough to make 
solution/adsorbent approximately bare of analyte. In this study, the effect of extraction and back extraction times 
on the extraction efficiency of Sunitinib malate were investigated in the range of 1–5 and 1–9 min, respectively. 
The results showed that the highest extraction efficiency was obtained in the shortest tested time as extraction 
time (1 min). After 1 min, the adsorption remained constant with less reduction. Also, the maximum desorption 
was observed at 7 min. The desorption’s were incomplete in the times shorter than 7 min and then decreased. 
The rapid dynamic process and high surface area of MIONPs along with homogeneous distribution of the nano-
sorbent throughout the sample and could be the possible reasons for gaining a rapid extraction process. In a 
word, MIONPs-based MHSPE is a method with the capability of a fast separation procedure which leads to a 
short analysis time. Therefore, 1 and 7 min were selected as the optimized adsorption and desorption time.

Analytical performance. In order to validate the proposed method, at the optimized experimental con-
ditions, some figures of merits such as the limit of detection and quantification, the linear range of calibration 
curve, correlation of determinations  (R2), and the accuracy and precision of the method were examined. The 
analytical performances of the presented method are presented in Table 1. The calibration curve was linear in the 
range from 1 to 22 and 1 to 19 µg/mL with determination coefficients of 0.998 and 0.0999 for water and urine 
samples, respectively. The LOD and LOQ were defined according to the IUPAC recommendation as follows: 
LOD = 3.3 (SD/S) and LOQ = 10 (SD/S) where SD is the standard deviation of the blank and S is the slope of 
calibration curve. The LODs were 0.9 and 0.8 µg/mL and also the LOQs were 2.9 and 2.6 µg/mL for determina-
tion of Sunitinib malate in water and urine samples, respectively. Moreover, to determine the relative standard 
deviation (%) of the analytical method five replicates were done for each concentration. The method accuracy 
was investigated by the measurement of relative error which is 100 multiplied by the resulting subtraction of 
founded and added concentration of SM in spiked samples divided to added concentrations. As the results reveal 
in Table 1, the proposed method exhibited good linearity, appropriate precision and low LOD and LOQ for the 
determination of the analyte.

Real sample analysis. Under the optimized conditions, the mixed hemimicelles SPE method was applied 
for the extraction and determination of Sunitinib malate in spiked tap water and urine samples. Since Sunitinib 
malate was not detected in the real samples, 10 µg/mL of Sunitinib malate was added into the water and urine 
samples, and extraction was done based on the procedure. The analytical results are summarized in Table 2. It 
can be seen, that the enhanced recoveries are about 97% and 99% for water samples and urine samples, respec-
tively, which indicate the suitability of MIONPs sorbents for selective extraction and determination of Sunitinib 
malate in real samples. Also, the relative standard deviations (RSDs %) for five replicate extractions were 0.67 
and 0.41% and the gained relative errors were 3.1 and 0.04 for water and urine, respectively; indicating the 
proper precision and accuracy of the method. Also, the performance of the proposed method was compared to 
that of other reported methods for determination of Sunitinib Malate and the results are presented in Table 3.

Table 1.  Figures of merit for the applied MHSPE in real samples. a Extraction percentage. b Linear dynamic 
range.

Sample LOD (µg/mL) LOQ (µg/mL) Regression equation R2 EP (%)a LDR (mg/L)b

Water 0.9 2.9 y = 0.0362x + 0.1134 0.998 97 1–22

Urine 0.8 2.6 y = 0.0415x + 0.0031 0.999 99 1–19

Table 2.  Determination of Sunitinib Malate (SM) in real samples.

Sample Cadded (µg/mL) Cfound (µg/mL) RSD (%) (n = 5) R2 Relative recovery (%) Relative error (%)

Water 10 10.31 0.67 0.998 97  + 3.1

Urine 10 10.60 0.41 0.999 99  + 6.04
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Conclusion
The proposed mixed hemimicelles solid phase extraction was developed for extraction and determination of 
Sunitinib malate in tap water and urine samples prior to spectrophotometric determination. Sodium dodecyl 
sulfate was utilized for the modification of magnetic iron oxide nanoparticles and the construction of mixed 
hemimicelles. The proposed method provides various advantages like short analysis time, simplicity, low cost, 
high extraction efficiency, low detection limits and proper recoveries. This method presents satisfactory repeat-
ability and accuracy for the extended dynamic linear ranges of 1–22 and 1–19 µg/ml for water and urine sam-
ples, respectively. Also, the satisfactory recoveries and precision of the proposed MHSPE method indicate that 
MIONPs sorbents have considerable potential for the extraction and determination of Sunitinib malate from 
biological fluids. Finally, this method was handled for designation of SM in water and urine samples with low 
detection limits and proper recoveries of 97 and 99, respectively. Hence, the proposed analysis method could be 
successfully applied for extraction and determination of drugs in real samples.

Experimental
Materials and instruments. All used reagents were of analytical grade and distilled water was used for 
making of all the aqueous solutions. The  FeCl3.6H2O,  FeCl2.4H2O, SDS, NaOH (99%), HCl (37%), aqueous 
ammonia (25 wt%), NaCl, methanol, ethanol, ethylene glycol, acetonitrile, dimethyl sulfoxide and Sunitinib 
malate were purchased from Merck (Darmstadt, Germany). The molecular structure of Sunitinib malate is pre-
sented in Fig. 7. A stock solution of the Sunitinib malate (100 mg/L) was prepared by dissolving proper amount 
of Sunitinib malate in dimethyl sulfoxide and methanol and stored at 4 °C. All the solutions were prepared by 
suitable diluting of the stock solution with distilled water. The Climo-Shaker ISF1-X (Kuhner AG, Switzerland) 
was used for shacking of the mixtures. A Jenway model 4510 (Stone, UK), pH meter with a glass electrode was 
applied for the pH measurements. All of spectrophotometric measurements of the solutions were done by a Ana-
lytic Jena SPECORD 250 UV–vis spectrophotometer (Germany). The UV detection of Sunitinib malate was per-
formed at 425 nm. The FT-IR spectra of the prepared nanoparticles was carried out by a Shimadzu prestige-21 
(Japan) FT-IR spectrophotometer in the range of 400–4000  cm-1. The structure of the synthesized nanoparticles 
was characterized by a scanning electron microscopy (SEM, LEO 1430VP).

Magnetic iron oxide nanoparticles preparation. The nanoparticles of  Fe3O4 were synthesized with 
the help of a conventional co-precipitation method similar to our previous  works45. The 4.3 g of  FeCl2·4H2O and 

Table 3.  Comparison of the proposed MHSPE method with some of the methods reported in the literature for 
determination of Sunitinib Malate. a Data not reported. b Linear dynamic range.

Sample Detection system LOD (ng/mL) LOQ (ng/mL) LDR (ng/mL)b R2 References

Plasma LC–MS/MS –a 1.37 1.37–1000 0.99 4

Plasma LC–MS/MS – 2 2—250 0.9919 10

Plasma LC–MS/MS – 0.10 0.10—150 0.998 12

Plasma HPLC–UV–Vis – 10 20–200 – 13

Plasma LC–MS/MS – 0.2 0.2–500 0.9950 15

Urine UV–Visible 0.8 (mg/L) 2.6 (mg/L) 1–19 (mg/L) 0.999 This work

Water UV–Visible 0.9 (mg/L) 2.9 (mg/L) 1–22 (mg/L) 0.998 This work

Figure 7.  Structure of Sunitinib Malate (SM).
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11.68 g of  FeCl3.6H2O were dissolved in 200 mL of deionized water under a nitrogen atmosphere at 85 °C. An 
ammonia solution (20 mL, 30% w/w) was added dropwise into the mixture with vigorous stirring (400 rpm) for 
30 min. The orange color of the solution changed to black quickly. After cooling down to room temperature, the 
obtained MNPs precipitate was separated from the reaction mixture under the magnetic field. The magnetite 
precipitates were eluted twice with deionized water, and once with 0.02 mol/L sodium chloride.

Preparation of real samples. The efficiency of this method was evaluated by the application of water and 
urine as real samples. Tap water samples were freshly prepared from our analytical laboratory (Ardabil, Iran). 
Water samples were just filtered with a Millipore filter before extraction. The urine samples were taken from a 
voluntary female. The collected urine samples were centrifuged at 2500 rpm for 20 min at room temperature to 
sediment white lipidic solid, then filtered with a 0.2 µm syringe filter. The spiked urine samples were diluted 1:10 
using distilled water, in order to decrease the matrix effect.

Ethics declaration. The urine sample preparation method was carried out in accordance with relevant 
guidelines and regulations. The urine sample was taken from a voluntary female and informed consent of par-
ticipating subject, was obtained. The researchers institute did not require approval for the use of urine in experi-
ments in this instance.

Magnetic MHSPE procedure. The step-by-step procedure to accomplish MHSPE of Sunitinib malate, 
was as follows (Fig. 8): a 10 mL of the aqueous solution containing Sunitinib malate (10 µg/mL) was transferred 
into a 25 mL beaker. Next, an amount of 0.5 mL (30 mg/mL) of  Fe3O4 NPs suspension and 0.2 mL of the SDS 
solution (2 mg/mL) were sequentially added. In order to complete the extraction process, the mixtures were 
shacked and permitted for 5 min. After that, the SDS-coated MIONPs were isolated from the solutions using an 
external magnet. After 2 min, the solutions became clear and supernatant solutions were decanted. The 5 mL of 

Figure 8.  A schematic diagram of magnetic MHSPE procedure.
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methanol was used for the elution of preconcentrated analyte from the isolated adsorbent. The concentration of 
Sunitinib malate was determined at a wavelength of 425 nm using a UV–Vis spectrophotometer.

Data availability
All data supporting the conclusions of this research article are included within the manuscript.

Received: 9 January 2023; Accepted: 22 February 2023
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ABSTRACT

Due to the high rates of drug development failure and the massive expenses associated with drug dis-
covery, repurposing existing drugs has become more popular. As a result, we have used QSAR model-
ling on a large and varied dataset of 657 compounds in an effort to discover both explicit and subtle
structural features requisite for ACE2 inhibitory activity, with the goal of identifying novel hit mole-
cules. The QSAR modelling yielded a statistically robust QSAR model with high predictivity (R2tr¼0.84,
R2ex¼0.79), previously undisclosed features, and novel mechanistic interpretations. The developed
QSAR model predicted the ACE2 inhibitory activity (PIC50) of 1615 ZINC FDA compounds. This led to
the detection of a PIC50 of 8.604M for the hit molecule (ZINC000027990463). The hit molecule’s dock-
ing score is �9.67 kcal/mol (RMSD 1.4). The hit molecule revealed 25 interactions with the residue
ASP40, which defines the N and C termini of the ectodomain of ACE2. The HIT molecule conducted
more than thirty contacts with water molecules and exhibited polar interaction with the ARG522 resi-
due coupled with the second chloride ion, which is 10.4 nm away from the zinc ion. Both molecular
docking and QSAR produced comparable findings. Moreover, MD simulation and MMGBSA studies
verified docking analysis. The MD simulation showed that the hit molecule-ACE2 receptor complex is
stable for 400ns, suggesting that repurposed hit molecule 3 is a viable ACE2 inhibitor.
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1. Introduction

The signalling mechanism known as the renin-angiotensin
system (RAS) controls vascular function in a homeostatic
manner (Crowley et al., 2005). Modulation of blood volume,
natriuresis, and blood pressure are some of its systemic
effects. RAS controls local blood flow and controls trophic
responses to various stimuli, but it also serves an important
local purpose. The majority of tissues express and work with
the type 1 integral membrane glycoprotein; ACE2 (Tipnis
et al., 2000). The highest levels of ACE2 expression are seen
in the kidney, endothelium, lungs, and heart (Donoghue
et al., 2000). The major RAS effector, angiotensin II (Ang II),
increases vasoconstriction, salt retention, oxidative stress,
inflammation, and fibrosis while decreasing baroreceptor
sensitivity to sustain heart rate. Various studies support
ACE2’s critical function of effectively degrading Ang II to
Ang-(1-7), which antagonizes Ang II’s effects (Figure 1). Ang-
(1-7) works on the MAS receptor, which decreases blood

pressure through vasodilation, promotes salt and water
excretion by the kidney, and reduces inflammation by
increasing nitric oxide production (Figure 1). ACE, on the
other hand, transforms Ang I into Ang II, which works at the
type 1 angiotensin receptor (AT1R) to raise blood pressure
by promoting vasoconstriction, increasing salt and water
reabsorption by the kidney, and causing oxidative stress to
promote inflammation and fibrosis (Figure 1) (Crowley et al.,
2005).

The RAS regulates body fluid, electrolyte homostasis, and
vascular tone (Yim & Yoo, 2008). These RAS actions are medi-
ated by angiotensin effector peptides such as Ang II, III, and
1-7 (Sparks et al., 2014). The main effector peptide, Ang II, is
produced in the blood and affects the kidneys, adrenal
glands, sympathetic nervous system, and baroreceptor
reflexes (Atlas, 2007; Reid, 1992). Local RAS has been discov-
ered in a variety of different tissues, including the brain
(Ganten et al., 2009; Reid, 1992). Angiotensinogen is pro-
duced by astrocytes in the central nervous system, and is
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then degraded by renin, angiotensin converting enzyme
(ACE), amino peptidases or ACE2 and Neprilysin (Lin et al.,
1996). Despite some speculation, it is unknown the locality
of brain these RAS enzymes are produced (Bodiga & Bodiga,
2013). The RAS in the brain regulates learning, memory, anx-
iety, sorrow, cognition, and emotional stress (McKinley et al.,
2003), but it also supports the actions of the peripheral RAS
(Bodiga & Bodiga, 2013). Importantly, there is growing evi-
dence that RAS in the brain has a role in the development
of neurodegenerative diseases such as Alzheimer’s disease
(Paul et al., 2006; Zhu et al., 2011).

Although some studies have shown a link between RAS
and toxic peptide accumulation (Tian et al., 2012), tau phos-
phorylation (Murphy et al., 2010), oxidative stress (Tian et al.,
2012), mitochondrial dysfunction, neuroinflammation, and
cholinergic dysfunction (Chrissobolis et al., 2012), it is still
unclear how medications that act on the RAS system affect
Alzheimer’s disease.

Literature survey reveals that, there are Angiotensin-
Receptor Blockers (ARBs) and ACE inhibitors which have var-
ied effects on ACE2 levels (Burchill et al., 2012; Burrell et al.,
2005; Ferrario et al., 2005; 2020; Furuhashi et al., 2015;
Hamming et al., 2008; Igase et al., 2005; Ishiyama et al., 2004;
Lakshmanan et al., 2012; Ocaranza et al., 2006; Soler et al.,
2009; Sukumaran et al., 2011; 2012; 2017; Vuille-dit-Bille
et al., 2015; Zhong et al., 2011). ACE inhibitors and angioten-
sin-receptor blockers (ARBs) are notable in that their effects
on angiotensin II are unique from one another

(Vaduganathan et al., 2020). Some of the important ACE 2
blockers and inhibitors are shown in Figure 2.

Subsequently, recombinant human ACE2 is known as
therapeutic RAS modulator. Supplementation with recombin-
ant human ACE2 results in lowering of Ang II and increase of
Ang-(1–7)/Ang II ratio (Basu et al., 2017). GSK2586881, a
recombinant human ACE2 was found to decrease the level
of Ang II with increase of Ang (1–7) in acute respiratory dis-
tress syndrome patients (Khan et al., 2017).

In order to retain its high binding affinity for ACE2, a
novel therapeutic drug must be designed that has a better
ADMET (Absorption, Distribution, Metabolism, Excretion, and
Toxicity) profile. For this, it is crucial to understand the phar-
macophoric characteristics connected to ACE2 binding affin-
ities using a large, structurally varied dataset with sufficient
fluctuations in activity space. Due to its effectiveness in
terms of time and cost, computer-aided drug design (CADD)
is a modern and practical approach to achieving these goals
(Baig et al., 2016; Imam & Gilani, 2017). A flourishing and
well acknowledged subfield of CADD called ligand-based
drug designing (LBDD) has a greater percentage of success
in identifying important pharmacophoric characteristics. If
the target protein’s 3D structure is unavailable, this approach
should be used (Baig et al., 2016). Quantitative Structure-
Activity Relationship (QSAR) is an effective, interdisciplinary
method for identifying prominent and subtle pharmaco-
phoric characteristics in the context of LBDD (Gramatica,
2013; 2020; Huang & Fan, 2011).

Figure 1. Functional scheme of the renin-angiotensin system.
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Several researchers have utilised various scaffold patterns
in QSAR analyses for the ACE2 receptor. QSARs of nine pep-
tide datasets of angiotensin-converting enzyme inhibitor
(ACE-inhibitor) oligopeptides were investigated by Xiaoyu
Wang and colleagues. According to Xiaoyu, the hydrophobic
and stereospecific amino acid residues for the ACE-inhibitor
dipeptides are essential for the ACE2 inhibitory activities
(Wang et al., 2011). Additionally, Fangfang Wang and col-
leagues proposed that the steric field has a beneficial impact
on the ACE2 inhibitory bioactivity, supporting the finding
made by Wang and colleagues (Wang & Zhou, 2020).
Additionally, Regulska and colleagues provided evidence cor-
roborating Wang and colleagues’ finding that the hydropho-
bic feature plays a critical role in determining ACE2
inhibitory activity (Regulska et al., 2014). As a result,
Prabhakar and colleagues investigated the structure-activity
relationship study, and they came to the conclusion that
ACE’s hydrophobicity and polar interaction play a significant
role in its inhibitory effect. Despite the fact that these investi-
gations helped to identify certain significant structural char-
acteristics, the created QSAR models lacked wide application
because they were either based on limited datasets or just
particular scaffolds. Additionally, its use for lead optimization
pipeline is constrained by limited external predictive ability.
An extensive knowledge of the relationship between struc-
tural characteristics and desired bioactivity is provided by a
QSAR study that uses a wide variety of compounds and bal-
ances predictive and mechanistic interpretation (Fujita &
Winkler, 2016; Gramatica, 2020; Masand et al., 2021). In order
to determine the structural characteristics that are very
important for ACE2 ligands, QSAR analysis has been carried
out in the current work employing a large and diverse data-
set that covers a broad chemical and activity space. In add-
ition, we have found a new (ZINC000027990463) inhibitor

against ACE2 employing a wide range of computational
approaches, including drug repurposing, QSAR-based virtual
screening, molecular docking supplemented by molecular
dynamic simulation, and molecular mechanics generalised
borne surface area (MMGBSA). Therefore, it would be a good
idea to do drug repurposing on these drugs that have
received clinical approval once again. Repurposing clinically
approved medications has the advantage that their side
effects are known, making them great candidates for ACE2
inhibition. As a result, the hit compound can be suggested
for a number of disorders linked to ACE2 receptor activation.

2. Materials and methods

2.1. Preparation of datasets

There are 1075 compounds in the ChEMBL database whose
ACE 2 potency has been measured experimentally using the
IC50 (Gaulton et al., 2017). An updated dataset including 657
ACE inhibitors with precise IC50 values is constructed after
deleting duplicates, multi-component compounds or salts,
and compounds with incorrect IC50 values. The PIC50 values
M were calculated by first converting IC50 nM values to M
molar concentrations (PIC50 ¼ -logIC50 M). The structures of
the five most active and five least active molecules of the
dataset are shown in Figure 3. (See Supplemental
Information Table for SMILES notations for all 657 com-
pounds with IC50, molecular descriptor, and PIC50 M values).

2.2. QSAR model development and validation

For virtual screening, molecular optimization, and decision-
making, a robust QSAR model validated by cross-validation,
external validation, Y-randomization, and applicability

Figure 2. Chemical structures of the angiotensin-receptor blockers (ARBs; azilsartan, candesartan, irbesartan, losartan, olmesartan, telmisartan) (A) and angiotensin
converting enzyme (enaleprilat, captopril) inhibitors (B).
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domain (William’s plot), among others, is helpful. For this
study, we used ChemSketch to sketch 2D structures for all
657 compounds, Open Babel 3.1.1 (O’Boyle et al., 2011) to
convert these to 3D structures, and hyperchem (Ivanciuc,
1996) to optimise these 3D structures using a semi-empirical
PM6 approach (Bikadi & Hazai, 2009).

A PyMOL plugin called PyDescriptor calculated molecular
descriptors using the resulting conformers. Topological, geo-
metrical, and constitutional chemical space of molecules are
all included in PyDescriptor (Masand & Rastija, 2017).
Prefiltering the descriptors (removing the semi-constant and
highly inter-correlated ones) yields 2081 descriptors. In order
to build and test a QSAR model, a total of 657 molecules
were split into training (80%, or 527) and test (20%, or 130)
sets. Multiple linear regression was employed in QSAR Model
development. Descriptors for the training set were selected
with the help of the full subset and the QSARINS 2.2.4 used
for Analyzing Genetic function algorithm Method (Dearden
et al., 2009; Fujita & Winkler, 2016; Gramatica, 2014; 2020;
Gramatica et al., 2013; 2014).

There are a variety of validation criteria available in the lit-
erature that may be used to determine how well the model
actually works. QSAR model internal predictability and statis-
tical quality were tested using r2, leave-one-out, and leave-
many-out cross-validation (Q2

LMO). The estimate standard
error for each model is also provided. To further improve the
QSAR models’ accuracy, we additionally provided the Root
Mean Squared Error (RMSE) for both the training (RMSEtr)
and external prediction (RMSEext) sets. To reduce the
amount of overlap between the various descriptors, QUICK
was set to 0.05. The QSAR model’s reliability was tested
using a Y-randomization test with 2000 repetitions to elimin-
ate spurious correlations.

External validation was performed using r2ext, Q2
F1, Q

2
F2,

Q2
F3, CCCext, r

2m, and r2m. R2m penalises a model for large
disparities between actual and anticipated chemical values
(considering both training and test sets). The metric Q2F3 is
particularly well-suited for comparing the external

predictivity of different models developed on the same train-
ing dataset. The r2m measures discordance between pre-
dicted and actually observed levels of activity (PIC50 M value).
The proposed threshold for external validation’s correlation
coefficient, r2m, is more than 0.5. All QSAR models were eval-
uated using the criteria established by Golbraikh and
Tropsha to guarantee reliability and stability. The degree to
which a QSAR model’s projected value agrees with the meas-
ured biological activity determines the model’s predictive
accuracy. The predictive power of a QSAR model declines as
soon as an outlier is included. To continue, we scoured GA-
MLR-based QSAR models for substances with very high
residual values. Comparison of the predicted value to the
residual data helped find the outlier compounds. As William
demonstrated, leverage effects brought attention to inherent
diversity in database structure. The range of validity for a
QSAR model is determined by the residuals and leverage
(Consonni et al., 2019; Harit et al., 2017).

2.3. Drug repositioning and QSAR based virtual

screening

We utilised a 1650-compound Zinc FDA database for QSAR-
based virtual screening. Previously, 3D-molecular structures
were structured as a modelling set for descriptor calculations.
The six-parameter QSAR model was used to predict ACE2
inhibitory activity of 1650 FDA molecules (Bakal et al., 2022;
Ghosh et al., 2022; Jawarkar et al., 2022).

2.4. Molecular docking study

Protein Data Bank (https://www.rcsb.org/structure/1O86) has
the human ACE PDB file. PDB ID:1O86 was determined based
on X-ray resolution and sequence completion. The docking-
ready protein is tuned. The active site in the pdb was deter-
mined on the basis of bound ligand; lisinopril. For clarity, the
docking stance for the most active molecule 3 is shown as a

Figure 3. Showing the representative examples of five most active and five least active compounds along with their PIC50 values.
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symbol. NRGSuite was used to study molecular docking. This
is a PyMOL plugin (https://www.pymol.org). It can determine
protein surface cavities for docking simulations using FlexAID
(Gaudreault et al., 2015). It models ligand and side-chain
flexibility and simulates covalent docking. In this study, a
flexible-rigid docking technique with default settings was uti-
lised to optimise NRGSuite performance: Biovia Discovery
studio software was used to visualise with the setting of
1000 chromosomes, 1000 generations, fitness model share,
reproduction model population boom, and 5 TOP complexes
were retained.

2.5. Molecular dynamics simulation (MD-simulation)

The MD simulations were carried out in triplicate using the
Desmond 2020.1 from Schr€odinger, LLC on dock complexes
for Mpro (PDB I.D: 1o86) and molecule 3 (ZINC I.D:
ZINC000027990463). To ensure that the results were repeat-
able, duplicate samplings were performed with the same
parameters for each MD run. This system utilizes the OPLS-
2005 force field (Shivakumar et al., 2010) and an explicit solv-
ent model with SPC water molecules. To neutralize the
charge, Naþ ions were added. To imitate the physiological
environment, 0.15M NaCl solutions were introduced to the
system. To retrain over the protein-compound 4 complex,
the system was first equilibrated using an NVT ensemble for
400 ns. Following the preceding phase, an NPT ensemble
was used to execute a short equilibration and minimization
run for 12 ns. In all simulations, the NPT ensemble was set
up using the Nose-Hoover chain coupling scheme (Jorgensen
et al., 1983), with a temperature of 27 �C, a relaxation dur-
ation of 1.0 ps, and a pressure of 1 bar. A 2fs time step was
chosen. With a relaxation duration of 2 ps, the Martyna–
Tuckerman–Klein chain coupling scheme (Martyna et al.,
1992) barostat method was employed for pressure control.
Long-range electrostatic interactions were calculated using
the particle mesh Ewald method (Toukmaji & Board, 1996),
with the Coulomb interaction Radius set at 9. The bonded
forces were calculated using the RESPA integrator with a
time step of 2 fs for each trajectory. To check the stability of
the MD simulations, the root mean square deviation (RMSD),
radius of gyration (Rg), root mean square fluctuation (RMSF),
and quantity of hydrogen (H-bonds) were computed. Geo
measures v 0.872 was used to calculate the free energy land-
scape of protein folding on a chemical 4 bound complex
(Kagami et al., 2020). The MD trajectory versus RMSD and
Radius of gyration (Rg) energy profile of folding was
recorded in a 3D plot using the matplotlib python package
utilizing Geo measures, which includes a sophisticated library
of g_sham (Ghosh et al., 2022).

2.6. Molecular mechanics generalized born and surface

area (MMGBSA) calculations

During MD simulations of ACE2 complexed with hit molecule
3, binding free energy (Gbind) was calculated using MM-
GBSA module. (Schrodinger Suite, 2017-4, NY). OPLS 2005,
VSGB, and rotamer search methods were used to compute

binding free energy. After MD, 10 ns intervals of trajectory
frames were picked. Total free energy binding was calculated
using equation 1:

DGbind ¼ Gcomplex – Gprotein þ Gligandð Þ

Where, DGbind¼ binding free energy, Gcomplex¼ free
energy of the complex, Gprotein¼ free energy of the target
protein, and Gligand¼ free energy of the ligand.

3. Results and discussion

The current study relies on a sizable dataset (657 molecules),
but it has already significantly spanned a large area of chem-
istry due to the presence of numerous molecular scaffolds,
functional groups, substituents, diverse rings (including non-
aromatic, homoaromatic, heteroaromatic, fused rings; spiro
compounds; etc.). The QSAR model was constructed using a
divided data set. Values of R2, R2adj, CCCtr, and other fitting
parameters that are much above the allowable threshold val-
ues demonstrate that the QSAR models are statistically
acceptable with the required number of chemical
descriptors.

3.1. QSAR model

Q2
LOO, Q

2
LMO, and other internal validation parameters have

values that suggest the statistical robustness of the QSAR
models and define the superiority of the QSAR model.

3.2. Model

PIC50 ¼ 4.541 (± 0.184) þ 0.021 (± 0.002) � ringCplus_AbSA
þ �0.228 (± 0.028) � faccH3B þ 0.8 (± 0.057) � fNacc3B þ

�1.606 (± 0.129) � faccdon3B þ 0.441 (± 0.044) �

famdNringC3B þ 0.136 (± 0.015) � sp3S_ringC_6B
R2: 0.8485, R2adj: 0.8468, R2 -R2adj: 0.0018, LOF: 0.3794,

Kxx: 0.2694, Delta K: 0.0963, RMSE tr: 0.6019, MAEtr: 0.4925,
RSStr: 190.5623, CCCtr: 0.9181, s:0.6059, F: 484.5475, Q2

LOO:
0.8441, R2-Q2

LOO: 0.0044, RMSEcv: 0.6107, MAEcv: 0.4994,
PRESScv: 196.1450, CCCcv: 0.9156, Q2

LMO: 0.8428, R2Yscr:
0.0111, Q2

Yscr: �0.0158, RMSE AVYscr: 1.5379, RMSEext: 0.6982,
MAEext: 0.5729, PRESSext: 63.8534, R

2
ext: 0.7997, Q

2 -F1: 0.7834,
Q2-F2: 0.7828, Q

2-F3: 0.7962, CCCext: 0.8900, r
2m aver.: 0.7172,

r2m delta: 0.0067, Exp(x) vs. Pred(y): R2:0.8441, R’2o: 0.8177,
k‘: 0.9919, Clos’: 0.0313, r‘2m: 0.7069, Pred(x) vs. Exp(y): R2:
0.8441, R2 o: 0.8441, k: 0.9998, Clos: 0.0000, r2m: 0.8422
Exp(x) vs. Pred(y): R2:0.7997, R’2 o: 0.7899, k‘: 0.9737, Clos’:
0.0123, R’2m: 0.7205, Pred(x) vs. Exp(y): R2:0.7997, R2o: 0.7882,
k: 1.0165, Clos: 0.0144, r2m: 0.7139.

William’s plot illustrated the applicability of the model.
Figure 4c displays William’s plot, which shows that all of the
molecules fall within the model’s application domain (the
solid line at the top of the plot represents h� ¼ 0.021, and
the dotted lines at the bottom of the plot reflect the upper
and lower limits of standard residuals). The dataset of com-
pound Kxy (Inter-correlation among descriptors) vs Q2

LMO

(Leave-many-out cross-validated square of the (multiple) cor-
relation coefficient) is shown in Figure 4a. The scatter plot of
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Kxy against R2Yscr (R
2 of the training set with Y-scrambling)

and Q2
Yscr (Q2

LOO of the training set with Y-scrambling) is
shown in Figure 4d. The score plot for the Descriptor in the
QSAR model’s split set is shown in Figure 4d. As such, it
complies with all the OECD-approved recommendations and
requirements for developing a practical QSAR model
(Cherkasov et al., 2014; Chirico & Gramatica, 2011; 2012;
Consonni et al., 2009; Gramatica, 2013; Gramatica et al.,
2007; Krstajic et al., 2014; Rao et al., 2008; Tropsha et al.,
2003).

4. Discussion

4.1. QSAR mechanistic interpretation

Understanding the mechanism of action of molecules, the
basis for their specificity, and the pharmacophoric attribu-
tes/groups responsible for the desired bioactivity can be
improved by validating the relationship between influential

structural properties or molecular descriptors of molecules
and bioactivity. A synergistic or reverse effect of other
molecular descriptors or unknown factors having a remark-
able influence in determining a molecule’s overall IC50 value
cannot be ignored, despite the fact that we have compared
the IC50 values of numerous molecules in relation to and as
a result of a specific molecular descriptor (or feature) in the
present analysis. That is, the experimental IC50 value cannot
be determined or fully explained by a single chemical
descriptor or attribute for such a vast and structurally diverse
range of compounds. That is to say, taking into account the
synergistic effects of component molecular descriptors are
crucial for making use of a validated QSAR model effectively.
The updated QSAR model has a total of six characterizations
(Fujita & Winkler, 2016; Gramatica, 2020) (See Table 1).

ringCplus_AbSA: This description denotes the presence
of absolute surface area for the positively charged ring car-
bon atom. Because the descriptor has a positive coefficient
in the proposed QSAR model, increasing the value of this

Figure 4. Different graphs associated with the model (a) experimental vs. predicted pKi (the solid line represents the regression line); (b) experimental vs.resi-
duals;(c) William’s plot for applicability domain (the vertical solid line represents h� ¼ 0.021 and horizotal dashed lines represent the upper and lower boundaries
for applicability domain; (d) Y-randomization plot.
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descriptor further boosts the ACE2 inhibitory action. This
may be shown by comparing molecule 80 (ringCplus_AbSA
¼ 86.14, PIC50: 8.58) with molecule 274 (ringCplu_AbSA ¼

34.02, PIC50: 7.82). For molecule 358, increasing the value of
this molecular descriptor from 34 to 86 results in a 0.76 unit
improvement in ACE inhibitory activity. (About 5.75-fold
increase in the inhibitory potency for ACE2). In one of the
active compounds 80, no substitution at the 5th position of
the pyrrolidine ring is observed, but inclusion of carbonyl
group at the 5th position in molecule 274 greatly decreases
the absolute surface area for the positively charged ring car-
bon atom, thus lowering lipophility. This finding indicates
that inclusion of a carbonyl group decreases the lipophilicity
and increases the polarity of compound 274. As a result, lipo-
philicity (expressed as LogP) is critical for ACE 2 inhibitory
activity. This might be the cause of the discrepancy in ACE2
inhibitory activity of compound 80 and 274. Following that,
R G Almquist and coworkers reported the same result and
commented on the impact of substitution at positions 2 and
5 of the hexanoic acid unit on ACE2 inhibitory activity
(Almquist et al., 1982) (See Figure 5). Therefore, QSAR results
are in complete agreement with the reported findings. The
same observation was found to be true in case of following
pair of molecules, 157 (ringCplus_AbSA ¼ 33.91, PIC50: 8.237)
and 530 (ringCplus_AbSA ¼ 26.887, PIC50: 6.854), 575
(ringCplus_AbSA ¼ 0, PIC50: 6.62) and 378 (ringCplus_AbSA
¼ 38.50, PIC50:7.456), 205 (ringCplus_AbSA ¼ 68.539,

PIC50:8.076) and 597 (ringCplus_AbSA ¼ 20.724, PIC50 ¼

6.523), 447 (ringCplus_AbSA ¼ 72.708, PIC50: 7.215) and 892
(ringCplus_AbSA ¼ 41.886, PIC50 ¼ 4.444), 489 (ringCplus_
AbSA ¼ 97.094, PIC50: 7.046) and 900 (ringCplus_AbSA ¼

40.443, PIC50: 4.41), etc.
Statistical performance (R2 ¼ 0.88) can significantly

enhance for established QSAR model by replacing the
molecular descriptor ringCplus_AbSA with the molecular
descriptor Cplus_AbSA (absolute surface area for the posi-
tively charged carbon atom). As a result, simple carbon
atoms that are aliphatic in nature are indeed a better choice
for increasing ACE2 inhibitory effectiveness. Again, replacing
the molecular descriptor ringCplus AbSA with lipo_AbSA

(occurrence of absolute surface area for the positively
charged lipophilic atom) results in a slight increase in the
statistical performance of the generated QSAR model (R2¼
0.80). This observation demonstrated that positively charged
carbon atoms alone are sufficient to increase the ACE2
inhibitory efficacy when compared to positively charged ring
carbon atoms. Based on this result, it is imperative that posi-
tively charged ring carbon atoms must be retained in future
drug design in order to developed more potent ACE2
inhibitors.

faccH3B: This descriptor describes the frequency of the
hydrogen atoms occurring precisely three bonds away from
the acceptor atom. As a result of this descriptor’s negative
association with ACE2 inhibitory activity, its value increases
while the PIC50 decreases. The pair of molecules 1047
(faccH3B¼ 4, PIC50: 2.6), and 983 (faccH3B ¼2, PIC50:3.45)
might be used to examine this (see Figure 6). This finding
shows that as the hydrogen atom count rises, the inhibitory
activity of ACE2 decreases.

Less bulkiness close to the acceptor atom is very helpful
for raising the PIC50 values because hydrogen is smaller than
other elements and substituting it with any other element
will increase the steric bulk. As a result, having fewer hydro-
gen atoms increases the action of an ACE2 inhibitor. The
variance in the ACE2 inhibitory activity may therefore result
from this. Shufen Wu and coworker has performed COMFA
and COMSIA QSAR modeling of bitter peptides and highlight
the importance of steric field in ACE2 inhibition (Wu et al.,
2014). Additionally, Xiaoyu Wang and colleagues studied
oligopeptide QSAR modelling and deduced that the steric
and electrical characteristics are the most crucial ones for
determining the inhibition of ACE2 (Wang et al., 2011). The
electrical parameter was explained by the presence of
acceptor atoms, but the steric parameter was emphasized by
the absence of as many hydrogen atoms. Both instances
occurring at three bonds highlights the molecule’s ACE2
inhibitory activity. Therefore, the results of the QSAR are in
perfect accord with the conclusions of the literature based
on this observation.

Table 1. Shows details of molecular descriptors used to develop QSAR model.

Molecular descriptors Description Correlation

ringCplus_AbSA Occurrence of absolute surface area of the positively charged ring carbon atom. Positive
faccH3B Frequency of the occurrence of hydrogen atom exactly at the three bonds of the acceptor atom. Negative
Nacc3B Frequency of occurrence of the acceptor atom exactly three bonds from the nitrogen atoms. Positive
faccdon3B Frequency of occurrence of donor atom exactly at three od from the acceptor atom. Negative
famdNringC3B Frequency of occurrence of ring carbon atom exactly at three bonds from the amide nitrogen. Positive
sp3S_ringC_6B Occurrence of the ring carbon atom within 6 bonds from Sp3 hybridized sulphur atom. Positive

Figure 5. Depiction of the molecular descriptor ringCplus_AbSA for the molecules 80 and 274 only.
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Subsequently, if we have decreased the value of the
molecular descriptor from 4 to 2 for the molecule 1047 will
result into increase in the ACE inhibitory activity by 4.09 Unit
(about 12,302.68-fold amplification in the inhibitory potency
for ACE receptor). Same observation has been highlighted by
the following pairs of molecules; 470 (faccH3B¼ 3, PIC50:7.11)
and 736 (faccH3B¼ 4, PIC50:5.66), 79 (faccH3B¼ 5, PIC50:8.58)
and 553 (faccH3B¼ 9, PIC50:6.75), 226 (faccH3B¼ 4, PIC50:8)
and 321 (faccH3B¼ 6, PIC50¼7.36),78(faccH3B¼ 2, PIC50:8.58)
and 514 (faccH3B¼ 7, PIC50:6.95), 150(faccH3B¼ 2, PIC50:8.27)
and 779 (faccH3B¼ 7, PIC50¼5.39), 545(faccH3B¼ 3, PIC50:
6.77) and 983 (faccH3B¼ 5, PIC50:3.45), 1047(faccH3B¼ 4,

PIC50:2.6) and 794 (faccH3B¼ 3, PIC50:5.31), etc.
In addition, the statistical performance (R2 ¼ 0.78) of the

proposed QSAR model will be significantly reduced when
the molecular descriptor faccH3B is substituted with the
molecular descriptor plus acc 4B (presence of acceptor atom
within 4 bonds from the positively charged atom). In particu-
lar, to have better ACE2 inhibitory activity, the minimum
bonding distance between the acceptor atom and the hydro-
gen atom must be maintained at three bonds. Likewise,
when we exchange the molecular descriptor faccH3B with
the molecular descriptor H_acc_3B (presence of the acceptor
atom within three bonds from the hydrogen atom), the cre-
ated QSAR model will statistically maintain its performance
(R2¼ 0.84). In order to increase the ACE2 inhibitory effective-
ness, the acceptor atom must be kept in the future drug
design at a precise distance of three bonds or less from the
hydrogen atom.

fNacc3B: This descriptor identified the acceptor atom’s
frequency of occurrence precisely at three bonds from the
nitrogen atom. The acceptor atoms which occur at 2 or 4
bonds will be excluded while calculation of molecular
descriptor fNacc3B. In the developed QSAR model, this
descriptor a has acquired a positive coefficient, so an
increase in its value further increases the ACE2 inhibitory

activity. The effect of molecular descriptor can be seen by
comparing the molecules 98 (fNacc3B¼ 4, PIC50: 8.50) and
924 (fNacc3B¼ 2, PIC50: 4.11), where increasing the value of
the descriptor for the molecule 924 from 2 to 4 will result in
an increase in the ACE2 inhibitory activity by 4.39 Unit
(about 24,547.08-fold increase in ACE2 inhibitory potency)
(see Figure 7). The Acyl tripeptide analogues of enalapril
were synthesized by William J. Greenlee and a colleague
claimed that the proline portion’s carboxy group substitution
improved the AC2 inhibitory activity. The identical carboxy
OH and CO are the acceptor atoms and are spaced three
bonds apart from the nitrogen atom in the proline.
Furthermore, according to William J. Greenlee, the carboxy
part engaged in interaction with the zinc atom at the active
site (Greenlee et al., 1985). Therefore, the QSAR results are
analogous with the reported findings.

The following molecule pairings demonstrate this observa-
tion:, 98 (fNacc3B¼ 4, PIC50: 8.509) and 427 (fNacc3B¼ 2,

PIC50: 7.292), 157 (fNacc3B¼ 4, PIC50:8.237) and 301
(fNacc3B¼ 3, PIC50: 7.721), 111 (fNacc3B¼ 4, PIC50: 8.432) 378
(fNacc3B¼ 2, PIC50:7.456), 162 (fNacc3B¼ 4, PIC50:8.222) and
552 (fNacc3B¼ 3, PIC50:6.745), 140 (fNacc3B¼ 2, PIC50:8.301)
and 531 (fNacc3B¼ 2, PIC50:6.854), 175 (fNacc3B¼ 3,

PIC50:8.155) and 597 (fNacc3B ¼2, PIC50:6.523), 355 (fNacc3B¼
5, PIC50: 7.538) and 396 (fNacc3B¼ 4, PIC50:7.398), 88
(fNacc3B¼ 4, PIC50: 8.538) and 475(fNacc3B ¼3, PIC50:
7.092), etc.

To verify the influence of molecular descriptor fNacc3B on
ACE2 inhibitory activity, we have replaced the molecular
descriptor fNacc3B with another equivalent molecular
descriptor fNsp2O3B (frequency of occurrence of Sp2 hybri-
dised oxygen atom exactly at three bonds from the nitrogen
atom) will significantly improve the statistical performance
(R2¼0.90) of the developed QSAR model. This observation
revealed that the sp2 hybridized oxygen atom as an acceptor
is the most preferred substituent placed precisely at 3 bonds

Figure 6. Presentation of the molecular descriptor faccH3B for the molecules 983 and, 1047 only.

Figure 7. Presentation of molecular descriptor fNacc3B for the molecule 98 and 924.
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from the element nitrogen required to enhance the ACE2
inhibitory activity. This observation also points out that the
optimum bonding distance between acceptor atom and
element nitrogen must be 3 bonds to have better ACE2
inhibitory activity. In addition to this, we have shifted the
molecule descriptor fNacc3B again with the molecular
descriptor fnsp3O3B (frequency of occurrence of Sp3 hybri-
dised oxygen atom precisely at three bonds from the nitro-
gen atom). This alteration significantly increases the
statistical performance (R2¼0.92) of the developed QSAR
model. This observation revealed that the sp3 hybridised
oxygen is the better option as an acceptor to improve ACE2
inhibitory potency. Moreover, it also observed that the sp3
hybridised oxygen atom as an acceptor pharmacophore is
the better choice over sp2 hybridised oxygen atom to uplift
ACE2 inhibitory potency. As a result, to enhance ACE2 inhibi-
tory activity, the Sp3 hybridised oxygen atom must be kept
in the future drug design.

faccdon3B: This descriptor signifies the frequency of
occurrence of a donor atoms exactly at 3 bonds from the
acceptor atoms. This descriptor highlight the significance of
hydrogen bond forming capable moieties at specific dis-
tance. However, this descriptor has acquired negative coeffi-
cient in the developed QSAR model, therefore decrease in
the bonding distance between donor and acceptor atom
could increases the ACE2 inhibitory potency. (IC50). This can
be observed by comparing the molecular pair; 274 and 464.
If the value of the molecular descriptor for 464 is altered
from 38.61 to 34.02, the ACE2 inhibitory potency of com-
pound 464 will increase by 0.6 Unit (about a 3.98-fold
increase in inhibitory potency) (see Figure 8).

Following pairs of molecules revealed the same observa-
tion: 464 (faccdon3B¼ 0, PIC50: 7.149) and 919 (faccdon3B¼
1, PIC50: 4.18), 447 (faccdon3B ¼0, PIC50: 7.215) and 892
(faccdon3B¼ 1, PIC50: 4.444), 754 (faccdon3B¼ 0, PIC50: 5.572)
and 981(faccdon3B¼ 1, PIC50: 3.471), 645 (faccdon3B¼ 0,

PIC50: 6.31) and 931 (faccdon3B¼ 1, PIC50: 4.05), 794
(faccdon3B¼ 0, PIC50: 5.319) and 104 (faccdon3B¼ 0, PIC50:
8.481), etc.

To observed the effect of molecular descriptor on ACE2
inhibitory potency, we have replaced the molecular descrip-
tor faccdon3B with another molecular descriptor; fdonCON3B
(frequency of occurrence of nitrogen atom precisely at three
bonds form the carbonyl oxygen atom). This will significantly
enhances the statistical performance (R2 ¼ 0.91) of the devel-
oped QSAR model. From these observations, it can be
inferred that the oxygen atom is a better candidate as an
acceptor and that pure nitrogen is a good donor to replace

three bonds apart from each other. Moreover, to observed
the effect of bonding distance between donor and acceptor
atoms, we have replaced the molecular descriptor faccdon3B
was replaced with fsp2O_3B (frequency of occurrence of
non-ring nitrogen atom exactly at three bonds from the Sp2
hybridised oxygen atom). This changes significantly alter the
statistical performance (R2 ¼ 0.92) of the proposed QSAR
model . Based on this finding, the non-ring nitrogen atom
(donor atom) and the Sp2 hybridised oxygen (acceptor
atom) atom are the superior options as a donor and acceptor
for enhancing the ACE2 inhibitory activity must be place
within 3 bonding distance, and not exactly at 3 bonds in
future drug design.

famdNringC3B: This represents the frequency of occur-
rence of ring carbon atoms precisely at three bonds from
the amide nitrogen atom. This means that if same combin-
ation of ring carbon and amide nitrogen occurs at 2 or 4
bons will not be calculated during calculation of the molecu-
lar descriptor famdNringC3B. This descriptor has a positive
coefficient in the established QSAR model, therefore an
increase in the value of this descriptor boosts the ACE2
inhibitory activity even more. This may be seen by compar-
ing the molecules 180 and 470, where an increase in this
descriptor’s value from 0 to 1 for the molecule 470 will result
in a 1.04 Unit improvement in ACE2 inhibitory activity (about
10.96-fold increase in ACE2 inhibitory potency) (see Figure
9). Molecule 180 has one ring carbon atom, exactly at three
bonds from the amide nitrogen atom, while molecule 470
has none. This result lends credence to the theory that the
disparity between molecules 180 and 470 in their inhibitory
activity on ACE 2 is due to their distinct chemical structures.

The same observation has been found in the subsequent
pair of molecules, Molecule 145 (famdNringC3B¼ 3, PIC50:
8.301) 180 (famdNringC3B¼ 1, PIC50: 8.155), 366
(famdNringC3B¼ 2, PIC50: 7.509) and 503 (famdNringC3B¼ 0,

PIC50: 7), 201 (famdNringC3B¼ 4, PIC50: 8.097) and 227
(famdNringC3B¼ 8, and PIC50: 0), 91 (famdNringC3B¼ 3,

PIC50: 8.538) and 188 (famdNringC3B¼ 2, PIC50:8.149), 92
(famdNringC3B¼ 2, PIC50: 8.538) and 128 (famdNringC3B¼ 0,

PIC50: 8.387), 56 (famdNringC3B¼ 2, PIC50: 8.824) and 720
(famdNringC3B¼ 0, PIC50: 5.772), 279 (famdNringC3B¼ 2,

PIC50: 7.796) and 567 (famdNringC3B¼ 6.668, PIC50: 0), 222
(famdNringC3B¼ 3, PIC50: 8) and 546 (famdNringC3B¼ 1,

PIC50: 6.77), 27 (famdNringC3B¼ 4, PIC50: 9.921) and 246
(famdNringC3B¼ 1, PIC50: 7.921), 162 (famdNringC3B¼ 4.

PIC50: 8.222) and 445 (famdNringC3B¼ 2, PIC50: 7.222), 378
(famdNringC3B¼ 3, PIC50: 7.456) and 850 (famdNringC3B¼ 0,

PIC50: 4.907), etc.

Figure 8. Presentation of molecular descriptor faccdon3B for the molecules; 274 and 464 only.
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To examine the influence of molecular descriptor
famdNringC3B, we have replaced this descriptor with
fNringC3B (frequency of occurrence of ring carbon atom
exactly at three bonds from the ring nitrogen atom). The
shifting of molecular descriptor subsequently improved the
developed QSAR model’s statistical performance (R2¼ 0.88).
Thus, the aforementioned observation shows that mere nitro-
gen instead of ring nitrogen is sufficient to increase the
ACE2 inhibitory potency when it is situated precisely three
bonds from the ring carbon atom. Additionally, the statistical
performance of the QSAR model will be significantly
decreased (R2¼0.80) when the molecule famdNringC3B is
shifted with the chemical descriptor ringC_N_3B (occurence
of element nitrogen within 3 bonds from the ring carbon
atom). The factual meaning of this descriptor is the placing
of nitrogen atom at 1 or 2 or 3 bonds from the ring carbon
atom and not precisely at 3 bonds from the ring carbon
atoms. Based on these findings, it is clear that decreasing
the bonding distance between nitrogen atoms in rings and
amides has a profound effect on statistical performance and,
by extension, biological activity. It follows that the ideal dis-
tance for optimum inhibitory activity is precisely three bonds
between the amide oxygen and nitrogen atoms.

sp3S_ringC_6B: The presence of a ring carbon atoms
within six bonds from the sp3 hybridized sulphur atom is
indicated by this descriptor. Since the developed QSAR
model has given this descriptor a positive coefficient.
Therefore, raising its value will increase its ACE 2 inhibitory
activity. By comparing the molecules 174 and 736, it can be
seen how increasing the descriptor value from 0 to 3 for the
latter increases the ACE2 inhibitory activity by 2.49 units
(about 309.02-fold increase in ACE2 inhibitory potency) (see
Figure 10). The sp3 hybridised sulphur atom was absent in
molecule 736, while it was present in molecule 174 within
six bonds from three of the ring-like carbon atoms. The
observation explains how the molecules 174 and 736 differ

in their bioactivity. The same observation was found to be
true in the following molecular pairs; 252 (sp3S_ringC_6B¼
10, PIC50: 7.921) and 602 (sp3S_ringC_6B¼ 0, PIC50:6.523), 603
(sp3S_ringC_6B¼ 6, PIC50: 6.523) and 722 (sp3S_ringC_6B¼ 3,

PIC50:5.77), 317 (sp3S_ringC_6B¼ 10, PIC50:7.658) and 283
(sp3S_ringC_6B¼ 0, PIC50:7.77), 273(sp3S_ringC_6B¼ 9,

PIC50:7.824) and 343 (sp3S_ringC_6B¼ 5, PIC50: 7.585), 340
(sp3S_ringC_6B¼ 0, PIC50:7.6) and 415 (sp3S_ringC_6B¼ 0,

PIC50: 7.347).
The statistical performance (R2¼ 0.88) of the constructed

QSAR model will be significantly improved when the molecu-
lar descriptor sp3S_ringC_ 6B is switched out for the molecu-
lar descriptor S_ringC_5B (presence of ring carbon atom
within 5 bonds from the sulphur atom). As a result, adding a
single carbon atom is enough to increase the ACE2 inhibitory
efficacy. Additionally, the sulphur atom must be precisely
positioned at the optimal topological distance of five bonds.
This finding also showed that reducing the topological dis-
tance from 6 to 5 links will massively improve the ACE2
inhibitory activity. However, the statistical result (R2 ¼ 0.80)
of the developed QSAR model is reduced when the molecu-
lar descriptor sp3S_ringC_6B is substituted with the molecu-
lar descriptor sp3S_ARO _4B (presence of aromatic carbon
atom within 4 bonds from the Sp3 hybridised sulphur atom).
Based on this discovery, shifting descriptors suggest that the
ideal bonding distance between the ring carbon atom and
the sulphur atom must be five bonds in order to have higher
ACE2 inhibitory activity.

4.2. QSAR based virtual screening

Following the development of QSAR model, we have carried
out QSAR based virtual screening using 1650 FDA molecules
for prediction ACE2 inhibitory activity. The 11 hit molecules
were obtained as repurposed drug candidate against ACE2
receptor. Amongst the top hit molecules, molecule 3 was

Figure 9. Presentation of molecular descriptor famdNringC3B for the molecule 180 and 470.

Figure 10. Presentation of the molecular descriptor ringC_sp3S_6B for the molecule 174 and 736.
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Table 2. Presentation of 11 hit molecules identified in QSAR based virtual screening along with their structures and zinc i.d.

SN ZINC_ID Structures PIC50 in M

1 ZINC000000538386 8.71

2 ZINC000003927822 8.696

3 ZINC000027990463 8.604

4 ZINC000169621231 8.418

5 ZINC000000538283 8.358

6 ZINC000169677008 8.343

7 ZINC000169289388 8.329

(continued)
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selected as prominent hit depending upon its docking score
and RMSD value. The Supplementary Materials file comprises
the SMILES notations, calculated molecular descriptor values,
and PIC50 for the 1615 FDA molecules availed from the zinc
database. The top 11 hit molecules are depicted in the
Table 2.

4.3 Molecular docking analysis

The carboxy terminal His-Leu dipeptide of angiotensin I is
cleaved by the angiotensin-converting enzyme (ACE), releas-
ing the strong vasopressor octapeptide angiotensin II. ACE
inhibitors are first-line medications for hypertension, heart
failure, myocardial infarction, and diabetic nephropathy. The
same gene produces two distinct isoforms of ACE that are
expressed in different tissues. It appears in sperm cells as a
lower-molecular-mass glycoform with 701 amino acids, but
in somatic tissues it is a glycoprotein made up of a single,
long polypeptide chain with 1,277 amino acids. The somatic
form consists of two homologous domains (N and C
domain), each of which has an active site with a conserved
HEXXH zinc binding motif. The two histidine residues in

these active sites function as zinc ligands, and a glutamate
24 residues downstream serves as the third ligand. The pep-
tide N—acetyl—seryl—aspartyl—lysyl-proline, which controls
haematopoietic stem cell differentiation and proliferation,
and the bradykinin-potentiating peptide angiotensin II are
both N-domain-specific substrates (Soubrier et al., 1988). The
C domain seems to be necessary and sufficient for control-
ling blood pressure and cardiovascular function, suggesting
that the C domain is the dominant angiotensin-converting
site. An N-terminal ’lid’ formed by helices a1, a 2 and a 3
sits on top of the molecule (all three containing several
charged residues). The N and C termini of the ectodomain
are defined by residues Asp 40 (a 1) and Gly 615 (five resi-
dues downstream of a 20), which is consistent with earlier
tACE mutagenesis and cleavage-secretion investigations. The
natural structure had a total of 504 water molecules. Several
ordered water molecules occupy the active-site pocket
(Chubb et al., 2002).

Zinc is an essential component of ACE. At the active site,
one highly organized zinc ion (B-factor 16.3 Å in tACE-native)
is bound. The HEXXH zinc-binding motif, with its two zinc-
coordinating histidines, is found on helix a 13 (His 383 and
His 387) (Ehlers & Riordan, 1991). Moreover, the substrate

Table 2. Continued.

SN ZINC_ID Structures PIC50 in M

8 ZINC000000538658 8.184

9 ZINC000000621893 8.109

10 ZINC000003932831 8.043

11 ZINC000084668739 8.029
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hydrolysis by ACE is substrate-dependently induced by chlor-
ide ion. The first chloride ion (Cl1, 20.7 distant from the zinc
ion) is surrounded by a hydrophobic shell of four trypto-
phans and is bound to four ligands: Arg 489 (NH1), Arg 186
(NE), Trp 485 (NE1), and water. The second (Cl2, 10.4 away
from the zinc ion) ligand is bound to Arg 522 (NE, 3.1),
which is consistent with a previous report indicating that Arg
1098 (the analogous Arg residue in the C domain of somatic
ACE) is required for chloride dependence of ACE activity. Tyr
224 and a water molecule are the other two Cl 2 ligands
(B€unning & Riordan, 1983; Shapiro et al., 1983).

QSAR-based virtual screening was used in the current
study to find and repurpose 1650 clinically established FDA
compounds as new inhibitors of angiotensin converting
enzyme 2. We have put into practise the blend of mix meth-
odology, which combines molecular docking and QSAR
based virtual screening. In this study, we used the 2.0 A reso-
lution X-ray structure of human testicular ACE2 in association
with one of the most popular inhibitors, lisinopril (N2 -[(S)-1-
carboxy � 3 - phenylpropyl] - L - lysyl - L-proline; commonly
known as Prinivil or Zestril). The structure of ace2 in complex
with lisinopril was selected on the basis of resolution and
the completion of sequence, and the active site was deter-
mined on the basis of native ligand bound to ace2. The hit
molecule which has identified with good predicted activity
has been subjected to the molecular docking analysis.

In the present work, we have got around 11 hit molecules
by QSAR based virtual screening with good PIC50 value rang-
ing from 8.0-8.71. These molecules have been subjected to
the docking analysis using crystal structure of human angio-
tensin converting enzyme 2 in complex with Lisinopril (PDB
ID- 1o86) (Natesh et al., 2003). The crystal structure was veri-
fied for the sequence completion and good resolution (2 �Å).
The molecular docking analysis reveals that the hit molecule
3 emerge with good docking score of �9.67 with the RMSD
of 1.40 �Å, although all the hit molecules showed good dock-
ing score but hit molecule 3 showed less RSMD value than
1.50�Å with the comparable docking score. Moreover, it

shows predictive PIC50 of 8.60M. The active site of the mol-
ecule was found using the structure of the tACE-lisinopril
combination. The active site of ACE 2 enzyme consists of
non-polar lipophilic residues like; alanine, glycine, leucine,
phenylalanine, proline, and tyrosine, while polar or acidic/ba-
sic residues are arginine, asparagine, aspartic acid (or aspar-
tate), lysine, serine, and threonine (see Figure 11). Chemically
the hit molecule 3 is 1 - (4-(9-((2,2,2, trifluromethyl) car-
bonyl)-9H-fluoren-9- yl) butyl)-4-(40-(-trifluoromethyl)-
[1,1‘biphenyl]-2- carboxamido) piperidin-1-ium.

The hit molecule 3’s extended conformation, in which the
substituted phenyl executed three alkyl hydrophobic con-
tacts with ARG105, ARL88, and ALA89 residues, and it was
pointing toward the lid of the active site, can be seen in the
docked complex of the hit molecule 3 bound with tACE. The
hit molecule 3 was deeply buried inside the binding pocket
of ACE2 enzyme about 10 to 12 Å into the active site.

The analysis reveals that the molecule 3 gave rise to polar
and nonpolar contacts comprising conventional hydrogen
bonding, water hydrogen bonding, C-H bond, p-cation, p-anion
interaction and p-alkyl hydrogen contacts (see Table 3).
Significant interactions between the molecules 3 and ASP40
residue, which define the N and C termini of the ectodomain
of ACE2, have been described. 25 contacts were made by mol-
ecule 3 using ASP30.

The N and C termini of the ectodomain of the ACE2
enzyme’s molecule 3 showed substantial contact with them,
according to this finding. The molecule 3 depicted the for-
mation of more than 30 water hydrogen bonds with the
water molecules present in binding pocket; like trifluoroethyl
moiety form water hydrogen bond with H-O-H2110, H-O-
H2054, H-O- H2370 and H-O-H2020. Additionally, there were
about 10 water hydrogen bonds executed with trifluoro
group. Most of the water molecules were occurred within
5 Å from the molecule 3. The hit molecule displayed a coord-
ination with the nearby residue GLU403 with no contact
reported with the acetate ion. The GLU403 executed p-cation
and p-anion type of interaction with the terminal benzene

Figure 11. Best docked pose of hit molecule 3 with ACE2 displaying 3D (a), and 2D (B) interactions (green: H-bond interaction, cyan: Water hydrogen bond,
orange: pi-cation and pi-anion interactions, pink: Pi-alkyl interaction, and lime green: carbon hydrogen bond).
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ring of the fluorine nucleus of molecule 3. Subsequently, the
molecule 3 gave rise to the polar contact with the ARG522
residue which was bound with the second chloride ion just
10.4 Å away from the zinc ion. In the current docking experi-
ment, we have emphasized the hit molecule 3’s specific pat-
tern of ACE2 enzyme binding. The recently discovered hit
molecule 3 is a highly selective ACE inhibitor targeted to the
C domain of the ACE2 enzyme by structure-based, rational
drug design, according to overall docking study.

Additionally, the 2-carboximido segment’s carbonyl oxy-
gen created one hydrogen bond with THR-92. The carbonyl
group served as the hydrogen bond acceptor in the current
interaction. The descriptor accH3B, in which the first biphenyl
ring containing hydrogen and another hydrogen in a 2-car-
boximido group were located precisely at 3 bonds from the

acceptor carbonyl oxygen, underlined the same characteris-
tic. The significance of steric and electronic features is
emphasized by this descriptor. The trifluoroethyl group on
the 9-carboximido group then made three hydrogen bond-
ing connections with the water molecules HOH2480 and
HOH2481. The fluorine atom, which was precisely three
bonds from the nitrogen atom in the drug-water molecule
interactions at hand, served as the hydrogen bond acceptor.
This finding emphasises the significance of the molecular
descriptor Nacc3B. In addition, three of the four such ring
carbon atoms are located precisely three bonds apart from
the amide nitrogen atoms. Two carbon atoms from the fluo-
rene ring were discovered, but they didn’t appear to be in
touch. In contrast, two other carbon atoms from the
biphenyl segment’s phenyl ring engaged with ARG105,

Table 3. Presentation of hydrogen bonding, polar and nonpolar interaction of ACE2-Molecule 3 complex.

Name of the molecule H-bonds formed with distance (Å)
List of receptor atoms exhibited polar

contacts with the molecule 3

List of receptor atoms exhibited non-
polar contacts with the molecule 3

with distance (Å)

Molecule 3 THR92-CB-0H2-3.986, THR92-CG2-0H1-
4.950, THR92-CG2-0H2-3.635,
THR92-OG1-0H1-4.713, THR92-
OG1-0H2-3.191, HOH2005-O-0H2-
4.232, HOH2020-O-0C-4.116,
HOH2020-O-0F-4.268, HOH2020-O-
0H-4.570, HOH2054-O-0F-3.019,
HOH2055-O-0H2-4.257, HOH2108-
O-0O-4.178, HOH2110-O-0H1-
2.409, HOH2110-O-0H2-3.063,
HOH2111-O-0H1-3.950, HOH2152-
O-0C-4.211, HOH2152-O-0H-4.136,
HOH2300-O-618N-4.772, HOH2300-
O-618CH3-4.030,
HOH2300-O-618H-4.506, HOH2300-
O-618HH31-2.946, HOH2300-O-
618HH32-4.431, HOH2300-O-
618HH33-4.544, HOH2370-O-0C-
4.807, HOH2370-O-0F-4.698,
HOH2370-O-0H-4.949, HOH2371-O-
0F-4.958, HOH2478-O-0F-4.495,
HOH2480-O-0O-4.510, HOH2480-O-
0N-4.362, HOH2566-O-618N-2.550,
HOH2566-O-618CH3-2.198,
HOH2566-O-618H-2.378, HOH2566-
O-618HH31-1.437, HOH2566-O-
618HH32-2.544, and HOH2566-O-
618HH33-3.139.

ASP40, ALA42, GLU43, TYR51, TRP59,
TYR62, ASN66, ASN85, MET86,
ILE88, ALA89, THR92, LYS118,
ASP121, GLU123, ARG124, ALA125,
LEU132, ASN136, TYR213, SER222,
MET223, ASN265, GLU267, GLY268,
PRO269, TYR360, ALA400, GLU403,
ASN406, PRO407, PRO519, ARG522,
PHE570, LYS613, TRP616, and
PRO617.

ASP40-N-39C-1.313, ASP40-N-39O-
2.233, ASP40-N-39CH3-2.423,
ASP40-N-39HH31-3.333, ASP40-N-
39HH32-2.704, ASP40-N-39HH33-
2.703, ASP40-CA-39C-2.449, ASP40-
CA-39O-2.769, ASP40-CA-39CH3-
3.833, ASP40-CA-39HH31-4.620,
ASP40-CA-39HH32-4.127, ASP40-
CA-39HH33-4.127, ASP40-C-39C-
3.725, ASP40-C-39O-4.259, ASP40-
C-39CH3-4.883, ASP40-C-39HH32-
4.994, ASP40-C-39HH33-4.994,
ASP40-O-39C-4.705, ASP40-CB-39C-
3.027, ASP40-CB-39O-2.921, ASP40-
CB-39CH3-4.442, ASP40-CB-
39HH33-4.583, ASP40-CG-39C-
4.534, ASP40-CG-39O-4.387,
ASP40-OD1-39O-4.981, GLU41-N-
39C-4.085, GLU41-N-39O-4.846,
GLU41-N-39CH3-4.960, GLU41-N-
39HH33-4.788, ALA42-CB-39HH32-
4.872, GLU43-OE2-39O-4.981,
TYR62-CB-0H-4.492, TYR62-CG-0C-
4.340, TYR62-CG-0H-3.389, TYR62-
CD1-0C-4.547, TYR62-CD1-0H-
3.559, TYR62-CD2-0C-3.732, TYR62-
CD2-0H-3.012,
TYR62-CE1-0C-4.224, TYR62-CE1-
0H-3.410, TYR62-CE2-0C-3.313,
TYR62-CE2-0H-2.820, TYR62-CZ-0C-
3.592, TYR62-CZ-0H-3.035, TYR62-
OH-0C-3.964, TYR62-OH-0H-3.714,
ASN85-ND2-0C-4.965, ASN85-ND2-
0H-4.615, ILE88-CB-0H-4.616,
ILE88-CG1-0H-4.451, ILE88-CG2-0C-
4.470, ILE88-CG2-0H-3.651,
ILE88-CD1-0C-4.346, ILE88-CD1-0H-
3.667, LEU122-O-0H1-4.416,
LEU122-O-0H2-4.401, GLU123-CB-
0H1-4.116, GLU123-CB-0H2-4.995,
GLU123-CG-0O-4.393, GLU123-CG-
0H1-4.749, GLU123-CD-0O-3.259,
GLU123-CD-0N-4.388, GLU123-CD-
0H1-4.055, GLU123-CD-0H2-4.865,
GLU123-OE1-0O-3.268,
GLU123-OE1-0N-3.882, GLU123-
OE1-0H1-3.449, GLU123-OE1-0H2-
4.645, GLU123-OE2-0O-3.022,
GLU123-OE2-0N-4.193, GLU123-
OE2-0H1-4.586, and MET223-SD-
0O-4.674.
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ARL88, and ALA89 residues through alkyl hydrophobic inter-
actions. This finding demonstrates the role of the molecular
descriptor famdNringC3B in interactions between drug recep-
tors. The current description emphasises the significance of
the ring carbon atom required to preserve the molecule’s lip-
ophilicity. These findings show that the QSAR results and the
docking results are entirely consistent with one another.

4.4. Molecular dynamic simulation analysis

MD studies were performed to determine whether the hit
molecule 3 bound ACE2 complex is stable or convergent. We
employed the dock complex of hit molecule 3 for MD simu-
lation based on its activity profile and molecular docking
data. RMSD data showed steady conformation in every simu-
lation, including 400 ns ones. The C-backbone of arginase-1
protein attached to the ligand, molecule 3, revealed a 2.4
divergence (see Figure 12). RMSD graphs indicate ACE2 pro-
tein stability in the molecule 3 bound state before or after
simulation.

Radius of gyration determines protein compactness (Rg).
The radius of gyration of molecule 3-bound ACE2 protein
was reduced from 24.1 to 24.0 Å. Lowering of Rg of 0.1 Å
deviation means more compactness from initial to final MD
simulation over 400 ns time scale (see Figure 13). Yet, the
shift in gyrational radius is insufficient. Moreover, it can be
deduced that the drug receptor complex showed a consist-
ent value of radius of gyration during the whole 400 ns of
simulation time, with only minor fluctuations. However, Low
Rg value point toward long-lasting interactions between pro-
teins and their ligands. Thus, binding of ligand during MD
simulations marginally altered the global conformation or
size of the ACE2 protein (Liddle et al., 2012; Lobanov et al.,
2008). Literature survey revealed that the highest radius of
gyration value depicting poor compactness (Parida et al.,
2020; Priya et al., 2017). Thus, molecule 3 has a higher affin-
ity and binds to the ACE2 protein target in the binding cav-
ities, impacting protein stability based on RMSD and Rg.

C-atom amino acid residue RMSF plots are presented
using a 400 ns time function (Figure 14). Molecule 3 shows
bound protein C-atoms displayed small alterations except at
peaks at residue indices 120 and 400, which may conform
into loops, but the fluctuations diminished afterwards. RMSF
plots suggest that ACE2 protein structure was stable and stiff
throughout simulation in the molecule 3 bound state .

Figure 15 illustrates the average hydrogen bonds gener-
ated between molecule 3 and proteins during 400 ns. An

Figure 12. A 400 ns time frame for ACE2-Molecule 3 complex display root
mean square deviation (RMSD) plot confirm the stable complex.

Figure 13. MD simulation trajectory analysis of radius of gyration (Rg) of mol-
ecule 3 bound with ACE2 at 400 ns time frame.

Figure 14. MD simulation trajectory analysis of root mean square fluctuations
(RMSF) of the molecule 3 bound with ACE2 at 400 ns time frame.

Figure 15. MD simulation trajectory analysis of hydrogen bonding (H-Bonds)
formation of molecule 3 bound with ACE2 at 400 ns time frame.
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average of Three hydrogen bonding with ARG522, ASP358,
and HIS410 during the simulation from 0 to 400 ns, or the
same for MD simulations of molecule 3 with ACE2. A 2D lig-
and binding diagram of the bound ACE2 protein to molecule
3 showed three hydrogen bonds (Figure 16).

Hydrogen bonding between ACE2 and molecule 3
enhanced binding strength, making simulations more stable.
The 2D interaction diagram from molecular docking tests

indicates one hydrogen bond and more than 30 water
hydrogen bonding contacts in the ACE2-molecule 3-complex.

Figure 17 depicts a 50-ns stimulation trajectory from start
to completion. Simulation trajectories indicated that ligand
molecule 3’s conformation did not change substantially over
the 400 ns simulation. This reveals that ACE2-molecule 3
simulation complexes are stable and the ALK ligand confor-
mations are mainly impacted (See Figure 17).

Figure 16. Presentation of the 2D interactions of a molecule 3 with the ACE2 receptor.

Figure 17. Stepwise trajectory analysis for every 50 ns displaying the protein and ligand conformation during 400 ns of simulation of ACE2 bound molecule 3.

16 R. D. JAWARKAR ET AL.



4.5. Molecular mechanics generalized born and surface

area (MMGBSA) calculations and energy calculations

The ligand-protein binding energy is measured using MMGBSA.
The binding energy of molecule 3- ACE2 complex is
�76.93±5.15. All of the binding energies were influenced by the
GbindvdW, GbindLipo, and GbindCoulomb energies. Beside this,
non-bonded interactions include GbindCoulomb, GbindCovalent,
GbindHbond, GbindLipo, GbindSolvGB, and GbindvdW. Among
these, the GbindvdW, GbindLipo, and GbindCoulomb energies
had a profound effect on all interactions. The final average bind-
ing energies were influenced the least by the GbindSolvGB and
Gbind Covalent energies. The stable hydrogen bonds between
amino acid residues in Molecule 3-ACE2 were shown by high
GbindHbond inter-action values. When tested with a range of
compounds, both GbindSolvGB and GbindCovalent failed to bind.
Due to their negative energy contributions, GbindSolvGB and
GbindCovalent were unable to form a bond. It can be seen in the
left panel of Figure 17 that the pre-simulation (0ns) (400ns)
caused molecule 3 in the ACE2 binding pocket to extend (become
straight) (see Figure 18). Through enhancing binding pocket
acquisition and residue engagement, conformational changes
boosted stability and binding energy (see Table 4).

5. Conclusions

According to the analysis, pharmacophoric characteristics such
as the positively charged ring carbon atom’s absolute surface
area, the hydrogen atom’s exact location at the acceptor

atom’s three bonds, the acceptor atom’s exact location at the
nitrogen atom’s three bonds, the donor atom’s exact location
at the acceptor atom’s three bonds, the ring carbon atom’s
exact location at the amide nitrogen’s three bonds, and the
ring carbon atom’s High levels of external predictability, fitting
robustness, and internal validation characterised the QSAR
model. With an IC50 of 2.48 nM, Lomitapide was successfully
identified as a novel FDA chemical using QSAR-based virtual
screening and drug repositioning. According to molecular
docking, identified hit binds to ASP40 of the C and N terminal
ectodomain. The interaction between identified hit and ace2
was studied using molecular docking, and more than 30 water
hydrogen bonds were found. The pharmacophoric properties
of drug receptor interactions revealed by QSAR are reflected in
the molecular docking results. Additionally, identified hit inter-
acted with the ARG522 residue connected to the second chlor-
ide ion of the ACE2 receptor. Thus, the identified hit ’s strong
affinity for ACE2 and ability to bind to it energetically expands
the market for ACE2 inhibitors. Drug receptor complex stability
after 400ns of simulation with considerable binding energy
was shown by MD simulation and MMGBSA analysis. The find-
ings may help in the development of a novel ACE2 therapy.
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Abstract: Oxidative stress, COX-2, LDHA and hyperglycemia are interlinked contributing pathways
in the etiology, progression and metastasis of colon cancer. Additionally, dysregulated apoptosis
in cells with genetic alternations leads to their progression in malignant transformation. Therefore,
quinazolinones 3a–3h and 5a–5h were synthesized and evaluated as antioxidants, enzymes inhibitors
and cytotoxic agents against LoVo and HCT-116 cells. Moreover, the most active cytotoxic derivatives
were evaluated as apoptosis inducers. The results indicated that 3a, 3g and 5a were efficiently scav-
enged DPPH radicals with lowered IC50 values (mM) ranging from 0.165 ± 0.0057 to 0.191 ± 0.0099,
as compared to 0.245 ± 0.0257 by BHT. Derivatives 3h, 5a and 5h were recognized as more potent
dual inhibitors than quercetin against α-amylase and α-glucosidase, in addition to 3a, 3c, 3f and
5b–5f against α-amylase. Although none of the compounds demonstrated a higher efficiency than
the reference inhibitors against COX-2 and LDHA, 3a and 3g were identified as the most active
derivatives. Molecular docking studies were used to elucidate the binding affinities and binding
interactions between the inhibitors and their target proteins. Compounds 3a and 3f showed cytotoxic
activities, with IC50 values (µM) of 294.32 ± 8.41 and 383.5 ± 8.99 (LoVo), as well as 298.05 ± 13.26
and 323.59 ± 3.00 (HCT-116). The cytotoxicity mechanism of 3a and 3f could be attributed to the
modulation of apoptosis regulators (Bax and Bcl-2), the activation of intrinsic and extrinsic apoptosis
pathways via the upregulation of initiator caspases-8 and -9 as well as executioner caspase-3, and
the arrest of LoVo and HCT-116 cell cycles in the G2/M and G1 phases, respectively. Lastly, the
physicochemical, medicinal chemistry and ADMET properties of all compounds were predicted.

Keywords: colorectal cancer; oxidative stress; inflammation; COX-2; Warburg effect; LDHA; post
prandial hyperglycemia; apoptosis; quinazolinone; ADMET
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1. Introduction

Colorectal cancer (CRC) was ranked third and second in terms of incidence and
mortality, respectively, accounting for 1.9 million of all new cancer cases and 900,000 deaths
in 2020 worldwide. Notably, the incidence of CRC has shown a rising trend among
individuals aged less than 50 years [1].

CRC neo-tumorigenesis is a complex and multistep process, linked to factors of
oncogenesis such as oxidative stress (OS), chronic inflammation, reprogrammed glucose
metabolism and diabetes mellitus (DM). In addition, defective signaling or changes in
the expression of proteins regulating programmed cell death ‘’apoptosis” play crucial
roles in the evolution of normal mucosa cells towards neoplastic transformations and the
acquisition of new characteristics, among which evading cell death [2].

OS is a pathological state featuring the over-generation of cellular reactive oxygen
and/or nitrogen species (RO/N S) as a result of a dysregulated intracellular metabolism,
tissue inflammation or exposure to exogenous stimuli at an extent that exceeds the cellular
antioxidant defenses [3]. In fact, OS is considered as a hallmark of carcinogenesis [3].

Regarding CRC, OS on intestinal mucosal cells is proven to damage phospholipid bio-
logical membranes via lipid peroxidation by free radicals [4]. Therefore, it causes rupture
of the phospholipid bilayer of the cytoplasmic cellular membrane, with the loss of cellular
homeostasis. It promotes the destruction of the two lipid bilayers of the endoplasmic retic-
ulum (ER), the dynamic reservoir of Ca2+, leading to disruption of ER-Ca2+ homeostasis,
which is implicated in the initiation and propagation of cancer [5]. Also, it causes oxidative
damage to the mitochondrial membranes, which disrupts the cell energy metabolism [6].

Another aspect of involvement of OS in CRC pathogenesis is through production
of malondialdehyde (MDA, one of the end products of lipid peroxidation), which pro-
motes oxidative DNA damage via formation of adducts with DNA bases; deoxyguanosine
and deoxyadenosine. s, thus initiating mutations in tumor suppressor genes and proto-
oncogenes [6,7].

Furthermore, free radicals may modify proteins, thus diminishing or enhancing their
catalytic activity. Also, free radicals may stimulate cell and tissue lesions by oxidizing
carbohydrates [8], and they may exert pro-inflammatory and pro-proliferative roles via
oxidizing cholesterol to oxysterols [9]. Interestingly, cancerous cells can maintain certain
levels of ROS to promote their proliferation and invasion [4]. Moreover, ROS are key
constituents of cancer cells’ survival via the generation of resistance to chemo- and radio-
therapies [10]. Accordingly, several studies have indicated that antioxidant compounds
were supplemented or tested as adjuvants in cancer therapy to reverse resistance mech-
anisms, to reduce systemic toxicity during chemo- or radiotherapy [11] and to prevent
cancer cell invasion [12].

Chronic inflammation is another principal effector in colorectal carcinogenesis. Inflam-
mation can be induced by different stimuli, including pathogens, toxic compounds and
OS-damaged cells. This inflammation enhances the affected tissues to overexpress the in-
ducible cyclooxygenase isoform-2 (COX-2), which is typically absent or rarely expressed in
healthy tissues. COX-2 catalyzes the conversion of arachidonic acid (AA) to prostaglandins
(PGs) H2, which are further metabolized by prostaglandin synthases to PGD2, E2, I2, F2α
and thromboxane A2. Extensive clinical and experimental studies conducted over the
last few decades have provided convincing data indicating that high levels of COX-2 and
PGE2 are implicated in the pathogenesis of colorectal carcinoma [13–15], and that they
are associated with poorer survival outcomes [16]. The key roles of the COX-2/PGE2
pathway in CRC pathogenesis include generating an immunosuppressive tumor microenvi-
ronment [17], participating in tumor initiation, promoting sustained angiogenesis and thus
favoring tumor growth, inducing tumor cell invasion, encouraging migration, reducing
apoptotic rate and enhancing chemotherapeutic resistance [18,19]. Therefore, inhibition
of COX-2 to reduce PGE2 synthesis is considered an important therapeutic approach in
prevention and modulation of CRC progression [20]. Consistent with these findings, a
number of meta-analyses and in vitro studies have reported that classical non-steroidal
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anti-inflammatory drugs (NSAIDs) [21] and selective COX-2 inhibitors [22] provided pro-
tection against CRC incidence, reduced mortality and improved chemosensitivity and the
efficacy of anticancer drugs when co-administrated [23].

Furthermore, the reprogrammed energy metabolism or Warburg effect [24] is a promi-
nent metabolic characteristic of malignant cells [25]. The common features of this abnormal,
less-energy-efficient metabolic pathway include increased glucose uptake, production of
two moles of pyruvate and less ATP (2 moles/ glucose molecule) and rapid cytoplasmic
fermentation of pyruvate to lactate under catalysis of lactate dehydrogenase A (LDHA). Lac-
tate is then exported to the extracellular environment, which, in the presence of hydrogen
ion, generate an acidic tumor microenvironment (TME). Lactic acidosis has been observed
in different cancer types and it is linked to tumor aggressiveness [26]. In this regard, several
clinical studies have revealed that hyperlactatemia is involved not only in tumor growth but
also in the evasion of immune surveillance [27], local invasion, metastasis, chemoresistance
and patient survival [28]. Consequently, targeting glycolysis via inhibiting LDHA would
suppress hyperlactatemia and prevent its protumorigenic effects, in addition to depriving
cancerous cells of nutrients, thereby killing them [29]. Indeed, several studies have shown
that inhibition of LDHA activity impedes tumor progression, induces significant oxidative
stress and necrosis [30], induces G2/M cell cycle arrest, increases sensitivity to ionizing
radiation and 5-Fluorouracil (5-FU) [31,32] and attenuates cell invasion and migration [33].

DM is a multifactorial chronic metabolic disorder affecting millions of people world-
wide. DM is categorized into Type 1 (T1DM, caused by the autoimmune destruction of
the pancreatic β-cells leading to little, or the absolute lack of, insulin production), Type 2
(T2DM, arises due to complex interactions between genes and some risk factors, mainly
obesity, smoking and hypertension, leading to insulin resistance) and gestational (GDM,
occurs in pregnant women). T2DM is the most prevalent type, accounting for about 90%
of all diabetic cases [34]. Besides its deadly cardiovascular complications, T2DM has also
been associated with an increased risk for the development of certain types of cancers [35].
In particular, the positive correlation between CRC and T2DM is attributed to sharing
some common risk factors including obesity, alcohol consumption, cigarette smoking and a
Western-pattern diet. In addition, genome-wide association studies have identified tran-
scription factor 7-like 2 (TCF7L2), gremlin 1 (GREM1) and tumor protein p53 inducible
nuclear protein 1 (TP53INP1), among other genes, as being pleiotropically related to T2DM
as well as CRC prognosis and tumorigenesis [36]. Moreover, T2DM-related metabolic
changes, such as hyperinsulinemia, hyperglycemia, OS, inflammation induced by adipose
tissue dysfunction, impaired immunological surveillance and gastrointestinal motility
disorder have been implicated in carcinogenesis [37].

With regard to hyperglycemia, it influences the neoplastic transformations by provid-
ing glucose that is essential for the growth and proliferation of cancerous cells under the
Warburg state [38]. It leads to the irreversible formation of advanced glycated end-products
(AGEs) with proteins, lipids and nucleic acids, as well as their buildup, resulting in the
development of OS and chronic inflammations, which are intrinsically linked to induc-
tion and development of cancer. Furthermore, elevated expressions of AGEs and their
receptors contribute to the invasion and metastasis of CRC [39]. Also, the activations of
the polyol, hexosamine and protein kinase C metabolic pathways [40] are other putative
mechanisms by which hyperglycemia contributes to the cell proliferation, invasion and
tumor progression of colon cancer. In addition, hyperglycemia may negatively affect CRC
patients’ quality of life by reducing the chemotherapeutic efficacy and inducing adverse
effects [36].

Thus, over the years, researchers have worked on various targets to moderate the
onset or worsening of diabetes, from which some antihyperglycemic therapies have been
approved by the US FDA and other regulatory agencies, which exhibit different mechanisms
of action via targeting single or multiple established molecular pathways involved in the
pathogenesis of the disease [41]. Amongst these validated pathways is the breakdown
of complex carbohydrates into absorbable monosaccharides, which takes place under
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the catalysis of alpha-glucosidase (AG) and alpha-amylase (AA). Thus, inhibitors (Is)
of these enzymes would manage T2DM by delaying the carbohydrate metabolism and
turning down the rate of glucose absorption to reduce the post postprandial blood glucose
level (PPBGL). Indeed, carbohydrate mimics [34], including voglibose (natural sugar),
miglitol (semisynthetic iminosugar) and 1-deoxynojirimycin (DNJ), all of which inhibit
AG, in addition to acarbose (an oligosaccharide), which can also inhibit AA [42], are
marketed as antidiabetic drugs. Despite the helpful impacts of these glucose-lowering
drugs, morbidity and mortality remain significant in T2DM patients. In addition, these
medications have many drawbacks, such as poor compliance with treatment, expense
and adverse effects [43,44]. Therefore, there are a lot of synthetic efforts towards the
development of new inhibitors, particularly annulated sugars [45], iminosugars [46,47]
and novel classes of drugs derived from the structural hybrids of different key molecules
and heterocycles [48], with the aim to develop new effective inhibitors that are escorted by
better compliance, socioeconomic benefits and safety [49].

Additionally, apoptosis is a well-characterized form of programmed cell death (PCD),
which occurs normally for regulating tissue homeostasis and regeneration during develop-
ment. However, it is also activated as an immune defense mechanism against damaged
or stressed cells in response to stimuli such as reactive oxygen species (produced by some
chemotherapeutic agents) or DNA damage (from irradiation or anticancer drugs) to remove
these potentially harmful cells [50]. If apoptosis in not controlled properly (insufficient
apoptosis/extreme cell proliferation), mutations will potentially accumulate in the un-
wanted cells, which eventually could lead to the induction of cancer. Indeed, resisting
apoptosis is considered as one of the hallmarks of cancer [51].

Apoptosis can be triggered by two different pathways: the extrinsic (death receptor)
and the intrinsic (mitochondrial) pathways. The extrinsic pathway is initiated via the
binding of certain extracellular ligands (members of the tumor necrosis factor super family,
TNF) to their cognate cell surface death receptors, resulting in caspase 8 activation. This
activation can directly induce apoptosis, or activate effector caspase 3 or Bid, which lead
to apoptosis. While the intrinsic apoptotic pathway is initiated via mitochondrial outer
membrane permeabilization (MOMP), a process controlled by the members of the B-cell
lymphoma (BCL-2) family and p53 proteins [52]. MOMP is considered as the point of no
return in this apoptotic cascade, since it leads to the release of the apoptogenic proteins
cytochrome c and Smac from the mitochondria into the cell cytoplasm, which activate cas-
pases directly or indirectly, respectively [53,54]. According to the direct mode, cytochrome
c interacts with apoptotic protease activating factor-1 (APAF1), thus transforming it into
an apoptosome complex, which activates pro-caspase-9 to initiator caspase 9, which in
turn activates caspase-3, leading to the activation of the final cascade and, consequently,
the fragmentation of the nucleus after its membrane rupture [55]. After the activation of
all signaling cascade mediators, the two pathways meet up at the final caspases’ activa-
tion (caspases 3, 7), resulting in the cleavage of different integrated cell proteins and the
execution of the apoptotic steps [55].

Furthermore, the BCL-2 family of proteins [56], which tightly regulate the intrinsic
pathway, is subclassified into three subgroups; the first comprises the pro-apoptotic proteins
or apoptosis effectors that positively regulate apoptosis, and they include Bcl-2 antagonist
killer 1 (Bak) and Bcl-2-associated X protein (Bax), which can directly execute MOMP
when activated.

The second comprises the pro-survival members that negatively regulate apoptosis,
and they include B cell lymphoma-2 (Bcl-2) itself, B cell lymphoma extra-large (Bcl-xL), B
cell lymphoma-w (Bcl-W), B cell lymphoma-like protein 2 (Bcl-B), myeloid leukemia cell 1
(MCL-1) and Bcl-2-related protein A1/Bcl-2-related isolated from fetal liver-11 (A1/BFL-1).

The third group is the pro-apoptotic BH3-only proteins, which include p53-upregulated
modulator of apoptosis (Puma), Bcl-2-interacting mediator of cell death (Bim) and the Bcl-2
Homology 3 interacting death agonist (Bid), which act as activators to Bax and Bak. This
group comprises also other proteins, called sensitizers, which do not associate with Bax
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and Bak, but antagonize the pro-survival members, including the Bcl-2 associated agonist
of cell death (Bad), Bcl-2 interacting t killer 1 (Bik), Noxa, BMF and HRK.

In healthy cells, the pro- and anti-apoptotic proteins are held in a fine, delicate balance.
Conversely, during cancer development, the malignant cells alter this balance, by overex-
pressing various anti-apoptotic proteins and/or abnormally reduce the expression levels of
pro-apoptotic members, and thus they become unresponsive to stimuli that otherwise trig-
ger apoptosis in sensitive cells, which leads to cellular proliferation and cancer progression,
in addition to therapeutic resistance [57]. Therefore, inhibiting the anti-apoptotic [58,59]
and activating pro-apoptotic members [60] of the Bcl-2 family have been suggested as
plausible selective strategies for cancer therapy and to overcome drug resistance.

Taken together, the complexity of CRC and the manifold and heterogeneous associa-
tion of this malignancy with OS, inflammation, Warburg effect and hyperglycemia highlight
the need for the development of new pharmaceuticals capable of the simultaneous targeting
of these risk factors as well as the apoptotic pathways (Figure 1).
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Figure 1. Various risk factors and pathways implicated in cancer, which serve as targets for multi-
potent agents.

The innovation of multi-targeted therapies represents a promising and prevailing
anticancer drug discovery paradigm among medicinal chemists [61]. In line with this
principle, quinazolinone scaffolds have proven to be easily accessible pharmacophores,
possessing multipotent pharmacological activities both in vitro and in vivo [62]. They
have been presented as core structures in inhibitors for; AA [63] I, AG [64] II, and COX-
2 [65] III, as well as antioxidant agent [66] IV, and anti-cancer candidates (V, VI and VII),
which produce their cytotoxic effects through different molecular mechanisms [63,67,68],
as portrayed in Figure 2.
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Figure 2. Selected examples of biologically active compounds containing quinazolinone cores.

In light of the above, in this study, we designed a number of new quinazolinone deriva-
tives bearing 4-nitro-phenyl, in addition to fluorine containing 4- or 3-(trifluoromethyl)phenyl
moiety at position 3, due to the significant impact of fluorine atoms in enhancing the
binding affinity to the targeted protein, as well as improving pharmacokinetic and physico-
chemical properties including metabolic stability and membrane permeation [69]. Also,
various substituents such as Br, Cl and OCH3 were located at the 6 and/or 6,7 positions
on the quinazolinone core, to span different electronic, steric and lipophilic characters that
would produce different pharmacological responses, which would increase the probability
of the discovery of active agents. Subsequently, these compounds were evaluated in vitro
as antioxidants as well as AA, AG, COX-2 and LDHA inhibitors. Structure–activity relation-
ships regarding the antioxidant activity were discussed. Additionally, molecular docking
simulations were performed to confirm the results of the in vitro enzymatic inhibitory
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assays and to predict the conformations of the potential inhibitors upon binding to the
target proteins, as well as to calculate the binding affinities between them.

Moreover, all compounds were screened for their cytotoxic effects on LoVo and HCT-
116 human colon carcinoma cells at 200 µg/mL, and then the IC50 values of the most
active cytotoxic candidates were calculated form the concentration–response curves and
compared with that of 5-FU. Afterwards, they were evaluated against non-tumoral human
umbilical vein endothelial cells (HUVEC) to explore their safety profiles. Furthermore, the
capability of the cytotoxic candidates to modulate apoptosis regulators (Bax and BcL2), to
activate caspases-8, 9 and 3 and to disturb the cell cycles of LoVo and HCT-116 cells were
investigated. Finally, the physicochemical, medicinal chemistry and ADMT properties of
all compounds were predicted and discussed in detail for some active compounds as model
examples.

2. Results and Discussion

2.1. Chemistry

The target compounds were synthesized as depicted in Scheme 1.
Initially, refluxing mixtures of 5-substituted or 4,5-disubstituted anthranilic acid deriva-

tives 1a-c and 3-substituted or /4-substituted phenyl isothiocyanate derivatives 2a-c in
glacial acetic for 10 h [70] yielded the new 6-substituted or 6,7-disubstituted-3-aryl-2-
thioxo-2,3-dihydro-1H-quinazolin-4-one derivatives 3a-h, which can potentially also exist
in their tautomeric forms 3′a-h due to thiocarbonyl–thiol tautomerization. Subsequently,
the arylation of the acidic thiol groups using various aryl halides 4a–d under basic catal-
ysis with potassium carbonate in refluxing dry acetone for 6 h [50] produced eight new
2-(benzylsulfanyl)-3-aryl-3H-quinazolin-4-one derivatives, 5a–h. The structures of the
synthesized derivatives were elucidated based on IR, 1H-NMR, 13C-NMR and mass spec-
trometric analyses.

All the spectroscopic data indicated the predominance of the thiocarbonyl tautomeric
form for compounds 3a–h in the solid state (IR) and in the DMSO solution (NMR), which
is in agreement with the reported data [71]. Thus, their IR spectra showed stretching
absorption bands for the NH groups at a νmax ranging from 3155 to 3245 cm−1. In addition,
the 1HNMR spectra demonstrated the NH protons as singlet peaks at δH = 12.91–13.24 ppm,
while the 13CNMR spectra exhibited characteristic signals for C= S at a δC/ppm ranging
from 174.38 to 176.28.

Contrarily, the IR and 1HNMR spectra of derivatives 5a–h indicted the disappear-
ance of the NH protons, and their 13CNMR spectra confirmed the absence of the peaks
corresponding to the C=S groups and the presence of the benzylic methylene groups.

As representative examples, the IR spectrum of compound 3c showed the stretching
absorption bands at νmax = 3178 and 1698 cm−1, corresponding to the NH and C=O groups,
respectively. The 1H-NMR spectrum of this compound (500 MHz; DMSO-d6) showed a
characteristic one-proton singlet peak at δH = 12.91 ppm for the NH proton. Additionally,
the four aromatic protons of the 3-trifluoromethylphenyl ring exhibited a one-proton
doublet peak (coupling constant J value = 7.5 Hz), a one-proton singlet peak, an apparent
triplet peak (J value = 8.05 Hz) and a doublet peak ((J value = 8.5 Hz) at chemical shift
values of δH = 7.73, 7.69, 7.66, 7.24 and 7.56 ppm, respectively. The two aromatic protons of
the dimethoxyphenyl ring were detected as two singlet peaks at δ = 7.24 and 6.95 ppm.

Lastly, the two methoxy groups exhibited two singlet peaks, each integrating to three
protons at δH = 3.83 and 3.77 ppm. With regard to its 13C-NMR spectrum (125 MHz; DMSO-
d6), it was characterized by a distinctive peak at δC/ppm = 174.66 attributed to C=S group,
in addition to seventeen peaks, as expected, at δC/ppm = 159.34 (C=O), 155.41, 146.58,
140.23, 135.63, 133.62, 130.03, 129.80, 126.38, 125.03, 124.89, 122.87, 108.66, 106.94, 97.98
(6 × CH-aromatic, 6 × Cq-aromatic and CqF3), 56.01 and 55.84 (2 × OCH3). Finally, the MS
spectrum of this compound showed a molecular ion peak [M+ + 1] at m/z = 383.17 (27.26%)
for C17H13F3N2O3S, and the base peak was detected at m/z = 382.16, which corresponds
to [M+].
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Scheme 1. Reagents and conditions: (i) Glacial AcOH, reflux 10 h. (ii) Dry acetone, K2CO3, reflux 6 h.

On the other hand, the IR spectrum (KBr) of compound 5c indicated the disappearance
of the stretching absorption band due to NH group of its precursor 3c. The 1H-NMR
spectrum (300 MHz, DMSO-d6) endorsed the absence of NH proton and the presence of the
characteristic benzylic protons as an AB quartet signal at δH = 4.53 ppm, with a coupling
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constant of J = 13.5 Hz. In addition, it displayed eight peaks corresponding to ten aromatic
protons as follows: a one-proton apparent doublet of the doublet peak (J values = 6.3,
2.1 Hz); an apparent one-proton doublet of the doublet peak (J values = 8.4, 2.4 Hz); a
one-proton singlet; a two-proton doublet peak (J = 7.8 Hz); a two-proton multiplet peak;
a one-proton triplet peak (J = 7.8 Hz); a one-proton singlet peak and a one-proton singlet
peak, which were resonating at δH = 8.52, 8.09, 7.98, 7.93, 7.83–7.77, 7.60, 7.37 and 7.24 ppm,
respectively, confirming the installation of the 3-nitrophenyl moiety on the sulfur atoms.
The 13C-NMR spectrum (150 MHz; DMSO-d6) revealed the absence of the peak due to the
C=S group and the presence a new characteristic CH2-benzylic peak at δC = 35.12 ppm. The
mass spectrum of this compound indicated the presence of the molecular ion peaks [M+ + 2]
and [M+ + 1] at m/z (%) = 519.10 (6.53) and 518.19 (29.95), respectively, for C24H18F3N3O5S.
The base peak, which represents [M+] ion was recorded at m/z = 517.18.

2.2. Biological Evaluation

The synthesized compounds were subjected to multiple in vitro biological evaluations
as described in the following sections.

2.2.1. Antioxidant Evaluation via 2,2-Diphenyl-1-picryl-hydrazyl-hydrate (DPPH) Assay

The DPPH free radical scavenging method is used for the determination of the antioxi-
dant potency of compounds 3a-h and 5a-h, expressed as mean IC50 values; half maximal
inhibitory concentrations. The results are summarized in Table 1.

Table 1. Mean IC50 values in mg/mL (mM) for scavenging initial DPPH radicals using the synthesized
compounds ± SD of three independent replicates. BHT was used as the reference drug.

Comp. # (MW)
Mean Values of Half Maximal Inhibitory

Potency in mg/mL ± SD (mM)

3a (356.75) 0.068 ± 0.004 (0.191 ± 0.011)
3b (401.20) 0.161 ± 0.016 (1.520 ± 0.039)
3c (382.36) 0.100 ± 0.014 (0.262 ± 0.037)
3d (356.75) 0.179 ± 0.016 (0.502 ± 0.045)
3e (401.20) 0.290 ± 0.028 (0.723 ± 0.070)
3f (333.75) 0.227 ± 0.010 (0.680 ± 0.030)
3g (378.20) 0.0625 ±0.002 (0.165 ± 0.005)
3h (359.36) 0.325 ± 0.007 (0.904 ± 0.0195)
5a (464.86) 0.080 ± 0.002 (0.172 ± 0.004)
5b (525.77) 0.167 ± 0.010 (0.318 ± 0.019)
5c (517.48) 0.186 ± 0.006 (0.359 ± 0.012)
5d (481.31) 0.200 ± 0.028 (0.416 ± 0.058)
5e (600.25) 0.225 ± 0.021 (0.375 ± 0.035)
5f (532.79) 0.241 ± 0.013 (0.452 ± 0.024)
5g (513.32) 0.200 ± 0.014 (0.390 ± 0.027)
5h (483.92) 0.364 ± 0.020 (0.752 ± 0.041)

BHT (220.35) 0.054 ± 0.006 (0.245 ± 0.027)

In principle, the antioxidant power of a compound in this assay is correlated to its
tendency to reduce the stable, purple-colored DPPH radical through a hydrogen atom
transfer (HAT) mechanism and/or a single electron transfer mechanism [72], thereby
converting it to the yellow-colored 2,2-diphenyl-1-picrylhydrazine, whereby this reduction
is accompanied by a depletion in the amount of the initial DPPH radicals and a change in
the absorbance of the test solution accordingly, which can be detected relative to the blank
solution at λ = 517 nm.

The antioxidant potency of a compound depends on its structural characteristics due
to the electronegativity, position and number of substituents. Therefore, among the tested
compounds (Table 1), the quinazolinone derivatives 3a, 3g and 5a demonstrated the lowest
mean half maximal concentrations for scavenging DPPH radicals with IC50 values (mM)
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of 0.191 ± 0.011, 0.165 ± 0.005 and 0.172 ± 0.004, respectively, which were lower than
0.245 ± 0.027, the value of the reference antioxidant drug, butylated hydroxy toluene (BHT),
indicating that these quinazolinones are more potent antioxidants than BHT. The rest of the
compounds exhibited IC50 (mM) values ranging from 0.262 ± 0.037 to 1.520 ± 0.039.

For quinazolinones 3a–3h and 5a–5h, the IC50 (mM) values spanned from 0.191 ± 0.011
to 1.520 ± 0.039, and from 0.172 ± 0.004 to 0.752 ± 0.041, respectively. Generally, it was ob-
served that all S-arylated derivatives were more efficient than their thioxo precursors, except
for derivatives 5c and 5g, which were less active than their counter substrates 3a and 3g, re-
spectively; this may be attributed to the arylation of the S-atom by the 3-nitrobenzyl group.

Interestingly, among the derivatives of the 3a–h series, the highest and the poorest scav-
enging efficiencies were associated with derivatives 3g and 3b, which share the 6-bromo-
2-thioxo-2,3-dihydroquinazolin-4(1H)-one core, but differ in the type and location of the
substituents on the 3-phenyl groups, where the former possessed 3-(4-nitrophenyl), whereas
the latter possessed 3-(3-(trifluoromethyl)phenyl moiety. Along this line, comparing the
efficiencies of compounds 3a, 3c and 3b having the 3-(3-(trifluoromethyl)phenyl group and
different substituents on the 2-thioxo-2,3-dihydroquinazolin-4(1H)-one core including 6-Cl,
6,7-di-MeO and 6-Br, respectively, revealed the superiority of compounds 3a (8.0-fold) and
3c (5.8-fold) to derivative 3b. Furthermore, comparing the antiradical potencies of analogs
3b and 3e having exactly the same structure, but with the trifluoromethyl(CF3) substituent
located at positions 3 and 4 on the 3-phenyl group, respectively, indicated that introducing
CF3 at position 4 enhanced the activity by 2.1-fold.

Additionally, comparing derivatives 3a, 3d and 3f, which possessed the 6-chloro-2-
thioxo-2,3-dihydroquinazolin-4(1H)-one nucleus, revealed that the 3-(3-CF3)phenyl group
and the 3-(4-CF3)phenyl group enhanced the antioxidant potency by 3.6- and 1.4-fold,
respectively, as compared to the 3-(4-NO2)phenyl substituent.

All of these observations indicated that in series 3a–h, the combination of the 3-(3-
(trifluoromethyl)phenyl group with a 6-chloro-2-thioxo-2,3-dihydroquinazolin-4(1H)-one
core improved the antiradical efficiency (as in case of 3a). Contrarily, its combination
with 6-bromo-2-thioxo-2,3-dihydroquinazolin-4(1H)-one core (as in case of 3b) greatly
reduced the activity, which was improved upon tethering the 4-chlorobenzyl moiety to the
S-atom by 4.8-fold (as in case of 5b). The weakest antioxidant in the 5a-h series was 5h,
which possessed the 6,7-dimethoxy-3-(4-nitrophenyl)quinazolin-4(3H)-one core and lacked
substituents at the o or m-positions on the 3-phenyl and the S-benzyl groups.

2.2.2. In Vitro Enzyme Inhibition Assays
Cyclooxygenase-2 (COX-2) Assay

The inhibitory potential of compounds 3a-h and 5a–h towards the inducible pro-
inflammatory COX-2 enzyme was examined at 0.100 and 0.200 mg/mL concentrations and
the results are presented in Table 2.

Although the obtained data indicated that the inhibitory efficiency increased by dupli-
cating the concentration of the tested compounds by 1.41- (5c) up to 2.58 (5h)-fold, only 3a

and 3g exhibited potent inhibitory efficiencies of 97.050 ± 1.344 and 98.900 ± 1.556%, re-
spectively, at 0.200 mg/mL (i.e., at 0.561 mM and 0.529 mM, respectively) as compared with
the 100.00 ± 0.00% inhibitory effectiveness of celecoxib at 0.10 mg/mL (0.262 mM). More-
over, at 0.200 mg/mL concentration, compound 5a produced an inhibitory efficiency equal
to 63.150 ± 5.869% and the rest of the compounds exhibited poor inhibitory capabilities
ranging from 10.750 ± 2.475 to 52.000 ± 2.828%.
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Table 2. COX-2 inhibitory potency of the synthesized compounds expressed as mean % inhibi-
tion ± SD of three independent replicates. The increasement in inhibitory efficiency by duplicating
the concentration was obtained by dividing the % inhibition at 0.200 mg/mL by the % inhibition at
0.100 mg/mL and was expressed in fold. Celecoxib was used as the reference COX-2 inhibitor at
0.1 mg/mL concentration.

Comp. # Mean Values of % Inhibition ± SD

At 0.100 mg/mL At 0.200 mg/mL (Fold)

3a 57.000 ± 2.828 97.050 ± 1.344 (1.70)
3b 6.250 ± 1.768 10.750 ± 2.475 (1.72)
3c 9.850 ± 1.626 20.200 ± 1.131(2.05)
3d 20.200 ± 1.131 32.750 ± 2.475 (1.62)
3e 10.400 ± 1.697 15.650 ± 0.494975 (1.50)
3f 11.450 ± 0.778 26.750 ± 3.889 (2.34)
3g 60.000 ± 2.828 98.900 ± 1.556 (1.65)
3h 14.550 ± 0.636 27.650 ± 2.192 (1.900)
5a 34.200 ± 1.697 63.150 ± 5.869 (1.85)
5b 9.250 ± 1.768 19.500 ± 2.121 (2.11)
5c 18.650 ± 3.465 26.250 ± 4.031 (1.41)
5d 26.300 ± 1.839 44.050 ± 1.344 (1.68)
5e 31.000 ± 2.828 51.650 ± 4.879 (1.67)
5f 28.900 ± 2.687 52.000 ± 2.828 (1.80)
5g 14.250 ± 1.768 26.000 ± 2.828 (1.83)
5h 11.200 ± 0.990 28.900 ± 0.283 (2.58)

Celecoxib at 0.1 mg/mL 100.000 ± 0.000 ND 1

1 ND: not determined.

Lactate Dehydrogenase A (LDHA) Assay

Furthermore, the studied compounds were assessed for their LDHA inhibitory potency
(Table 3) at 0.100 and 0.200 mg/mL concentrations using sodium oxamate as the reference
inhibitor. Again, the inhibitory efficiencies of the tested compounds at 0.200 mg/mL were
increased by 0.20- (3c) up to 1.84 (3a)-fold than at the 0.100 mg/mL concentration. Also,
each compound in the 3a–h series was found to be more active than its counterpart in
the 5a–h series at both concentrations, except for derivative 3f (34.250 ± 1.768%) and its
S-alkylated product 5f (51.050 ± 3.606%), which may indicate the importance of the NH
group for LDHA inhibition.

Overall, derivatives 3g and 3a were recognized as the most active derivatives, with
inhibitory efficiencies of 100.000 ± 0.000 and 98.450 ± 1.344 at 0.200 mg/mL (0.561 mM
and 0.529 mM), respectively, as compared with the 100.000 ± 0.000% inhibitory efficiency
of sodium oxamate at 0.111 mg/mL (1 mM). Moreover, derivatives 3d and 5f demonstrated
inhibitory effectiveness of 53.500 ± 2.121% and 51.050 ± 3.606% at 0.200 mg/mL (0.561 and
0.375 mM, respectively), whereas the rest of the compounds exerted inhibitory efficiencies
ranging from 14.300 ± 1.556 to 43.900 ± 1.556%.

Although analogs 3a and 3d as well as 3b and 3e have exactly the same structure,
except for locating the CF3 group on the 3-phenyl moiety in each pair at positions 3
and 4, respectively, it was observed that the structures with 3-CF3 were more potent
than those with 4-CF3, implying the importance of this substituent at the position 3 for
LDHA inhibition.
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Table 3. LDHA inhibitory potency of the synthesized compounds at 0.1 mg/mL and 0.2 mg/mL con-
centrations expressed as mean % inhibition ± SD of three independent replicates. The increasement
in inhibitory efficiency by duplicating the concertation was obtained by dividing the % inhibition at
0.200 mg/mL by % the inhibition at 0.100 mg/mL and was expressed in fold. Sodium oxamate was
used as the reference drug at 0.111 mg/mL (1 mM) concentration.

Comp. #

Mean Values of % Inhibition ± SD

At 0.1 mg/mL
At 0.2 mg/mL

(Fold Change as
Compared to 0.1 mg/mL)

3a 53.500 ± 1.131 98.450 ± 1.344 (1.84)
3b 29.150 ± 2.192 42.350 ± 1.909 (1.45)
3c 17.800 ± 1.556 30.750 ± 1.7678 (0.2)
3d 33.500 ± 2.121 53.500 ± 2.121 (1.59)
3e 22.150 ± 1.202 35.950 ± 1.344 (1.62)
3f 21.500 ± 1.556 34.250 ± 1.768 (1.59)
3g 68.250 ± 4.596 100.000 ± 0.000 (1.7)
3h 29.850 ± 1.768 43.900 ± 1.556 (1.47)
5a 24.000 ± 1.697 38.900 ± 1.131 (1.62)
5b 14.500 ± 1.131 22.500 ± 1.697 (1.55)
5c 8.550 ± 1.061 14.300 ± 1.556 (1.67)
5d 13.850 ± 2.051 20.400 ± 1.980 (1.47)
5e 15.150 ± 1.768 19.650 ± 2.334 (1.29)
5f 31.950 ± 2.475 51.050 ± 3.606 (1.60)
5g 15.750 ± 2.050 27.700 ± 2.546 (1.75)
5h 15.350 ± 1.202 21.750 ± 1.344 (1.42)

Sodium Oxamate at 0.111 mg/mL
(1 mM) 100.000 ± 0.000 ND 1

1 ND: not determined.

In the view of the COX-2 and LDHA inhibitory assays, the IC50 values in µg/mL and
(µM) for the most active compounds, 3a and 3g, were determined to be 281.374 ± 10.545 and
251.780 ± 22.023 against COX-2, respectively, as compared with 0.136 × 10−3 ± 0.006 × 10−3

for celecoxib. Likewise, the IC50 values against LDHA were calculated to be 273.345 ± 16.087
and 242.279 ± 31.298, respectively, compared to 140.503 ± 7.647 by sodium oxamate, as
presented in Table 4.

Table 4. Mean IC50 values of the potential COX-2 and LDHA inhibitors and their reference inhibitors,
celecoxib and sodium oxamate, respectively, in µg/mL (µM) ± SD of three independent replicates.

Comp. # (MW)
Mean IC50 Values in µg/mL ± SD/(µM ± SD)

COX-2 LDHA

3a (356.75) 100.380 ± 3.762/
(281.374 ± 10.545)

97.516 ± 5.739/
(273.345 ± 16.087)

3g (378.20) 95.223 ± 8.329/
(251.780 ± 22.023)

91.630 ± 11.837/
(242.279 ± 31.298)

Celecoxib (381.373) 0.0517 × 10 −3 ± 0.0021 × 10 −3/
(0.136 × 10 −3 ± 0.006 × 10 −3) ND 1

Sodium oxamate (111.03) ND1 15.600 ± 0.849/
(140.503 ± 7.647)

1 ND: not determined.

Alpha-Glucosidase (AG) and Alpha-Amylase (AA) Assays

The studied compounds were evaluated in vitro for their AG and AA inhibitory activ-
ities via the determination of their IC50 values in µg/mL and µM, which were compared
with quercetin as the reference drug (Table 5).
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Table 5. α-Glucosidase and α-amylase inhibitory potencies of the synthesized compounds ex-
pressed as mean IC50 values ± SD of three independent replicates. Quercetin was used as the
reference inhibitor.

Comp. # (MW)
Mean IC50 Values in µg/mL ± SD (µM ± SD)

α-Glucosidase (AG) α-Amylase (AA)

3a (356.75) 11.200 ± 0.300 (31.395 ± 0.841) 124.333 ± 4.042 (348.516 ± 11.330)
3b (401.20) 26.033 ± 0.503 (64.888 ± 1.254) 17171.333 ± 4.163 (427.051± 10.376)
3c (382.36) 7.867 ± 0.306 (20.5 ± 0.800) 92.000 ± 3.000 (240.611 ± 7.846)
3d (356.75) 37.200 ± 0.361 (104.275 ± 1.012) 335.667 ± 3.055 (940.903 ± 8.563)
3e (401.20) 30.500 ± 0.819 (76.022 ± 2.041) 252.00 ± 4.583 (628.116 ± 11.423)
3f (333.75) 5.233 ± 0.153 (15.679 ± 0.458) 111.667 ± 3.512 (334.583 ± 10.523)
3g (378.20) 12.500 ± 0.889 (33.051 ± 2.351) 179.333 ± 7.768 (474.175 ± 20.539)
3h (359.36) 4.633 ± 0.153 (12.882 ± 0.426) 122.000 ± 4.583 (339.492 ± 12.753)
5a (464.86) 5.833 ± 0.252 (12.548 ± 0.542) 86.667 ± 4.509 (186.437 ± 9.700)
5b (525.77) 37.033 ± 0.252 (70.436 ± 4.793) 162.000 ± 5.568 (308.120 ± 10.590)
5c (517.48) 41.367 ± 1.002 (79.939 ± 1.936) 197.333 ± 4.509 (381.335 ± 8.713)
5d (481.31) 38.100 ± 0.656 (79.159 ± 1.363) 181.667 ± 5.508 (377.443 ± 11.444)
5e (600.25) 43.133 ± 2.055 (71.858 ± 3.424) 150.333 ± 3.512 (250.451 ± 5.851)
5f (532.79) 23.600 ± 0.400 (44.295 ± 0.751) 106.667 ± 5.033 (200.205 ± 9.446)
5g (513.32) 20.633 ± 0.737 (40.195 ± 1.436) 339.000 ± 4.000 (660.407 ± 7.792)
5h (483.92) 6.100 ± 0.458 (12.605 ± 0.946) 117.667 ± 3.055 (243.154 ± 6.313)

Quercetin (302.236) 3.967 ± 0.208 (13.126 ± 0.688) 121.667 ± 3.055 (402.566 ± 10.108)

The results showed that the tested compounds exhibited IC50 values (µM) ranging
from 12.548 ± 0.542 to 104.275 ± 1.012 against AG, and ranging from 186.437 ± 9.700 to
940.903 ± 8.978.563 against AA, compared with 13.126 ± 0.688 and 402.566 ± 10.108 for
quercetin, respectively. Accordingly, derivatives 3h, 5a and 5h were proven to be more
potent AG inhibitors than quercetin. Congruently, eleven derivatives, 3a, 3c, 3f, 3h and
5a-5f, as well as 5h, exhibited superior inhibitory efficiencies (lowered IC50 in µM ± SD,
ranging from 186.437 ± 9.700 by 5a to 381.335 ± 8.713 by 5c) to that of quercetin against
AA. In addition, compound 3b exhibited a modest potency against AA, with an IC50 value
of 427.051 ± 10.376 µM.

Overall, compounds 3h, 5a and 5h were recognized as dual inhibitors for AG and AA;
thus, they would have the potential as hypoglycemic and anti-DM-type 2 agents.

It is noticeable that the dual inhibitors 3h and 5h possessed the same 6,7-dimethoxy-3-
(4-nitrophenyl)quinazolin-4(3H)-one core, implying the importance of this moiety for the
inhibition of both enzymes.

With regard to derivatives 3a and 5a, which possessed the 6-chloro-3-(3-(trifluoromethyl)
phenyl)quinazolin-4(3H)-one core, only 5a was found to be efficient against AG, which
implies the importance of the 2-fluorobenzyl group for the inhibition of the AG enzyme.

Moreover, the dual inhibitor 5a is also a potent radical scavenger; therefore, it may
contribute to antidiabetic activities both directly, through inhibiting AA and AG, and
indirectly, via its antioxidant properties.

2.2.3. Cytotoxic Activity

The anticancer activities of all the synthesized compounds were assessed against two
human colon carcinoma cell lines, namely LoVo and HCT-116 (Table 6), via the determi-
nation of the mean percents of the viable cancerous cells remaining after being incubated
with 200 µg/mL of each test compound for 48 h using LDH assay [73].
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Table 6. Cytotoxic effects of the synthesized compounds on LoVo and HCT-116 human colon
carcinoma cell lines expressed as mean % of viable cells after being treated with 200 µg/mL of the
test compounds for 48 h ± SD of three independent assays. Assay medium and 0.1% Triton X-100
were used as negative and positive control experiments, respectively. The cytotoxic effects of the
potential antiproliferative candidates were further assessed on non-tumoral human umbilical vein
endothelial cells (HUVEC) at the same concentration.

Comp. #
Mean % of Viable Cells ± SD

LoVo HCT-116 HUVEC

3a 23.500 ± 1.500 26.833 ± 1.258 97.000 ± 2.646

3b 62.000 ± 3.606 70.667 ± 2.517 ND 1

3c 47.333 ± 2.517 65.000 ± 3.606 99.667 ± 0.577

3d 87.000 ± 1.732 96.000 ± 1.732 ND 1

3e 90.667 ± 3.512 92.333 ± 2.517 ND 1

3f 22.667 ± 2.082 4.667 ± 0.577 99.667 ± 0.577
3g 55.667 ± 3.055 42.333 ±2.517 98.667 ± 1.155

3h 64.000 ± 3.000 70.333 ± 3.786 ND 1

5a 90.333 ± 1.528 89.667 ± 3.055 ND 1

5b 37.667 ± 2.517 60.333 ± 2.517 96.333 ± 0.577

5c 78.333 ± 3.512 82.333 ± 2.517 ND 1

5d 76.000 ± 1.732 86.667 ± 1.528 ND 1

5e 64.333 ± 2.082 79.667 ± 2.517 ND 1

5f 84.333 ± 3.512 76.000 ± 1.732 ND 1

5g 74.667 ± 2.517 66.333 ± 3.055 ND 1

5h 81.667 ± 3.055 91.000 ± 2.646 ND 1

Positive Control
(Triton X-100, 0.1%) 0.000 0.000 ND 1

Negative Control
(Assay medium)

5-FU
99.500 ± 0.707 100.000 ± 0.000 57.333 ± 2.517

1 ND: not determined.

The results shown in Table 6 indicated that 3a and 3f were the most active deriva-
tives against both cell lines by reducing their viability percents to 23.500 ± 1.500 and
22.667 ± 2.082% (LoVo) and 26.833 ± 1.258 and 4.667 ± 0.577% (HCT-116), respectively.
Three other compounds, namely 3g (against HCT-116) and 3c and 5b (against LoVo) showed
moderate antiproliferative effects with viability % of 42.333 ± 2.517, 47.333 ± 2.517 and
37.667 ± 2.517, respectively. The rest of the compounds demonstrated poor cytotoxic
profiles, with viability percentages ranging from 55.667 ± 3.055 to 90.667 ± 3.512 (LoVo
cells) and from 60.333 ± 2.517to 96.000 ± 1.732 (HCT-116 cells).

Accordingly, the cytotoxic effects of the compounds 3a, 3c, 3f, 3g and 5b, which
showed growth inhibitory efficiencies of less than 50% on one or both tumoral cells, were
determined at the same test concentration against non-tumoral human umbilical vein en-
dothelial cells (HUVEC) and were found to be 97.000 ± 2.646, 99.667 ± 0.577, 99.667 ± 0.577,
98.667 ± 1.155 and 96.333 ± 0.577, respectively, as compared to 57.333 ± 2.517% exerted by
5-flurouracil (5-FU), the reference anticancer drug (Table 6).

Based on the results of the viability assays, the IC50 values for the most active cytotoxic
candidates, 3a, 3c, 3f, 3g and 5b, in µg/mL (µM) were calculated from the concentration–
response curves and compared with that of 5-FU, as shown in Table 7.

It is noteworthy to indicate that the viability of the normal HUVEC upon being treated
with 200 µg/mL (1537.515 µM) of 5-FU was reduced to 57.333 ± 2.517% and its IC50 was
determined to be 298.500 ± 19.092 µg/mL (2294 ± 146.77 µM). On the other hand, the IC50
values (µg/mL) of 5-FU were calculated to be 2.910 ± 0.028 (LoVo) and 11.850 ± 0.354 (HCT-
116), implying its higher selectivity towards the examined cancerous cells, as indicated by
the calculated selectivity indices (SIs, represent the ratio of IC50 normal cell to IC50 cell line) [74],
which were equal to 102.577 (LoVo) and 25.190 (HCT-116), respectively.
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Table 7. Mean IC50 values of the compounds, which exhibited cell viabilities of less than 50%,
expressed in µg/mL (µM) ± SD of three independent replicates. 5-Flurouracil was used as the
reference drug.

Comp. # (MW)
Mean IC50 Values in µg/mL/(µM) ± SD

LoVo cells HCT-116 cells HUVEC

3a (356.75) 105.000 ± 3.000/
(294.324 ± 8.409)

106.333 ± 4.726/
(298.060 ±13.247)

3c (382.36) 275.333 ±4.509/
(720.088 ± 11.792)

281.000 ± 3.606/
(734.910 ± 9.431)

3f (333.75) 128.000 ± 3.000/
(383.521 ± 8.989)

108.000 ± 1.000
(323.596 ± 2.996)

3g (378.20) 221.667 ± 3.512/
(586.111 ± 9.286)

168.333 ± 3.512/
(444.090 ± 9.286)

5b (525.77) 161.000 ± 3.606/
(306.218 ± 6.859)

246.000 ± 1.732/
(467.885 ± 3.294)

5-FU (130.08) 2.910 ± 0.028/
(22.371 ± 0.215)

11.850 ± 0.354/
(91.098 ±2.721)

298.500 ± 19.092
(2294 ± 146.77)

2.2.4. Investigation of the Apoptosis-Inducing Properties as a Potential Molecular Basis for
the Observed Cytotoxicity for Derivatives 3a and 3f

Effects of 3a and 3f on the Expressional Levels of Bcl-2 and Bax, Regulators of the
Intrinsic Pathway

Collectively, the viability assays showed that derivatives 3a and 3f were the most
active cytotoxic derivatives against both tested colon cell lines. However, the enzymatic
inhibitory assays showed that only 3a was active against COX-2 and LDHA; in addition, it is
documented that HCT-116 cells are COX-2 negative [75]. Consequently, these observations
imply that molecular targets other than COX-2 and LDHA could be responsible for the
observed cytotoxicity on the tested cancerous cells.

Impaired apoptosis plays a main role in cancer cell survival, tumor progression and
resistance to chemotherapy., In particular, the inhibition of the intrinsic apoptotic pathway
depends partly on disturbing the balance between the expression of the Bcl-2 and Bax
genes. Bcl-2 protein is a member of the anti-apoptotic (pro-survival) subgroup, and its
expressional level in tumor cells is much higher than in normal cells; therefore, molecules
targeting this protein would have little effect on normal cells [56]. On the other hand,
Bax is a proapoptotic protein, whose overexpression induced by several agents enhances
apoptosis, but its loss contributes to drug resistance in human cancers [76].

Bcl-2 inhibits apoptosis by forming a heterodimer with Bax or by inhibiting the
activities of caspase-9, 3, 6, and 7, resulting in a prolonged survival time of tumor cells,
thus causing their malignant transformation [56]. On the other hand, the activated Bax
levels promote cell apoptosis by binding to the mitochondrial membranes, and increasing
their permeability and cytochrome c releasing [77].

Considering these facts, enhancing apoptosis has been extensively studied as a po-
tential drug target in cancer therapy [78], therefore, in this study, we investigated the
effects of the most cytotoxic compounds, 3a and 3f, (at 10 µg/mL, 24 h incubation) on the
expressional levels of these apoptotic regulator genes (Bax and Bcl-2) using quantitative
reverse transcription–polymerase chain reactions (qRT-PCR).

The results were compared with the negative control (untreated cells) cultures. The
recorded results (Figure 3) in the expressional level of anti-apoptotic gene Bcl-2 (by 0.635-
and 0.345-fold) in the 3a- and 3f-treated HCT-116 cell cultures, respectively, as compared to
negative control culture.
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Figure 3. qRT-PCR analysis of the expressional levels of Bax and Bcl2 genes in cultures of LoVo
and HCT-116 treated with 10 µg/mL of the cytotoxic candidates 3a and 3f for 24 h, as compared to
negative control (untreated cells).

Caspases Activation Induced by Derivatives 3a and 3f

The two distinctive apoptotic pathways converge on caspases activation. The extrinsic
apoptosis pathway is mediated by the death receptor, while the intrinsic mitochondrial
pathway is triggered via the interaction of cytochrome c with apoptotic protease activating
factor-1 (APAF1) resulting activation of caspases [79]. In general, caspase -9 is activated by
cytochrome c, released by the mitochondria in the intrinsic pathway, while the extrinsic
pathway activates caspase-8. After the activation of these initiator caspases (-8 and -9), the
effector step of apoptosis is then triggered by the activation of caspases -3, -6 and -7. The
activities of these effectors induce observed morphological changes in the apoptotic cells,
especially DNA fragmentation, after chromatin condensation and the apoptotic bodies’
formation [80].

Therefore, in this study the expressional levels of caspase-3 as a major apoptosis
effector were evaluated in 3a- and 3f-treated HCT-116 and LoVo cell cultures (10 µg/mL,
for 24 h incubation), using qRT-PCR analysis. As shown in Figure 4, the expression levels
of this gene were upregulated by 3.731- and 6.071-fold (in HCT-116), and by 2.6026- and
6.9340-fold (in LoVo) after treatment by 3a and 3f, respectively, as compared to the negative
control culture.

Furthermore, in order to confirm the implication of these compounds in the apoptotic
pathways trigged by caspases, the proteins levels of caspases 8 and 9 were evaluated
using Western blot analysis for the HCT-116 and LoVo carcinoma cells lysates after treat-
ment with compounds 3a and 3f (50 µg/mL for 48 h); the untreated cells were used as a
negative control.

HCT-116 and LoVo carcinoma cells lysates were prepared for the Western blot analysis
of caspase-8 and caspase-9.
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Figure 4. qRT-PCR analysis of the expressional levels of caspase-3 gene in cultures of LoVo and
HCT-116 treated with 10 µg/mL of the cytotoxic candidates 3a and 3f for 24 h, as compared to
negative control (untreated cells).

Compared to the negative control (untreated cells), compounds 3a and 3f induced
higher expressional levels of caspase-9 with the HCT-116 and LoVo cells than that of
caspase-8 in both cultures. The increase in the expressional level of caspase 8 ranged
between 2.3 and 2.2 times in the lysates of HCT-116, and between 5.1 and 4.1 times in the
lysates of the LoVo cells following a 48 h treatment with 3a and 3f, respectively, whereas
the expression levels of caspase-9 increased by 3.6 and 3.1 times in the lysates of HCT-116,
and between 7.2 and 4.8 times in the lysates of the LoVo cells (Figures 5 and 6). Thus, both
proteins were more activated in the cultures of LoVo cells than those of the HCT-116 cells.
These results clearly demonstrate that compounds 3a and 3f are apoptogenic molecules
that are able to induce apoptosis in HCT-116 and LoVo colon cancer cells, predominantly
through the intrinsic pathway. Indeed, the caspase-8 levels confirmed that apoptotic cell
death caused by 3a and 3f was triggered through the extrinsic-mediated pathway, whereby
the ligand–receptor binding activated caspase-8. The mitochondrial intrinsic-mediated
pathway of apoptosis is also activated in HCT-116 and LoVo-treated cells through the
release of high levels of caspase-9 [81]. Both pathways eventually meet up and lead to the
hierarchical activation of caspases -3, 6 and 7, which are responsible for the morphological
changes in apoptotic cells.

Annexin-V Externalization Induced by Compounds 3a and 3f

In order to examine the effect of compounds 3a and 3f on the apoptosis of HCT-116 and
LoVo carcinoma cells, the Annexin-V-FITC probe was used and flow cytometry analyses
were performed (Figure 7).
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Figure 5. Expressional levels of caspase-8 and caspase-9 in lysates of HCT-116 and LoVo carcinoma
cells following treatment with 50 µg/mL of the compounds 3a and 3f for 48 h.
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Figure 6. Effects of 3a and 3f compounds on protein expressional levels of caspases-8 and 9 after a
48 h treatment of the cells with 50 µg/mL of each compound via immunoblotting, using polyclonal
antibodies against caspases -8 and -9. β-Actin was used as the protein loading control.
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Figure 7. Apoptosis rates of HCT-116 and LoVo cells treated with 50 µg/mL of compounds 3a and 3f,

detected via flow cytometry, after 48 h treatment (A) Untreated HCT-116 cells; (B,C) treated HCT-116
cells with 50 µg/mL of compounds 3a and 3f, respectively. (D) Non treated LoVo cells; (E,F) LoVo
cells treated with 50 µg/mL of compounds 3a and 3f, respectively. (G) Quantification of the apoptosis
rate in HCT-116 and LoVo cells undergoing early and late apoptosis detected via Annexin V-FITC/PI
dual-staining flow cytometry.
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The percentages of the early apoptotic cells (Annexin-V positive and propidium iodide,
PI negative) and late apoptotic cells (both Annexin-V and PI positive) were then calculated.
Annexin V-PI staining was also performed to distinguish apoptotic and necrotic cell deaths.
The data showed that compounds 3a and 3f in each cell line caused more apoptotic cell
death rather than necrosis (Figure 7G), since necrotic cells represent less than 5% of the
total cells’ population. The late apoptotic percentages of the HCT-116 cells was increased to
6.56% (Figure 7B) and 5.32% (Figure 7C) after treatment with 3a and 3f, respectively, for
48 h, compared with the untreated cells (Figure 7A).

Similarly, the late apoptotic percentages of the LoVo cells treated with 3a and 3f were
increased to 11.01% (Figure 7E) and 4.66% (Figure 7F), respectively, while the percentage of
the untreated LoVo cells was only 0.16% (Figure 7D). The early apoptotic populations were
augmented to 14.6% (Figure 7B) and 18.29% (Figure 7E) for the HCT-116 and LoVo cells
treated with compound 3a, respectively. After the 48 h treatment with 3f, the percentages
of the early apoptotic population of the HCT-116 and LoVo cells reached 9.59% (Figure 7C)
and 12.97% (Figure 7F), respectively. These observations clearly imply that compounds 3a

and 3f effectively induced apoptosis in both tested colon carcinoma cell lines.

Compounds 3a and 3f Induced Apoptosis in HCT-116 and LoVo Carcinoma Cells
Associated with Cell Cycle Arrest

The viability of the cells is maintained by a complete cell cycle life, which is generally
developed in the order of the G1-S-G2-M phases. When DNA integrity is impaired by
certain factors, cells cannot pass through the G1/S phase and/or the G2/M detection
points, and cell proliferation is eventually blocked [82].

In the current study, the cell cycle distribution of the treated HCT-116 and LoVo
carcinoma cells with compounds 3a and 3f was assessed by labeling the cell’s DNA with
PI stain in order to determine if the induction of apoptosis in carcinoma cells could be
related to the cell cycle arrest (Figure 8A–F). The intensity of the PI stain is proportional to
the cell’s DNA content (Figure 9). As shown in Figure 8, there was a significant G1 phase
arrest in the HCT-116 cells after the 48 h treatment with 3a and 3f, where the percentage
of the cells at this phase significantly increased from 46.26% (untreated negative control,
Figure 8A) to 53.51% and 57.81%, respectively, as shown in Figure 8B,C. Likewise, for the
LoVo cell derivatives, 3a and 3f induced cell cycle arrest in the G2/M phase, wherein the
percentage of the cells’ population in the G2/M phase increased to 22.64% (Figure 8E) and
29.16% (Figure 8F), respectively, compared to the untreated cells (16.35%). The ability of
the tested compounds (3a and 3f) to block the cell cycle progression in LoVo and HCT-116
cells confirmed their anticancer potential against these colon carcinoma cell lines and could
explain the mechanism of the observed cytotoxicity.

2.3. Molecular Docking Simulations

In order to confirm the results concluded from the in vitro enzymatic inhibitory assays,
molecular docking studies were performed. Thus, the relative binding affinities, binding
interactions and conformations of the most active candidates within the active sites of their
target proteins were identified.
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Figure 8. Flow cytometry analysis of cell cycle distribution changes of HCT-116 and LoVo cells treated
with 50 µg/mL of compounds 3a and 3f over 48 h. (A) Control HCT-116; (B) treated HCT-116 with
3a; (C) treated HCT-116 with 3f; (D) control LoVo; (E) treated LoVo with 3a; (F) treated LoVo with 3f.

2.3.1. Docking against Human Pancreatic Alpha-Amylase (HPA; PDB ID: 3BAJ)

Representative examples for the most active AA inhibitors from the 3a–h and 5a–h

series, namely 3c, 3f, 3h, 5a, 5f and 5h, as well as the reference inhibitor quercetin and the
co-crystal ligand acarbose, were docked against human pancreatic alpha-amylase (PDB
ID: 3BAJ) [83] using AutoDock 4.2.2 with a Lamarckian genetic algorithm-implemented
program suite.

Initially, the docking protocol was validated by redocking the co-crystal ligand,
acarbose, within the active site, with a cutoff of root mean square positional deviation
(RMSD) < 2 Å (Figure 10) [84].
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Figure 9. Quantification of the cell cycle distribution of HCT-116 and LoVo cells.
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Figure 10. The validation of the accuracy and performance of the docking protocol by redocking
acarbose ligands in pink and green within the active site of HPA.

The analysis of the results of the docking simulations clearly showed that the studied
compounds fitted nicely within the active site and formed hydrogen bonds, Van der Waals,
π–π stacking and alkyl and π–alkyl interactions with the active site amino acid residues
(Figure 11). Their binding free energies (Table 8) were ranged from −8.4 to −9.1 kcal/mol
as compared to −9.3 and –5.4 kcal/mol for quercetin and acarbose, respectively, indicating
a considerable affinity between the docked quinazolinones and the enzyme alpha-amylase.

Table 8. Binding free energies of the docked conformations of the studied compounds in the active
sites of α-Amylase (AA) and α-Glucosidase (AG).

Comp.#
Binding Energies (kcal/mol)

α-Amylase α-Glucosidase

3c −8.7 −5.6
3f −8.4 −5.2
3h −9.1 −4.8
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Table 8. Cont.

Comp.#
Binding Energies (kcal/mol)

α-Amylase α-Glucosidase

5a −8.9 −9.0
5f −8.7 ND 1

5h −8.4 −5.7
Quercetin −9.3 −7.0
Acarbose −5.4 1 ND

1-Deoxynojirimycin 1 ND −5.7
1 ND: not determined.
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Figure 11. Three-dimensional docked poses of 3c (green), 3f (blue), 3h (yellow), 5a (orange), 5f (cyan),
5h (purple), quercetin (lime) and acarbose (pink) within the active site of HPA (PDB ID: 3BAJ).

As shown in Figure 12, acarbose is stabilized in the active catalytic site by six H-bonds,
which were formed with the amino acid residues Trp59, Glu233, Asp300, Gly304 and His305
(two interactions). Additionally, acarbose exhibited alkyl interactions with Leu162 and His201.
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Figure 12. Two-dimensional docked conformation of acarbose at the active site of HPA (PDB ID: 3BAJ).
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With regard to quercetin, its 3,4-dihydroxyl groups at the terminal phenyl ring formed
two hydrogen bonds with the active site residues Asp197 and Asp 300; additionally, the
aromatic rings formed π–π stacking with the Trp59 and Tyr62 residues (Figure 13).
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Figure 13. Two-dimensional docked conformation of quercetin and the main interactions stabilizing
it at the active site of HPA (PDB ID: 3BAJ).

Among the docked ligands, 3h manifested the strongest binding affinity to the target
enzyme, with the highest binding free energy value. Compound 3h established π-π stacking
interactions with the His201 residue, π–anion and π–cation interactions with Trp59, as well
as three hydrogen bonds with amino acid residues Gln63, Asp197 and Glu233. Further
stabilizing interactions include the alkyl interactions with amino acid residues Lys200, His
201 and Ile235, as well as the π–alkyl interactions with Leu162 (Figure 14).
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Figure 14. Two-dimensional docked conformation of the best compound, 3h, and the main interac-
tions stabilizing it at the active site of HPA (PDB ID: 3BAJ).

Altogether, it can be concluded that these docking simulations affirmed the results of
the in vitro AA inhibitory assay, and thereby both studies showed the promising nature of
the studied quinazolinone derivatives for alpha-amylase inhibitory activity.
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2.3.2. Docking against Recombinant Human Lysosomal Acid-Alpha-Glucosidase (rhGAA,
PDB ID: 5NN5)

Molecular docking simulations were performed against the recombinant human lyso-
somal acid-alpha-glucosidase (rhGAA, PDB ID: 5NN5) [85] using derivatives 5a, 3h and 5h,
which exerted lower IC50 values, as well as compounds 3c and 3f, which showed slightly
higher IC50 values as compared to quercetin.

First, the docking protocol was validated by redocking the native ligand 1-deoxynojirimycin
(DNJ) at the active pocket with the RMSD deviation < 2 Å, implying the accuracy of the
docking procedures (Figure 15).
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Figure 15. The validation of the accuracy and performance of the docking protocol by redocking
1-deoxynojirimycin (pink) in the active pocket of rhGAA, and the calculation of the RMSD value as
compared to the native conformation (green).

The docking results showed that ligands 3c, 3f and 3h bound differently from 5a, 5h,
quercetin and DNJ (Figure 16).
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Figure 16. Three-dimensional docked poses of ligands 3c (green), 3f (blue), 3h (yellow), 5a (orange),
5h (purple), quercetin (lime) and 1-deoxynojirimycin (pink) within the active site of rhGAA (PDB
ID: 5NN5).

Thus, the analysis of the 2D docked conformation of the native ligand DNJ within the
active pocket of rhGAA (binding free energy = −5.7 Kcal/mol) revealed the establishment
of four H-bonds with amino acid residues Asp404, Asp518 (two interactions) and His674.
Further stabilizing interactions were provided via Van der Waals forces with Asp404 and
Asp616 (Figure 17).
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Figure 17. Two-dimensional docked conformation of 1-deoxynojirimycin (DNJ) at the active site of
rhGAA (PDB ID: 5NN5).

Quercetin showed strong interactions and fitted inside the active pocket, with a
binding energy of −7.0 kcal/mol (Table 8). The para-hydroxyl group at the 2-phenyl
substituent formed one hydrogen bond with His674. Moreover, the aromatic rings of
quercetin showed π–π stacking with the Trp376, Trp481 and Phe649 amino acid residues
(Figure 18).

                   
 

 

                       
         

 
                         
       

          tt              
     −                      

                       
 π π                       

 

 
                       

                   

                  ffi      
            tt                  −  

                           
                 π π     
                 π      π  
     

Figure 18. Two-dimensional docked conformation of quercetin and the main interactions stabilizing
it at the active site of rhGAA (PDB ID: 5NN5).

Among the studied quinazolinones, derivative 5a showed a strong affinity to the
active site of the enzyme and fitted properly, with the highest binding energy value of
−9.0 kcal/mol (Table 8). Its oxo group formed a hydrogen bonding interaction with amino
acid residue Arg600. Other stabilizing interactions were provided via the π–π stacking
with Trp376, Trp481 and Phe649 residues, in addition to several π–S, halogen and π–alkyl
interactions (Figure 19).
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Figure 19. Two-dimensional docked conformation of compound 5a and the main interactions stabi-
lizing it at the active site of rhGAA (PDB ID: 5NN5).

Collectively, the findings from the docking simulations correlated well to the results of
the in vitro AA and AG inhibition experiments.

2.3.3. Docking against Lactate Dehydrogenase A (LDHA, PDB code: 1I10)

The 3D structure of LDHA was modelled using the known structure of human muscle
LDHA (PDB code: 1I10), which comprises four subunits [86].

The docking method was validated by removing and redocking the co-crystallized
ligand (oxamate) in order to determine the ability of the AutoDock v. 4.2.2 program to
reproduce the orientation and position of the native ligand observed in the experimentally
crystallized protein structure. As shown in Figure 20, the redocked conformation of the
ligand oxamate is superimposed on the co-crystallized one and the RMSD deviation is
<2 Å, which ensures the accuracy and reliability of the docking results.
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Figure 20. The validation of the accuracy and performance of the docking protocol by redocking
oxamate (pink), and the calculation of the RMSD value as compared to native conformation (green).

Thereafter, the most promising LDHA inhibitors, 3a and 3g, as well as the reference
inhibitor, oxamate, were docked inside the active site of lactate dehydrogenase A (PDB
code: 1I10) [86] using the Autodock v. 4.2.2 program (Figure 21).
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Figure 21. Three-dimensional docked conformation of compounds 3a (pink), 3g (green), oxamate
(yellow) and NADH (blue) at the active site of LDHA (PDB code: 1I10).

Previous studies have shown that oxamate, a competitive analogue of pyruvate,
formed hydrogen bonds with the Arg105 guanidinium group, the 3′-OH-group of the
NADH nicotinamide and the backbone oxygen of Ala97 [87]; thus, this region was identified
as the active site of the LDHA (Figure 21). Among these, the interaction with Arg105 in
the loop plays an essential role in stabilizing the transition state during the substrate
conversion. Our results also showed three hydrogen bonding interactions of oxamate with
Gln99, Arg105 and Arg168 (Figure 22).
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Figure 22. Two-dimensional docked conformation of oxamate at the active site of LDHA (PDB
code: 1I10).

When docked into the same active site, compounds 3a and 3g occupied the same
pocket in proximity with the NADH, with different interactions.
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Regarding compound 3a, it was stabilized in the active site by establishing six hydro-
gen bonding interactions; two of them were between the thioxo and NH groups with Thr94
and Val135, respectively. Additionally, the trifluoromethyl group formed four hydrogen
bonds with the Ala29, Val30 and Arg98 (two interactions) amino acid residues. The dis-
tal phenyl ring fitted onto the lipophilic pocket, forming a π–alkyl stacking interaction
(Figure 23). These interactions are different from those observed in previous studies [87],
which may account for its reduced inhibitory efficiency as compared to oxamate. However,
the binding free energy of compound 3a was −9.2 kcal/mol, indicating its significant
affinity to the enzyme.
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Figure 23. Two-dimensional docked conformation of compound 3a at the active site of LDHA (PDB
code: 1I10).

On the other hand, compound 3g fitted within the catalytic active site, with a binding
free energy of −5.9 kcal/mol, by forming only two hydrogen bonds with the Ala29 and
Arg98 residues (Figure 24).
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Figure 24. Two-dimensional docked conformation of compound 3g at the active site of LDHA (PDB
code: 1I10).
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2.3.4. Docking against COX-2 (PDB ID: 3LN1)

Moreover, molecular docking studies of compounds 3a and 3g were carried out in
order to identify their selectivity and interactions with the target enzyme COX-2 (PDB ID:
3LN1) [88] after reproducing the conformation of celecoxib (shown in pink) with the RMSD
deviation < 2 Å, as compared to the native conformation (shown in green) (Figure 25).
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Figure 25. The validation of the accuracy and performance of the docking protocol by redocking cele-
coxib (pink), and the calculation of the RMSD value as compared to the native conformation (green).

The molecular docking studies revealed that both the quinazolinone derivatives, 3a

and 3g, showed good interactions with the amino acid residues in the enzyme active site,
with binding energies of −9.4 and −9.0 kcal/mol, respectively, as compared with the
standard drug celecoxib (−7.1 kcal/mol) (Figure 26).
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Figure 26. Three-dimensional docked conformation of compounds 3a (pink), 3g (green) and celecoxib
(yellow) at the active site of COX-2 (PDB code: 3LN1).

The sulfonamide group of celecoxib showed hydrogen bonding with Gln 178, Leu 338,
Ser 339 and Arg 499. The pyrazole ring and phenyl ring showed π–sigma interactions with
Ala513, Val335 and Val509 Arg 106 (Figure 27).

Compounds 3a and 3g occupied the same pocket, but with different interactions.
Derivative 3a showed two hydrogen bonds with Arg106 (Figure 28), whereas 3g showed
three hydrogen bonds with Arg499, Ile503 and Phe504 (Figure 29). Thus, it can be con-
cluded that these interactions contributed to the measured inhibitory activity of these
quinazolinone analogues.



Pharmaceuticals 2023, 16, 1392 31 of 58

                   
 

 

 
                       
                     

                       
                         π    
                 

 
                             
 

                    ff    
                         

                           
                       

   

Figure 27. Two-dimensional docked conformation of celecoxib at the active site of COX-2 (PDB
ID: 3LN1).

                   
 

 

 
                           

     

 
                           

     

               
                       

 

                 
                   

               
                 

                         
                       

                           
                       

                       
 

   

Figure 28. Two-dimensional docked conformation of compound 3a at the active site of COX-2 (PDB
ID: 3LN1).

2.4. In Silico Physicochemical, Medicinal and ADMET Predictions

The data for all the synthesized compounds are available in the Supplementary Materials.

2.4.1. Physicochemical Properties of the Most Biologically Active Candidates

The physicochemical, medicinal chemistry and ADMET properties of all synthesized
compounds were predicted (Supplementary Materials) using ADMETLab2.0 [89].

Considering derivatives 3a (antioxidant, COX-2 inhibitor, LDHA inhibitor, AA in-
hibitor, cytotoxic agent), 3c (AA inhibitor), 3f (AA inhibitor, cytotoxic agent), 3g (antioxi-
dant, COX-2 inhibitor, LDHA inhibitor), 3h (AA inhibitor, AG inhibitor), 5a (antioxidant,
AA inhibitor, AG inhibitor), 5b (AA inhibitor), 5c (AA inhibitor), 5d (AA inhibitor), 5e (AA
inhibitor), 5f (AA inhibitor) and 5h (AA inhibitor, AG inhibitor), which exhibited promising
biological activities, their molecular descriptors were predicted as presented in Table 9.
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Figure 29. Two-dimensional docked conformation of compound 3g at the active site of COX-2 (PDB
ID: 3LN1).

Table 9. In silico predictions for molecular descriptors for derivatives 3a, 3c, 3f, 3g, 3h, 5a, 5b, 5c, 5d,
5e, 5f and 5h.

Comp.# MW1 nHA1 nHD1 nRot1 TPSA1 LogS1 Logp1 LogD1 Fsp3 nRig

3a 356.00 3 1 2 37.79 −4.594 3.762 3.732 0.067 19
3c 382.06 5 1 4 56.25 −4.421 2.886 3.295 0.176 19
3f 333.00 6 1 2 80.83 −4.032 2.871 2.633 0 20
3g 376.95 6 1 2 80.93 −4.102 3.076 2.493 0 20
3h 359.06 8 1 4 99.39 −3.934 2.011 2.284 0.125 20
5a 464.04 3 0 5 34.89 −7.104 5.561 4.422 0.091 24
5b 523.96 3 0 5 34.89 −7.588 6.153 4.22 0.091 24
5c 517.09 8 0 8 96.49 −6.868 4.228 3.921 0.167 25
5d 480.01 3 0 5 34.89 −7.543 6.039 4.385 0.091 24
5e 597.92 4 0 6 44.12 −7.779 6.228 4.13 0.13 24
5f 530.97 7 0 6 87.26 −7.54 5.344 4.046 0.091 25
5h 483.07 3 0 7 96.49 −6.87 4.192 3.788 0.13 25

MW1: Molecular weight; nHA1: number of H-bond acceptors; nHD1: number of H-bond donors; TPSA1:
topological polar surface area in Å2; LogS1: the logarithm of aqueous solubility value; LogP: the logarithm of
n-octanol/water partition coefficient; LogD1: the logarithm of octanol/buffer (at pH 7.4) distribution coefficient;
Fsp3: the number of sp3 hybridized carbons/total carbon count; nRig: number of rigid bonds.

2.4.2. Medicinal Chemistry of the Most Biologically Active Candidates

The same set of compounds were further evaluated for their suitability in medicinal
chemistry using a number of well-known measures, rules and filters.

The Quantitative Estimate of Drug-likeness (QED) Score

This is a measure of drug-likeness based on the concept of desirability, estimated from
eight properties, including MW, LogP, nHA, nHD, TPSA, nRot, the number of aromatic
rings (NAr) and the number of alerts for undesirability. This descriptor ranks compounds
having a mean QED score of ≥ 0.67 as attractive; on the other hand, unattractive compounds
would have a QED score of 0.67 > QED ≥ 0.34. Moreover, unattractive and too complex
compounds would have a mean QED score of < 0.34 [90]. The predicted data indicated that
3a (0.641), 3c (0.64), 3f (0.441), 3g (0.419) and 3h (0.437) would be ranked as unattractive,
whereas 5a (0.197), 5b (0.21), 5c (0.136), 5d (0.233), 5e (0.179), 5f (0.131), and 5h (0.153) could
be categorized as unattractive and too complex compounds.
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Lipinski’s Rule of Five Filter

Lipinski’s rule of five [91] is a widely used filter to evaluate a compound’s drug-
likeness physicochemical characteristics and its suitability for oral administration. The
four parameters of this rule, which are associated with absorption and/or permeability,
include the molecular weight, the number of H-bond acceptors (HBAs, expressed as sum
of Os and Ns), the number of hydrogen bond donors (HBDs expressed as the sum of
HOs and HNs) and the LogP value, which is a measure of a compound’s hydrophilicity
and it represents the logarithm of its partition coefficient between n-octanol and water
(log(coctanol/cwater))were predicted using ADMTLab 2.0.

As presented in Table 9, all the studied compounds were found to have molecular
weights with a range of 333.00 ~ 483.07 Da, which are within the permissible limit (≤ 500),
except for compounds 5b (523.96), 5c (517.09), 5e (597.92) and 5f (530.97).

The number of HBAs ranged from three to eight; thus, they do not exceed the limit
(≤ 10). Similarly, the number of HBDs ranged from zero to one, which complies with the
acceptance value (≤ 5). The LogP values were predicted to span from 2.011 to 6.228 (limit
≤ 5); thus, all studied compounds would possess desirable lipophilic characteristics, except
for derivatives 5a (5.561), 5b (6.153), 5d (6.039), 5e (6.228) and 5f (5.3438).

Overall, derivatives 3a, 3c, 3f, 3g, 3h and 5h, which fulfilled the thresholds of the
Lipinski Ro5, as well as quinazolinones 5a, 5c and 5d, which exhibited one violation, would
be expected to be absorbed by the intestinal walls, whereas derivatives 5b, 5e and 5f, which
showed two violations (Table 10), would be poorly absorbed by the intestinal walls, as
indicated by the rule [91].

Table 10. In silico predictions for medicinal chemistry characteristics.

Comp. # QED 1 Lipinski Pfizer
Golden
Triangle

3a 0.641 Accepted Rejected Accepted
3c 0.64 Accepted Accepted Accepted
3f 0.441 Accepted Accepted Accepted
3g 0.419 Accepted Accepted Accepted
3h 0.437 Accepted Accepted Accepted
5a 0.197 Accepted Rejected Accepted
5b 0.21 Rejected Rejected Rejected
5c 0.136 Accepted Accepted Rejected
5d 0.233 Accepted Rejected Accepted
5e 0.179 Rejected Rejected Rejected
5f 0.131 Rejected Accepted Rejected
5h 0.153 Accepted Accepted Accepted

QED 1: the quantitative estimate of drug-likeness.

Pfizer Rule

According to this rule, the combination of a high LogP with a low TPSA increases the
likelihood of adverse outcomes; this is due to a low polar surface area (TPSA < 75), and a
higher LogP (LogP > 3) increases the ability of a compound to cross biological membranes
and distribute widely into off-target tissue compartments [92]. Therefore, the high/low
thresholds for LogP and TPSA have cutoffs of 3.0 and 75, and when both risk factors are
present, the compound is likely to be toxic. Thus, according to data presented in Table 9,
only compounds 3c, 3f, 3g, 3h, 5c, 5f and 5h complied with the Pfizer rule (Table 10).

GlaxoSmithKline (GSK) Rule

This rule highlights the importance of a lower molecular weight and LogP physic-
ochemical properties to obtain improved ADMET parameters. The cutoff limits are
MW ≤ 400 and LogP ≤ 4 [93]. Thus, 3a, 3c, 3f, 3g and 3h, satisfied this rule.
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Golden Triangle

This visualization tool [94] was developed to aid in identifying metabolically stable,
permeable and potent drug candidates, which would have values of 200 ≤ MW ≤ 500, and
−2 ≤ LogD ≤ 5. As per the data in Table 9, compounds 5b, 5c, 5e and 5f violate this rule
(Table 10); thus, they are expected to have unfavorable ADMET profiles.

The ADMET profiles of the dual AA and AAG inhibitors, 3h, 5a and 5h, are discussed
in detail in Section 2.4.3.

Pan-Assay Interference Compounds (PAINS) Filter

This filter aids in detecting substructural features that may interfere with bioactivity
detection technology that are frequently found in problematic compounds, making them
give false positive results in bioactivity assays for a number of reasons [95–97]. Also,
compounds bearing interference moieties tend to have therapeutic limitations due to
these moieties often being associated with reactivity, toxicity or metabolic liability [97].
Consequently, the screening results showed that none of studied compounds were flagged
to contain PAINS alters.

2.4.3. Drug Metabolism and Pharmacokinetic (DMPK) Analysis for the AA and AG Dual
Inhibitors: 3h, 5a and 5h

Because undesirable ADMET profiles, Absorption, Distribution, Metabolism, Excretion
and Toxicity, are the main reasons for high attrition rates in drug development, computer-
aided models are being relied on for the prediction of these properties for drug can-
didates in the early stages of drug discovery programs, thus saving extensive efforts
and reducing cost and duration as compared to in vivo models [98]. Therefore, the AD-
MET parameters were predicted for the AA and AG dual inhibitors, 3h, 5a and 5h, us-
ing the ADMETlab 2.0 server [89], which was freely accessed on 22nd August 2023 at
https://admetmesh.scbdd.com/.

For simplification, the computed values for all descriptors will be listed in the order of
3h, 5a and 5h, respectively.

Absorption Prediction

The absorption profile of a drug is influenced by specific biochemical characteristics,
including the water/lipid solubility, bioavailability and permeability across barriers—
including the gastrointestinal tract lining, which can be predicted as human intestinal
absorption (HIA)—as well as the interaction with transporters and metabolizing enzymes
in the gut wall.

Solubility (LogS)

The computed descriptor used to assess the aqueous solubility is LogS; the logarithm
of molar solubility is expressed as Log mol/L, and the empirical decision indicated that
compounds with values falling within the range from −6 to 0.5 log mol/L would be
considered proper; thus, derivative 3h is expected to show a good water solubility, with
a LogS value of −3.934 (Table 9), whereas derivatives 5a and 5h would be insoluble,
with LogS values of −7.104, and −6.875, respectively; accordingly, they might not be
orally bioactive.

Solubility is essentially influenced by the presence of molecular entities (NH2, OH,
NO2 and OCH3) that are capable of H-bond formation with water molecules or those
conferring lipid solubility (aromatic groups (Cl, Br and I; the effect of F can vary). Thus, the
order of solubility based on the computed LogS values is as follows: 3h > 5h > 5a, which
is consistent with the type of substituents and functional groups incorporated in each of
them, as 3h possessed NO2, OCH3 and NH groups, 5h possessed NO2, OCH3 and Cl, and
5a possessed Cl, CF3 and F.

Human Intestinal Absorption (HIA)

https://admetmesh.scbdd.com/
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The HIA of an oral drug is an essential prerequisite for its apparent efficacy; in addition,
it can be used as an alternative indicator for oral bioavailability. The molecules are classified
as category 0 (HIA−) with a HIA of > 30%, or as category 1 (HIA+) with a HIA of < 30%,
with the output value indicating the probability of being of HIA+ within the range of 0 to 1.
The estimated scores were 0.008, 0.003 and 0.004, respectively, implying that they are not
expected to belong to HIA+ category.

The Human Oral Bioavailability (HOB)

Human oral bioavailability (HOB) is an important parameter used to measure the
amount of a drug that actually enters circulation after ingestion. The high oral bioavailabil-
ity of a drug would reduce the amount of administration needed to achieve the expected
pharmacological action, which can reduce the side effects and toxicity risks brought by
the drug.

The oral bioavailability radar plots shown in Figure 30 were predicted with the Swis-
sADMET web tool [95]. This graph is based on six physicochemical descriptors arranged
on the corners of a hexagon, including insolubility (LogS), polarity (TPSA), size (MW),
flexibility (FLEX, based on number of nRot/nRig), lipophilicity (Lipo, based on LogPoc-
tanol/water) and unsaturation. The colored zone is the suitable physicochemical space for
oral bioavailability.
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Figure 30. The bioavailability radar hexagons for derivatives 3h, 5a and 5h, predicted using the
SwissADME web tool. The pink area represents the optimal range for each property and the red lines
define the oral bioavailability properties of the studied compounds.

As shown in the bioavailability radar hexagons (Figure 30), the three compounds
possessed suitable sizes, flexibilities and polarities. However, all of them demonstrated
high unsaturation fractions, indicated by the off-shoot of the INSATU vertex, which may
affect their solubility since it was hypothesized that increasing the sp3 fraction might
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increase the complexity of the molecules, improving their solubility and providing a three-
dimensionality that could contribute to greater selectivity and fewer off-target effects [99].

Additionally, compounds 5a and 5h possessed unsuitable lipophilicity and solubility
characteristics. The link between solubility and lipophilicity is well established; as the LogP
increases, solubility decreases on average [93]. Therefore, the order of LogP among the
three compounds is as follows: 5a > 5h > 3h, which is the reverse order of solubility.

The Human Oral Bioavailability Factors 20% (F20%) and 30% (F30%)

Moreover, two cutoffs can be used to assess the HOB; the first is, F20%, wherein the
molecules with a bioavailability of ≥ 20% are classified as category 0 (F20%−), whereas
molecules with a bioavailability of < 20% are classified as category 1 (F20%+). The output
value is the probability of being F20%+ within the range of 0 to 1. The estimated scores for
the studied compounds were 0.002, 0.002 and 0.001, implying that the compounds have
negligible probabilities for being F20%+.

The second is F30%, whereby the molecules with a bioavailability of ≥ 30% are classified
as category 0 (F30%−), whereas molecules with a bioavailability of < 30% are classified as
category 1 (F30%+). The output value is the probability of being F30%+ within the range of 0
to 1. The calculated scores were 0.002, 0.003 and 0.004, respectively, implying that the three
compounds have negligible probabilities of being F30%+.

Permeability

After an orally administered drug is dissolved in the gastro-intestinal tract, it must then
be sufficiently permeable through the biological membranes present to enter the systemic
circulation. Permeation is often mimicked in laboratories using artificial membrane assays
such as the Caucasian colon adenocarcinoma cell line (Caco-2) and the Madin Darby Canine
Kidney cell line (MDCK).

With regard to Caco-2 permeability descriptor, the computed values expressed in log
cm/s of the studied compounds were −4.737, −5.065, and −4.771, respectively; thus, all of
them comply with the respected range for this property (value > −5.15 log cm/s).

Respecting the MDCK permeability as another tool, which is assessed using the
apparent permeability coefficient Papp in cm/s, the predicted values were 5.25 × 10−5,
1.13 × 10−5 and 2.43 × 10−5, respectively, whereby the standard limits for Papp in cm/s
and their significance are a high permeability of > 20 × 10−6, medium permeability of
20–2 × 10−6, and low permeability of < 2 × 10−6. Thus, all derivatives have a high passive
MDCK permeability.

P-glycoprotein (P-gp) Efflux

The P-glycoprotein (P-gp) efflux is considered one of the determinants of oral bioavail-
ability as well as the rate and amount of a drug that diffuses across the basolateral mem-
brane to enter the general circulation. Therefore, P-gp efflux screening is a key step in
the early drug discovery stage. Compounds are classified as non-inhibitors (category 0)
and inhibitors (category 1), with the output value representing the probability of being
an inhibitor within the range of 0 to 1. With regard to 3h, 5a and 5h, they are anticipated
to be P-gp inhibitors as per their scores of 0.978, 0.991 and 0.994, respectively. So, these
derivatives are expected to show drug–drug interactions (DDIs) with co-administrated
P-gp substrates.

With respect to P-gp substrate properties, the compounds may belong to category 0
if they are non-substrates, or to category 1 if they are substrates, with the output value
indicating the probability of being a substrate within the range of 0 to 1. The predicted
value for the three compounds was 0.001, implying that they have a low probability for
being substrates, which is beneficial, since it is known that therapeutic agents which
are substrates of P-gp usually exhibit a poor bioavailability due to P-gp blocking their
absorption [100]. In addition, they can be considered as safe from having significant DDIs
when co-administrated with other Pgp inhibitors.



Pharmaceuticals 2023, 16, 1392 37 of 58

Distribution

After the drug is absorbed, it enters the systematic circulation to be distributed through-
out the body, where it is reversibly transferred between various tissues, organs and cells.
Thus, this property is essential for the prediction of pharmacodynamic and toxicodynamic
properties [101].

Four descriptors were predicted to assess the efficiency of the drug distribution
throughout the body: plasma protein binding (PPB), the volume of distribution (VD),
the fraction unbound in plasma (fu), and uptake by the blood–brain barrier (BBB).

The Degree of Plasma Protein Binding (PPB)

This refers to the binding of the drug to plasma proteins such as albumin, which
significantly influences the distribution of the drug between the plasma and the tissue of
interest; hence, it determines the efficacy of a given drug as well as its clearance (Cl).

Generally, only the free or unbound fraction of a drug is active; therefore, if there is
little inclination that a drug molecule will bind with plasma proteins (predicted PPB value
≤ 90%), as a consequence, this compound is considered to have a high therapeutic index,
meaning that it can circulate more efficiently and freely within the blood stream and hence
has access to the target site. In contrast, a compound with a PPB value of > 90 is expected
to be poorly distributed. For the studied compounds, the PPB values were calculated to be
84.49, 100.92 and 100.40, respectively; as a consequence, only 3h is expected to demonstrate
a high therapeutic efficiency. It is noteworthy to indicate that many marketed drugs have
PPB values of > 90% [102]; thus, for 5a and 5h, their high values can be tolerated if they
have a high rate of dissociation. Also, this high tendency for PPB can be advantageous, as
the plasma–drug complex is considered as a reservoir for free drug concentration whenever
it is eliminated from the body, thus prolonging the duration of the drug’s action [102].

The Fraction Unbound in Plasma (Fu)

The Fu is an indicator of the free amount of a drug in the plasma, and it determines a
compound’s capability to traverse biological barriers and gain access to target tissues and
organs. As a consequence, the more plasma-bound a compound is, the less efficiently it
can traverse biological barriers. The standard scores for high, medium and low fractions
unbound in plasma are as follows: > 20%; 5–20%; and < 5%, respectively. With regard
to the predicated values of the investigated compounds, they are equal to 13.85, 0.66
and 0.55, respectively; thus, again, only derivative 3h is expected to have a moderate
therapeutic efficiency.

Volume of Distribution (VD)

As a drug is absorbed, its distribution throughout the body must be considered, since it
determines if the compound will produce a pharmacological response or not. The VD value
(L/Kg) can be used to predict the distribution characters for an unknown drug, including
its conditions of binding to plasma proteins, its distribution amount in the body’s fluid
and its uptake amount in tissues. The optimal range of the VD for proper distribution is
between 0.04 and 20 L/Kg, otherwise it is poor. For the studied compounds, the computed
VD values were 0.497, 0.686 and 0.132, respectively, implying that they are likely to be well
distributed throughout the body’s tissues and will not confined to the plasma.

Penetration of Blood–Brain Barrier (BBB)

This is an important descriptor to anticipate the capability of a compound to distribute
into the brain. It is measured as LogBB in cm/s, and if a compound has a LogBB > −1, it
will penetrate the BBB and thus, it is classified as category 1 (BBB+); however, it will be
poorly distributed to the brain if it has a LogBB of ≤ −1, and will be classified as category
0 (BBB−). The output value is the probability of being BBB+, within the range of 0–1. The
calculated values for the specified inhibitors were 0.18, 0.298 and 0.212, respectively; thus,
all of them are not expected to penetrate the BBB, implying that they are not associated
with CNS toxicity.
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Metabolism

Drug metabolism is a very complex process, which begins once a compound penetrates
the gastrointestinal tract and passes through the portal vein to the liver. Two phases may be
involved in metabolizing drugs: phase I, in which reactions such as oxidations, reductions,
hydrolysis and dealkylations take place; and phase II, in which conjugation reactions with
endogenous substances occur.

Cytochrome P-450 (CYP450) is a superfamily of isoenzymes that catalyze the phase
I metabolism. For an orally delivered drug to be distributed beyond the liver to exert its
pharmacological action on the target organ, some fraction of this drug must survive the
hepatic metabolism. Therefore, the property of being a substrate or an inhibitor to these
hepatic enzymes is curial. Also, it may induce DDIs, whereby one drug may enhance the
toxicity or reduce the therapeutic effect of another drug. The major CYP450 isoforms, which
are responsible for most of the metabolic reactions, include CYP1A2, CYP2C19, CYP2C9,
CYP2D6 and CYP3A4.

According to the results presented in the Supplementary Materials, the compounds
showed varied probabilities of being substates or inhibitors for these cytochromes. The uti-
lized database classified the compounds in two categories: category 0 for non-substrates/non-
inhibitors; and category 1 for substrates/inhibitors. The output values indicate the proba-
bility of being a substrate/inhibitor, within the range of 0 to 1.

With respect to CYP1A2, the computed probabilities for 3h of being an inhibitor and
a substrate were 0.124 and 0.97, respectively, indicating that it is a possible substrate for
this enzyme. The probabilities for 5a were anticipated to be 0.885 and 0.238, respectively,
indicating that it is a possible inhibitor. Lastly, the computed probabilities for 5h were 0.245
and 0.826, respectively; thus, it appeared to be a substrate for CYP1A2.

The predicted probabilities of being an inhibitor and a substrate for CYP2C19 were 0.325
and 0.553 (3h), 0.062 and 0.929 (5a), and 0.894 and 0.177 (5h), respectively. Thus, 5a and 5h are
highly expected to be a substrate and an inhibitor for the CYP2C19 isoform, respectively.

As regards CYP2C9, the measured inhibitor/substrate probabilities were 0.163/0.832
(3h), 0.929/0.858 (5a), and 0.901/0.904 (5h), respectively. Accordingly, all of them have
a high probability of being substrates; in addition, 5a and 5h appeared to be possible
inhibitors for this cytochrome.

Concerning CYP2D6, the measured inhibitor/substrate probabilities were 0.01/0.468
(3h), 0.347/0.396 (5a), and 0.046/0.69 (5h), respectively. Therefore, there is no expected
incidence of 2D6 isoenzyme inhibition by 3h and 5h, but medium probability for inhibition
by 5a. In addition, there are moderate probabilities for all of them for being 2D6 substates.

Lastly, regarding the inhibitor/substrate probabilities for CYP3A4, they were predicted
as follows: 0.277/0.826 (3h), 0.567/0.641 (5a) and 0.727/0.929 (5h), respectively, implying
that very high probabilities exist for 3h and 5h as substrates and moderate probabilities for
5a and 5h as inhibitors.

Excretion

Total clearance parameters (CLs), which are expressed as log mL/min/kg, are used
to predict the removal rate of a compound from the systemic circulation by all methods:
“renal clearance; hepatic clearance via metabolic loss; and loss into milk, sweat and saliva”.

The CLs are inversely proportional to a compound’s in vivo half-life time; thus, a
higher CL value implies that a compound is more rapidly removed from the body by any
method, which may impact its potency. Consequently, CLs define, together with the volume
of distribution, the dosing frequency of a drug [103]. The standard scores in mL/min/kg
for high, moderate and low clearance are >15, 5–15 and < 5, respectively.

The calculated CL (ml/min/kg) results were 6.455, 3.838 and 4.054, implying that the
clearance for 3h is moderate, whereas it is expected to be low for 5a and 5h.

For the half-life of a drug (T1/2 in hour), the database subdivided molecules as category
0 (T1/2−) with a T1/2 of > 3, and category 1 (T1/2+) for molecules with a T1/2 of ≤ 3 h. The
output value is the probability of being T1/2+ with score ranges of 0–0.3, 0.3–0.7 and
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0.7–1.0 for excellent, medium and poor, respectively. The calculated values for the studied
compounds were 0.692, 0.025 and 0.145, respectively, indicating that the probability for
having a T1/2 of ≤ 3 h is low for 5a and 5h, whereas it is moderate for 3h.

Toxicity

ADMETlab2.0 provides several descriptors to identify potential toxicities which could
associate drugs and drug candidates. The most important properties will be discussed in
the following section.

• The human ether-a-go-go-related gene (hERG) blockers

The hERG encodes a voltage-gated potassium channel, which is involved in the
regulation of the exchange of cardiac action potential and resting potential. A blockade of
hERG may result in long QT syndrome (LQTS), arrhythmia, and Torsade de Pointes (TdP),
which may lead to palpitations, fainting, or even sudden death. Therefore, the molecules
are classified for their inhibitory potential against hERG as category 0 (hERG-), which
represents molecules exerting an IC50 of more than 10 µM or demonstrate less than 50%
inhibition at 10 µM, and category 1 (hERG+), referring to molecules with an IC50 of less
than 10 µM or more than 50% inhibition at 10 µM. The output value reflects the probability
of being hERG+ blockers, within the range of 0–1. The compounds’ scores for being hERG+

blockers were predicted to be 0.01, 0.279 and 0.549, respectively, implying that 3h and 5a

are weak hERG+ blockers, and can accordingly be regarded as non-cardiotoxic, whereas 5h

is expected to be a medium hERG+ blocker, indicating its hazard as a cardiotoxic agent.

• The human hepatotoxicity (H-HT)

The compounds were further screened for their hepatotoxicity. The ADMETLab 2.0
categorizes the molecules as category 0 if they are H-HT negative (−) or category 1 if they
are H-HT positive (+), with the output value being the probability of being toxic, within
the range of 0 to 1. The reported scores for the studied derivatives were 0.882, 0.851 and
0.228, respectively. Thus, only 5h is not expected to cause hepatic injuries, whereas 3h and
5a might induce adverse hepatic effects.

• Drug-induced liver injury (DILI)

Over the past 50 years, DILI has become the most common safety issue causing drug
withdrawal from the market. Therefore, the molecules are classified as category 0 if they
are DILI negative (−), or category 1 if they are DILI positive (+) and the output value
is the probability of being toxic, within the range of 0 to 1. As the predicted scores of
the investigated compounds were 0.963, 0.923 and 0.971, thus all of them are expected to
cause DILI.

• AMES Toxicity for mutagenicity

This assay is a widely used method to test chemicals for mutagenicity, which is
positively correlated to carcinogenicity. According to the used platform, the compounds
are identified as category 0 (AMES negative (−, nontoxic)) or category 1 (AMES positive (+,
toxic)), with the output value reflecting the probability of being toxic, within the range of 0
to 1. The recorded AMES scores were 0.984, 0.504 and 0.986, respectively, indicating that
3h and 5h are strong mutagenic agents, while 5a is a medium agent. The predicted scores
were 0.606, 0.025 and 0.038, respectively; thus, 5a and 5h are considered nontoxic, whereas
3h is likely to cause toxicity.

• Rat oral acute toxicity (ROA)

The used web interface categorizes compounds according to the risk of causing acute
toxicity in mammals upon administration into category 0 (low-toxicity, >500 mg/kg) and
category 1 (high-toxicity, <500 mg/kg). The output value is the probability of being toxic,
within the range of 0 to 1. The predicted scores were 0.606, 0.025 and 0.038, respectively,
which indicates that 5a and 5h are expected to be nontoxic, whereas 3h has a medium
probability of being a toxic molecule.
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• FDA Maximum Recommended Daily Dose (FDAMDD)

This descriptor estimates the toxic dose threshold of chemicals in humans. The
compounds are categorized as category 1 (FDAMDD positive (+, toxic), ≤ 0.011 mmol/kg of
body weight (bw)/day); or category 0 (FDAMDD negative (−, nontoxic), > 0.011 mmol/kg
of bw/day). The output value is the probability of being toxic, within the range of 0 to 1.
The computed scores were 0.881, 0.909 and 0.891, respectively, indicating that all of the
compounds would be toxic substances.

• Carcinogenicity

This endpoint is assessed via the perdition of the TD50: the dose required to produce
a toxic effect in 50% of the population. Molecules are designated as inactive (category 0;
non-carcinogens) or active (category 1; carcinogens) according to their TD50 values. The
output value is the probability of being toxic, within the range of 0 to 1. According to the
computed values of 0.937, 0.425 and 0.866, respectively, only 5a would be a moderately
carcinogenic compound, whereas 3h and 5h are expected to be highly carcinogenic.

• Respiratory Toxicity

Herin, the compounds are labeled as category 1 (respiratory toxicants) or category 0
(non-respiratory toxicants), with the output value is the probability of being toxic, within
the range of 0 to 1. As per the computed scores of 0.944, 0.647 and 0.864, respectively, only
5a is accompanied by a medium risk of being a respiratory toxicant, whereas 3h and 5h

would be strong respiratory toxicants.

• Eye irritation/eye corrosion (EI/EC)

The chemical may be classified as category 1 (irritant or corrosive) or category 0 (non-
irritant/non-corrosive) with the output value is the probability of being toxic, within the
range of 0 to 1. The computed values for the toxic probabilities were 0.03, 0.157 and 0.148
for eye irritation, and 0.003 for all of them as corrosives; thus, none of the compounds is
likely to cause eye irritation or corrosion.

• Predicting the toxicology in the 21st century (Tox21) program

Furthermore, the toxicity of the compounds was evaluated according to the Tox21
dataset, which consists of two major panels: a nuclear receptor (NR) signaling panel and a
stress response (SR) panel, which together comprise 12 in vitro assays.

Nuclear receptor pathway toxicity

Seven assays were used to evaluate the compounds for their capabilities of interacting
with nuclear receptors (either as inhibitors or activators) that may cause the disruption of
normal endocrine function, as well as interfere with metabolic homeostasis, reproduction,
and developmental and behavioral functions.

1. Nuclear receptor–Androgen receptor (NR-AR)

The androgen receptor (AR) is a nuclear hormone receptor that plays a critical role
in androgen-related diseases such as AR-dependent prostate cancer. Therefore, the used
web tool categorizes the compounds either as category 1 (activator or agonist) or category
0 (inactivator). The output value is the probability of being AR agonists, within the
range of 0 to 1. The predicted probability values were 0.134, 0.338 and 0.607, respectively.
Accordingly, 3h is not a possible agonist, whereas 5a and 5h have medium probabilities of
being AR agonists.

2. Nuclear receptor–Androgen receptor ligand binding domain (NR-AR-LBD)

This receptor is also implicated in androgen-related diseases; thus, in this bioassay,
chemicals which are capable of binding to the AR-LBD belong to category 1 (active) and
the output value is the probability of being active, within the range of 0 to 1. The predicted
probability values were 0.554, 0.025 and 0.225, respectively, indicating that 3h and 5h may
bind with this receptor, whereas 5a may not bind with it.
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3. Nuclear receptor–Aryl hydrocarbon Receptor (NR-AhR)

The AhR is pivotal for adaptive responses against environmental pollutants such as
aromatic hydrocarbons and environmental changes through the induction of phase I and
II enzymes; in addition, it interacts with other nuclear receptor signaling pathways. The
molecules may belong to category 0, or category 1, wherein molecules labeled as category
1 act to activate the aryl hydrocarbon receptor signaling pathway, with the output value is
the probability of being an activator, within the range of 0 to 1. The computed values were
0.885, 0.511 and 0.846, respectively; thus, 3h and 5h have a high probability of being AhR
activators, whereas 5a can be considered as a moderate activator.

4. NR-Aromatase

Aromatase catalyzes the conversion of androgen to estrogen and plays a crucial role
in maintaining the balance between the two hormones in many of the endocrine disrupting
chemical (EDC)-sensitive organs. The compounds may be labelled as category 1 (active)
or category 0 (inactive). The label of category 1 designates aromatase inhibitors, with the
output probability value being within the range of 0 to 1. The predicted values were 0.885,
0.902 and 0.924, respectively. Thus, all the compounds have a high probability of being
aromatase inhibitors and could cause an imbalance between androgen and estrogen.

5. Nuclear receptor–Estrogen receptor (NR-ER)

Certain chemicals may interact with steroid hormone receptors like the ER, thus
causing the disruption of normal endocrine function; these chemicals are called endocrine
disrupting chemicals (EDCs). Therefore, chemicals and drugs are assessed for their effect
on the ER signaling pathway as being either category 1 (active) or category 0 (inactive),
with the output value indicating the probability of being active within the range of 0 to 1.
The computed values were 0.552, 0.474 and 0.519, implying that the three compounds have
medium probabilities for interfering with the ER signaling pathway.

6. Nuclear receptor–Estrogen receptor α ligand binding domain (NR-ER-LBD)

Likewise, compounds may be labeled as active or inactive towards the NR-ER-LBD.
The output value is the probability of being active, within the range of 0 to 1. The predicted
values were 0.491, 0.102 and 0.362; as a consequence, the probability that 5a interferes
with the ER-LBD pathway is negligible, whereas 3h and 5h have medium probabilities for
interference with this pathway.

7. Nuclear receptor–peroxisome proliferator-activated receptors gamma (NR-PPARg)

Furthermore, the compounds may be categorized as active (category 1) or inactive
(category 0) for their interference with the PPARg receptor (also known as the glitazone
reverse insulin resistance receptor), which is involved in the regulation of the glucose and
lipid metabolism. The output value is the probability of being active within the range of 0
to 1. The estimated values were 0.446, 0.933 and 0.807, respectively; thus, 5a and 5h have
medium probabilities, whereas 3h has a moderate probability for interference with PPARg.

Stress response (SR) panel

Toxicity may also lead to cellular oxidative stress, which in turn leads to apopto-
sis. Thus, the compounds were also screened with regard to five stress response assays,
as follows:

1. The antioxidant response element signaling pathway (SR-ARE)

The ARE directly reacts to cellular stress; therefore, the chemicals are labelled as
category 1 (active) or category 0 (inactive), with the output value indicating the probability
of being active within the range of 0 to 1. According to the computed values of 0.816, 0.912
and 0.912, all compounds have a high probability for being active in ARE signaling.

2. ATPase family AAA domain-containing protein 5 (SR-ATAD5)
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According to this assay, compounds which are expected to cause DNA damage, thus
enhancing the levels of genome instability gene 1 (ELG1; human ATAD5) protein, are
labeled as category 1 (active), while those would not cause DNA damage are labeled as
category 0 (inactive), with the output value is the probability of being active within the
range of 0 to 1. The predicted values were 0.749, 0.012 and 0.542, respectively, indicating
the safety of 5a with regard to this indicator, whereas 3h and 5h have medium probabilities
for being inducers to genomic instability.

3. Heat shock factor response element (SR-HSE)

This pathway is activated in response to stresses (such as elevated temperature, oxidant
accumulation and abrupt alterations in osmolarity) that damage cellular proteins. Therefore,
the compounds were evaluated as being activators (category 1) or non-activators (category
0) for the HSE, with the output value indicating the probability of being active within the
range of 0 to 1. The computed values were 0.593, 0.314 and 0.091, respectively, implying
that 3h has a medium probability of being a stressor, whereas 5a and 5h have negligible
probabilities as stressors; accordingly, they are safer.

4. Mitochondrial membrane potential (SR-MMP, ∆Ψm)

Compounds may cause mitochondrial toxicity via different mechanisms of action, one
of them being influencing the MMP. Compounds that disrupt mitochondrial function may
induce adverse effects such as liver injury. Therefore, the compounds were evaluated as
being active (category 1) or inactive (category 0) with regard to disrupting the MMP, with
the output value indicating the probability of being active within the range of 0 to 1. The
predicted values were 0.875, 0.898 and 0.926; thus, all of the compounds are expected to
cause MMP.

5. p53, a tumor suppressor protein (SR- p53)

This pathway is a well-known cancer pathway, which is activated following DNA
damage or other cellular stressors. Thus, compounds which do not activate p53 are labelled
(category 0), while those activate it are labeled category 1 and they are considered as toxic
molecules. The output value is the probability of being an activator within the range of 0 to
1. The estimated values were 0.893, 0.909 and 0.916, respectively; accordingly, all of them
are potential toxic molecules via activating the p53 pathway.

• The prediction of the existence or absence of toxicophores and compliance with toxicity
rules:

1. The number of toxic substructures (toxicophores) present in the studied com-
pounds were 5, 1 and 3, respectively;

2. Based on the genotoxic carcinogenicity rule, the molecules possessed 5, 0 and
5 substructures, respectively, which would cause carcinogenicity or mutagenicity
through genotoxic mechanisms;

3. Based on the non-genotoxic carcinogenicity rule, the molecules possessed 0, 1
and 1 substructures, respectively, which would cause carcinogenicity through
nongenotoxic mechanisms;

4. Based on the skin sensitization rule, the molecules possessed 1, 1 and 2 substruc-
tures, respectively, which would cause skin irritation;

5. Based on the non-biodegradable rule, the molecules possessed 2, 2 and 3 sub-
structures, respectively, which would make them non-biodegradable;

6. Based on the SureChEMBL rule, the molecules did not have any structural alerts
to have a MedChem unfriendly status.

• Predictions of environmental toxicity

1. Bioconcentration Factor (BCF)
The BCF is used to reflect on secondary poisoning potential and evaluate risks
to human health via the food chain. The unit of BCF is log10(L/kg) and it is
calculated based on the ratio of a chemical concentration in the organism as a
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result of absorption via the respiratory and dermal surfaces to that in water at
a steady state. Substances are considered highly bioaccumulative (should be
severely restricted) with a BCF value of ≥ 3.7, accumulative with BCF ranging
between 3 and 3.3, and non-accumulative having BCF values of < 3, according
to the US Environmental Protection Agency under the Toxic Substances Control
Act [104]. For the studied compounds the computed values were 0.741, 1.7
and 2.212; thus, all of them would be non-bioaccumulative, and so they are
considered to be non-ecotoxic.

2. The 50% growth inhibitory concentration (IGC50) for Tetrahymena pyriformis
This value indicates aquatic toxicity by estimating the concentration of a chemi-
cal in water in mg/L that causes 50% growth inhibition to Tetrahymena pyriformis
after 48 h. The predicted values in units of [−log10[(mg/L)/(1000 × MW)]
were 4.771, 5.339 and 5.222, respectively.

3. The median lethal concentration values against flathead minnow (LC50FM)
This value refers to the concentration of a molecule in water in mg/L that causes 50%
of fathead minnow to die after 96 h, expressed in [−log10[(mg/L)/(1000 × MW)].
The computed values were 5.083, 6.709 and 6.738 unit.

4. The median lethal concentration values against Daphnia magna (LC50DM)
This value is defined as the concentration of a compound in water in mg/L
which causes death to 50% of a population of Daphnia magna after 48 h. The
recorded values for the compounds were 5.959, 6.99 and 6.865 [−log10[(mg/L)/
(1000 × MW], respectively.

3. Materials and Methods

3.1. Chemistry

3.1.1. General

All reagents were supplied commercially and they were used without further purifica-
tion. The melting points (◦C) were determined using an electronic melting point apparatus
(Electrothermal, Essex, UK) and they were uncorrected. IR spectra were recorded on the
Perkin Elmer FT-IR system, spectrum BX, as wave numbers (cm−1) using KBr discs. The
NMR analyses were performed in deuterated dimethyl sulfoxide (DMSO-d6) and they
were recorded on different Spectrometers (Tokyo, Japan) including, an Eclipse 300 FT NMR
Spectrometer at 300 MHz and on a JNM-Ecx500II FT NMR system spectrometer at 500 MHz
for the 1HNMR analysis, whereas the 13CNMR on the Agilent NMR-600, was working at
150 MHz. Chemical shifts (δ) were expressed in ppm relative to tetramethylsilane (TMS)
as the internal standard; the coupling constant values (J) were expressed in Hz and the
splitting patterns of 1HNMR were designated as s (singlet), d (doublet), t (triplet), dd
(double-doublet), app. (apparent), m (multiplet) and q (quartet). Mass spectra were carried
out on a direct probe controller inlet part of a single quadrupole mass analyzer in the
Thermo Scientific GCMS model (ISO Lt) using Thermo X-Calibur Software 3.0.

3.1.2. General Procedures for the Synthesis of 6-substituted or
6,7-disubstituted-3-aryl-2-thioxo-2,3-dihydro-1H-quinazolin-4-one 3a–h

To a suspension of anthranilic acid derivative 1a-c (0.054 mol) namely; 5-chloro
anthranilic acid, 5-bromo anthranilic or 4,5-dimethoxy anthranilic acid in glacial acetic
acid (50 mL), the appropriate phenyl isothiocyanate derivative 2a-c (0.054 mol) namely;
3-(trifluoromethyl)phenyl isothiocyanate, 4-(trifluoromethyl)phenyl isothiocyanate or 4-
nitrophenyl isothiocyanate was added. After refluxing the resulting reaction mixture for
10 h [70], the formed solid in each case was collected via filtration, washed with an ex-
cess of water, air-dried and recrystallized from ethanol to give the pure compound. The
obtained products would exist in two tautomeric forms, 3a-h and 3’a-h (6,7-disubstituted-
2-mercapto-3-aryl-3H-quinazolin-4-one derivatives). The IR as well as the 1H and 13CNMR
data proved the predominance of the 3a-h tautomeric forms.
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6-Chloro-2-thioxo-3-(3-trifluoromethyl-phenyl)-2,3-dihydro-1H-quinazolin-4-one (3a), off- white,
yield (80%), m.p. 275–276 ◦C; νmax (KBr)/cm−1 3245 (NH), 3108 and 3038 (CH- aromatic),
1888, 1838, 1664 (C=O), 1619; 1523 and 1484 (C=C), 1450, 1389, 1332, 1269, 1212, 1174,
1129, 1069, 1003, 919, 864, 833, 800, 761, 724, 694, 663, 615, 563, 540, 474; 1H-NMR (500
MHZ; DMSO-d6) δH: 13.19 (1H, s, NH), 7.84 (1H, d, J = 1.5 Hz, CH-aromatic), 7.81 (1H,
app. dd, J = 8.5, 1.5 Hz, CH-aromatic), 7.78–7.75 (2H, m, 2 × CH- aromatic), 7.70 (1H, t,
J = 7.5 Hz, CH-aromatic), 7.58 (1H, d, J = 7.5 Hz, CH-aromatic), 7.42 (1H, d, J = 8.5 Hz,
CH-aromatic); 13C-NMR (150 MHZ; DMSO-d6) δC: 176.24 (C=S), 159.39 (C=O), 140.31,
138.86, 136.00, 133.93, 130.61, 130.31, 130.09, 128.70, 126.67, 125.57, 125.27, 123.44, 118.45,
118.24 (7 × CH-aromatic, 5 × Cq-aromatic, and CF3); MS (EI) m/z (%) [M+ + 2, 37Cl] 360.11
(2.11), [M+ + 1, 37Cl] 359.05 (5.22), [M+, 37Cl] 358.08 (16.11), [M+ +1, 35Cl] 357.07 (43.94),
[M+, 35Cl] 356.10 (60.87) for C15H8ClF3N2OS, 355.04 (100.00), 337.42 (3.36), 322.97 (8.39),
287.11 (6.40), 287.03 (7.52), 259.98 (4.42), 195.89 (1.34), 180.93 (2.94), 168.23 (2.13), 153.01
(4.97), 145.28 (4.29), 132.31 (4.01), 125.20 (14.72), 107.94 (5.36), 90.19 (11.34), 75.04 (16.95),
74.10 (17.68), 69.03 (59.01), 50.24 (5.78), 43.14 (5.14).
6-Bromo-2-thioxo-3-(3-trifluoromethyl-phenyl)-2,3-dihydro-1H-quinazolin-4-one (3b), off- white
powder, yield (72%), m.p. 282–283 ◦C; νmax (KBr)/cm−1 3164 (NH), 3094 (CH-aromatic),
2996, 2935, 1726 (C=O), 1616; 1532 and 1475 (C=C), 1452, 1432, 1389, 1334, 1264, 1211,
1170, 1115, 1071, 998, 910, 855, 810, 757, 693, 612, 549, 436; 1H-NMR (500 MHZ; DMSO-d6)
δH: 13.18 (1H, s, NH), 7.97 (1H, d, J = 2.0 Hz, CH-aromatic), 7.92 (1H, app. dd, J = 8.5,
2.0 Hz, CH-aromatic), 7.75–7.73 (2H, m, 2 × CH- aromatic), 7.68 (1H, t, J = 7.5 Hz, CH-
aromatic), 7.58 (1H, d, J = 7.5 Hz, CH-aromatic), 7.35 (1H, d, J = 8.5 Hz, CH-aromatic);
13C-NMR (150 MHZ; DMSO-d6) δC: 176.28 (C=S), 159.27 (C=O), 140.30, 139.17, 138.69,
133.93, 130.63, 130.30, 130.09, 129.68, 126.66, 125.58, 125.26, 123.46, 118.59, 116.41 (7 × CH-
aromatic, 5 × Cq-aromatic, and CF3); MS (EI) m/z (%) [M+ + 1, 81Br] 403.06 (4.16), [M+, 81Br]
402.04 (11.42), [M+ + 1, 79Br] 401.06 (15.01), [M+, 79Br] 400.05 (16.06) for C15H8BrF3N2OS,
197.12 (1.48), 333.14 (1.50), 169.05 (2.24), 145.10 (4.86), 133.13 (2.55), 125.19 (4.29), 106.23
(1.66), 90.15 (13.78), 75.04 (28.55), 74.11 (14.98), 69.08 (100.00), 63.12 (43.07), 50.07 (6.06),
43.17 (2.07).
6,7-Dimethoxy-2-thioxo-3-(3-trifluoromethyl-phenyl)-2,3-dihydro-1H-quinazolin-4-one (3c), off-
white solid, yield (68%), m.p. 304–305 ◦C; νmax (KBr)/cm−1 3178 (NH), 3115 and 3035
(CH-aromatic), 2973 (CH-aliphatic), 2279, 1698 (C=O), 1626; 1548 and 1512 (C=C), 1459,
1429, 1399, 1332, 1290, 1248, 1203, 1174, 1113, 1032, 992, 977, 819, 761, 698, 654, 597, 556,
456; 1H-NMR (500 MHZ; DMSO-d6) δH: 12.91 (1H, s, NH), 7.73 (1H, d, J = 7.5 Hz, CH-
aromatic), 7.69 (1H, s, CH-aromatic), 7.66 (1H, app t, J = 8.0 Hz, CH- aromatic), 7.56 (1H, d,
J = 8.5 Hz, CH-aromatic), 7.24 (1H, s, CH-aromatic), 6.95 (1H, s, CH-aromatic), 3.83 (3H, s,
OCH3), 3.77 (3H, s, OCH3); 13C-NMR (125 MHZ; DMSO-d6) δC: 174.66 (C=S), 159.34 (C=O),
155.41, 146.58, 140.23, 135.63, 133.62, 130.03, 129.80, 126.38, 125.03, 124.89, 122.87, 108.66,
106.94, 97.98 (6 × CH-aromatic, 6 × Cq-aromatic, and CF3), 56.01 (OCH3), 55.84 (OCH3);
MS (EI) m/z (%) [M+ + 2] 384.11 (4.47), [M+ + 1] 383.17 (27.26), [M + ] 382.16 (100.00) for
C17H13F3N2O3S, 381.18 (49.46), 367.08 (21.32), 349.00 (8.35), 336.13 (17.89), 321.03 (1.88%),
308.23 (5.29), 280.19 (1.52), 267.24 (1.27), 145.23 (1.91), 69.15 (19.97).
6-Chloro-2-thioxo-3-(4-trifluoromethyl-phenyl)-2,3-dihydro-1H-quinazolin-4-one (3d), white pow-
der, yield (84%), m.p. 375–377 ◦C; νmax (KBr)/cm−1 3164 (NH), 3095 and 3001 (CH-
aromatic), 2341, 1925, 1840, 1800, 1702 (C=O), 1618; 1534 and 1482 (C=C), 1435, 1395, 1330,
1262, 1214, 1162, 1111, 1066, 1021, 990, 956, 913, 822, 760, 715, 680, 650, 596, 536, 475, 420;
1H-NMR (500 MHZ; DMSO-d6) δH: 13.20 (1H, s, NH), 7.85–7.79 (4H, m, 4 × CH-aromatic),
7.52 (2H, d, J = 8.5 Hz, 2 × CH-aromatic), 7.42 (1H, d, J = 9.0 Hz, CH-aromatic); 13C-NMR
(150 MHZ; DMSO-d6) δC: 176.00 (C=S), 159.25 (C=O), 143.20, 138.88, 136.00, 130.64, 129.26,
128.70, 126.56, 125.41, 123.59, 118.45, 118.14 (7 × CH-aromatic, 5 × Cq-aromatic, and CF3);
MS (EI) m/z (%) [M+ + 1, 37Cl] 358.91 (1.63), [M+, 37Cl] 358.03 (28.37), [M+ + 1, 35Cl] 357.01
(18.30), [M+, 35Cl] 356.09 (64.18) for C15H8ClF3N2OS, 355.09 (100.00), 337.03 (6.02), 322.95
(10.78), 297.27 (7.64), 285.99 (9.01), 277.45 (4.42), 261.29 (6.04), 236.61 (2.79), 228.19 (3.05),
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195.87 (5.98), 179.29 (3.94), 153.18 (11.88), 133.17 (5.08), 126.15 (25.96), 114.32 (4.67), 90.21
(15.36), 75.09 (41.28), 69.16 (56.28%), 50.16 (14.81), 43.28 (6.46).
6-Bromo-2-thioxo-3-(4-trifluoromethyl-phenyl)-2,3-dihydro-1H-quinazolin-4-one (3e), white pow-
der, yield (67%), m.p. 359–360 ◦C; νmax (KBr)/cm−1 3161 (NH), 3089 (CH-aromatic), 2996
2938, 2373, 2342, 1921, 1850, 1798, 1705 (C=O), 1616; 1533 and 1478 (C=C), 1432, 1393, 1329,
1261, 1213, 1163, 1067, 1022, 989, 957, 927, 901, 821, 761, 710, 651, 595, 531, 440; 1H-NMR
(500 MHZ; DMSO-d6) δH: 13.19 (1H, s, NH), 7.97 (1H, d, J = 1.5 Hz, CH-aromatic), 7.92
(1H, app. dd, J = 8.5, 2.0 Hz, CH-aromatic), 7.82 (2H, d, J = 9.0 Hz, CH-aromatic), 7.51 (2H,
app. d, J = 8.5 Hz, 2 × CH-aromatic), 7.35 (1H, app. d, J = 8.5 Hz, CH-aromatic); 13C-NMR
(150 MHZ; DMSO-d6) δC: 176.04 (C=S), 159.16 (C=O), 143.24, 139.25, 138.69, 130.63, 129.64,
126.56, 118.65, 118.54, 116.38 (7 × CH-aromatic, 5 × Cq-aromatic, and CF3); MS (EI) m/z (%)
[M+ + 1, 81Br] 402.94 (10.26), [M+, 81Br] 401.98 (29.26), [M+ + 1, 79Br] 401.09 (39.11), [M+,
79Br] 400.04 (39.62) for C15H8BrF3N2OS, 399.06 (22.17), 381.07 (3.47), 369.02 (3.38), 330.94
(36.62), 320.92 (3.04), 292.29 (2.57), 239.87 (1.76), 182.97 (1.57), 145.09 (2.87), 89.23 (2.30),
75.01 (5.70), 69.10 (100.00%), 50.2 (1.54).
6-Chloro-3-(4-nitro-phenyl)-2-thioxo-2,3-dihydro-1H-quinazolin-4-one (3f), yellow powder, yield
(68%), m.p. 343–344 ◦C; νmax (KBr)/cm−1 3157 (NH), 3088, (CH-aromatic), 2995, 1698
(C=O), 1616; 1519 and 1475 (C=C), 1432, 1392, 1348, 1256, 1211, 1085, 1017, 990, 912, 823,
760, 694, 647, 587, 535, 475, 426; 1H-NMR (500 MHZ; DMSO-d6) δH: 13.24 (1H, s, NH),
8.34–8.27 (2H, m, 2 × CH-aromatic), 7.85 (1H, d, J = 3.0 Hz, CH-aromatic), 7.81 (1H, app.
dd, J = 8.5, 3.0 Hz, CH-aromatic), 7.62–7.57 (2H, m, 2 × CH of 4-NO2-C6H4), 7.42 (1H, d,
J = 9.0 Hz, CH-aromatic); 13C-NMR (75 MHZ; DMSO-d6) δC: 175.63 (C=S), 159.04 (C=O),
147.38, 145.24, 138.69, 135.86, 131.07, 128.64, 126.46, 124.56, 118.28, 117.94 (7 × CH-aromatic
and 5 × Cq-aromatic); MS (EI) m/z (%) [M+, 37Cl] 335.05 (26.91), [M+ + 1, 35Cl] 334.10 (33.29),
[M+, 35Cl] 333.06 (57.07) for C14H8ClN3O3S, 332.07 (44.01), 302.82 (3.742), 285.97 (24.99),
257.94 (1.91), 231.34 (2.62), 215.77 (2.31), 183.85 (5.07), 153.03 (3.33), 133.00 (5.69), 124.26
(20.51), 110.11 (5.45), 90.08 (18.18), 75.22 (55.60), 63.18 (100.00), (50.19 (22.63), 46.12 (15.38).
6-Bromo-3-(4-nitro-phenyl)-2-thioxo-2,3-dihydro-1H-quinazolin-4-one (3g), yellow powder, yield
(65%), m.p. 340–341 ◦C; νmax (KBr)/cm−1 3155 (NH), 3084 (CH-aromatic), 2992, 1698 (C=O),
1614; 1517 and 1471 (C=C), 1429, 1390, 1346, 1256, 1210, 1071, 989, 906, 852, 821, 760, 690, 646,
587, 526, 444, 421; 1H-NMR (500 MHZ; DMSO-d6) δH: 13.23 (1H, s, NH), 8.33–8.28 (2H, m,
2 × CH of 4-NO2-C6H4), 7.97 (1H, d, J = 2.0 Hz, CH5-quinazolin-4(3H)-one), 7.93 (1H, dd,
J = 8.5, 2.0 Hz, CH7-quinazolin-4(3H)-one), 7.62–7.56 (2H, m, 2 × CH of 4-NO2-C6H4), 7.35
(1H, d, J = 8.5 Hz, CH8-quinazolin-4(3H)-one); 13C-NMR (75 MHZ; DMSO-d6) δC: 175.62
(C=S), 158.86 (C=O), 147.38, 145.17, 139.01, 138.54, 131.07, 129.46, 124.56, 118.43, 118.28,
116.30 (7 × CH-aromatic and 5 × Cq-aromatic); MS (EI) m/z (%) [M+ + 2, 81Br] 381.07 (2.28),
[M+ + 1, 81Br] 380.11 (8.00), [M+, 81Br] 379.05 (35.08), [M+ + 1, 79Br] 378.01 (47.20), [M+, 79Br]
377.02 (39.84) for C14H8BrN3O3S, 376.01 (39.79), 361.40 (1.64), 344.03 (2.49), 332.03 (16.15),
298.12 (4.51), 271.96 (2.41), 239.99 (2.86), 224.17 (3.44), 197.08 (10.80), 168.09 (5.36), 133.10
(11.22), 116.23 (6.34), 108.09 (5.97), 90.12 (43.77), 75.18 (48.59), 50.08 (13.32), 46.07 (6.82).
6,7-Dimethoxy-3-(4-nitro-phenyl)-2-thioxo-2,3-dihydro-1H-quinazolin-4-one (3h), yellow pow-
der, yield (54%), m.p. 328–329 ◦C; νmax (KBr)/cm−1 3177 (NH), 3113 and 3033 (CH-
aromatic), 2972 (CH-aliphatic), 1696 (C=O), 1625; 1550 and 1514 (C=C), 1428, 1400, 1348,
1292, 1247, 1200, 1156, 1064, 1024, 988, 855, 818, 756, 708, 684, 647, 607, 581, 498, 426;
1H-NMR (500 MHz; DMSO-d6) δH: 12.96 (1H, s, NH), 8.32–8.24 (2H, m, 2 × CH-aromatic),
7.62–7.54 (2H, m, 2 × CH-aromatic), 7.24 (1H, s, CH-aromatic), 6.95 (1H, s, CH-aromatic),
3.83 (3H, s, OCH3), 3.77 (3H, s, OCH3); 13C-NMR (75 MHZ; DMSO-d6) δC: 174.38 (C=S),
159.33 (C=O), 155.69, 147.24, 146.82, 145.59, 135.86, 131.17, 124.40, 108.77, 107.08, 98.23
(6 × CH-aromatic and 6 × Cq-aromatic), 56.23 (OCH3), 56.06 (OCH3); MS (EI) m/z (%)
[M+ + 2] 361.20 (4.32), [M+ + 1] 360.21 (17.90), [M+] 359.19 (100.00) for C16H13N3O5S, 358.20
(55.20), 343.20 (2.79), 326.17 (4.69), 312.18 (4.66), 297.15 (3.91), 269.11 (5.30), 255.12 (6.26),
222.13 (3.54), 205.15 (3.67), 179.20 (22.25), 164.14 (50.57), 150.15 (21.00), 136.12 (55.73), 120.11
(12.10), 108.13 (29.19), 90.13 (21.26), 76.11 (20.09), 63.15 (35.96), 50.15 (23.96), 44.12 (8.94).
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3.1.3. Synthesis of 2-(benzylsulfanyl)-3-aryl-3H-quinazolin-4-one Derivatives 5a–h

General Procedures

Potassium carbonate (3 equiv., 0.0054 mol, 0.74 g) was added [63] to an equimolar
mixture (0.0018 mol) of 6-substituted or 6,7-disubstituted-3-aryl-2-thioxo-2,3-dihydro-1H-
quinazolin-4-one 3a–h and aryl halide derivative Ar-CH2-X 4a–d, namely (in order) 2-fluoro
benzyl bromide, 4-chlorobenzyl chloride, 3-nitro benzyl bromide or 2-bromo-5-methoxy
benzyl bromide in dry acetone (20 mL). After refluxing the reaction mixture for 6 h, it
was filtered while hot to isolate potassium carbonate and the filtrate was concentrated
under reduced pressure to give the crude solid product. The obtained solid in each case
was washed with water, air-dried and recrystallized from the appropriate solvent to give
compounds 5a–h in pure forms.
2-(2-Fluoro-benzylsulfanyl)-6-chloro-3-(3-trifluoromethyl-phenyl)-3H-quinazolin-4-one (5a), white
powder (EtOH/CHCl3), yield (80%), m.p. 148–149 ◦C; νmax (KBr)/cm−1 3084 (CH-aromatic),
2989 and 2929 (CH-aliphatic), 1923, 1797, 1699 (C=O), 1547 (C=N), 1466 and 1402 (C=C),
1333, 1304, 1282, 1248, 1199, 1170, 1120, 1095, 1071, 976, 895, 873, 833, 807, 763, 696, 612,
540, 562, 420; 1H-NMR (300 MHz; DMSO-d6) δH: 8.12-7.50 (8H, m, 8 × CH-aromatic),
7.38–7.04 (3H, m, 3 × CH-aromatic), 4.46 (2H, s, S-CH2); 13C-NMR (75 MHz; DMSO-d6)
δC: 162.27 (C=O), 159.97 (C=N), 159.02 (Cq-F), 156.83 145.99, 136.50, 135.17, 133.97, 131.94,
1130.98, 130.30, 129.90, 129.80, 128.43, 127.08, 126.79, 125.59, 124.56, 121.13, 115.56, 115.28
(11 × CH-aromatic, 6 × Cq-aromatic, and CF3), 29.79 (CH2); MS (EI) m/z (%) [M+, 37Cl]
467.21 (2.86), [M+ + 1, 35Cl] 466.06 (3.45), [M+, 35Cl] 465.32 (1.41) for C22H13ClF4N2OS,
464.10 (19.39), 430.49 (3.42), 411.50 (6.55), 377.95 (3.80), 355.03 (9.71), 339.47 (11.09), 320.17
(52.77), 308.94 (13.30), 296.96 (16.64), 287.14 (47.96), 269.09 (10.39), 253.19 (41.03), 244.25
(6.72), 233.28 (5.24), 225.90 (1.93), 191.88 (3.35), 168.39 (6.01), 145.14 (3.60), 132.93 (7.28),
124.01 (8.68), 109.12 (100.00), 83.14 (16.33), 76.04 (7.36), 69.36 (1.67), 63.56 (14.33), 57.31 (4.36),
44.95 (7.26).
2-(4-Chloro-benzylsulfanyl)-6-bromo-3-(3-trifluoromethyl-phenyl)-3H-quinazolin-4-one (5b), off-
white solid (EtOH/CHCl3), yield (80%), m.p. 193–194 ◦C; νmax (KBr)/cm−1 3056 (CH-
aromatic), 2935 (CH-aliphatic), 2298, 1907, 1690 (C=O), 1541 (C=N), 1490 and 1463 (C=C),
1331, 1289, 1249, 1176, 1125, 1092, 1067, 1013, 977, 910, 836, 809, 784, 744, 696, 610, 538, 507,
440; 1H-NMR (300 MHz; DMSO-d6) δH: 8.14 (1H, d, J = 2.4 Hz, CH-aromatic), 8.08–7.807.68
(5H, m, 5 × CH-aromatic), 7.68 (1H, d, J = 8.7 Hz, CH-aromatic), 7.59 (2H, d, J = 8.4,
2 × CH-aromatic), 7.35 (2H, d, J = 8.4 Hz, 2 × CH-aromatic), 4.43 (2H, AB q, J = 13.5 Hz,
S-CH2); 13C-NMR (150 MHz; CDCl3) δC: 160.35 (C=O), 156.60 (C=N), 146.35, 138.11, 135.87,
134.55, 133.57, 132.68, 130.64, 130.42, 129.73, 128.75, 128.05, 127.08, 126.37, 121.08, 119.44
(11 × CH-aromatic, 7 × Cq-aromatic, and CF3), 36.37 (CH2); MS (EI) m/z (%) [M+ + 2,
81Br and 37Cl] 528.05 (24.98), [M+ + 1, 81Br and 37Cl] 527.05 (31.94), [M +, 81Br and 37Cl]
526.03 (100.00), [M+ + 1, 79Br and 35Cl] 525.07 (24.52), [M+, 79Br and 35Cl] 524.05 (82.52) for
C22H13BrClF3N2OS, 509.04 (2.46), 507.07 (5.47), 493.07 (44.88), 491.09 (35.03), 458.12 (3.28),
456.09 (3.77), 320.12 (4.10), 268.91 (1.50).
2-(3-Nitrobenzylsulfanyl)-6,7-dimethoxy-3(3-trifluoromethyl-phenyl)-3H-quinazolin-4-one (5c), off-
white powder (EtOH/CHCl3), yield (51%), m.p. 245–246 ◦C; νmax (KBr)/cm−1 3067 (CH-
aromatic), 2971 and 2938 (CH-aliphatic), 2831, 1918, 1849, 1681 (C=O), 1613 (C=N), 1580;
1535 and 1499 (C=C), 1454, 1388, 1352, 1330, 1273, 1240, 1171, 1129, 1072, 1027, 1002, 981,
922, 868, 846, 808, 758, 695, 675, 588, 528; 1H-NMR (300 MHz; DMSO-d6) δH: 8.52 (1H,
app. dd, J = 6.3, 2.1 Hz, CH-aromatic), 8.09 (1H, app. dd, J = 8.4, 2.4 Hz, CH-aromatic),
7.98 (1H, s, CH-aromatic), 7.93 (2H, d, J = 7.8 Hz, 2 × CH-aromatic), 7.83-7.77 (2H, m,
2 × CH-aromatic), 7.60 (1H, t, J = 7.8 Hz, CH-aromatic), 7.37 (1H, s, CH-aromatic), 7.24
(1H, s, CH-aromatic), 4.53 (2H, AB q, J = 13.5 Hz, S-CH2); 3.99 (3H, s, OCH3), 3.85 (3H, s,
OCH3); 13C-NMR (150 MHz; DMSO-d6) δC: 160.55 (C=O), 155.47 (C=N), 154.15 (2 × Cq-O),
148.48, 147.74, 143.81, 140.41, 137.27, 136.68, 134.42, 131.20, 130.26, 127.15, 125.21, 122.55,
112.68, 107.45, 106.06 (10 × CH-aromatic, 6 × Cq-aromatic, and CF3), 56.43 (OCH3), 56.19
(OCH3), 35.12 (CH2); MS (EI) m/z (%) [M+ + 2] 519.10 (6.53), [M+ + 1] 518.19 (29.95), [M+]
517.18 (100.00) for C24H18F3N3O5S 501.23 (3.23), 500.21 (9.57), 484.26 (3.90), 381.12 (4.91),
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395.07 (1.59), 372.13 (1.22), 350.20 (2.09), 339.51 (1.92), 323.13 (2.02), 294.26 (2.49), 179.09
(2.06), 164.08 (1.62), 150.16 (1.78), 145.06 (1.30), 136.22 (8.05), 121.29 (1.38), 90.21 (15.71),
89.20 (15.26), 77.05 (2.71), 63.25 (4.11).
2-(4-Chloro-benzylsulfanyl)-6-chloro-3-(4-trifluoromethyl-phenyl)-3H-quinazolin-4-one (5d), off-
white solid (EtOH), yield (80%), m.p. 259–260 ◦C; νmax (KBr)/cm−1 3091 and 3063 (CH-
aromatic), 2926 and 2856 (CH-aliphatic), 2369, 2340, 1898, 1850, 1776, 1695 (C=O), 1571
(C=N), 1549; 1464 and 1413 (C=C), 1328, 1269, 1203, 1162, 1114, 1066, 1019, 968, 930, 826,
784, 734, 712, 678, 642, 598, 543, 499, 466, 424; 1H-NMR (300 MHZ; CDCl3) δH: 7.73 (1H, app.
s, CH-aromatic), 7.34 (2H, d, J = 8.1 Hz, 2 × CH-aromatic), 7.25 (1H, dd, J = 8.7, 2.4 Hz, CH-
aromatic), 7.15 (1H, d, J= 8.7 Hz, CH-aromatic), 6.97 (2H, d, J = 8.1 Hz, 2 × CH-aromatic),
6.88–6.77 (4H, m, 4 × CH-aromatic), 3.91 (2H, s, S-CH2); 13C-NMR(150 MHz; DMSO-d6)
δC: 160.17 (C=O), 157.11 (C=N), 146.25, 139.78, 136.46, 135.51, 132.34, 131.69, 131.07, 130.59,
128.72, 127.15, 125.89, 121.35 (11 × CH-aromatic, 7 × Cq-aromatic, and CF3), 35.43 (CH2);
MS (EI) m/z (%) [M+ + 1, 37Cl] 485.19 (4.80), [M +, 37Cl] 484.08 (16.22), [M+ + 3, 35Cl] 483.08
(23.67), [M+ + 2, 35Cl] 482.07 (79.35), [M+ + 1, 35Cl] 481.21 (60.81), [M+, 35Cl] 480.14 (100.00)
for C22H13Cl2F3N2OS, 479.59 (35.24), 478.93 (10.15), 449.00 (52.76), 447.10 (72.05), 412.25
(7.68), 355.00 (34.48), 337.13 (4.68), 335.03 (3.09), 322.23 (1.40), 320.10 (2.93), 304.29 (1.46),
268.93 (3.28).
2-(2-Bromo-5-methoxybenzylsulfanyl)-6-bromo-3-(4-trifluoromethyl-phenyl)-3H-quinazolin-4-one
(5e), off-white solid (EtOH/CHCl3), yield (93%), m.p. 206–207 ◦C; νmax (KBr)/cm−1 3067
(CH-aromatic), 2929 and 2862 (CH-aliphatic), 1691 (C=O), 1544 (C=N), 1462 (C=C), 1326,
1241, 1203, 1161, 1120, 1063, 1018, 967, 832, 660; 1H-NMR (500 MHz; CDCl3) δH: 8.33
(1H, d, J = 2.5 Hz, CH-aromatic), 7.84 (1H, dd, J = 8.5, 2.5 Hz, CH-aromatic), 7.78 (2H, d,
J = 8.0 Hz, 2 × CH of 4-CF3-C6H4), 7.57 (1H, d, J = 8.5 Hz, CH-aromatic), 7.43–7.40 (3H,
m, 3 × CH-aromatic), 7.13 (1H, d, J = 3.0 Hz, CH-aromatic), 6.68 (1H, dd, J = 9.0, 3.0 Hz,
CH-aromatic), 4.50 (2H, s, S-CH2), 3.74 (3H, s, OCH3); 13C-NMR (125 MHz; CDCl3) δC:
160.39 (C=O), 158.83 (C=N), 156.73, 146.43, 138.48, 138.13, 136.47, 133.49, 129.79, 128.03,
127.01, 126.98, 124.63, 122.46, 121.10, 119.39, 117.31, 115.24, 114.92 (10 × CH-aromatic,
8 × Cq-aromatic, and CF3), 55.45 (OCH3), 37.52 (CH2); MS (EI) m/z (%) [M +, 81Br] 600.15
(40.51), [M+ + 1, 79Br] 599.29 (19.34), for C23H15Br2F3N2O2S, 566.81 (89.90), 552.96 (73.88),
520.49 (26.10), 467.86 (43.53), 440.74 (47.66), 437.83 (20.21), 422.12 (28.05), 337.38 (78.36),
290.43 (21.89), 222.37 (26.16), 202.73 (58.44), 201.11 (32.20), 191.45 (81.52), 186.76 (23.12),
156.47 (27.10), 144.50 (58.73), 116.18 (64.60), 106.18 (28.17), 87.12 (64.64), 74.20 (60.82), 69.66
(16.26), 57.86 (33.61).
2-(2-Bromo-5-methoxy-benzylsulfanyl)-6-chloro-3-(4-nitro-phenyl)-3H-quinazolin-4-one (5f), white
powder (MeOH/CHCl3), yield (67%), m.p. 215–216 ◦C; νmax (KBr)/cm−1 3082 (CH-
aromatic), 2962 and 2862 (CH-aliphatic), 1682 (C=O), 1548 (C=N), 1520 and 1469 (C=C),
1399, 1347, 1304, 1246, 1199, 1164, 1111, 1018, 968, 919, 840, 810, 730, 698, 644, 597, 542, 496,
465, 424; 1H-NMR (300 MHz; DMSO-d6) δH: 8.40 (2H, d, J = 9.0 Hz, 2 × CH-aromatic),
8.00 (1H, d, J = 2.4 Hz, CH-aromatic), 7.96–7.74 (4H, m, 4 × CH-aromatic), 7.48 (1H, d,
J = 9.0 Hz, CH-aromatic), 7.30 (1H, d, J = 3.3 Hz, CH-aromatic), 6.80 (1H, dd, J = 8.7, 3.3 Hz,
CH-aromatic), 4.51 (2H, s, S-CH2), 3.72 (3H, s, OCH3); 13C-NMR (150 MHz; CDCl3) δC:
160.38 (C=O), 158.82 (C=N), 155.87, 148.63, 146.01, 140.88, 136.29, 135.56, 133.51, 132.00,
130.58, 127.92, 126.61, 125.07, 120.60, 117.36, 115.21, 114.95 (10 × CH-aromatic, 8 × Cq-
aromatic), 55.45 (OCH3), 37.54 (CH2); MS (EI) m/z (%) [M+ + 1, 81Br and 37Cl] 536.07 (5.84),
[M+, 81Br and 37Cl] 535.04 (32.01), [M+ + 1, 81Br and 35Cl] 534.07 (34.13), [M+, 81Br and 35Cl]
533.05 (100.00), [M+ + 1, 79Br and 35Cl] 532.09 (30.17), [M+, 79Br and 35Cl] 531.07 (90.35), for
C22H15

81BrClN3O4S, 502.04 (8.58), 500.03 (13.17), 499.10 (5.81), 453.69 (4.52), 378.36 (1.34),
345.05 (2.04), 286.12 (1.85), 254.15 (1.48), 201.06 (2.19), 120.84 (1.31), 77.21 (3.92), 76.17 (1.32),
63.14 (1.28).
2-(3-Nitro-benzylsulfanyl)-6-bromo-3-(4-nitro-phenyl)-3H-quinazolin-4-one (5g), white powder
(MeOH/CHCl3), yield (67%), m.p. 251–252 ◦C, νmax (KBr)/cm−1 3118 and 3065 (CH-
aromatic), 2929 and 2856 (CH-aliphatic), 1690 (C=O), 1548 (C=N), 1518 and 1464 (C=C),
1349, 1264, 1199, 1098, 1013, 967, 899, 856, 826, 750, 719, 695, 656, 528, 415; 1H-NMR
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(300 MHz; DMSO-d6) δH: 8.47-8.35 (3H, m, 3 × CH-aromatic), 8.15–8.00 (3H, m, 3 × CH-
aromatic), 7.95 (1H, d, J = 7.2 Hz, CH-aromatic), 7.83 (2H, d, J = 8.7 Hz, 2 × CH-aromatic),
7.69 (1H, d, J = 8.7 Hz, CH-aromatic), 7.59 (1H, t, J = 7.8 Hz, CH-aromatic), 4.56 (2H, s,
S-CH2); 13C-NMR (75 MHz; DMSO-d6) δC: 159.65 (C=O), 156.40 (C=N), 148.46, 147.66,
146.18, 141.43, 139.87, 138.03, 136.40, 131.40, 129.94, 128.72, 128.52, 124.95, 124.45, 122.35,
121.50, 118.46 (11 × CH-aromatic and 7 × Cq-aromatic), 34.96 (CH2); MS (EI) m/z (%)
[M+ + 2, 81Br] 517.03 (1.36), [M+, 81Br] 515.08 (18.24), [M+ + 1, 79Br] 514.56 (12.55), [M+,
79Br] 513.11 (19.77) for C21H13BrN4O5S, 511.51 (41.12), 497.04 (73.71), 495.04 (63.14), 467.95
(33.54), 434.27 (2.01), 387.96 (5.03), 376.89 (6.86), 346.06 (16.36), 331.06 (9.28), 311.17 (4.59),
304.07 (31.73), 300.12 (20.05), 266.70 (4.79), 223.20 (7.92), 207.82 (10.64), 196.83 (1.84), 136.18
(46.62), 122.16 (9.11), 116.19 (1.37), 105.16 (17.00), 90.17 (100.00), 89.16 (77.70), 77.16 (35.65).
2-(4-Chloro-benzylsulfanyl)-6,7-dimethoxy-3-(4-nitro-phenyl)-3H-quinazolin-4-one (5h), yellow
powder (EtOH/CHCl3), yield (77%), m.p. 250–251 ◦C; νmax (KBr)/cm−1 3072 (CH-aromatic),
2960 and 2833 (CH-aliphatic), 1684 (C=O), 1610 (C=N), 1554; 1518 and 1495 (C=C), 1461,
1437, 1388, 1356, 1308, 1277, 1240, 1210, 1175, 1149, 1075, 1009, 971, 868, 840, 774, 749, 711,
602, 502, 430; 1H-NMR (300 MHz; DMSO-d6) δH: 8.40 (2H, d, J = 5.4 Hz, 2 × CH-aromatic),
7.81 (2H, d, J = 5.4 Hz, 2 × CH-aromatic), 7.56-7.12 (6H, m, 6 × CH-aromatic), 4.44 (2H, s,
S-CH2), 3.98 (3H, s, OCH3), 3.86 (3H, s, OCH3); 13C-NMR (150 MHz; DMSO-d6) δC: 160.15
(C=O), 155.65 (C=N), 153.73, 148.60, 143.93, 142.25, 136.29, 132.42, 131.77, 131.67, 128.82,
125.12, 112.61, 107.70, 106.14 (10 × CH-aromatic and 8 × Cq-aromatic), 56.65 (OCH3), 56.28
(OCH3), 35.41 (CH2); MS (EI) m/z (%) [M+ + 1, 37Cl] 486.20 (18.25), [M+, 37Cl] 485.02 (33.61),
[M+ + 1, 35Cl] 484.03 (46.89), [M+, 35Cl] 483.03 (100.00) for C23H18ClN3O5S, 481.05 (15.67),
467.98 (2.89), 452.25 (13.58), 450.37 (28.43), 437.86 (2.75), 421.58 (1.59), 407.04 (7.06), 373.34
(4.96), 361.05 (12.05), 348.66 (8.75), 331.55 (12.43), 329.19 (53.67), 295.92 (2.68), 282.07 (3.70),
258.41 (2.80), 158.09 (1.56), 143.15 (2.27), 125.08 (2.33), 76.29 (2.21), 63.01 (2.86).

3.2. Biology

3.2.1. DPPH Radical Scavenging Assay

The antioxidant potencies of all synthesized compounds were investigated using a
1,1 diphenyl-2-picrylhydrazyl (DPPH) radical scavenging assay according to the protocol
described by Bersuder et al. [105]. In brief, a 0.5 mL volume of DPPH ethanolic solution
was mixed with an equal volume of each sample concentration (i.e., the test compound or
butylated hydroxytoluene, BHT, which was used as the reference antioxidant in the positive
control experiment), shaken strongly, and incubated at room temperature for 1 h in darkness.
The absorbance of the residual DPPH radicals was measured at λ = 519 nm and compared
to the negative control (without the test compound or reference antioxidant). The DPPH
radical scavenging power was calculated using the following formula: scavenging efficiency
(%) = (1 − Acompound/AControl) × 100, where Acompound and Acontrol are the absorbance
of the tested compound and the negative control, respectively. The standard curve was
obtained by plotting the scavenging effect (%) versus the compound concentration and
it was used to determine the compound’s concentration providing 50% inhibition (IC50)
in mg/mL, which was converted into mM units. Additionally, the ± SD values were
calculated from three independent triplicate measurements.

3.2.2. COX-2 Inhibition Assay

Each compound of the two series, 3a–h and 5a–h, was resuspended in 100% DMSO
at a final concentration of 10 mg/mL. Each compound was investigated in triplicates at
different concentrations (50, 100, 200 and 300 µg/mL) using a commercial COX-2 inhibitory
screening assay kit (Catalog Number: 701080; Cayman Chemical Company) following
the manufacturer’s instructions. Briefly, 10 µL of the tested compound was added to a
mixture of the reaction buffer solution (160 µL of 0.1 M Tris-HCl, pH 8.0, in the presence
of 2 mM phenol and 5 mM EDTA), COX-2 (10 µL) and heme (10 µL). After a 10 min
incubation at 37 ◦C, the reaction was started by adding arachidonic acid (10 µL), rapidly
mixed and kept at 37 ◦C for 2 min. PGF2α generated via PGH2 reduction with stannous
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chloride (30 µL) was incubated at room temperature for 5 min. The PGF2α amount was then
determined via an enzyme immunoassay. Prior to incubation with the COX-2 reaction (at
room temperature 18 h), the 96-well plate was previously coated with a mouse anti-rabbit
monoclonal antibody. Unbound reagents were removed by washing the plate followed by
adding Ellman’s reagent to the well. The reaction product displaying a distinct yellow color
was measured at 410 nm using a UV microplate reader. The % inhibition was calculated by
comparing the PGF2α produced in the compound-treated samples with a control sample,
using the following equation: % inhibition is equal to [([PGF2α]control − [PGF2α]sample)
/[PGF2α ]control ] × 100. Celecoxib was used as the standard inhibitor for COX-2. The COX-
2 inhibitory efficiency was expressed as an inhibition percentage, which was determined
via a comparison with the negative control experiments. The IC50 values were deduced for
the most active candidates from their calibration curves.

3.2.3. Lactate Dehydrogenase A (LDHA) Inhibitory Assay

The LDHA inhibitory effectiveness was investigated by measuring the amounts of
consumed NADH [73]. Briefly, different concentrations of each compound (50, 100, 200 and
300 µg/mL) were incubated in a buffer containing 20 mM of HEPES-K+ (pH 7.2), 20 µM of
NADH, 2 mM of pyruvate and 10 ng of purified recombinant human LDHA protein for
10 min. The fluorescence of NADH, which has an excitation wavelength of 340 nm and an
emission wavelength of 460 nm, was detected using a spectrofluorometer. Sodium oxamate
at 1 mM was used as a standard inhibitor of LDHA. The LDHA inhibitory efficiency
was expressed as an inhibition percentage, which was determined via a comparison with
the negative control experiments. The IC50 values were calculated for the most active
candidates from their calibration curves.

3.2.4. In Vitro α-Glucosidase (AG) Inhibitory Activity

The AG inhibitory activities of the synthesized quinazolinone derivatives were as-
sessed based on the detection of the release of 4-nitrophenol (NP) from 4-nitrophenyl
α-D-glucopyranoside (4-NPGP) using the method reported by Andrade-Cetto and col-
laborators [106]. Concisely, 20 µL of each compound at different concentrations ranging
from 0 to 50 µg/mL, DMSO or quercetin (used as the positive control) at the same con-
centration of the tested compounds was mixed with 180 µL of the α-glucosidase enzyme
from Saccharomyces Cerevisiae, and the resulting mixture was incubated at 37 ◦C for 2 min.
Then, the reaction was allowed to start by adding 150 µL of the color reagent 4-NPGP
and the resulting mixture was incubated for additional 15 min at 37 ◦C. Collectively, the
colorimetric assay medium contained 2U of α-glucosidase, 5 mM of 4-NPGP and 10 mM of
the potassium phosphate buffer with a pH of 6.9. Reading the assay was carried out using
a microplate reader (Bio-Tek ELX-800, Thermo Fischer Scientific, Agilent Technologies,
New York, USA) at 405 nm. The α-glucosidase inhibition was calculated as follows: %
inhibition = 100 − (X2 sample − X1 sample/ X2 control − X1 control) × 100, where X1
is the absorbance of the initial reading and X2 is the absorbance of the final reading, and
control is the absorbance of the assay without the compound and with DMSO instead.
The inhibitory efficiency of each compound was expressed as IC50 µg/mL (as well as µM),
which was calculated from the corresponding calibration curve.

3.2.5. In Vitro α-Amylase (AA) Inhibition Assay

In this experiment, the α-amylase inhibitory activities of the compounds 3a-h and 5a-h
were evaluated according to the reported methodology [107]. Precisely, 10 µL of α-amylase
enzyme (3,3 U, EC 3.2.1.1, Sigma Chemical Co., St. Louis, MO, USA) was mixed with 10 µL
of each compound at different concentrations ranging from 20 to 200 µg/mL, DMSO or
quercetin (used as the positive control at the same compound concentrations) at 37 ◦C
for 5 min. Then, 180 µL of Labtest (the amylase substrate) was added and the samples
were incubated for 8 min, followed by measuring the first reaction at 620 nm to obtain
(X1). Afterwards, the reaction mixture was incubated for an additional 5 min at 37 ◦C; then,
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the second reaction was measured to obtain the final reading (X2). Notably, the amylase
substrate, Labtest, was diluted in distilled water (1:1) before being added to the microplate
(Bio Tek ELX-800, USA). The α-amylase inhibitory efficiency was calculated as follows: %
inhibition = 100 − (X2 sample − X1 sample/ X2 control − X1 control) × 100, where control
is the absorbance of the assay with DMSO instead the test compound. The results were
expressed as IC50 µg/mL (as well as µM) and were determined from the standard curves.

3.2.6. Viability Assay

The cytotoxic potencies of the studied quinazolinone derivatives were examined
on two human colon cancer cell line types: HCT-116 and Lovo (American Type Culture
Collection; Manassas, VA, USA), using various amounts of tested compounds (50, 100, 200
and 400 µg). The samples were diluted in Dulbecco’s Modified Eagle’s Medium, consisting
of 10% fetal bovine serum (FBS), added to cells grown and cultured for 24 h in a 5% CO2-
humidified incubator at 37 ◦C. Thereafter, the activity of lactate dehydrogenase released
from damaged cells was determined [73] in the collected supernatant aliquots using an
ELISA end-point assay (Benchmark Plus, Bio-Rad, CA, USA); 0.1% Triton X-100 in the
assay medium and the assay medium only were used as the positive and negative controls,
respectively. Cell viability was expressed as a relative percentage of the OD values (at
550 nm) for compound-treated cells (final concentration of 200 µg /mL) and the negative
control, which was shown as the mean % ± SD (n = 3). The results of the viability assays
for the potential cytotoxic candidates were compared with the % of viable human umbilical
vein endothelial cells (HUVEC) at the same concentration. These cells were grown in
Dulbecco’s Modified Eagle’s Medium (PAN-Biotech; Barcelona, Spain) containing 10%
FBS (Sigma Aldrich; St. Quentin-Fallavier, France), 2 mM Glutamine (Sigma Aldrich),
100 units/mL penicillin and 100 mg/mL streptomycin (Life Technologies; Paisley, UK).

A plot of the cell viability (%) versus the compound concentration (µg/mL) was also
performed to determine the compound concentration providing 50% inhibition (IC50) in
µg/mL, which was converted to µM.

3.2.7. Statistical Analysis

The obtained results were presented as the mean ± standard deviation (SD) from
three experiments. The statistical significance between pairs of means was evaluated using
Student’s t test. A value of p\0.05 or p\0.01 was the criteria for a statistical significance.

The IC50 value for each tested compound was obtained using the Quest Graph™ IC50
Calculator, AAT Bioquest, Inc. (https://www.aatbio.com/tools/ic50-calculator) online
resource accessed on 2 February 2023.

3.2.8. Determination of the Expressional Levels of Bax, caspase-3 and Bcl-2 Genes
Cell Culture

Briefly, in a 25 mL flask (1 × 106 cells/flask), the human colon cancer cell lines (HCT-
116 and LoVo) were grown for 24 h. After replacing the culture media with a medium
containing 1% FBS for 24 h, the cells were treated with 10 µg/mL of each tested compound
in 2 mL of fresh medium containing 1% FBS, or 0.25% DMSO, which was used as the
negative control. The cells were adherent cells and they were detached using trypsin after
being washed with ice-cold phosphate-buffered saline (PBS).

Design of the Primer

Primers specific for the Bax, Bcl-2 and Caspase-3 genes were designed using the primer
blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/ accessed on 9 January 2023)
software. The primers were used in the RT-qPCR analysis to amplify fragments of 100–200
bp in length (Table 11).

https://www.aatbio.com/tools/ic50-calculator
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Table 11. Description of primers used for qPCR.

Gene Primer Sequence (5′ to 3′)

Bax F 5′-TCAGGATGCGTCCACCAAGAAG-3′,R
5′-TGTGTCCACGGCGGCAATCATC-3′.

Bcl-2 F 5′-ATCGCCCTGTGGATGACTGAGT -3′,R
5′-GCCAGGAGAAATCAAACAGAGGC-3′.

Caspase 3 F 5′-GGAAGCGAATCAATGGACTCTGG-3′,R
5’-GCATCGACATCTGTACCAGACC -3′.

GAPDH F 5′-GTCTCCTCTGACTTCAACAGCG-3′ R
5′-ACCACCCTGTTGCTGTAGCCAA-3′

Reverse-Transcription PCR (RT-PCR)

The RNeasy Mini Kit (Qiagen, Hilden, Germany) was used to extract the total RNA.
The RNA purity, quality and quantity were checked using a Nanodrop 8000 spectropho-
tometer (Thermo Fisher Scientific, USA). The Hyperscript Kit (GeneAll, Seoul, Korea) and
random hexamers (GeneAll, Seoul, Korea ) were used to reverse-transcript 1 µg of RNA
from each sample into cDNA as described in the manufacturer’s protocol.

Quantitative Real-Time PCR

A QuantStudio 7Flex Detection System (Applied Biosystems, Thermo Fischer Scientific,
Inc., USA) was used to measure the mRNA expression of Bax, Caspase-3 and Bcl-2. The
reactions for the synthesis of cDNA were carried out using an iScript One-Step RT-PCR
Kit with SYBR Green (cat no: 170–8892; Bio-Rad, Inc., Hercules, CA, USA). Briefly, primers
(Table 10) were added to the reaction mixture at a final concentration of 10 pM. Thus,
5 µL of each cDNA sample were added to a 20 µL PCR mixture consisting of 12.5 µL of
2 × iScript One-Step RT-PCR Kit with SYBR Green, 0.5 µL of primers for Bax, Caspase-3
and Bcl-2 as well as GAPDH (Macrogen, Seoul, Korea), and 7 µL RNase/DNase-free water
(Qiagen, DE). The thermal cycling conditions for Bax, Caspase-3 and Bcl-2 were established
as 5 min at 95 ◦C, followed by 40 cycles of 30 s at 95 ◦C and 30 s at 60 ◦C, and finally 10 s at
95 ◦C. The presence of a single melting temperature peak verified the specificity of each
primer. The expression of a house-keeping gene, GAPDH, was used as an endogenous
control for the current work.

3.2.9. Annexin-V-FITC Assay

The distribution of early and late apoptotic cells after treatment with compounds 3a

and 3f was carried out using an Annexin V-FITC Apoptosis Detection Kit (BioVisionRe-
search Products—USA). HCT-116 and LoVo carcinoma cells were seeded in 60 mm2 culture
dishes and treated with the vehicles DMSO, and compounds 3a and 3f (50 µg/mL) for
48 h. Cells were then harvested, washed twice with PBS and resuspended in an Annexin-V
binding buffer (BioVisionResearch Products—USA). Finally, the cells were stained with
Annexin V-FITC and propidium iodide (PI). The fluorescent intensity of the stained cancer
cells was determined using an FITC signal detector (usually FL1) and PI staining with
the phycoerythrin emission signal detector (through quadrant statistics for necrotic and
apoptotic cell populations).

3.2.10. Cell Cycle Assay

Changes in cell cycle distribution induced by compounds 3a and 3f were analyzed
using a flow cytometric analysis according to Nicoletti et al. 1991 [108] using a Propidium
Iodide Flow Cytometry Kit for Cell Cycle Analysis (Abcam-UK). HCT-116 and LoVo
carcinoma cells (5 × 104 cells/mL) were treated with DMSO as a negative control, and
compounds 3a and 3f (50 µg/mL), for 48 h. After the centrifugation of the treated cells
at 1800 rpm for 5 min, the pellet was washed twice with PBS. Then, the cells were fixed
by mixing 700 mL of 90% cold ethanol, and stained with propidium iodide (PI) for 1 h at
37 ◦C. RNase A at 10 mg/mL was added in order to limit the ability of the PI to bind only
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to the DNA molecules. The stained cells were analyzed for their DNA content using a BD
FACSC flow cytometer.

3.2.11. Immunoblot Experiments

In order to determine the levels of production of caspases 8 and 9 by the treated
carcinoma cells, Western blot analysis was carried out using a FLAG® Western Detection
Kit (Agilent Technologies, USA). Exponentially growing HCT-116 and LoVo cells were
treated with 50 µg/mL of derivatives 3a and 3f for 48 h. After incubation, the cells
were harvested and lysed using a Lysis buffer consisting of 10 mM of Tris, 100 mM of
NaCl, 25 mM of ethylenediaminetetra aceticacid (EDTA), 25 mM of Ethylene glycol bis(2-
aminoethyl)tetraacetic acid (EGTA), 0.1% Sodium dodecyl sulfate (SDS), 1% (v/v) Triton
X-100 and 2% (v/v) NP-40 (pH 7.4), with a 1:200 protease inhibitor cocktail (Sigma-Adrich)
and a 1:300 phosphatase inhibitor cocktail tablet (Roche Applied Science, Mannheim,
Germany). The protein concentrations of each sample were determined calorimetrically
using the Bradford method before proceeding to carry out the Western blotting [109].
Equal amounts (20 µg) of the protein samples were mixed and boiled with SDS Loading
buffer for 10 min, allowed to cool on ice and then loaded into SDS-polyacrylamide gel and
separated using a Cleaver electrophoresis unit (Cleaver, Warwickshire, UK), before being
transferred onto polyvinylidene fluoride (PVDF) membranes (Bio-Rad, USA) for 30 min
using a Semi-dry Electroblotter (Biorad, USA) at 2.5 A and 25 V for 30 min. The membrane
was blocked with 5% nonfat dry milk in TBS-T for two hours at room temperature, in
order to reduce non-specific protein interactions between the membrane and the antibody.
The blocked membrane was incubated overnight at 4 ◦C with primary antibodies (Cell
Signaling Technology, Massachusetts, USA) and β-actin (Sigma). The blots were then
washed three times (10 min each) with TBS-T. The membrane was then incubated with
the corresponding horse radish peroxidase (HRP)-linked secondary antibodies (Dako,
Hamburg, Germany) for another hour at room temperature, followed by washing three
times (10 min each) with TBS-T. The chemiluminescent Western ECL substrate (Perkin
Elmer, Waltham, MA, USA) was applied to the blot according to the manufacturer’s
recommendation. Briefly, the membranes were incubated for 1 min with a mixture of
equal volumes of ECL solution A and ECL solution B. The chemiluminescent signals
were captured using a CCD camera-based imager (Chemi Doc imager, Biorad, USA), and
the bands’ intensities were then measured using ImageLab v3.0 (Bio-Rad). Protein-sized
markers were used in all gels to localize the gel transfer regions for specific proteins and
determine the transfer efficiency. Following an overnight incubation with the primary
antibodies, HRP conjugated secondary antibodies were added and incubated for 1 h. The
proteins were detected using an enhanced chemiluminescence (ECL) detection system
(Thermo Fischer Scientific, USA). The intensities of the bands were quantified using the
NIH ImageJ software v3.0.1 (http://rsb.info.nih.gov/ij/).

3.3. In Silico Studies

3.3.1. Molecular Docking Studies

• Preparation of the protein

The crystal structures of the protein–ligand complexes for alpha-amylase (PDB ID:
3BAJ) (https://doi.org/10.1021/bi701652t) accessed on 5 March 2023, human lysosomal
acid-alpha-glucosidase (PDB ID: 5NN5) (https://doi.org/10.1038/s41467-017-01263-3) on
5 March 2023, lactate dehydrogenase A (PDB ID: 1I10) (https://doi.org/10.1002/1097-0
134(20010501)43:2\T1\textless{}175:aid-prot1029\T1\textgreater{}3.0.co;2-#) on 24 May
2023 and cyclooxygenase-2 (PDB ID: 3LN1) (https://doi.org/10.1016/j.bmcl.2010.07.054)
25 May 2023 were used for the docking calculations. They were retrieved from the Research
Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank. For each crystal
structure, the crystallographic water molecules were removed, the missing hydrogen atoms
were added and the inhibitor from the crystal structure was used to define the active site.

• Preparation of ligands

http://rsb.info.nih.gov/ij/
https://doi.org/10.1021/bi701652t
https://doi.org/10.1038/s41467-017-01263-3
https://doi.org/10.1002/1097-0134(20010501)43:2\T1\textless {}175:aid-prot1029\T1\textgreater {}3.0.co;2-#
https://doi.org/10.1002/1097-0134(20010501)43:2\T1\textless {}175:aid-prot1029\T1\textgreater {}3.0.co;2-#
https://doi.org/10.1016/j.bmcl.2010.07.054
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The structures of all the quinazolinone compounds were sketched using Chemdraw
ultra 13.0 and converted into 3D structures using the Hyperchem pro 8.0 software (www.
hyper.com). Geometry optimization was carried out using the PM3 method via the MOPAC
program (http://OpenMOPAC.net). Finally, all the compounds were saved in a .pdb format
for further docking studies.

• Docking studies

Autodock tools (ADT) version 1.5.6 (www.autodock.scrips.edu) was used to prepare
the molecular docking. The Lamarckian genetic algorithm methodology was employed for
the docking simulations. The best binding conformation was selected from the docking log
(.dlg) file for each ligand and further interaction analysis was performed using PyMol and
Discovery Studio Visualizer 4.0.

3.3.2. ADMET Analysis

The ADMET analysis was performed using the standard protocol recommended in
ADMETLab 2.0 (https://admetmesh.scbdd.com) [89]. For this, the canonical SMILES
(simplified molecular-input line-entry system) of all molecules were submitted serially
to the ‘ADMET Evaluation’ option of the ‘services’ section of the ADMETLab 2.0 server.
After submitting, the server led to the calculation and display of a good number of the
ADMET properties of a molecule. The results were then saved in a ‘.csv’ file. The same file
is available as a Supplementary Material.

3.3.3. The Bioavailability Radar Charts

These were studied using the SwissADME free web tool [95] (http://www.swissadme.
ch/idex.php), accessed on 26 May 2023.

4. Conclusions

Quinazolinone derivatives 3a–h and their S-arylated analogues 5a–h were synthesized
and characterized by various spectroscopic techniques. Multi-target biological screening
revealed the significance of 3a, 3g and 5a as potent DPPH radical scavengers with lowered
IC50 values (mM) of 0.191 ± 0.011, 0.165 ± 0.005 and 0.172 ± 0.004, respectively, as com-
pared with 0.245 ± 0.027 by BHT. Despite this, none of the screened compounds showed
an improved inhibitory efficiency to celecoxib (IC50 = 0.136 × 10 −3 ± 0.006 × 10 −3 µM)
and sodium oxamate (IC50 = 140.503 ± 7.647 µM) against COX- 2 and LDHA, respectively;
quinazolinones 3a (IC50 values = 281.374 ± 10.545 and 273.345 ± 16.087 µM) and 3g (IC50
values = 251.780 ± 22.023 and 242.279 ± 31.298) were recognized as the most active deriva-
tives against these enzymes, respectively. Notably, quinazolinones 3h, 5a and 5h with
IC50 values ranging from 12.548 ± 0.542 to 12.882 ± 0.426 µM against AG, and derivatives
3a, 3c, 3f, 3h and 5a–5f as well as 5h, with IC50 values spanning from 186.437 ± 9.700 to
381.335 ± 8.713 µM against AA, exerted superior activity to quercetin (IC50 = 13.126 ± 0.688
and 402.566 ± 10.108, respectively). Therefore, 3h, 5a and 5h can be considered as dual
inhibitors for AG and AA.

In addition, the viability assays identified 3a and 3f as the most active antiproliferative
agents with IC50 (µM) values of 294.324 ± 8.409 and 383.521 ± 8.989 (LoVo cells), and
298.060 ± 13.247 and 323.596 ± 2.996(HCT-116 cells) as compared with 22.371 ± 0.215(LoVo)
and 91.098 ± 2.721(HCT-116) by 5-FU. Interestingly, these compounds did not inhibit the
growth of non-tumoral HUVEC at 560.617 and 599.251 µM, with viability percents of
97.000 ± 2.646 and 99.667 ± 0.577, respectively. Quantitative real-time PCR measurements
confirmed the capability of 3a and 3f at 10 µg/mL to upregulate the expression levels of
Bax and Caspase-3 genes, along with the downregulation of the expression level of the Bcl-2
gene in the cultures of the treated HCT-116 and LoVo cells as compared to the negative
control cultures. Moreover, the Western blotting analyses indicated that 3a and 3f were
able to induced apoptosis in HCT-116 and LoVo colon cancer cells via pathways triggered
by caspases, and predominantly through the intrinsic pathway mediated by caspase-9.
Furthermore, the two compounds induced more death for the HCT-116 and LoVo cells via
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apoptosis than via necrosis; in addition, they induced cell cycle arrest for the LoVo cells
in the G2/M phase and for the HCT-116 cells in the G1 phase. Therefore, the observed
cytotoxicity of these derivatives could be attributed to the induction of apoptosis and the
blocking of cell cycle progression in both cell lines. Molecular docking analyses of the active
or potential candidates corroborated the observed inhibitory efficiencies in the in vitro
assays against AA, AG, LDAH and COX-2. Lastly, the physicochemical properties, the
suitability in medicinal chemistry and the ADMET characteristics were predicted for all the
synthesized compounds and explained in detail for some representative active compounds.
Collectively, these quinazolinone derivatives may be considered to be suitable candidates
for further optimization and exploration against CRC and its risk factors, particularly
oxidative stress and DM-type 2.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ph16101392/s1; The Excel file is for all physicochemical and
ADMET predictions and the PDF file is for the spectroscopic analyses of the synthesized compounds.
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ABSTRACT

Cardiovascular diseases (CVD) such as heart failure, stroke, and hypertension affect 64.3 million people
worldwide and are responsible for 30% of all deaths. Primary inhibition of the angiotensin-converting
enzyme (ACE) is significant in the management of CVD. In the present study, the genetic algorithm-mul-
tiple linear regressions (GA-MLR) method is used to generate highly predictive and statistically significant
(R2 ¼ 0.70–0.75, Q2

LOO¼0.67–0.73, Q2
LMO¼0.66–0.72, CCCex¼0.70–0.78) quantitative structure-activity rela-

tionships (QSAR) models conferring to OECD requirements using a dataset of 255 structurally diverse and
experimentally validated ACE inhibitors. The models contain simply illustratable Padel, Estate, and
PyDescriptors that correlate structural scaffold requisite for ACE inhibition. Also, constraint-based molecu-
lar docking reveals an interaction profile between ligands and enzymes which is then correlated with the
essential structural features associated with the QSAR models. The QSAR-based virtual screening was uti-
lized to find novel lead molecules from a designed database of 102 thiadiazole derivatives. The
Applicability domain (AD), Molecular Docking, Molecular dynamics, and ADMET analysis suggest two com-
pound D24 and D40 are inflexibly linked to the protein binding site and follows drug-likeness properties.
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1. Introduction

The complications like hypertension, dysrhythmia, heart fail-
ure (HF), myocardial infarction, etc. are the main factors asso-
ciated with cardiovascular diseases (CVD) accounting for 32%
of the overall mortality in developed and many developing
countries (Dariush et al., 2016). The experimental evidence
suggests that control of the renin-angiotensin-aldosterone
system (RAAS) is very important in the pathophysiology of
CVD through Angiotensin-Converting-Enzyme-I (ACE-I) inhib-
ition (McMurray, 2011).

ACE-I which catalyzes the conversion of angiotensin-I to
angiotensin-II is a membrane-bound dipeptidyl carboxyl pep-
tidase that has two important active sites viz. zinc-binding
site and cationic binding site and occupies an important
niche in the regulation of extracellular volume by the rennin
angiotensin system (Gonzalez Amaya et al., 2020; Khan &
Imig, 2018). There are many trends in which ACE-related
exploration requisite like deficiencies attributed to the cur-
rent generation of these drugs, overcoming side effects such
as dry cough or angioedema, development of irreversible
ACE-I inhibitors (ACEIs), and improving the selectivity of
drugs towards c-domain for antihypertensive activity
(Regulska et al., 2014; Zheng et al., 2022).

In silico techniques have proven crucial in drug discovery
efforts because of their multifaceted use for data collection,
pre-processing, analysis, and inference. Wet-lab chemical
experimentation has been minimized in the last few years by
molecular modelling and virtual experimentation, which use
the foundational concepts of basic sciences including math-
ematics, chemistry, physics, and algorithms (Jawarkar, Bakal,
et al., 2022; Schaduangrat et al., 2020).

Quantitative structure-activity relationship (QSAR) and
molecular simulations are recognized Insilico approaches in
ligand-based drug design and structure-based drug design,
which when applied in harmony give critical and superlative
evidence essential for lead/drug optimization (Masand et al.,
2017). QSAR is a mathematical expression to correlate bio-
logical activities with chemical structures of different classes
of compounds which will be helpful to design and predict
the activity of novel drug candidates without sacrificing ani-
mals (Khan et al., 2019; Olasupo et al., 2019).

The current challenge in the QSAR is to fill data gaps by
predicting biological activity from known structural features
of novel designed ACEIs comprising scaffolds that might not
have been tested experimentally (Roy et al., 2017). A combin-
ation of esoteric e-Dragon or PaDEL descriptors along with
PyDescriptor descriptors is useful for deriving statistically
robust QSAR models further valuable for qualitative, quanti-
tative, and mechanistic interpretations (Masand & Rastija,
2017). Molecular simulation techniques identify the most
favorable conformation (position and relative orientation) of
bioactive at a catalytic site to study interaction with a target
that was knotty with conventional biological assay (Hadaji
et al., 2022; Karad�zi�c et al., 2017).

There have been a large number of computational studies
performed (Carli et al., 2014; Gonzalez Amaya et al., 2020;
Politi et al., 2009; Sagardia et al., 2013; Shah et al., 2023;
Stoi�ckov et al., 2018; Yan et al., 2020) so far for designing new

ACE-I inhibitors, but still, we are far from finding a potentially
small non-peptide moiety as ACEIs. ACE inhibitors are mostly
composed of a group such as a carboxyl (lisinopril), phospho-
nate (fosinopril), and sulfhydryl (captopril) that chelates with
the divalent zinc ion through various interactions lead to dif-
ferent domain specificity (Zheng et al., 2022). The azole
group’s nucleus, the thiadiazole moiety, is a flexible pharma-
cophore with a wide range of biological functions (Almutairi
et al., 2022; Hu et al., 2014; Jain et al., 2013; Palakkeezhillam
et al., 2023). In addition to these, thiadiazole shows the poten-
tial to act as a cardiovascular drug in the treatment of hyper-
tension (El-Enany et al., 2020; Turner et al., 1988). The main
aim of this research work is to develop good, rational, and
statistically robust in silico models that can correctly interpret
the structural features, with high external predictability to
screen novel ACEIs with more favorable clinical profiles than
current generation drugs. New thiadiazole derivatives were
designed according to the classical synthetic scheme also con-
sidering structural requirements suggested by in silico studies.
The QSAR-based virtual screening was utilized to find novel
lead molecules from a designed thiadiazole derivative.
Moreover, selected compounds with favorable docking scores
were subjected to molecular dynamics and ADMET analysis.
Additionally, such in silico models could be useful to explore
the binding mode of inhibitors with ACE-I to gain further
insight into the structure-activity relationship.

2. Experimental methodology

2.1. Datasets selection

Molecular structural datasets of 255 compounds with inhibitory
activity against the angiotensin-converting enzyme of Rattus

norvegicus were collected from the ChEMBL database (https://
www.ebi.ac.uk/chembl). The dataset was prepared to contain
diverse classes of heterocyclic compounds selected in which
inhibitory activity was expressed in IC50 (nM). The reported IC50
(nM) values for enzyme inhibitory activity were converted to
molar units and then calculated pIC50 (�log10IC50) were used
before QSAR analysis. SMILES notations of all chemical com-
pounds are retrieved from ChEMBL database which was then
converted to SDF format using OpenBabel considering 3D
geometry optimization. Molecular structures are energy-opti-
mized using the MMFF94 force field in Marvin from ChemAxon
(www.chemaxon.com). Before calculating descriptors, we cura-
ted all chemical compounds to develop significant QSAR mod-
els (see supplementary information S1, Sheet1).

2.2. Descriptor calculation and pre-treatment

In this section, we have calculated only 2D descriptors using
three approaches, namely Py-Descriptor(16251) (Masand &
Rastija, 2017) (Constitutional, geometric, circular fingerprint,
quantum chemical and topological), Estate Descriptors (calcu-
lates n-octanol/water partition coefficient; Tetko et al., 2001)
and PaDEL-Descriptor 2.20 (1444) (Yap, 2011) (for extended
topochemical atom indices) (see supplementary information
S2). Since all the calculated descriptors (>17730) do not
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contain significant information; we have performed data cur-
ation manually, to eliminate the descriptors with missing or
near-constant values. Descriptors are filtered which are con-
stant (>95%) and highly correlated (jRj > 95%) before par-
ticular feature selection using QSARINS 2.2.4 (Gramatica
et al., 2013). This led to a set of only 620 interpretable
descriptors for ACE-I inhibitory activity. The reduced set of
descriptors still comprises a wide array of speculative
molecular descriptors that takes into account different struc-
tural features, viz. constitutional, geometric, autocorrelation,
topological, quantum chemical, and circular fingerprints cap-
turing the diverse aspects of the chemical structures.

2.3. QSAR model development

2.3.1. QSAR model

The principle and application of QSAR analysis define key
characteristics of structural features to envisage the antici-
pated activity of compounds before their actual synthesis
and biological evaluation. The dataset was divided into train-
ing (70%) and prediction (or test) (30%) sets randomly before
descriptor selection. We utilized the training set to generate
the QSAR models and then validated our results using the
test set. The superlative set of descriptors was selected using
the GA-MLR module of QSARINS 2.2.4. Multiple Diversified
QSAR models ensure the retention of complete information
on structural features governing the biological inhibitory

activity of molecules. The steps applied in the development
of the QSAR model have been briefed in Figure 1.

2.3.2. Statistical validation of the generated 2D-QSAR

models

In the present work, we have applied various statistical
methodologies like internal (regression coefficient: R2, leave-
one-out/many-out cross-validated correlation coefficient:
Q2

LOO, Avg Rm
2
LOO, and DRm

2) and external (Q2-F1, Q2-F2,
Rm

2 parameters, and concordance correlation coefficient:
CCC) validation methods to assure the significant level of the
generated models (Tropsha, 2010). Additionally, the Y-ran-
domization test (Kumar et al., 2020), checked applicability
domain criteria was checked, using the Williams plot—the
plot of HAT i/i(h�) versus standardized cross-validated resid-
uals was used (Roy et al., 2015). Consideration of all these
criteria together advances the predictive efficiency of the
QSAR model (Shah & Chaple, 2021). The details of various
statistical validation parameters are discussed in Table 2.

2.4. Molecular docking

In this analysis, we have applied the molecular docking studies
to investigate the binding pattern of molecules (most active,
least active, and intermediately active compounds from the
dataset) with the C-domain (PDB ID: 1O86) and N-domain
(PDB ID:3NXQ) of ACE-I, obtained from the protein data bank

Figure 1. Steps Involved in QSAR Model Development.
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(https://www.rcsb.org). The orally active ACEIs have so far been
the preeminent drugs in lowering blood vessel pressure both
in renovascular and fundamental hypertension. The molecular
docking study was performed by using MOE 2015 software
(Chemical Computing Group, Montreal, Canada). Before the
docking analysis, we prepared the target protein and selected
ligands from the dataset using a standard protocol (See sup-
plementary information S4). Pharmacophores constraints were
generated using the Pharmacophore query editor containing
metal chelation constraint and one positional constrain amide/
amine Nitrogen with 1Å constraint sphere. This pharmaco-
phore was used in the docking using the pharmacophore
placement method at a site centered on co-crystallized ligand
atoms and the top 1000 poses ranked by the London dG scor-
ing function. From these poses, the best 30 poses were ranked
and then minimized using MMFF94� forcefield within a rigid
receptor. The resulting poses were then refined and scored
using the Generalized-Born Volume Integral/Weighted Surface
area (GBVI/WSA) dG scoring function which estimates the bind-
ing free energy for an obtained pose of the ligand. The final
results were analyzed, and visualized based on docking scores
and pose using Discovery Studio 2020 Client (Biovia, 2016),
Ligplot v.4.5.3 (Wallace et al., 1995), and PyMol software (L
DeLano, 2002) considering bound ligand as standard.
Visualization of protein-ligand interaction reflects, the number
of interactions and active residues responsible for the signifi-
cant binding at the active site target enzyme.

2.5. Modeling of new compounds

About 102 novel thiadiazole derivatives were designed using
DataWarrior software according to the synthetic route con-
sidering structural requirements indicated by the developed
QSAR model (Sander et al., 2015). The chemical similarity
analysis with the compounds database in ChEMBL reveals
that designed analogues are novel and have not been
experimented with before for ACEIs. All compounds gener-
ated were 3D optimized using MMFF94 force-field by
OpenBabel and descriptors are calculated as discussed
above. The best acceptable and predictable QSAR model was
used to predict the applicability domain of the optimized
designed compounds using QSARINs and the activity (pIC50)
was predicted for the generated compounds exhibited HAT
i/i (h�¼0.1676) or less.

2.6. ADMET study of designed compounds

The selected 102 designed thiadiazole analogues were sub-
jected to drug-likeness properties according to Lipinski,
Ghose, Veber, Egan, and Muegge filters. The pharmacokinetic
profile (ADME) and Toxicity predictions of ligands were con-
ducted using SwissADME (http://www.swissadme.ch) and
pkCSM (http://biosig.unimelb.edu.au/pkcsm/prediction). To
analyze the toxicological properties of ligands SMILES nota-
tions or SDF files uploaded followed by selecting required
models for generating numerous information about struc-
ture-related effects (Arora et al., 2020; Shah et al., 2021).

2.7. Molecular dynamics

Desmond version 2020.1 with OPLS3e force field from
Schrodinger was used to study the dynamic behaviour of most
active Molecules D24 with a docking score of � 6.257 kcal/mol,
Molecule D40 (–6.697 kcal/mol) and standard RXPA380
(�8.753 kcal/mol) complexes in presence of explicit water mole-
cules (Harder et al., 2016). The System Builder module was used
for system preparation using SPC module for solvation and vol-
ume occupancy in an orthorhombic box with periodic boundary
conditions. The solvated system was neutralised by the addition
of appropriate anion (Cl�) and cation (Naþ) with a salt concen-
tration of 0.15mol/The Nose–Hoover chain coupling approach
was employed to build up the NPT ensemble with temperature
300K, leisure time of 1.0 ps, and pressure 1bar, which was once
as soon as maintained in all simulations. A 2 fs time step will be
employed. The barostat approach with the Martyna–
Tuckerman–Klein chain coupling scheme was originally utilized
for pressure control with a leisure time of 2 ps. The particle
mesh Ewald technique was used to calculate long-range elec-
trostatic interactions with a radius of 9 for Coulomb interactions.
The non-bonded forces were estimated using the RESPA inte-
grator. The root mean square deviation (RMSD), root mean
square fluctuation (RMSF), a radius of gyration (Rg), and protein-
ligand interactions were assessed to check the stability of the
complex in MD simulations (Jawarkar, Sharma, et al., 2022).

3. Results

3.1. QSAR models

A total of four QSAR models based on GA analysis were gen-
erated where all models are statistically analogous and relate

Box 1. Reaction scheme for the design of thiadiazole derivatives.
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the biological activity (response dependable) to a set of
molecular descriptors (independent variable) resulting in a
mathematical equation correlating them (see supplementary
information S3, Sheet1). Model 1 is generated using an
undivided dataset whereas the other three using divided can

be useful to locate importantly and obscured structural top-
ographies that have a significant correlation with the activity.
Therefore, we have developed GA-MLR-based multiple QSAR
models for ACE-I inhibitory activity following OECD guide-
lines (Table 1).

Table 1. QSAR model developed against ACE-I enzyme.

Model 1 (Undivided) pIC50 ¼ 2.17088þ 8.3221(±1.3209) fmsaminus � 0.1781(±0.0252) C_HASA2þ 0.0403 (±0.0089) Cminus_AbSA � 5.8539(±0.7665) lipo_
don_3Bc � 0.1182(±0.0232) fCringC5A þ 0.0442(±0.0163) SaaCH � 0.2705(±0.0517) ALogP þ 2.2208 (±0.4424) AATSC7i þ
1.7636(±0.2408) GATS7e

Model 2 (Divided) pIC50 ¼ –2.0928þ 8.0956 (±1.656) fmsaminus þ 0.0693(±0.011) Cminus_AbSA þ 0.0207 (±0.0042) Sminus_SASA þ 0.0878(±0.021)
minus_acc_3B þ 1.2740 (±0.4115) C_ringN_2Bc � 0.1000 (±0.0193) ringC_S_5B þ 11.5138 (±1.2883) MATS3c þ 1.3922
(±0.4451) GATS7m þ 0.8866(±0.1904) GATS7s

Model 3 (Divided) pIC50 ¼ –1.7419þ 13.2854(±1.528) fmsaminus þ 0.0854(±0.0104) Cminus_AbSA þ 2.7259 (±0.6713) ringC_N_4Ac � 0.3158 (±0.066)
AATS8s þ 687.2595(±71.96) AATSC3c þ 1.7160(±0.1856) GATS7s þ 1.860 (±0.059) SHCsats

Model 4 (Divided) pIC50 ¼ –2.5203þ 12.5040(±1.3908) fmsaminus � 0.1644(±0.0272) C_HASA2þ 0.0804(±0.0096) Cminus_AbSA � 0.0420(±0.0164)
fCringC5A þ 537.3100 (±70.27) AATSC3c þ 0.9097(±0.417) GATS7m þ 1.4798(±0.2397) GATS7e þ 0.9601(±0.2848) GATS8p

Table 2. Statistical performance of developed QSAR models.

Sr. No.
Statistical
parameter Model 1 Model 2 Model 3 Model 4

Undivided Divided Divided Divided
1. Ntr 255 179 180 180
2. Ntest 0 76 75 75
3. No. of descriptors 9 9 7 8
Fitting criteria
4. R2tr 0.7161 0.7405 0.7096 0.7480
5. R2 adj. 0.7057 0.7267 0.6977 0.7361
6. R2-R2adj: 0.0104 0.0138 0.0118 0.0119
7. LOF 0.8319 0.8237 0.8173 0.7659
8. Kxx 0.3314 0.3204 0.281 0.2852
9. DeltaK 0.0429 0.0505 0.0579 0.0558
10. RMSEtr 0.8477 0.8163 0.8342 0.7969
11. MAEtr 0.663 0.6301 0.6574 0.6195
12. RSStr 183.2378 119.2823 125.2716 113.6803
13. CCCtr 0.8346 0.8509 0.8301 0.8558
14. S 0.8648 0.8401 0.8534 0.8177
15. F 68.6637 53.5776 60.0267 63.0619
Internal validation criteria
16. R2 cv (Q2

LOO) 0.6932 0.7083 0.6732 0.7225
17. R2-Q2

LOO 0.0229 0.0322 0.0363 0.0254
18. RMSEcv 0.8812 0.8655 0.8849 0.8362
19. MAEcv 0.6898 0.6678 0.6924 0.6512
20. PRESScv 198.0217 134.0909 140.9372 125.1548
21. CCCcv 0.8214 0.8327 0.8095 0.8414
22. Q2

LMO 0.6866 0.6996 0.6629 0.7168
23. R2 Yscr 0.0355 0.05 0.0389 0.0459
24. Q2 Yscr �0.045 �0.0665 �0.0535 �0.0587
25. RMSE AVYscr 1.5623 1.5617 1.5174 1.5504
External validation criteria
26. h� �7.4174 �9.9624 �17.8467
27. RMSEex 0.9879 1.0493 1.0449
28. MAEex 0.8109 0.8525 0.8792
29. PRESSext 74.1668 82.5792 82.9744
30. R2 ex 0.6229 0.624 0.5816
31. Q2-F1 0.6074 0.6173 0.5732
32. Q2-F2 0.5844 0.6071 0.5731
33. Q2-F3 0.6199 0.5405 0.5667
34. CCCex 0.7874 0.7812 0.7091
35. r2m aver. 0.4943 0.4906 0.3478
36. r2m delta 0.0475 0.17 0.3607
Predictions by LOO
37. R2 0.7087 0.6739 0.7228
38. R’2o: 0.6128 0.5489 0.6341
39. k‘ 0.9866 0.9863 0.9874
40. 1-(R2/R’2o) 0.1353 0.1855 0.1227
41. r‘2m 0.4892 0.4356 0.5076
42. R2o 0.7083 0.6733 0.7225
43. K 0.9991 0.9986 0.9988
44. 1-(R2-ExPy/Ro

2) 0.0006 0.0009 0.0003
45. r2m 0.6943 0.6576 0.7120
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3.2 Validation of QSAR models

The developed GA-based models are examined in terms of
the statistical quality of their results to evaluate their predict-
ive power (Table 2). The results suggest that developed
QSAR models are statistically robust and possess acceptable
external predictive power.

The QSAR model is said to be valid as it meets the pre-
dicted R2 criteria >0.6 (Golbraikh et al., 2003). The displayed
linear relationship (Figure 2) was observed in the plot of the
predicted value of the training set versus experimental pIC50
values (R2¼ 0.70–0.75). For all the developed models, the
value of R2adj is quite close to R2tr, low value of LOF (Lack of
fit) and k (computes inter-correlation between descriptors)
suggesting that the number of descriptors in the models is
not too high, thereby, indicating that the models are free
from over-fitting (Gramatica, 2014).

All the developed QSAR models are statistically robust
based on high values of cross-validation parameters Q2,
Q2

LMO, CCCCV, and condition RMSEtr < RMSEcv is fulfilled by all
the developed models (Figure 3). The low value of R2Yscr and
Q2

Yscr for all the models indicates that the models have not
been developed by chance. A high value of various statistical
parameters like R2ex, Q

2-F1, Q2-F2, Q2-F3, CCCex, etc. indicates
the models possess high external predictivity. This is addition-
ally upheld by the low value of RMSEex, MAEex, and PRESSext.

Figure 4 depicts the Williams plot of the ACEIs dataset, in
which the Hat diagonal values are plotted against

standardized residuals by the developed model and the LOO
method gives information about outliers and outstanding
chemicals in the models.

The applicability domain is fixed up inside a defined
domain where all the datasets were inside the limit ±3 for
residuals and a leverage threshold h�(h�¼3po/n) where po is
the number of descriptors and n is the number of com-
pounds; Roy et al., 2015).

Applicability domain analysis examination reveals that
most of the compounds of the training and test set were
within the domain. Also, none of the statistical values was
the distant outlier with standardized residuals >3d for the
selected dataset. The Y-randomization graph evaluates the
reliability and robustness of the model which confirms that
the developed model is not by chance correlation (Figure 5).

3.3. Molecular docking

3.3.1. Validation of docking protocol

Before proceeding toward the docking analysis of selected
compounds from the dataset, the docking protocol was vali-
dated by re-docking the native ligands (Lisinopril and
RXP407 compounds) from crystal structures (PDB ID: 1O86
and 3NXQ) into its binding pocket. The shape and large
dimension of the binding site are always a challenge for
docking of ACEIs. Therefore, in both cACE and nACE molecu-
lar docking calculations, constraints are needed to obtain

Figure 2. Plot of the predicted training set and test set versus experimental pIC50 values (a) by developed QSAR models (b) by LOO method.
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reliable orientations of ligands such that pose that contains
hydrogen bonds with His331 and/or His491 (nACE) or His353
and/or His513 (cACE) along with metal-chelator interactions
are reliable (Caballero, 2020). The results showed that docked
poses of native ligands are maximally superimposed with co-
crystallized ligands in protein structure (Figure 6). This
implies that the docking protocol is well enough for the vir-
tual screening of dataset compounds.

3.3.2. Molecular docking results

The developed QSAR model is statistically robust in predict-
ing the binding affinity of ligands against the target protein
ACE-I. However, the ACE-I binding site is composed of the
subsites S20, S10, S1, and S2 (Figure 10). Conventional ACE

inhibitors bind to the catalytic region of the active sites of
nACE and cACE via chelation with the central Zn2þ, while
the groups P20, P10, P1, and P2, mimicking substrate pepti-
des, are placed inside these subsites (Caballero, 2020). To
unfold correlations between structural features of developed
QSAR models and site-specific ligand binding interactions,
we have dock cACE specific inhibitor (RXPA380), nACE spe-
cific inhibitor (RXP407), and the dataset molecules 120(most
active), 104(moderately active), 225(least active) into the
active binding pocket of both the domains of ACE-I (cACE,
PDB ID: 1O86 and nACE, PDB ID: 3NXQ) in this study (Figure
10 and Table 3). The resulting docking pose that has metal-
acceptor interaction and H-bonding with His353 and/or
His513 (cACE) or H-bonding with H331 and/or H491 (nACE)
are selected for assessments.

Figure 3. Plot of LMO validations compared with the original model.

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS 7



4. Discussions

4.1. QSAR results evaluation

It can be observed that model 4 is statistically better than all
other models based on fitting criterion (R2tr, RMSEtr, CCCtr,
and F values) and internal validation criterion (Q2

LOO, RMSEcv,
CCCcv, Q

2
LMO). However, model 2 is more predictive of the

external validation criterion (RMSEex, Q
2-F1, Q2-F2, Q2-F3, r2m

average).
The contribution of each descriptor for inhibitory activity

is expressed by the values of standardized coefficients. For
instance, in Model 2, the descriptor ‘MATS3c’ has the max-
imum positive coefficient value of 11.514 for ACE-I inhibition.
The meaning of each descriptor that is selected in the devel-
oped QSAR model is summarized in Table 4.

4.1.1 Elucidation of descriptors

The challenges that come across during QSAR analysis are
the interpretation and relationship of structural features with
selected descriptors. Hence, in the current work, effectively
interpretable descriptors that are straightforwardly connected
with the presence or absence of structural attributes were
considered. Further, molecular docking studies predict the
predominant binding modes of structural scaffolds with tar-
get enzymes. This could be highly beneficial to the design

and synthesis of a new chemical moiety having the potential
to inhibit the ACE-I enzyme.

Among the selected descriptors, many typical QSAR param-
eters, such as PyDescriptors (Cminus_AbSA, fCringC5A, lipo_
don_3Bc, minus_acc_3B, ringC_N_4Ac, ringC_S_5B, Sminus_
SASA, ringC_S_5B, Sminus_SASA) and Padel descriptors which
include ALogP, autocorrelation (AATS8s, AATSC3c, AATSC7i,
GATS7e, GATS7m, GATS7s, GATS8p, MATS3c) and atom-type
electrotopological state (SaaCH, SHCsats) contribute signifi-
cantly in angiotensin-converting enzyme inhibition activity.

The properties of atoms including relative positions and
their properties calculated in terms of the number of bonds
or Euclidean distance through PyDescriptors. The quantum
chemical descriptors C_ringN_2Bc and ringC_N_4Ac show a
positive contribution to angiotensin-converting enzyme
inhibition. These descriptors point out that an increase in
partial charges of carbon atoms present within 2 bonds from
ring Nitrogen atoms or partial charges on ring carbon atoms
within a distance of 4 Å to nitrogen favor the ACE-I inhibitory
activity as found in compounds 120 (pIC50: 9.75) and 147
(pIC50: 9.45) with a higher numerical value of these descrip-
tors (Figure 7). In contrast, compounds like 33 (pIC50: 3.823)
and 96 (pIC50: 3.823) have no such charges and show lower
inhibitory activity (Figure 7a). The 3rd quantum chemical
descriptor lipo_don_3BC represents the sum of partial
charges of lipophilic atoms presents within 3 bonds from
donor atoms like –NH or –OH. It shows a negative correlation

Figure 4. Williams plot. Hat diagonal values versus standardized residuals (a) by developed QSAR models (b) by LOO method.
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Figure 5. Statistical criterion of the model (a) Applicability domain: Hat diagonal values versus predicted data (b) Y-scrambled evaluation.

Figure 6. Validation of docking protocol by re-docking the native ligands (Lisinopril and RXPA407) at active binding site and interacting amino acid residues.
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with activity as shown in model-1 and reflects from descrip-
tor values �0.0263 (for compound 33) and �0.183 (for com-
pound 120) that the higher the score lower the potency of a
compound.

The descriptors Cminus_AbSA (Absolute SA of negatively
charged C-atoms), fmsaminus (Frequency of occurrence of
negatively charged SA), and Sminus_SASA (Solvent accessible
SA of negatively charged S-atoms) are geometric

Table 3. Molecular docking results of selected dataset against cACE (PDB ID:1O86) and nACE (PDB ID:3NXQ).

Co. No. pIC50

nACE (PDB ID: 3NXQ) cACE (PDB ID: 1O86)

Arg 381 Tyr369 Binding energy RMSD Glu 403 Phe 391 Binding energy RMSD

RXPA380 Ki ¼ 3.0 nM 5.83
(C-38)

5.64
(C-38)

�6.549 1.77 3.43
(O-6, H-bond)

3.27
(C-43)

�8.753 1.42

RXP407 Ki ¼ 7.0 nM 2.09
(O-10, H-bond)

2.81
(O-10, H-bond)

�9.887 1.83 5.16
(C-34)

3.87
C-34)

�6.754 1.93

120 9.75 3.88(C-40) 3.25(C-39) �7.313 2.53 2.44
(O-40, H-bond)

3.33
(O-39)

�9.155 1.56

104 7.137 9.25
(O-3)

7.34
(O-1)

�4.768 1.36 4.15
(C-17)

4.38
(C-18)

�7.036 1.2

225 3.284 7.09
(C-1)

5.96
(O-8)

�3.536 1.3 8.66
(O-8)

8.53
(O-8)

�5.914 1.87

�Each bounding pose is evaluated by measuring the distance between the ligand atoms indicated in brackets and N atom from Arg381, O atom from Tyr369 in
the nACE with the distance between the nearest C atom from Phe391 and O atom of Glu403 in the cACE.

Table 4. Symbols and definitions for the descriptors selected in QSAR models.

Name Brief description Descriptor type

Cminus_AbSA Absolute Surface Area of negatively charged carbon atoms Geometric
fmsaminus Frequency of occurrence of negatively charged molecular surface area Geometric
fCringC5A Frequency of occurrence of ring Carbon atoms exactly at 5 Angstrom from Carbon atoms Circular fingerprint
minus_acc_3B Number of negatively charged atoms from acc atoms within 3 bonds Topological
ringC_S_5B Number of ring Carbon atoms within 5 bonds from S atoms Topological
C_HASA2 Solvent Accessible Surface Area of Carbon atoms having partial charge in the range 0.10 to 0.20 Geometric
Sminus_SASA Solvent accessible Surface Area of negatively charged Sulfur atoms Geometric
C_ringN_2Bc Sum of partial charges of Carbon atoms present within 2 bonds from ring Nitrogen atoms Quantum chemical
lipo_don_3Bc Sum of partial charges of lipophilic atoms present within 3 bonds from donor atoms Quantum chemical
ringC_N_4Ac Sum of partial charges of ring Carbon atoms within 4 A.U. from N atoms Quantum chemical
ALOGP Ghose-Crippen LogKow ALOGP (Lipophilicity)
AATS8s Average Broto-Moreau autocorrelation - lag 8 / weighted by I-state Topological Autocorrelation
AATSC3c Average centered Broto-Moreau autocorrelation - lag 3 / weighted by charges Topological Autocorrelation
AATSC7i Average centered Broto-Moreau autocorrelation - lag 7 / weighted by first ionization potential Topological Autocorrelation
GATS7e Geary autocorrelation - lag 7 / weighted by Sanderson electronegativities Topological Autocorrelation
GATS7m Geary autocorrelation - lag 7 / weighted by mass Topological Autocorrelation
GATS7s Geary autocorrelation - lag 7 / weighted by I-state Topological Autocorrelation
GATS8p Geary autocorrelation - lag 8 / weighted by polarizabilities Topological Autocorrelation
MATS3c Moran autocorrelation - lag 3 / weighted by charges Topological Autocorrelation
SaaCH Sum of atom-type E-State: :CH: Atom type electrotopological state
SHCsats Sum of atom-type H E-State: H on C sp3 bonded to saturated C Atom type electrotopological state

Figure 7. Impact of (a) quantum chemical descriptors (C_ringN_2Bc and ringC_N_4Ac and lipo_don_3BC) on ACE-I enzyme (b) geometric descriptors (Cminus_
AbSA, fmsaminus, and Sminus_SASA) on ACE-I enzyme inhibitory activity.
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PyDescriptors contributing positively to the response (Figure
7b). So, the greater occurrence of these features correlates to
higher ACE-I enzyme inhibitory activity as observed in com-
pounds numbers 145 (pIC50: 9.337), and 103 (pIC50: 9.155),
while the absence of this feature correlates to lower potency
of ACE-I enzyme inhibitory activity as observed in com-
pounds 33 (pIC50: 3.824) and 225(pIC50:3.284).

Topological descriptors, minus_acc_3B defining the num-
ber of negatively charged atoms from acceptors atoms
within 3 bonds, positively influences ACE-I inhibitory activity
in model-2. Whereas, another descriptor ringC_S_5B defines
the number of ring carbon atoms within 5 bonds from S
atoms that negatively influence activity. This is witnessed by
compounds 145 (pIC50: 9.337) and 240 (pIC50: 3.686) where
the positive contribution of minus_acc_3B descriptor and the
opposite is seen in compounds 4 (pIC50:3.602) and 41
(pIC50:9.585) (negative contribution of ringC_S_5B descriptor)
as depicted in Figure 8a.

The descriptors fCringC5A is a circular fingerprint that rep-
resents the frequency occurrence of ring Carbon atoms
exactly at 5 Å from Carbon atoms. The 2D descriptors ALogP
shows a negative coefficient in developed QSAR model 1
based on an undivided dataset. It indicates that the hydro-
phobic carbon chain plays an important role in the control
of angiotensin-converting enzyme inhibition. AlogP is
defined as Ghose-Crippen LogKo/w, which interprets that the

number of heteroatoms present is indirectly proportional to
the hydrophobicity of the molecules (Ghose et al., 1998). As
the descriptors contribute negatively to the inhibitory activity
against the ACE-I enzyme. So, the compounds
97(pIC50:3.602) and 251(pIC50:3.668) with high lipophilicity
or showing higher descriptors values showed ACE-I enzyme
inhibitory activity in a lower range. Conversely, compound
91 (pIC50:9.376) showed higher range ACE-I enzyme inhibi-
tory activity due to the absence of lipophilicity (Low descrip-
tor value).

All the developed QSAR models contained 2D
Autocorrelation descriptors of Broto-Moreau (ATS), Geary
(GATS), and Moran (MATS; Hollas, 2003), which defines the
distribution of physicochemical properties along the topo-
logical surfaces of the molecules as a positive coefficient
(except GATS7s in model-5), hence, its value must be kept as
high as possible. All 2D autocorrelation descriptor contrib-
utes positively to the ACE-I inhibitory activity as specified by
the positive regression coefficient. Thus, the molecules bear-
ing such fragments may have enhanced ACE-I inhibitory
activity as presented in compounds 103 (pIC50: 9.155) and
205 (pIC50: 9.154). Although the compounds containing no
such features have lower inhibitory activity as shown in com-
pounds 240 (pIC50: 3.686) and 4 (pIC50: �3.602) (Figure 8b).

The models also contained positively correlated 2D atom
type electro-topological state descriptors SaaCH (indicates

Figure 8. Impact of (a) Topological (minus_acc_3B, ringC_S_5B), Circular fingerprint (fCringC5A), and ALogP (b) 2D Autocorrelation descriptors (ATS, GATS, and
MATS) (c) 2D atom type electro-topological state descriptors (SaaCH and SHCsats) on ACE-I enzyme inhibitory activity.
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the presence of un-substituted aromatic—CH—fragment;
Edraki et al., 2016) and SHCsats (the hydrogen E-states sum
on the sp3 hybridized carbon atom of the saturated bond).
SHCsats reflect weak interactions with non-polar sites in the
biomolecular targets (Przybyłek, 2020). The positive contribu-
tion of these descriptors suggests that the numerical value
of descriptors is directly related to the ACE-I inhibitory activ-
ity. The impact of these electro-topological state descriptors
is depicted in compound 42 (pIC50: 9.398) (Enzyme inhibi-
tory activity increases with the corresponding rise in numer-
ical descriptor values), whereas the inverse phenomena have
been observed in compound 223 (pIC50: 3.824) (Enzyme
inhibitory activity decreases on lowering corresponding
numerical descriptor value) in Figure 8c.

4.1.2. Activity cliff analysis

In descriptive SAR study, activity cliff analysis helps in the
determination of specific and minor structural changes that
influence biological activity. This relationship between struc-
tural features and biological activity can be visualized by cal-
culating the structure-activity landscape index (SALI) using
DataWarrior (Blay et al., 2021; Kumar et al., 2021). The SALI
plot of selected dataset compounds represents the relative
position in 2D space comparing biological activity with struc-
tural features (Figure 9). Similar compounds are connected
with a line and the markers are colored by ACE-I inhibitory
activity (pIC50) of the compounds from green (active, � 7) to
red (inactive, � 5). In the landscape, connected with lines
building green colored clusters represents similar compounds
with analogous ACE-I inhibitory activity. It helps rationalize
structural modification for the betterment of pharmacoki-
netic parameters with strengthened biological activity
(Egieyeh et al., 2016). In Figure 9 encircled cluster ‘B’, con-
tains green markers (active) connected to yellow

(intermediately active) and red (inactive). These compounds
are structurally similar but have varied biological activity sig-
nifies characteristic activity cliffs (Stumpfe et al., 2019).
Similar observations are also indicated by clusters A, C, and
D. Such clusters are helpful in the identification of structural
differences between a pair of compounds with varied bio-
activity (Victoria-Mu~noz et al., 2022).

4.2. Molecular docking analysis

RXPA380 is a c-domain-specific inhibitor with 3000 folds
lower Ki (3.0 nM) compared to the n-domain of ACE-I. c-
domain specificity of RXPA380 (binding energy, ̶ 8.753) is
attributed because of the hydrophobic interaction with resi-
due Phe391(subsite S1) and H-bonding of residue Glu403
(subsite S2) with group P2 (benzyl ring). Further, the P10 and
P20 groups of RXPA380 enhanced stability by forming p-alkyl
and p-ionic interactions with residue His513 (subsite S10) and
Lys511 (subsite S20) respectively. In disparity, equivalent resi-
dues Arg381 (subsite S2) and Tyr369 (subsite S1) in nACE fail
to form these important interactions (binding energy, ̶ 6.549).
RXP407 is an n-domain specific inhibitor with 2500 folds
lower Ki (7.0 nM) compared to the c-domain of ACE-I.
Formation of salt bridge interaction with residue Arg381
(subsite S2) and conventional H-bonding with residue Tyr369
(subsite S1) contributes to n-domain selectivity (binding
energy, ̶ 9.887). These polar interactions lose their specificity
in cACE due to the replacement of Tyr369 by Phe391. The
resulting interactions of RXPA380 and RXP407 are in agree-
ment with previously reported work, which means that the
docking protocol is agreeable (Cozier et al., 2018; Fienberg
et al., 2018).

In the cACE domain, the most active compound (120)
from the dataset (pIC50¼ 9.747) is accompanied by a

Figure 9. Activity cliff and SAR study. Molecules are clustered by chemical similarity considering SkelSpheres. The colors of the markers signify the pIC50 value,
where red color indicates the lowest and Green color indicates the highest pIC50.
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docking score of � 9.155 with RMSD 1.56 by forming eight
hydrogen bonds (conventional and carbon-hydrogen bonds)
with Glu403, His513, Glu162, Gln369, Glu411, His387, Glu376,
and Asp377 similarly to that of RXPA380. In the nACE
domain, with a docking score of �7.313 and RMSD 2.53,
compound (120) forms nine hydrogen bonds (conventional

and carbon-hydrogen bonds) with Trp335, Ser333, His361,
Asp43, Thr496, Gln259, Ala332, Glu362, and His491 analo-
gous to RXP407 (Figure 10). Chemically, compound 120
(ChEMBL356651) is ((R)-3-oxopyrrolidine-2-carbonyl)-L-lysyl-L-
phenylalanylgly-cyl-D-proline. The terminal carboxyl group of
proline is anchored with conventional H-bonding interaction

Figure 10. Schematic representation of 3D docked pose of compounds (a1) RXPA380-cACE (a2) RXPA380-nACE (b1) RXP407-cACE (b2) RXP407-nACE (c1) 120-cACE
(c2) 120-nACE (d1) 104-cACE (d2) 104-nACE (e1) 225-cACE and (e2) 225-nACE bind to the catalytic region of the active sites via a chelation interaction with the
zinc atom. The poses are overlaid with molecular surfaces according to lipophilicity (green-lipophilic, white-neutral, and magenta-hydrophilic regions).
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with residue Glu403 (cACE) and Gln259 (nACE). Equally, the
carboxyl group of lysyl structure hydrogen bonds with the
positively charged residues His353/His513 (cACE) and
Ala332(nACE), while the carboxyl group of phenylalanyl
forms ionic interactions with Zn metal (both domains) neces-
sary for reliable conformation of ligand pose. The identical
observation is indicated by using the descriptors Cminus_
AbSA and fmsaminus, highlighting the significance of the
negatively charged surface area. Further, descriptor minus_
acc_3B signifies the presence of the total number of nega-
tively charged atoms (O-17 and O-28) from acceptor atoms
(–NH) within 3 bonds in the ligand molecule accompanying
the above interactions. This rationalizes that, the QSAR
model showed a factual correlation with the docking results.
Subsequently, the descriptor SaaCH indicates the presence of
an unsubstituted aromatic—CH—fragment which facilitates
the appropriate binding and alignment of a molecule into
the active pockets. The aromatic ring of the phenylalanyl
group forms alkyl and pi-alkyl interaction with hydrophobic
residue Val518 and Ser355 at the S2 subsite (cACE). However,
docking poses of RXP407 and compound 120 in the nACE
domain do not show these interactions. Moreover, autocor-
relation descriptors MATS3c (Secondary amine) and GATS7s
(phenyl/alkyl attached carbamate derivative) are responsible
for binding to target proteins. So, the high value of descrip-
tors MATS3c, GATS7s, and SaaCH and docking analysis show
the importance of hydrophobicity in ligands for c-domain
specificity compared to the n-domain. This exhibits that,
QSAR analysis correctly identified imperative structural char-
acteristics decisive for ACE-I inhibition. Compounds 104
(ChEMBL71746) and 225 (ChEMBL159987) are small molecular
sizes that don’t have such kind of combination in large
active pockets which may additionally drop the binding affin-
ity against both domain cACE and nACE.

The resemblance in features obtained from QSAR model-
ing and molecular docking are in agreement and important
for predicting ACE-I inhibitory activity. Consequently, the
developed QSAR models can be considered to be able to
predict the angiotensin-converting enzyme inhibitory activ-
ity of diverse structures with supremacy in comparison to
the previously reported models (Gonzalez Amaya et al.,
2020).

4.3. AD, molecular docking, and ADMET analysis of

designed compounds

The applicability domain screening of 102 novel thiadiazole
derivatives simplified the identification of 65 probable leads
with the potential to inhibit ACE-I (Figure 11). The predicted
pIC50 values are based on rigorous validation with exhibited
HAT i/i (h�¼0.1676) or less. The structure molecular docking
score and predictive activity of the recognized compounds
have been shown in Table 5.

Further ADMET analysis shows that a total of 21 designed
compounds with better-predicted activity follow drug-likeness
parameters with no violations for Lipinski, Ghose, Veber, Egan,
and Muegge filters. Moreover, all 21 designed compounds
pass the pan assay interference compound (PAINS) test.
Additionally, it is predicted that designed compounds D1 to

D5, D9 to D11, and D16 do not show AMES toxicity, hepato-
toxicity, or skin sensitivity, and does not inhibit hERG-I and II
(low risk of cardiac toxicity). Designed compound D24 (cACE,
� 6.257 kcal/mol) and D40 (cACE, �6.697 kcal/mol) shows
comparatively better docking score and selectivity for cACE
over the nACE domain than other designed derivatives.
However, both of these molecules predicted that they do not
show potential to inhibit hERG-I only but may have a certain
affinity for hERG-II protein (Supplementary information S5).

4.4. Molecular dynamic simulation studies

Molecular Dynamics simulation studies were carried out to
understand the stability of protein–ligand interaction. As dis-
cussed earlier, the two best ligands having the highest dock-
ing score were selected for MD simulation studies.

RXPA380 was considered the standard inhibitor with the
c-domain-specificity inhibitor. Backbone root mean square
deviation (RMSD) analysis was carried out to evaluate the
stability of RXPA380 into the binding pocket of cACE (PDB
ID: 1O80) protein. When the root mean square deviation
(RMSD) data were compared, each simulation including
100 ns revealed stable conformation. It was observed that
RXPA380 formed H-bond with various amino acid residues
such as Tyr62, Asn66, Glu143, His353, Ser355, Tyr360, His513,
Ser516 and Ser517 whereas hydrophobic bond interaction
with Trp59, Arg124, Ala354, Trp357, Val380, His383, His387,
Phe391, His410, Phe457, Lys511, Val518, Arg522, and Tyr523.
The RMSD and RMSF plot of protein-ligand and the ligand-
protein contacts for RXPA380 are shown in Figure 12 and
Figure 13 respectively.

Similarly, the interactions of D24 at different time intervals
were analyzed and checked for stability which showed that
the proteins got stabilized and the ligand was forming inter-
action with the protein (RMSD difference � 2.5 Å). D24 was

Figure 11. Applicability domain analysis of novel designed compounds using
winner model-2.
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Table 5. Molecular docking score and predictive activity.

Designed Compounds ID Structures

Constraint Docking (MOE)

pIC50 value (Pred. by model eq.)cACE Score nACE Score

D1 �5.04076 �4.12513 7.2996

D2 �4.98171 �4.24858 7.2996

D3 �5.05719 �4.12859 6.1324

D4 �5.73965 �5.75091 5.975

D5 �5.63515 �5.73591 6.0084

D6 �5.2706 �5.51041 7.5089

D8 �5.1148 �5.21678 6.6008

D9 �4.83491 �3.48704 5.9597

D10 �5.78887 NA 6.0491

(continued)

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS 15



Table 5. Continued.

Designed Compounds ID Structures

Constraint Docking (MOE)

pIC50 value (Pred. by model eq.)cACE Score nACE Score

D11 �5.51545 �1.43169 5.9849

D16 �5.5154 �1.44846 5.8639

D23 �5.85387 �2.28013 7.3894

D24 �6.25657 �1.09322 6.0035

D32 �6.25957 �4.18712 4.967

D40 �6.69737 �3.14666 6.1763

D41 �6.55797 NA 6.4006

D42 �6.50319 �2.43959 4.6983

(continued)
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forming H-bond interactions with Gln281, His353, Lys511,
His513, Tyr520 and Tyr523 while hydrophobic interactions
with His353, Ala354, Val380, His383, Phe457, Lys511, Phe512,
His513, Val518 and Tyr523. The RMSD of D24 is shown in
Figure 12.

On the other hand, D40 was showing stable interactions
throughout the simulation period (100ns) which indicates the
stability of the ligand in the binding site pocket of the protein
(RMSD Difference ¼ 2.8Å). D40 was interacted with amino
acid such as His353, Ala354, Ser355, Ala356, Gln369, His383,

Table 5. Continued.

Designed Compounds ID Structures

Constraint Docking (MOE)

pIC50 value (Pred. by model eq.)cACE Score nACE Score

D43 �5.83596 �2.60598 5.4627

D44 �6.0223 �0.08135 5.3869

D56 �6.26933 �1.09785 5.1441

D65 �6.58994 �4.53265 5.3906

Figure 12. RMSD of the protein backbone along the simulation trajectory for the protein and ligand docked complexes. The overall structure of cACE did not
change much after the binding of (a) RXPA380 (b) D24 and (c) D40.

Figure 13. RMSF of the amino acids comprising the cACE. No abrupt fluctuations were observed in any region of the protein with the three ligands (a) RXPA380
(b) D24 and (c) D40.
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Glu384, His387, Glu411, Phe457, Tyr523 and Phe527 residues
by forming Ionic, H-bond and hydrophobic interactions. The
RMSF plot for D40 is shown in Figure 13.

All three molecule complexes generated various interac-
tions such as hydrogen bonds, hydrophobic contacts, ionic
interactions, and water bridges with distinct substrates in the
binding sites. Although hydrophobic and hydrogen bonds, are
weaker compared to ionic bonds, they are too exploited most
for the design of new drug candidates (Bhardwaj et al., 2021;
Yunta, 2017). Therefore, interactions pattern generated with
the surrounding amino acids in the cACE domain by RXPA380
were found to be used to predict the binding features of the
novel compounds over the entire 100ns simulation trajectory.

MD simulations trajectories revealed that D24 (Figure 14b)
was making more ionic bonds in comparison to D40 (Figure
14c) and RXPA380 (Figure 14a) over the entire simulation tra-
jectory. Tyr62, Glu143, His353, Tyr360, His513, Ser516, and
Ser517 are all conserved amino acid residues that play key
roles in docked chemical identification via H-bonding inter-
action. Correspondingly, compound RXPA380 shows the for-
mation of weak hydrophobic interaction with Phe391 and
water bridge interaction with Glu403 suggesting its cACE
domain-specific inhibitor. Furthermore, stability is provided
by ionic interaction made by His383, His387, Glu411, and
Tyr523 amino acid residues. Design compounds D24 and
D40 were found to form significant key interactions similar
to RXPA380 towards the substrate binding pocket of cACE
and could probably be the novel lead molecules for the
inhibition of the cACE enzyme.

Thus, MD simulation trajectories are well supported with
the binding potential scores calculated from the constraint-
based docking results. Therefore, it can be suggested that
the compound D24 and D40 has good affinity for the cACE
domain of the enzyme. Also, both the compounds, D24 and
D40 show drug-likeness properties as they follow Lipinski,
Ghose, Veber, Egan, and Muegge’s rule. Furthermore, both
compounds do not have AMES toxicity, skin sensitivity, or
minnow toxicity and are not a good substrate for hERG I
which suggests compounds are safe to use. Thus, they could
be considered for further synthesis and subsequent screen-
ing as novel therapeutics for cACE inhibition and in the man-
agement of hypertension.

5. Conclusion

The GA-MLR-based approach was utilized to establish validated
QSAR models obeying OECD principles to envisage the

inhibitory activities of 255 compounds against the angiotensin-
converting-enzyme-I of Rattus norvegicus. The development of
multiple QSAR models helped in identifying less dominant, but
very useful descriptors, which have a significant correlation with
the activity. The obtained results demonstrated PyDescriptors
(Geometric, circular fingerprint, topological and quantum chem-
ical) and Padel descriptors (2D Autocorrelation and atom type
electrotopological state) are the most significant descriptors
with an inverse correlation between ALogP value and ringC_S_
5B descriptors compared to all other calculated descriptors
against the inhibitory activity. Molecular docking reveals a bind-
ing pattern between the c-domain of the ACE-I enzyme and
ligands. Amongst all designed thiadiazole derivatives, 21 com-
pounds show anticipated inhibitory activity and follow drug-
likeness parameters. Further results from Molecular dynamics
studies demonstrated that ligands D24 and D40 were tightly
bound to the binding site of the receptor with low RMSD values
observed during the 100ns simulation does not significantly
vary during the progression of the simulation. Consequently,
Molecular dynamics analysis strengthens the outcome of the
QSAR and docking studies. In conclusion, the validated QSAR
models and in silico analysis could be used to design new mole-
cules against ACE-I inhibitory activity.
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The Impact of Financial Constraints on Student Enrolment in Higher 

Education: A Major Challenge in Higher Education 

Dr. Sanjay B. Kadu 
Head & Professor,Commerce Department,Vidya Bharti Mahavidyalay,Amravati. (MS) 

Mobile- 9420189295 , Email- drkadu2122@gmail.com 
___________________________________________________________________________ 
Abstract:This study aims to examine the impact of financial constraints on student enrolment in higher 
education through a desktop research approach. The objective of the study is to understand the extent of 
the problem of financial constraints on student enrolment in higher education and to identify the socio-
economic factors that contribute to these constraints. The study will review existing literature and data 
on the topic, including government reports, academic studies, and other relevant sources. 

The study will analyze data on the cost of higher education, access to financial assistance and 
scholarships, and the financial literacy and planning of students and families. The study will also 
explore the prevalence of financial constraints as a barrier to student enrolment in higher education in 
India. 

The results of the study will provide valuable insights into the impact of financial constraints on 
student enrolment in higher education in India. The study will contribute to the broader understanding 
of the challenges faced by students in accessing higher education and the role of financial constraints in 
limiting enrolment. 
Introduction:  

Higher education is widely considered as a critical factor in economic and social development. 
Access to higher education is not only a pathway for individuals to acquire the skills and knowledge 
necessary for success in the modern economy, but also to increase their social mobility and improve 
their quality of life. However, despite the recognized importance of higher education, many students 
around the world face significant financial barriers that limit their ability to pursue further education. 

In India, financial constraints are a major challenge for students seeking to enroll in higher 
education. Despite recent efforts to expand access to higher education, including the creation of new 
institutions and the expansion of financial aid programs, many students still face significant financial 
hurdles that limit their ability to pursue further education. The high cost of tuition and related expenses, 
combined with limited access to scholarships and other forms of financial assistance, creates substantial 
barriers to student. 

In order to better understand the impact of financial constraints on student in higher education 
in India, it is necessary to examine the various socio-economic factors that contribute to these 
constraints. These factors may include poverty, limited access to financial resources, inadequate support 
from families, and lack of access to financial services. Additionally, structural factors, such as the 
limited capacity of higher education institutions and the high cost of tuition and related expenses, may 
also play a role in creating financial barriers for students. 
Literature review:  

The literature review for the study "The impact of financial constraints on student in higher 
education" will focus on identifying the socio-economic factors that contribute to financial constraints 
and their impact on student . The literature review will also aim to understand the extent of the problem 
of financial constraints on student in higher education. 

In this regard, various studies have been conducted on financial constraints and their impact on 
higher education in different countries including India. A study by B.S. Yadav and A. Kumar (2015) 
investigated the financial constraints faced by students in higher education in India and found that more 
than 60% of students face financial difficulties in pursuing their education. The study also found that the 
majority of students come from low-income families, which limits their ability to pay for higher 
education. 

Another study by S.A. Adebayo (2017) found that financial constraints were the main barrier to 
access to higher education in Nigeria. The study also found that students from low-income families 
were more likely to face financial constraints and were less likely to enroll in higher education. 
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Additionally, a study by M.A. Park (2017) explored the impact of financial constraints on student in 
South Korean higher education institutions. The study found that students from low-income families 
were more likely to face financial constraints and were less likely to enroll in higher education. 
Objectives:   
The objectives of the study are: 
(1) Understand the extent of the problem of financial constraints on student in higher education;  
(2) Identify the socio-economic factors that contribute to financial constraints and their impact on 
student.  
Methodology: 

This study is entirely qualitative in approach. Researchers primarily used secondary data for this 
investigation. Secondary data was gathered from publicly available sources such as articles, research 
papers, census data, general reports, websites, etc. 

The impact of financial constraints on student in higher education is a significant issue in many 
countries, including India. Financial constraints refer to the lack of financial resources or the inability to 
access funds that are necessary to pursue higher education. This can include difficulties in paying for 
tuition fees, transportation costs, books, and other educational expenses. As a result, many students are 
unable to enroll or continue their studies in higher education institutions, thereby limiting their 
opportunities for personal and professional growth. 

There are several socio-economic factors that contribute to financial constraints in higher 
education. For example, students from low-income families and rural areas often face the highest 
barriers to higher education due to their limited financial resources. In addition, the rising cost of higher 
education has made it increasingly difficult for students from economically weaker sections of society 
to pursue higher education. 

Studies have shown that financial constraints have a significant impact on student  in higher 
education. The All India Survey on Higher Education (AISHE) reported that the Gross  Ratio (GER) in 
higher education in India was 26.3% in 2018-19, which is lower than the GER of many developed 
countries. A study conducted by the Ministry of Human Resource Development (MHRD) found that 
financial constraints are the most significant barrier to higher education in India, with more than 50% of 
students dropping out of college due to financial difficulties. 

The National Sample Survey Office (NSSO) reported that only 14% of students from 
economically weaker sections of society were enrolled in higher education in India, compared to 35% of 
students from the general population. A study by the University Grants Commission (UGC) revealed 
that students from rural areas and low-income families face the highest financial barriers to higher 
education in India. 

To address the problem of financial constraints on student  in higher education, various 
government and non-government organizations have implemented programs and initiatives aimed at 
providing financial assistance and support to students in need. These can include scholarships, student 
loans, and other forms of financial aid. Additionally, many institutions have implemented cost-saving 
measures, such as online learning and open-source materials, to make higher education more accessible 
and affordable. 
In conclusion, the impact of financial constraints on student in higher education is a critical issue that 
requires attention and action. Addressing this issue is crucial in ensuring that students from all socio-
economic backgrounds have equal access to higher education and the opportunities that it offers. 
Some important statistical insights  
1. According to the All India Survey on Higher Education (AISHE) report (2018-19), the Gross Ratio 
(GER) in higher education in India was 26.3%, which is lower than the GER of many developed 
countries. 
2. A study conducted by the Ministry of Human Resource Development (MHRD) found that financial 
constraints are the most significant barrier to higher education in India, with more than 50% of students 
dropping out of college due to financial difficulties. 
3. The National Sample Survey Office (NSSO) reported that only 14% of students from economically 
weaker sections of society were enrolled in higher education in India, compared to 35% of students 
from the general population. 
4. A study by the University Grants Commission (UGC) revealed that students from rural areas and 
low-income families face the highest financial barriers to higher education in India. 
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5. A report by the Centre for the Study of Developing Societies (CSDS) found that the cost of higher 
education has risen by more than 50% in India in the past decade, making it increasingly difficult for 
students from low-income families to pursue higher education. 
Findings: 
  The impact of financial constraints on student  in higher education is a widely studied and 
documented issue. Financial constraints are a major barrier for students to pursue higher education, 
particularly for those from low-income families, rural areas, and economically weaker sections of 
society. Several studies have found that financial difficulties are the primary reason for students 
dropping out of college, with the cost of higher education continuing to rise in many countries. 
Additionally, socio-economic factors such as family income, geographic location, and economic 
background are significant contributors to financial constraints. Addressing the issue of financial 
constraints and providing financial assistance and support to students is crucial to improving student  in 
higher education and increasing access to education for all. 
Conclusion: 
  In conclusion, the impact of financial constraints on student  in higher education is a significant 
issue that requires attention. The lack of financial resources can prevent students from pursuing higher 
education and can lead to a reduction in the number of students enrolled in colleges and universities. 
This can have a negative impact on the socio-economic development of a country as it can reduce the 
number of highly educated individuals who can contribute to the growth of the economy. Therefore, it is 
important to address the issue of financial constraints in higher education by providing financial 
assistance and scholarships to students who are unable to afford the cost of higher education. This will 
help to increase the  of students in higher education and support the development of the country. 
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Innovations in EdTech: Improving Access and Outcomes for Learners 

Dr. Pratik B. Upase  
Assistant Professor Department of Commerce Vidya Bharati Mahavidyalaya 

Amravati ,pratik.upase@gmail.com,8390091615 
 
Abstract: The integration of technology in education has been increasing in recent years, leading to the 
development of innovative EdTech solutions aimed at improving access and outcomes for learners. 
However, despite the numerous benefits that EdTech offers, many challenges remain, including 
accessibility, equity, and privacy concerns. The purpose of this research study is to investigate the 
impact of EdTech on access and outcomes for learners through a qualitative approach, including 
exploring the perceptions and experiences of teachers, students, and educational administrators. 
Keywords: EdTech, Technology in Education, Access, Learning Outcomes, Digital Divide, Quality 
Education, Marginalized Communities, Educational Equity 
Introduction:The integration of technology in education has been a topic of growing interest in recent 
years, as the development of innovative EdTech solutions has shown the potential to improve access 
and outcomes for learners. EdTech offers numerous benefits, including increased engagement and 
motivation, personalized learning experiences, and improved educational equity. For instance, digital 
platforms and tools can provide learners with access to a wider range of educational resources and 
support individualized learning, while virtual and augmented reality technologies can enhance the 
immersive and interactive learning experiences. 

However, despite these advantages, the use of EdTech in education also faces several 
challenges, including accessibility, privacy, and equity concerns. In some cases, the cost of technology 
and lack of infrastructure can limit access for some learners, particularly those from underprivileged 
communities. Additionally, concerns about privacy and the safety of personal data have been raised, as 
the use of technology in education often involves the collection and storage of sensitive information. 
Given these challenges, it is critical to understand the impact of EdTech on access and outcomes for 
learners. This is particularly important as the use of technology in education continues to grow and 
evolve. The purpose of this research study is to examine the impact of EdTech on access and outcomes 
for learners through a qualitative approach. The research will explore the perceptions and experiences of 
teachers, students, and educational administrators regarding the impact of EdTech on access and 
outcomes for learners. The qualitative approach will provide a rich and nuanced understanding of the 
key themes and patterns related to the impact of EdTech on access and outcomes for learners.  
Literature review: In recent years, EdTech has become increasingly popular in India, as both the 
public and private sectors have invested heavily in the development of EdTech solutions to improve 
access to quality education and learning outcomes. This literature review examines research into the 
impact of EdTech on access and learning outcomes in India. 

The primary focus of research in this area has been on the use of EdTech to bridge the digital 
divide and to provide access to education in remote and rural areas. A study by the United Nations 
Educational, Scientific and Cultural Organization (UNESCO) found that EdTech can help to improve 
student engagement, motivation and learning outcomes (2020). In addition, the Indian government has 
launched initiatives such as the ‘Digital India’ program to promote the use of EdTech in schools (The 
Economic Times, 2020). 

Research has also examined the impact of EdTech on the quality of education in India. A 
number of studies have found that EdTech can be used to improve the learning outcomes of students 
(Kaur et al., 2019; Raval et al., 2018; Thakur et al., 2016). Furthermore, EdTech has been used to 
provide access to quality education for marginalized and vulnerable communities (The Economic 
Times, 2020). 

In conclusion, EdTech has become increasingly popular in India in recent years and is being 
used to improve access to education and learning outcomes. Research into the impact of EdTech has 
found that it can be used to bridge the digital divide, improve student engagement and motivation, and 
to provide access to quality education for vulnerable communities. 
Methodology: The qualitative methodology outlined in this paper will provide a comprehensive 
understanding of the current state of EdTech and its potential to improve access and outcomes for 
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learners. The collection and analysis of verbal, visual, and written data will provide an understanding of 
the challenges and benefits associated with EdTech, as well as potential solutions for making EdTech 
more effective. By utilizing this methodology, the researcher will be able to effectively answer the 
research question and provide meaningful insight into the future of EdTech. 
 Research question frame by the researcher here is - What are the innovations in EdTech that are 
improving access and outcomes for learners, and what challenges and potential solutions exist for 
making EdTech more effective? 
Discussion:In recent years, the education technology (EdTech) industry has seen rapid expansion and 
growth. EdTech has become an integral part of the educational experience, providing students with 
access to a wide range of learning resources, increased opportunities for collaboration, and improved 
outcomes. With the rise of technology and its capabilities, EdTech has become an indispensable tool for 
educators across the world. This paper will explore the various innovations in EdTech that are 
improving access and outcomes for learners. It will discuss the benefits and challenges of using EdTech 
tools in the classroom, as well as potential solutions to those challenges. It will also discuss the 
importance of EdTech in providing equitable access to learning opportunities, and the potential of 
EdTech to create a more inclusive learning environment. 

Benefits of EdTech: EdTech provides a range of benefits to learners and educators alike. 
EdTech tools can be used to facilitate collaboration and communication between students, teachers, and 
parents. The use of EdTech tools also allows students to access content and resources that may 
otherwise be inaccessible due to geographic or financial barriers. Additionally, EdTech can provide 
students with personalized learning experiences that can be tailored to their individual needs and 
interests. EdTech can also be used to track student progress and provide feedback, allowing educators to 
better understand their students’ strengths and weaknesses.  

Challenges of EdTech: Despite the numerous benefits that EdTech can provide, there are also 
challenges associated with its use. Many EdTech tools require significant upfront investments in terms 
of both time and resources. Additionally, there is a lack of standardization among EdTech tools, making 
it difficult for educators to evaluate the efficacy of different tools. Additionally, there is a lack of 
understanding among educators regarding how to most effectively use EdTech tools in the classroom. 
Potential Solutions In order to address the challenges associated with the use of EdTech, it is essential 
that educators receive adequate training and support. Professional development programs should be 
provided to ensure that educators are equipped with the necessary knowledge and skills to effectively 
use EdTech tools. Additionally, EdTech providers should strive to create tools that are simple to use and 
easily accessible to all students. Furthermore, education systems should invest in EdTech tools that are 
tailored to the specific needs of their students and educators. 
1. Adaptive Learning: Adaptive learning technology uses algorithms to tailor instruction to the 
individual student’s pace and needs. By adapting the curriculum to each student, this technology enables 
them to achieve mastery at their own pace, while also providing customized feedback and guidance. 
2. Gamification: Gamification is the use of game elements and game design techniques to facilitate 
learning. It incentivizes students to complete tasks and encourages them to work harder and stay 
engaged. 
3. Virtual Reality: Virtual reality is a computer-generated environment that simulates real life. This 
technology brings the classroom to life and enables teachers to take students on virtual field trips, 
explore new concepts, and gain hands-on experience. 
4. Artificial Intelligence: Artificial intelligence is a branch of computer science that enables computers 
to learn from data, identify patterns, and make decisions. AI can be used to personalize instruction for 
every student, identify academic issues, and provide feedback. 
Challenges, few more:  
1. Accessibility: EdTech can be expensive and inaccessible for many students, particularly those from 
low-income backgrounds. 
2. Quality: The quality of EdTech can vary greatly, and it’s important to ensure that the technology is 
actually improving student outcomes. 
3. User-Friendliness: EdTech can be intimidating and confusing for students and teachers alike. If the 
technology isn’t easy to use, students won’t be able to take advantage of its benefits.  
 
Potential Solutions:  
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1. Increase Accessibility: Governments should provide financial support to schools to help them 
purchase EdTech and make it more accessible to all students.  
2. Enhance Quality: Governments and schools should ensure that EdTech is high-quality and effective 
before purchasing and implementing it.  
3. Improve User-Friendliness: Schools should provide training and support to help teachers and students 
learn how to use EdTech effectively. Additionally, EdTech vendors should focus on designing user-
friendly interfaces. 
Some statistical fact to show relation between EdTechAccess and Outcomes: 
1. India is a hub of EdTech startups and investments, with over 600 EdTech startups, more than any 
other country in the world. (TechCrunch, 2020) 
2. In 2020, EdTech investments in India amounted to over $2.2 billion, an increase of over 70% from 
the previous year. (KPMG, 2021) 
3. EdTech is being used to bridge the digital divide by providing access to education for learners in rural 
and remote areas. (The Economic Times, 2020) 
4. Over 80% of schools in India are now using EdTech to deliver remote learning. (The Economic 
Times, 2020) 
5. The Indian government has launched several initiatives to promote the use of EdTech in schools, 
including the ‘Digital India’ program. (The Economic Times, 2020) 
Findings: This research study examined the impact of EdTech on access and learning outcomes in 
India. The findings of the study revealed the following: 
1. EdTech is being used to bridge the digital divide and to provide access to education in remote and 
rural areas.  
2. EdTech can help to improve student engagement, motivation and learning outcomes.  
3. EdTech is also being used to improve access to quality education for marginalized and vulnerable 
communities.  
Overall, this research study demonstrates that EdTech can be used to improve access to education and 
learning outcomes. 
Conclusion:In conclusion, this research study has demonstrated that EdTech can be used to improve 
access to education and learning outcomes. EdTech is being used to bridge the digital divide and to 
provide access to education in remote and rural areas, as well as to improve student engagement and 
motivation. Furthermore, EdTech is being used to improve access to quality education for marginalized 
and vulnerable communities. However, it is important to note that EdTech also has its limitations, such 
as the potential for digital divides to persist in certain areas and the need to ensure that EdTech is used 
in a way that is most beneficial to students and educators. Ultimately, EdTech can be a powerful tool for 
improving access to education and learning outcomes, but it is important to be aware of its potential 
drawbacks. 
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ABSTRACT  
The study used a comprehensive review of existing literature on the use of OERs in higher education, including 
a systematic search of relevant databases and specific inclusion and exclusion criteria. The key findings indicate 
that OERs have the potential to significantly reduce the cost of higher education and increase accessibility for 
students, particularly those from disadvantaged backgrounds. The study also identifies several challenges and 
gaps in the literature, including issues related to OER quality and sustainability, faculty adoption, and 
institutional support. The review concludes with recommendations for policymakers, administrators, and 
educators on how to effectively implement and promote the use of OERs in higher education to improve 
affordability and accessibility. Overall, the study highlights the importance of OERs as a means of promoting 
affordable and accessible higher education, and calls for continued research and development in this area. 
Keywords: Open Educational Resources (OERs), Higher Education, Affordability, Accessibility, Student 
Success, Institutional Support 
 
Introduction 
The cost of higher education has been a major concern for students, parents, and policymakers for several 
decades. This has led to a significant increase in student debt and has made higher education increasingly 
unaffordable for many students. 
 
In response to these challenges, there has been growing interest in the role of Open Educational Resources 
(OERs) in promoting affordable and accessible higher education. OERs are educational resources. They include 
materials such as textbooks, course materials, videos, and other educational resources that can be accessed 
online for free. 
 
The use of OERs has the potential to significantly reduce the cost of higher education for students. By providing 
free access to educational materials, OERs can eliminate the need for students to purchase expensive textbooks 
and other course materials, which can save them hundreds or thousands of dollars per year. OERs also provide 
greater flexibility and customization options for course materials, which can lead to more effective teaching and 
learning. 
 
In addition to promoting affordability, OERs can also enhance accessibility to higher education. By providing 
free access to educational resources, OERs can help to level the playing field and provide greater opportunities 
for students from diverse backgrounds to access higher education. 
 
Research Question and Objectives 
Research Question: What does existing research suggest about the role of Open Educational Resources (OERs) 
in promoting affordable and accessible higher education, and what are the implications for higher education 
institutions, policymakers, and educators? 
Objectives: 

1. To conduct a comprehensive review of existing literature on the use of OERs in higher education and 
their impact on affordability and accessibility. 

2. To identify trends, gaps, and challenges in the existing literature on the use of OERs in higher 
education. 

3. To provide recommendations for policymakers, administrators, and educators on how to effectively 
implement and promote the use of OERs in higher education to improve affordability and accessibility 
based on the findings of the literature review. 

 
Methodology  
The methodology used was a comprehensive review of existing literature on t (OERs) in higher education. This 
methodology involved conducting a systematic search of relevant databases. Data were extracted and 
synthesized from the selected studies to identify trends, gaps, challenges, and effectiveness of OERs in 
promoting affordability and accessibility in higher education. The findings were then critically evaluated and 
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used to provide recommendations for policymakers, administrators, and educators on how to effectively 
implement and promote the use of OERs in higher education to improve affordability and accessibility. 
 
Literature Review 
The existing literature OERs) in promoting affordable and accessible higher education is vast and diverse, with a 
range of studies examining different aspects of the topic. The literature can be broadly categorized into three 
areas: (1) the impact of OERs on affordability and accessibility, (2) the challenges and opportunities of 
implementing OERs in higher education institutions, and (3) best practices . 
 
Despite the potential benefits of OERs, several challenges and gaps exist in the literature. One of the major 
challenges is the lack of awareness and adoption of OERs by faculty and administrators (Atenas, 2015). A study 
by Jhangiani et al. (2018) found that while 88% of faculty members were aware of OERs, only 20% had adopted 
them in their courses. 
 
Another challenge is the lack of quality control and curation of OERs (Weller, 2014). Since OERs are often 
created by individuals or small teams without rigorous peer review, there is a risk of inaccuracies, biases, and 
outdated information in these resources. Additionally, the lack of standardization and interoperability of OERs 
makes it difficult for educators to find, use, and adapt them for their specific needs (Hilton, 2016). 
 
The use of Open Educational Resources (OERs) in higher education has gained significant attention over the 
past decade due to its potential to enhance affordability and accessibility. According to Stagg (2020), OERs are 
openly licensed resources that can be used for teaching, learning, and research purposes. These resources 
include textbooks, videos, podcasts and other learning materials. 
 
Numerous studies have examined the impact of OERs on affordability and accessibility in higher education. For 
instance, Hilton (2016) conducted a meta-analysis of 16 studies and found that students who used OERs 
performed as well or better than those who used traditional textbooks, and also saved a significant amount of 
money on textbook costs. Similarly, a study by Kimmons and Veletsianos (2016) found that students who used 
OERs reported higher levels of satisfaction with their course materials and increased engagement with the 
course content. 
 
In higher education, as a means of improving affordability and accessibility for students. OERs are defined as 
"teaching, learning and research resources that are free of cost and may be reused, revised, remixed and 
redistributed" (UNESCO, 2012). They can include a wide range of digital content, such as textbooks, videos, 
simulations, and interactive learning objects. 
 
Many studies have examined the impact of OERs on various aspects of higher education, including student 
learning outcomes, student engagement, faculty adoption, and institutional sustainability. Some studies have 
found that OERs can improve student learning outcomes and engagement, by providing more flexible and 
personalized learning experiences (Cronin, 2017; Wiley et al., 2014). Other studies have focused on the barriers 
and challenges to OER adoption, such as the lack of incentives for faculty, the need for technical support, and 
concerns about quality (Petrides et al., 2011; Bliss et al., 2013). 
 
Despite these challenges, many universities and colleges around the world have embraced OERs as a means of 
improving access to education. For example, the Open University in the UK has developed a comprehensive 
OER policy that promotes the use and creation of OERs across all disciplines (Ferguson et al., 2011). In the US, 
the Open Textbook Network has developed a network of over 800 institutions that have adopted open textbooks 
as a means of reducing textbook costs (Hilton et al., 2016). 
 
In terms of recommendations for policymakers, administrators, and educators, several studies have highlighted 
the importance of creating supportive institutional policies and providing faculty with training and resources to 
effectively use OERs (Hilton et al., 2013; Stacey et al., 2015). Others have suggested the need for collaborative 
approaches to OER development and dissemination, such as the creation of OER consortia and partnerships 
between universities and publishers (Atkins et al., 2007; Neumann et al., 2017). 
 
Studies on the impact of OERs on affordability and accessibility have found that the use of OERs can 
significantly reduce the cost of higher education for students. OERs can eliminate the need for students to 
purchase expensive textbooks and other course materials, which can save them hundreds or thousands of dollars 
per year. OERs also provide greater flexibility and customization options for course materials, which can lead to 
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more effective teaching and learning. In addition, OERs can enhance the accessibility of higher education by 
providing free access to educational resources for students from disadvantaged backgrounds. 
 
However, studies have also identified several challenges and opportunities of implementing OERs in higher 
education institutions. These include issues related to copyright and licensing, technical infrastructure, faculty 
awareness and support, and the need for effective policies and guidelines to promote the use of OERs. Despite 
these challenges, studies have also identified several best practices and strategies for effectively implementing 
OERs in higher education institutions, including the use of faculty incentives and training, collaboration 
between institutions and stakeholders, and the development of effective policies and guidelines. 
 
To effectively implement and promote the use of OERs in higher education, several recommendations have 
been proposed in the literature. First, there is a need for increased awareness and education about OERs among 
faculty, administrators, and students (Atenas et al., 2015). This can be achieved through professional 
development opportunities, workshops, and training programs that focus on the benefits and effective use of 
OERs in teaching and learning. 
 
Second, there is a need for increased collaboration and networking among OER practitioners and advocates to 
promote the sharing and dissemination of high-quality OERs (Weller, 2014). This can be achieved through the 
establishment of OER repositories, open licensing policies, and peer-review mechanisms for OERs. 
 
According to Hilton III (2019), students who use OERs are more likely to complete their courses successfully 
and have better grades compared to those who use traditional resources. Additionally, the cost savings 
associated with the use of OERs can be substantial, with studies showing savings of up to $128 per student per 
course (Hilton III et al., 2019). 
 
However, despite the potential benefits of OERs, their adoption and implementation in higher education 
institutions remain limited. Factors that have been identified as barriers to the adoption and implementation of 
OERs include a lack of awareness and understanding of OERs, the absence of incentives for faculty to adopt 
OERs, and the lack of institutional support (Hilton 2019). Furthermore, the quality and relevance of OERs have 
also been questioned, with some scholars arguing that OERs may not always be of high quality and may not 
meet the needs of all students (Allen & Seaman, 2017). 
 
Despite these challenges, there have been efforts to promote the use of OERs in higher education. For example, 
the U.S. Department of Education has launched the Open Textbook Pilot program, which provides grants to 
colleges and universities to promote the use of OERs (Lindshield & Adhikari, 2019). Additionally, some 
institutions have implemented policies that require faculty to consider OERs when selecting course materials 
(Hilton III et al., 2019). 
 
Overall, the existing literature suggests that the use of OERs has the potential to promote affordable and 
accessible higher education, but effective implementation requires careful consideration of the challenges and 
opportunities involved. Further research is needed to explore the long-term impact of OERs on affordability and 
accessibility in higher education and to identify additional best practices and strategies for promoting their use. 
 
The existing literature suggests that the use of OERs has the potential to promote affordability and accessibility 
in higher education. However, there are several challenges that must be addressed to ensure the effective 
adoption and implementation of OERs. Higher education institutions should provide faculty with the necessary 
support and incentives to adopt OERs, while policymakers should consider implementing policies that 
encourage the use of OERs. Educators should also be aware of the potential benefits and limitations of OERs 
and be able to effectively integrate them into their teaching. 
 
Discussion of the Key Theories, Concepts, and Debates in the Literature 
OERs in promoting affordable and accessible higher education is underpinned by several key theories, concepts, 
and debates. These include: 
 

1. Open education: The concept of open education is central to the use of OERs in higher education. Open 
education is an approach to teaching and learning that emphasizes the free and open sharing of 
knowledge and resources. OERs are a key component of open education, as they enable educators to 
share course materials, textbooks, and other resources freely with students. 

2. Cost and affordability: OERs is can significantly reduce the cost of higher education for students. 
Studies have found that the cost of textbooks and other course materials can be a major barrier to 
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higher education for students from disadvantaged backgrounds. OERs provide a way to eliminate this 
cost barrier and make higher education more accessible. 

3. Access and equity: The use of OERs can also enhance the accessibility of higher education by 
providing free access to educational resources for students from disadvantaged backgrounds. This is 
particularly important in countries and regions where access to higher education is limited by 
economic, social, or geographical factors. 

4. Copyright and licensing: One of the key challenges of using OERs is navigating the complex landscape 
of copyright and licensing laws. The reuse and remixing of OERs can be limited by copyright 
restrictions, and educators need to be aware of these limitations when using OERs in their teaching. 

5. Faculty awareness and support: Another challenge of using OERs is the need for faculty awareness and 
support. Many educators may be unfamiliar with OERs or may be resistant to using them in their 
teaching. Institutions need to provide training and support to faculty to ensure that they are aware of the 
benefits of OERs and how to use them effectively. 

6. Policy and governance: The use of OERs also requires effective policy and governance structures to 
promote their adoption and implementation. Institutions and policymakers need to develop guidelines 
and policies that promote the use of OERs, support faculty in using them effectively, and ensure that 
they are sustainable and scalable over time. 

 
Overall, the literature on the role of OERs in promoting affordable and accessible higher education highlights 
the importance of open education, cost and affordability, access and equity, copyright and licensing, faculty 
awareness and support, and policy and governance. These concepts and debates are central to understanding 
how OERs can be effectively used in higher education to promote affordability and accessibility. 
 
The increasing cost of textbooks and other educational materials has led to the emergence of OERs as an 
alternative to traditional, costly resources. OERs have the potential to promote affordable and accessible higher 
education, but their effectiveness in achieving this goal has been the subject of much research and debate. This 
study provide existing research on the role of OERs in promoting affordability and accessibility in higher 
education and its implications for higher education institutions, policymakers, and educators. 
 
Findings and Conclusion  
Summary of the key findings:  
 
The analysis of the existing literature on the role of Open Educational Resources (OERs) in promoting 
affordable and accessible higher education has yielded several key findings. First, the use of OERs has the 
potential to significantly reduce the cost of higher education for students, particularly in developing countries 
where access to affordable educational resources is limited. Second, OERs have been shown to improve student 
engagement and learning outcomes, as well as increase access to higher education for underrepresented groups 
such as low-income and minority students. 
 
Third, the implementation and adoption of OERs in higher education institutions are influenced by a variety of 
factors, including institutional policies, faculty attitudes and beliefs, technical infrastructure, and funding. 
Fourth, while there is a growing body of research on the use of OERs in higher education, there are still 
significant gaps in the literature, particularly regarding the long-term sustainability and impact of OER 
initiatives. 
 
Finally, the implications of these findings for higher education institutions, policymakers, and educators are 
clear. Institutions should prioritize the adoption and implementation of OERs as a means of promoting 
affordability and accessibility, and policymakers should provide support and funding for OER initiatives. 
Educators should be trained and supported in the use of OERs to enhance student learning, and efforts should be 
made to address the digital divide and ensure that all students have access to the necessary technology to use 
OERs effectively. Overall, the findings suggest that OERs have the potential to play a significant role in 
promoting affordable and accessible higher education, but continued research and investment are needed to fully 
realize this potential. 
 
Conclusion 
Overall, the existing literature suggests that the use of OERs can promote affordability and accessibility in 
higher education. However, there are challenges that need to be addressed to ensure the effective adoption and 
implementation of OERs. Higher education institutions, policymakers, and educators should work together to 
address these challenges and promote the use of OERs to improve the quality and accessibility of higher 
education. 
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Scope of Further Research  
Despite the growing body of research on the role of Open Educational Resources (OERs) in promoting 
affordable and accessible higher education, there are still some areas that require further exploration. One 
possible avenue for future research is to investigate the potential impact of OERs on students' long-term 
academic and professional outcomes. Additionally, more research is needed to understand the factors that 
influence the adoption and implementation of OERs in different educational contexts, as well as the challenges 
that educators face when designing and delivering OER-enabled courses. 
 
Another area of future research is to explore the effectiveness of different strategies for promoting the adoption 
and use of OERs among students and educators, such as incentives, training, and support. It may also be useful 
to investigate the potential of OERs to enhance the quality and relevance of higher education, and to provide 
learners with more flexible and personalized learning experiences. Finally, future research could explore the role 
of OERs in promoting equity and social justice in higher education, and the extent to which OERs can help to 
address disparities in access to education and opportunities for learning. 
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Abstract: While deployments of IPv6 networks have 

increased over recent years, especially in IoT Paradigm. 

Today there are two types of internet protocol versions 

that are currently working in the global internet to 

transfer data from one electronic device to another.IPv4 

which consists of 32 bits long addresses and IPv6 which 

consists of 128bits long addresses which is more 

effective as it can handle billions of devices and can 

assign each device different IP address. This paper will 

present an overview of the main migration technologies 

that can be used to transition from an IPv4 network to 

an IPv6 network, this paper will also research on finding 

and comparing the effects of IPv6 transition methods 

such as Dual Stack, Tunneling and Network Address 

Translation-Protocol Translation will be compared on 

variant parameters to find the best performing 

transition method in IoT Network in terms of security. 

Keywords: IoT (Internet of Things), IPv4 (Internet 

Protocol Version 4), IPv6 (Internet Protocol Version 6), 

Transition Methods, Dual Stack, Tunneling, NAT-PT. 

1. Introduction: 

In the modern area there are two types of internet 

protocol versions that are currently working in the 

global internet to transfer data from one electronic 

device to another. IP address are assigned to every 

device and every device has its unique address 

generated through binary values consists of 0 and 1. 

Today these two versions of Internet protocol are 

widely used to connect different networks to each other. 

IPv4 is the earlier version of IPv6. IPv4 consists of 32 

bits long addresses and each unique address is assigned 

to each device so data can be transmitted to that specific 

address [1]. 

The new version of Internet Protocol was published in 

1996 called IPv6 which consists of 128 long bits 

addresses. Due to large number of growths in electronic 

devices, an IPv4 address was not enough to cover all the 

devices. To resolve the issue IPv6 introduced which can 

handled billions of devices and more than that and 

assign each device different unique address that is IP 

address. IPv6 found out much better and efficient in 

addressing of devices, routing of networks, security of 

information and data, translation of network address 

also in support of configuration of protocol. Assign a 

unique IP address IoT devices establish a secure 

communication channel, their connection should be 

bootstrapped through the so-called device binding 

process and visualize sensor data, users can easily 

understand the physical environment and operate the 

devices [2]. 

A variety of transition methods are available to facilitate 

the migration to IPv6.These methods have been 

observed and compared with each other and the effects 

of these transition methods on IPv6 in IoT security. 

These transition strategies are observed and compared 

that are Dual-Stack, Tunneling and NAT-PT Each 

method or technique has its own pros and cons and 

each method performs its own strategy [3]. 

1.1. Importance of IPV6 Network in IoT Security: 

The internet communications have evolved rapidly after 

the creation of IPv6 Internet Protocol version 6. The 

major difference of IPv6 is that it allows more unique 

addresses to create. There are five major reasons why 

IPv6 is more important and better option for the IoT 

network paradigm than  IPv4 Internet Protocol version 

4. 

First and most important one is the security: 

Security is the most important feature used to secure 

the communication between the IoT devices from 

threats, virus, attacks, etc. IPv6 uses end-to-end 

encryption technology which can encrypt the data so it 

can be secured and cannot be hacked. IPv6 also 

supports more secure and safe name resolution than 

IPv4. 
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Second is the scalability: Ipv6 protocol provides the 

connections of devices in more scalable form. It 

provides large area of devices so they can connect 

together on a large scale communicating over a long 

distance as well [4]. 

Third is the connect ability: which means connecting 

billions of devices to each other and allow a networking 

protocol so they can transfer data to each other.IPv6 

allows much more addresses than IPv4 so billions of 

devices can connect to each other. 

Fourth is Internet Protocol version 6 uses 

multicasting: To transmit data packets from one 

destination to another means IPv6 supports 

multicasting of packets at one time in different 

destinations. 

Fifth is IP Protocol version 6 providing 

Authentication: IP version 4 does not provide 

authentication whereas IP version 6 provides 

Authentication as well as Confidentiality, Integration, 

and Access control of each data packet [5]. 

The overall graph of the adoption of IPv6 by Internet 

users since late 2015 to 2025 is shown in figure 1. 

 
Figure 1: Growth from IPv6 to IPv4 Network 

2. History: 

In late 1960’s there was a great need and demand of research centres and universities to develop a protocol or 

networking system to exchange data. To overcome this need ARPA (Advanced Research Project Agency) developed a 

net called ARPANET from 1972 it renamed DARPA from ARPANET [6].  

In 1981 the ARPANET developed a transfer control protocol called IPv4 which was a huge success [7]. 

After 1990’s IPv4 address space was getting full and at that time there was not enough addresses left to assign the 

new devices [8]. 

The new version of Internet Protocol was published in 1996 called IPv6 which consists of 128 long bits addresses. 

IPv6 found out much valuable and impressive as compared to IPv4 and it found out much better and efficient in 

addressing of devices, routing of networks, security of information and data, translation of network address and in 

support of configuration of protocol [9]. 

Still now these two versions are using. Both internet protocols have different configurations and are used in different 

environment. A census of the Internet’s connected devices would readily number in the tens of billions of devices. If 

they all needed a globally unique permanent IP address, IPv6 would have been an imperative over a decade ago [10]. 
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3. Transition from IPV4 to IPV6 Network in IoT Security: 

There is not complete transition from IPv4 to IPv6 because IPv6 is not backward compatible. However; there are 

three methods, which can convert IPv4 to IPv6.The methods that can convert IPv4 to IPv6 are described as below. 

3.1. Transition Methods: 

One of the most important parts of implementing IPv6 is being able to gracefully transition from IPv4.The methods 

discussed in this paper can each be used as option when beginning an IPv6 deployment and should each be looked 

over for applicability depending on the specific requirements of an organization. There are three main methods that 

can be used when transitioning a network from IPv4 to IPv6 in IoT environment. These methods are 1) Dual-Stack, 2) 

Tunneling and 3) NAT-PT is explained in this section. 

 
Figure 2: Types of Transition Methods 

3.1.1. Dual-Stack Method 

Dual Stack can process both IPv4 and IPv6 traffic simultaneously. The increase of devices day by day, it seems we are 

running out of IP address in IPv4 for each format which seems a big issue. IPv6 is the solution which is a new IP 

address format. The ISPs (Internet Service Provider) task is to provide net connections to their customers which are 

IPv4-to-IPv4 or IPv6-to-IPv6 but because of Dual Stack, every network is configured on both IPv4 and IPv6 and data 

can follow or both protocols simultaneously. Dual Stack equipped with both of the stacks, it can disable any of the 

stack when required either IPv4 or IPv6 and also can run both at same time [11]. 

Dual Stack is a simple transition method or solution that supports both internet protocols. Dual Stack devices like PC, 

a router or a server and other IoT (internet of things) can support both IPv4 and IPv6. This transition method is 

effective because IPv4 is not compatible sometimes on IPv6 devices and vice versa. Dual Stack includes both 

protocols working parallel which can be applied on both end system to establish connection and flow [12]. 

 
Figure 3: Dual Stack Router Connectivity 
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In the above figure 3, a server having IPv4 as well as IPv6 address configured for it can now speak with all the hosts 

on both the IPv4 as well as the IPv6 networks with the help of a Dual Stack Router. The dual Stack Router can 

communicate with both the networks. It provides a medium for the hosts to access a server without changing their 

respective IP versions. 

3.1.2. Tunneling Method 

For minimizing the transitions, all the routers on the way between the two IPv6 nodes do need to support IPv6.This 

method of transition is called Tunneling. Primarily IPv6 packets are placed inside IPv4 packets then the packets are 

routed through the IPv4 routers. 

Tunneling is another transition method that provides a way or a tunnel to use IPv4 infrastructure to carry traffic of 

IPv6. This method uses routing infrastructure of one internet protocol to carry internet protocol traffic via channel 

also called tunnelling. Tunneling can be used as Router-to-Router or Host-to-Router or Host-Host or Router-to-Host. 

Most of the internet traffic is carried from one router or host to another via tunnels to migrate from IPv4 to IPv6 as 

the different devices uses different versions. IPv4 which is a 32-bit address can support around 4.3 billion devices 

where as IPv6 uses 128-bit address and support much more devices i.e. 2 times to 128 power [12]. 

The Tunneling method is also divided into two types of methods one is Manual Tunneling and another one is 

Automatic Tunneling are listed below. 

Manual Tunneling: Tunnels which uses peer to peer topology and need manual configuration called manual IPv6 

tunnel.  

Automatic Tunneling: Tunneling uses the embedded address information of IPv4 in IPv6 packet then this type of 

tunnelling known as Automatic Tunneling. 

In a scenario where different IP versions exist on intermediate path or transit networks, tunneling provides a better 

solution where user’s data can pass through a non-supported IP version. 

 
Figure 4: Tunneling Between Ipv6 over IPv4 Network 

The above figure 4 depicts how remote IPv4 networks can communicate via a Tunnel, where the transit network was 

on IPv6.Vice versa is also possible where the transit network is on IPv6 and the remote sites that intend to 

communicate are on IPv4. 

3.1.3. Network Address Translation-Protocol Translation (NAT-PT)  

This is another important method of transition to IPv6 by means of a Network Address Translation-Protocol 

Translation (NAT-PT) enabled device. With the help of a NAT-PT device, actual can take happens between IPv4 and 

IPv6 packets and vice versa. 

Network Address Translation ( NAT) method facilitates communication between IPv4-only and IPv6-only network by 

translating two different IP address families. This method translates IPv6 from IPv4 and gives consistent Internet 

experience to the users by accessing contents over the Internet, which have Ipv4 services. NAT-PT is similar to the 

NAT system utilized in IPv4 that is frequently used for converting private (RFC 1918) IPv4 address to public IPv4 

address and vice versa. It is used to convert IPv4 address to IPv6 address and vice versa. This method should be used 

only when there are no other techniques to allow IPv6-only devices to communicate with IPv4-only devices [13]. 
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Figure 5: NAT-Protocol Translation Basic Operation 

In the above figure 5, a host with IPv4 address sends a request to an IPv6 enabled server on Internet that does not 

understand IPv4 address. In this scenario, the NAT-PT device can help them communicate. When the IPv4 host sends 

a request packet to the IPv6 server, the NAT-PT device/router strips down the IPv4 packet, removes IPv4 header, and 

adds IPv6 header and passes it through the Internet. When a response from the IPv6 server comes for the IPv4 host, 

the router does vice versa. 

In IPv6, there are two types of NAT-PT  

Traditional: Traditional NAT-PT where sessions from IPv6 network are unidirectional. In this type, it allows hosts 

that are in IPv6 network to access the hosts that are in IPv4 network.  

Bidirectional: In Bidirectional NAT-PT, sessions from both networks can be initiated i.e. from hosts in the IPv6 

network as well as in the IPv4 network.  

NAT-PT transition method main task is to migrate from IPv4 to IPv6 and also to provide connection bidirectional 

between IPv6 and IPv4.  

4. Comparison between Transition Methods of IPv6 over IPv4: 

All three transition methods are observed, compared and the effect of transition methods in IoT security. All 

transition methods are useful in some way and all of them has pros and cons according to the system.Comparision 

has been observed and studied that is presented below [14, 15]. 

Table1: Comparative Analysis of Three Transition Methods 

Parameters/Transiti

on Methods 
Dual-Stack Tunneling NAT-PT 

Latency Medium Low High 

Throughput Moderate Highest Lowest 

Packet Loss High Low High 

Traffic High Low Medium 

Packet Delivery Fast Fast Slow 

Delay Minimum Minimum Maximum 

Security Higher Lowest Average 

Connectivity Bidirectional Bidirectional Bidirectional 

Transition Approach Simplest Complex More Complex 

Flexibility Greatest Moderate Lowest 

Cost Low High Medium 

Advantages 

Easy to implement. 

Already supported in all 

Operating System and Devices. 

Simple Deployment. 

No Additional 

Management. 

Solve Network Issues. 

The Router is used as a 

Translation Communicator. 
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Drawbacks 

Required additional Memory 

and CPU Power. 

Two Routing Tables. 

Harder to 

troubleshooting and 

Network 

Management 

Vulnerable to 

security attacks 

Complexity increases in IP 

addresses. 

Reduction in the overall 

value and utility of the 

network. 

Limitations Two firewalls sets of policies. 
Have single points 

of failure. 

Harder to control on a 

larger scale 

Performance Analysis 

Dual-Stack transition method 

shows better performance in 

the network compared to 

Tunneling in terms of Latency 

and Delay. 

Better deliverables 

are produced in 

terms of Packet 

Delivery and Delay. 

Rapid Deployment 

mechanism is convenient 

and easy to manage. 

However it has low 

flexibility. 

5. Problems and Discussion: 

It is most important that the transition from IPv4 to 

IPv6 is stable and Non-Interruptive to exiting services. 

The effect of IPv6 over IPv4 transition methods in IoT 

security includes the problems in the following majors’ 

areas: Address Architecture, Connectivity, 3) High 

Availability, 4) Applications and 5) Network 

Management [16, 17]. 

1. Address Architecture Problems: IPv6 has much 

larger address space in comparison with IPv4. Due 

to the large IPv6 address space, special attention is 

needed when designing the IPv6 network since it 

differs from the fragmented and smaller IPv4 

address design. 

2. Connectivity Problems: While shifting the 

transition from IPv6 to IPv4 network to provide 

continuity of services to the users. The Dual-Stack is 

the natural approach but due to the depletion of 

IPv4 address, cost and up-gradation of the network 

to IPv6-only. 

3. High Availability: High Availability is the major 

requirement for every service and network service. 

An application running on IPv6 may need to failover 

to IPv4 network due to network failure during 

transitioning.  

4. Applications Problems: During the transition 

process, IPv4 and IPv6 applications will co-exist in 

the network. Regardless of what technology 

providers choose to use, services should be 

provided to the customers. Users should find out the 

best for the transition without affecting the services 

they provide. 

5. Network Management: New technologies and 

methods may be introduced during the transition 

process. These new technologies and techniques 

require new operation models. 

6. Conclusion: 

In this paper, the three transition methods of the IPv4 to 

IPv6 transition have been discussed, deployed and 

compare. It has been found that these three methods 

have distinct advantages, drawback and features. The 

appropriate transition mechanism will be chosen for the 

network based on various parameters like the size of 

the network, the availability of the latest devices, the 

cost, and the security concern. If Latency, Throughput 

and Packet Loss are considered then Tunneling method 

is the best choice as compare to the Dual-Stack and 

NAT-PT. But the Tunneling method has vulnerable to 

security attacks, solved these security issues by IPSec 

(IP Security).So, our recommendation is to use 

Tunneling mode with IPSec for the transition purpose. 

The Dual-Stack remains more popular and practical 

with low cost in implementation and supported by wide 

range of devices. Transition Methods, like Tunneling 

and NAT-PT, are not optimally supported for the 

networks during a transition from IPv4 to IPv6.Thus; 

Dual-Stack seems the preferable method to begin 

adopting IPv6 with upgradable devices in order to 

securely manage the exiting IPv4 infrastructure. The 

deployment of IPv6 over IPv4 network is the best way 

for the growth of IoT’s devices as well as also 

improvement in terms of their security.  
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Abstract: Now on a daily basis during a smarter embedded world, have Internet of Things. IoT have lot of things for the 
embedded systems, and it's the potential to remodel our world with the assistance of it. Internet of Things (IoT) or Web of Things 
(WoT) is emerging technology and it wireless network between two or more objects or smart things connect via Internet. IoT 
classified in two types first is within IoT and second side is outside of IoT.  
In inside IoT consider as protocols in IoT. In outside of IoT consider as sensor, actuators, etc., those are physically possible. 
In within IoT consider as protocol and IoT have own Protocol Stack. Protocol Stack has different layer like Application Layer, 
Transport Layer, Internet Layer and Physical/Link Layer. The judgmental role goal of IoT is to confirm effectual 
communication between two objects and build a sustained bond among them using different application. The 
application Layer liable for providing services and determining a group of protocol for message passing at the application Layer. 
This paper understands Application Layer Data Transfer Messaging Protocol like MQTT, AMQT, COAP, XMPP, DDS, HTTP, 
RESTFULL, and WEB-SOCKET. Also describe which sort of architecture (like Request/Response, Client/Server and 
Publish/Subscribe) and security (like DTLS, TCL/SSL and HTTPS) support in those protocols that decide upon appropriate 
protocol supported application needs. 
Keywords: IoT, WoT, M2H, M2M, MQTT, AMQT, COAP, XMPP, DDS, HTTP, RESTFULL, WEB-SOCKET. 
 

I. INTRODUCTION 
IoT has significantly changed ones perspective of living style. It has enabled many non-living objects to behave smartly and 
intellectually according to the circumstance and environment. A growing number of physical objects are being connected to the 
Internet at an unprecedented rate realizing the idea of the Internet of Things (IoT). 
The IoT envisions hundreds or thousands of end-devices with sensing, actuating, processing, and communication capabilities able to 
be connected to the Internet [1].The captured data needs a direction to be Transferred, Modified, Controlled, Acknowledged, Stored 
or Exported to other devices. These tasks can be performed through suitable protocols. Typically, IoT is expected to offer advanced 
connectivity of devices, systems, and services that goes beyond, Human-to-Machine (H2M), Machine-to-Machine (M2M) 
communications. In section 2 studies the literature review, in section 3 explain the working of the data transfer protocols between 
the transmitter and the receiver is given. Section 4 Analyse the result and discuss, section 5 gives the conclusion of the work, the 
comparisons of the messaging protocols is important to choose a suitable design platform. 
1) Human To Machine Communications In IoT ( H2M): Human to Machine communication originally emerged from Telemetry 

technology, and its main aim was to measure data and automatically transmit it from remote sources typically by cable or a 
radio.Nowdays,plethora of sensors are being developed, which have better perceptual abilities than humans and can detect 
information that humans cannot.  
Affordable electronic devices halved to an increasing number of them being connected to the Internet. The smart IoT devices 
open up the possibility to reduce the burden on the user end by equipping everyday objects. Human-to-Machine communication 
is a very important development in Internet of Things.Fiqure 1 shows the human to machine interaction and its relation to the 
IoT.Figure 1 shows the elaborate human to machine interaction which demonstrates the use of sensors, actuators, cognition unit 
and processing unit.  
The data transfer in HMI model is based on the cognitive ability of the human. The machine sends the control data to the 
actuator unit to perform the required action. 
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Figure 1: Human to Machine Interaction 

 
2) Machine To Machine Communications In Iot ( M2m): Machine to Machine (M2M) is a broad term that can be used to describe 

any technology that enables networked devices to exchange information and perform actions without the manual assistance of 
humans. It forms the basis for a concept known as the Internet of Things (IoT).Key components of an M2M system include 
sensors.RFID, a Wi-Fi or cellular communications link and autonomic computing software programmed to help a networked 
device interpret data and make decisions.M2M communications expands telemetry’s role beyond its common use in science 
and engineering and places it in an everyday setting. People already are using M2M, but there are many more potential 
applications as wireless sensors networks and computers improve, benefitting the concept to be amalgamated with other 
technology. The main goal of M2MC is to enable the sharing of information between electronic systems autonomously; Figure 
2 shows the amalgation of Machine to Machine and IoT in real time. In other words Machine to Machine refers to technologies 
that allow both wireless and wired systems to communicate with other devices.M2M application protocols take a fundamental 
role in communication efficiency: Protocol overheads, necessary number of management or control and information messages, 
reliability and security. All these impact the number and size of transmissions consequently, the energy and bandwidth 
consumptions in a mobile device. It finds it major application in protocols namely MQTT, AMQT, COAP, XMPP, DDS, 
HTTP, RESTFULL, and WEB-SOCKET. 

 
Figure 2: Amalgamation of M2M and IoT 

 
II. RELATED WORK 

Internet of Things (IoT) is emerging technology. Show in previous section inside of IoT describe as protocols. By studying paper 
regarding IoT and IoT protocol related IETF standards paper show Application Layer protocols focus basically on message 
exchange between applications and the Internet [2].A Data Transfer Protocol is a standardised format for transmitting data between 
two devices. The type of protocol used can determine the variables. Application Layer work with other layer like Transport Layer, 
Internet Layer and Physical Layer. In this paper our aim to provide comprehensive survey to describe all main eight Application 
Layer Protocols. 
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A. IoT Ecosystem 
Figure 3 shows a 7-Layer model of IoT Ecosystem. At the bottom Layer is the market or application domain. The second layer 
consists of sensors that enable the application. The third layer consists of interconnection layer that allows the data generated 
sensors to be communicated, usually to a computing facility, data centre, or a cloud. Finally the top layer consists of services that 
enable the market and may include energy management, health management, education, transportation etc. [3]. 

 
Figure 3: IoT Ecosystem 

 
In this paper, we concentrate on the Session Layer. This layer itself can be shown in a Multi-Layer stack as shown in figure 4.We 
have shown only the Data link, Network, and Transport or Session Layers. The data link layer connects two IoT elements which 
generally could be two sensors or the sensor and the gateway device that connects a set of sensors to the Internet. Often there is a 
need for multiple sensors to communicate and aggregate information before to the Internet. Specialized protocols have been 
designed for routing among sensors and part of the routing layer. The Session Layer protocols enable messaging among various 
elements of the IoT communication subsystem. A number of security and management protocol have also been developed for IoT as 
shown in the figure. 

 
Figure 4: Protocols for IoT 

 
III. IOT APPLICATION LAYER MESSAGING PROTOCOLS 

A communication protocol is nothing but a language that is used by objects to interact among them. In simple words, a protocol is a 
set of rules that must be obeyed by the communicating objects. Communication Protocols are extremely essential in heterogeneous 
systems; where the objects interacting may be heterogeneous in nature, needing a common framework for them to interact. This 
section reviews standards and protocols for message passing in IoT Application Layer proposed by different standardization [2].All 
most Web-based application and IoT application are IP based and they use TCP and UDP for transport. However, there are several 
message distribution functions that are common among many IoT applications; it is desirable that these functions be implemented in 
an interoperable standard ways by different applications. Those protocols are: 
1) MQTT (Message Queuing Telemetry Transport Protocol): MQTT (Message Queue Telemetry Transport) was develop by or 

introduce by IBM in 1999 and standardized by OASIS in 2013 to target come up with lightweight M2M communication [3].It 
is Publish/Subscribe Protocol architecture similar to Client/Server Protocol show in figure 5 below. The importance of MQTT 
Protocol is due to its simplicity and the no need of high CPU and memory usage (reason is the lightweight protocol) [4].MQTT 
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supports a wide range of different devices and mobile platforms. At Transport Layer TLS/SSL security provides to 
MQTT.Show above figure 5 there three components are there Publishers, a Broker and Subscribers. Publishers are generally 
lightweight sensors that connect with a broker and send data to a broker and go back to sleep. Subscribers are IoT applications 
that interested in data send by sensors and also connect with a broker, so broker send interested data to subscribers. The brokers 
classify sensor data in Topics and send them to subscribers interested in the Topics. This all thing is on IoT point of View [5]. 

 
Figure 5: Working of MQTT Protocol 

 
2) CoAP (Constrained Application Protocol): CoAP (Constrained Application Protocol) is used for low power and low memory 

embedded devices where it can be used for communication instead of HTTP.Currently there is HTTP Protocol available with 
Request/Response paradigm but HTTP has many features and more footprint [5].HTTP runs over TCP where TCP will need 
more resources due to three way handshake and many more complex mechanism. Now for low power embedded devices, there 
is no need of this heavy protocols and we can optimize it to run over TCP.As CoAP is a Restful web Transfer Protocol for use 
with constrained networks. CoAP uses Client/Server model of approach same as HTTP.It is designed for constrained networks 
with low overhead and lower footprint [6]. 

 
Figure 6: Constrained Application Protocol 

 
3) AMQP (Advanced Message Queuing Protocol): The Advanced Message Queuing Protocol (AMQP) is a protocol that across 

from the financial industry. Security is managed with the use of the TLS/SSL Protocols. Its run over TCP.AMQP is follow 
Publish/Subscribe communication Protocol for messaging [6,7].AMQP is same like MQTT but AMQP have advantage its store 
data then forward it, and this features used at when network disruptions that time ensures reliability. Show in figure 7 below a 
broker divide into two part Exchange and Queue. Exchange responsibility to receive Publishers messages and distribute to 
Queue. A queue is based on Pre-define Roles and Condition and it’s basically send message to subscribers who subscribe those 
data. 

 
Figure 7: Advanced Message Queuing Protocol 
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4) XMPP (Extensible Messaging and Presence Protocol): Extensible Messaging and Presence Protocol (XMPP) is a Messaging 
Protocol that was designed originally for chatting and message exchange applications. It was standardized by IETF in 1999 
named as jabber In all Application Layer Protocols only XMPP Protocol support Publish /Subscribe  and Request/Response 
model and it’s depend on application developers to develop application which model they use [8].It does not provide any 
quality of service guarantees and, hence, is not practical for M2M communications. XMPP is IP based communication protocol 
with Extensible Mark-up Language (XML) support [9]. 

 
Figure 8: Extensible Messaging and Presence Protocol 

 
5) DDS (Data Distribution Service): Data Distribution Service (DDS) is another Publish/Subscribe Protocol that is designed by 

the Object Management Group (OMG) for M2M communications. It defines two sub layers: Data-Centric Publish-Subscribe 
(DCPS) which disseminates information to subscribers and Data-Local Reconstruction Layer (DLRL) which is an optional and 
is an interface to the DCPS functionalities. It shares data among distributed objects [9]. 

 
Figure 9: Data Distribution Service 

 
6) HTTP (Hyper Text Transfer Protocol): HTTP is specially designed for Internet. It was developed by Tim Berners Lee and later 

standardized by IETF in 1997.Though HTTP uses Request/Response architecture, it doesn’t use topics.HTTP is based on 
Representational State Transfer (REST),an architectural style that makes information available as resources identified by URIs 
[8].HTTP is simple text based protocol where no fixed header size is defined. It has features on Persistent and Non-Persistent 
connections.by default TCP is used as HTTP’s Transport Protocol, but HTTP doesn’t have any QoS support [9].HTTP is very 
powerful protocol, but it’s relatively expensive in implementation and network resource usage. This makes it difficult to adopt 
HTTP as it is for IoT networks.HTTP transfers a large number of small packets over web but overhead of HTTP causes many 
problems, such as consumption of network resources and large delays [10]. 
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Figure 10: Working of Hyper Text Transfer Protocol 

 
7) RESTFULL (REpresentational State Transfer): Representational State Transfer ( RESTFUL Services) is an engineering that 

gives web administrations which permit correspondence and information trade between various gadgets utilizing HTTP in IoT 
condition [5].REST utilizes the HTTP strategies GET,POST,PUT,and DELETE to give an asset arranged informing framework 
where all activities can be performed essentially by utilizing the synchronous request/response HTTP commands. RESTFUL 
services use the secure and reliable HTTP which is the proven worldwide Internet language. It can make use of TLS/SSL for 
security [9]. 

 
Figure 11: Working of RESTFULL Protocol 

 
8) WEB-SOCKET: The WEB-SOCKET Protocol provides two ways for communication between clients and a remote server. 

Web-Socket provides security similar to the security model used HTTPS Protocol. For browsing Application Layer used and 
web-Socket work on TCP Transport Layer Protocol, so they need to interact and communicate with host those who connect 
with remote. Web-Socket is a Web-based Protocol that works on the single TCP channel and provides full duplex 
communications. Web-Socket starts session without Publish/Subscribe and Request/Response models like previous protocols 
[9, 10]. 

 
Figure 12:  Working of WEB-SCOKET Protocol 
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IV. RESULT AND DISCUSSION 
To interconnect objects to transfer data and to publish information over a network without requiring Human-to Human or Human–
to-Computer interaction is now possible. That is why the IoT application programmers are faced with the challenges of choosing an 
appropriate communication protocols for their resource-constrained applications. 
Performance Evaluation: In The process of Subscription-Publication, the challenge is to accomplish the message delivery with a 
high efficiency, a low latency and a low packet loss rate using one of reliability and QoS level. Otherwise, it is up to the application 
to select the appropriate QoS level for its publications and subscriptions, thus the decision to use one of these levels impacts on the 
application performance as well as on the use of bandwidth and battery life of devices.However,although the traditional protocol’s 
effectiveness, the need for a suitable protocol for IoT applications involving constrained devices is necessary because the biggest 
obstacle in the functioning of these devices is energy consumption. Both MQTT and CoAP protocols are being implemented for 
Mesh-Networking applications in networks in order to allow inter-standard communication between lightweight end nodes. Data 
transfer Protocols are rapidly emerging and integrating the IoT market as leading lightweight messaging protocols for constrained 
devices.  
Each protocol offers unique benefits and each poses challenges and tradeoffs.The strengths and issues of these eight protocols are 
summarized in Table 1 [9, 10].The purpose of this evaluation is to choose the use of either MQTT or CoAP according to the best 
throughput and lowest latency resulted in the presence of different criteria. AMQP can be integrated with TLS in order to ensure 
secure communication.DDS, RESTFUL, and WEB-SOCKET is an excellent quality of service levels and reliability 
quarantees.XMPP is very secure protocol which supports encryption, authentication, and access control. MQTT and CoAP use 
different transmission protocols of TCP and UDP.CoAP present the best performances in terms of both throughput and latency. 
 

Table 1: Comparative Analysis of IoT Data Transfer Messaging Protocols 
Sr.No Criteria MQTT CoAP AMQP XMPP DDS HTTP RESTFU

L 
WEBSOCKET 

1 Year 1999 2010 2003 1999 2004 1997 2000 2011 
2 RESTFUL No Yes No No No Yes Yes yes 
3 Transport Protocol TCP UDP TCP TCP TCP/UDP TCP TCP/UDP TCP 
4 Publish/Subscribe 

Model 
Yes Yes Yes Yes Yes No No No 

5 Request/Response No Yes No Yes No Yes Yes YES 
6 Security SSL DTLS SSL SSL SSL/DTLS SSL SSL/TLS TLS 
7 QoS yes Yes Yes No Yes No NO NO 
8 Header Size 2 4 8 ----- ------- ------- ------ ------ 
9 XML Support No No No Yes No Yes Yes Yes 

10 Encoding Format Binary Binary Binary Character Binary Text Text Text 
11 Default Port 1883/8883 5683/5684 5671/5672 5222/5223 7400/7401 80/443 23450/tcp RFC 6455 
12 Proxy Support Partial Yes Yes Yes Yes Yes Yes Yes 
 

V. CONCLUSION 
In this paper, we made a shot to supply survey on the embedded world and/or Machine to Human (M2H), Machine to Machine 
(M2M) communication around Data transfer Messaging Protocols. During this paper we have analyzed and compared messaging 
protocols for IoT systems. Started our discussion with MQTT then discussed, MQTT, AMQT, COAP, XMPP, DDS, HTTP, 
RESTFULL, and WEB-SOCKET. Each of these protocols has their different pros, cons and is meant for particular scenarios. Also 
we performed comparative analysis of this protocol which is in a position to assist us to choose appropriate messaging protocol 
depending upon application requirements.  
There are three major components for implementing IoT on different applications: Security, Privacy and Trust. While increasing the 
expansion of IoT, Security is more important for reliable data transferred among the billions of smart objects. This paper 
concentrates on Application Layer Data Transfer Messaging Protocols on IoT devices. CoAP having light weight and consume low 
energy; CoAP is utilized on many applications of IoT. To secure data transferred, CoAP combined with DTLS Protocols named as 
Datagram Transport Layer Security Protocols because the safety agent. So, in future we concentrate on Security in Application 
Layer Protocols. 
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Abstract-Security is the basic requirement of any user for 

Internet of Things (IoT) traditional network. An internet 

user will not share his confidential and important data 

on the network unless the traditional network is trusted. 

IoT is considered as a collection of heterogeneous 

devices, such as, radio frequency identification, sensors 

and actuators, which form a huge traditional network, 

enabling not connected to computer in the network to 

produce a trustworthy world of services. Security and 

privacy are the two most important aspects of the IoT 

network, which includes authentication, authorization, 

data protection, network security, and access control. 

Additionally, traditional network security cannot be 

directly used in IoT traditional networks due to its 

limitations on computational capabilities and 

heterogeneous devices storage capacities. Authentication 

and Access control is the mainstay of the IoT traditional 

network, as all components undergo an authentication 

process before establishing communications between 

heterogeneous devices therefore, securing authentication 

and access control is essential to ensure that resources 

are only granted to the authorized users. With 

authentication and access control information, it sets the 

access rights of the subject to the object and protects 

heterogeneous devices from unauthorized access to 

ensure confidentiality and integrity of the system 

resources in the send and receive data signal is one of the 

basic security services. Current access control 

technology can be divided into Role-based Access 

Control (RBAC) and Resource Role Hierarchy Based 

Access Control (RRBAC). The first kind of access 

control model is RBAC, which is widely used in 

traditional networks and second is suitable for multiple 

security domains with different applications. In this 

paper focused on IoT security particularly on their 

authentication and access control model. Also, studies on 

existing evaluation schemes of IoT authentication and 

access control. 

 

Keywords- Access Control, Authentication, Attribute-

Based Access Control (ABAC), Role-Based Control 

(RBAC), Resource Role Hierarchy Based Access Control 

(RRBAC). 

1. INTRODUCTION 

 

The fundamental question that needs to be answered is 

how we can trust the validity of the data being 

generated in the first place. IoT therefore needs to 

improve its trustworthiness before it can be used to 

solve challenging economic and environmental 

problems tied to our social lives. 

Due to huge number of IoT devices and machine to 

machine communication feature of IoT, legacy 

authentication and authorization techniques are not 

viable for it. Devices must authenticate each other 

before exchanging any information between them 

(M2M communication) which is a challenge for 

researcher due to massive number of heterogeneous 

devices. IoT is focusing on Machine to Machine 

(M2M) mode of communication. For such 

communication nodes authentication is very important 

for insuring security and privacy. When two or more 

nodes are communicating with each other for a 

common objective they should authenticate each other 

first in order to block fake node attack. However, there 

is no efficient authentication mechanism for massive 

number of IoT devices. Authentication and access 

control mechanisms are capable of preventing 

unauthorized users from accessing the data of sensor 

nodes on the IoT perception layer and guaranteeing the 

data security effectively. User authentication is to 

allow legitimate user to access resources as well as to 

decline malicious person or attacker [1]. After 

authentication, access control is to restrict 

authenticated user to access the only data that have the 

privileges. However, due to the characteristics of 
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wireless sensor network, secure access is faced with 

more severe challenges.  The trustworthiness to 

heterogeneous device authentication and access 

control model in IoT traditional network are discussed 

here. In this paper, authors focus various evaluation 

techniques with their parameters and supporting 

equations. This paper presents an overview of the 

existing work on trust authentication, access control 

models in IoT. The first access control model is role-

based access control (RBAC), which is widely used in 

traditional networks. Adopt ABAC-based 

authorization method in order to access various 

resources and data in this type of model, users require 

certain certificate information that falls into ABAC. If 

a user has some special attributes in ABAC, it is 

possible to access a particular resource or piece of 

data.  ABAC is a more flexible and scalable that 

abstract identity, role, and resources information of the 

traditional access control into entity attributes. 

Additionally, ABAC can support either fine-grained 

access control in the complex system or dynamic 

extension of large-scale users. The second access 

control model RRBAC is suitable for multiple security 

domains with different applications [2, 3]. 

The paper focuses on building an access control model 

and system based on trust computing, which is a new 

field of access control techniques that includes Access 

Control, Trust Computing, Internet of Things, network 

attacks, and cheating detection technologies. Because 

target access control systems can be very complex to 

manage, there has been substantial research in this 

domain, most of which has been related to attacks like 

self-promotion and ballot stuffing where a node falsely 

promotes its importance and boosts the reputation of a 

malicious node (by providing good recommendations) 

to engage in a collusion-style attack. The traditional 

trust computation model is inefficient in 

differentiating a participant object in IoT, which is 

designed to win trust by cheating. There is an urgent 

need to put forward more suitable and effective 

methods to ensure the security of IoT 

This paper is organized as follows. Section II describes 

the authentication model for IoT security. Section III 

presents Access control model for IoT security. In 

section IV Authentication Evaluation Techniques for 

IoT security, Section V presents Access Control 

Evaluation Techniques for IoT security finally, section 

VI concludes the paper and future research. 

 

2. AUTHENTICATION MODEL FOR IOT 

SECURITY 

 

Authentication allows communicating entities to 

convince the identity of each other and exchange 

session keys. In wireless sensor network, user and 

terminal nodes in the communication process require 

mutual authentication to ensure network security, 

while terminal nodes require authentication mutually 

to prevent malicious nodes attacks. Encryption 

mechanism ensures confidentiality to prevent data 

from being stolen during communication process via 

encoding the data. Usually, the authentication is 

divided into two parts [4, 5]. 

(1) Authentication: authentication between user and 

terminal nodes ensures only the legitimate User can 

access the network. 

(2) Key establishment: session keys should be created 

between the user and nodes for secure 

Communication. 

 
Figure 1: Authentication Model for IoT security 

 

3. ACCESS CONTROL MODEL FOR IOT 

SECURITY 

 

As discussed in Section 3, access control is the most 

fundamental component in trustworthy security. Many 

access control models have been developed in the past 

three decades and among all these models, Role-Based 

Access Control (RBAC) models [6] are most widely 

used in enterprises and other organizations. Role-

based models can greatly cut down the cost for policy 

specification. Also, Role hierarchy in RBAC provides 

a natural representation (role hierarchy) of the 

structure of the users in an organization. Role 

faithfully describes the responsibility and authority of 
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the user in the position represented by the role. The 

RBAC model focuses on building a hierarchy of the 

subjects to reduce the overhead in access right 

specification and management but does not consider 

the same for the objects (i.e., the resources to be 

accessed). In IoT security, there are an enormous 

number of resources. If permissions have to be 

assigned for individual IoT resources to roles, 

permission assignment and management can have a 

very high complexity, likely to be infeasible 

[7].RBAC model also has limitations in highly open 

environment where no role hierarchy can be 

formulated [8] In RBAC, the only alignment required 

for interoperation is to map the roles from one domain 

to another and role mapping techniques has been well 

explored [9]. For interoperation in ABAC, need to 

align the attributes as well as the values for the 

attributes. If two systems do not have equivalent 

attributes, it is impossible to align them. Extended the 

RBAC model and created the RRBAC (Resource and 

Role hierarchy Based Access Control) model [10] to 

circumvent the problems in RBAC and ABAC 

discussed above. Similar to role hierarchy, IoT 

resources can be organized in a hierarchy and 

permissions can be assigned based on the resource 

hierarchy. By providing resource hierarchy as a part of 

the access control model, we can greatly simplify 

access rights assignments using the resource groups 

and privilege inheritance concept on the resource 

hierarchy. The high level RRBAC model is formally 

specified in Section 3.1. For the dynamic and open IoT 

systems develop a “resource role hierarchy” based 

access control model to support easy policy 

specification. An entity in the system can build a 

resource role hierarchy to specify its view of the other 

entities in the system without knowing the specific 

entities.  Integrate the RBAC model with RRBAC so 

that access control policies can be specified based on 

the relative role hierarchy and resource hierarchy [11]. 

When a dynamic IoT network is formed, the other 

entities are mapped to the relative role hierarchy of 

entity based on their attributes. The attribute values are 

obtained by mining the societal databases and social 

networks. The resource role hierarchy concept is 

presented in Section 3.2. 

3.1 Role-Based Access Control Model (RBAC) 

Role-Based Access Control approach (RBAC), a 

policy mechanism defined roles and privileges. This 

approach scales better than other models. However, 

when talking about a huge amount of devices, 

managing roles for individual entities the possibility of 

grouping sensors and assigning roles to those that have 

the same rights is a good solution for this problem. For 

providing access rights to user, it is important to know 

the user’s responsibilities assigned by the 

organization. RBAC try to reduce the gap by 

combining the forced organizational constraints with 

flexibility of explicit authorizations [12]. RBAC 

mostly used for controlling the access to computer 

resources. RBAC is very useful method for controlling 

what type of information users can utilize on the 

computer, the programs that the users execute, and the 

changes that the users can make. In RBAC roles for 

users are assigned statically, which is not used in 

dynamic environment. It is more difficult to change 

the access rights of the user without changing the 

specified roles of the user. RBAC is mostly preferable 

access control model for the local domain. Due to the 

static role assignment, it does not have complexity. 

Therefore, it needs the low attention for maintenance 

[13, 14]. Role is nothing but the abstractions of the 

user behaviour and their assigned duties [15]. 

 
Figure 2: Role-Based Access Control Model 

Essentially, in role-based access control policies need 

to identify the roles in the system, a role can be defined 

as a set of responsibilities and actions associated with 

a particular working activity. In an Access control 

security model, a role is considered as a job-related 

access right which can be given to the authorized users 

within an organization. It allows authorized user to 

achieve its associated responsibilities [14, 15]. 
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Figure 3: User-Role-Permission Mapping 

A permission p is a pair < trans, objset >, where trans 

represents the transaction that executes on the set of 

objects that is objset. Consider P indicate the universal 

set of permissions, Trans indicate the universal set of 

transactions, and Obj indicates the set of objects.  

 

3.2 Resource and Role Hierarchy Based Access 

Control (RRBAC) 

The big difference between RRBAC and (ABAC). 

RRBAC is suitable for multiple security domains with 

different applications. Figure 4 is the structure graph 

of RRBAC model. From Figure 4, the users are 

distributed anywhere, in a school, in a company etc. In 

every security domain, the administrator is charge of 

managing the sessions and roles. Usually, the session 

IDs are randomly generated as a procedure for a user 

to perform actions. The roles are man-made according 

to the registration of the resources. The resources are 

also distributed. After a resource registers and passes 

the examination, it can become a legitimate resource. 

Surely, a valid resource is treated as a part of the 

domain [16]. 

 
Figure 4: The structure graph of RRBAC Model [16] 

 

4. IOT AUTHENTICATION EVALUATION 

TECHNIQUES 

 

As the new and challenging authentication techniques 

are necessary to protect the IoT environment from 

various emerging attacks, evaluation of those 

proposed schemes are equally important to check their 

potency. In this section, discuss several evaluation 

techniques with their parameters and supporting 

equations [17]. 

A. Average Response Time 

Response time is assumed to be the time taken by the 

server to result in the response of a request to the 

client. This can be affected by few factors, such as, 

number of users, number of request, type of requests, 

think time, network bandwidth, and server 

configuration. First response time can be executed by 

the time of client request and the time of first response, 

which is defined in equation 1. 

Tres = tres - treq                  (1) 

Here Tres, tres, treq are response time, time of client 

request and time of first response respectively. 

Average response time is calculated by the mean of all 

response time, which is determined in equation 2. 

Tavg_res = (n/r) - Tthink    (2) 

Where Tavg_res is the average response time, n is the 

number of concurrent users. r is the number of requests 

per second the server receives. Tthink is the average 

think time (in seconds).However, to obtain an accurate 

response time result, a user should always include 

think time in the equation. 

 

B. Impact on Throughput 

Throughput (TP) can be described as the amount of 

data passes through a system in a unit of time. In the 

traditional network of IoT, find out the total number of 

transmitted data preserved in a second. The TP can be 

defined in equation 3. 

TP = ∑ (Qr
i * li ) / Tw     (3) 

Here, TP denotes throughput, while Qr
i  is the 

Quantity and li  is the length of the ith kind, and Tw 

denotes as the whole time of the simulation. 

 

C. Packet Delivery Ratio 

Packet Delivery Ratio is calculated based on the 

number of packets sent by the sender and the number 

of packets successfully received at the receiver end. 

However, it depends on several factors like network 

configuration, device capabilities, and bandwidth; 

therefore, it is difficult to test the network 

performance. Equation 4 can be used to calculate the 

packet delivery ratio. 

PDR = Nrp / Nsp    (4) 

Where PDR is Packet Delivery Ratio; Nsp is the total 
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number of sent packets, and Nrp is the total number of 

received packets. It has been identified that throughput 

falls when the number of nodes increases in a network. 

In the wireless sensor network, packet-sending 

circumstances are defined in the energy model, like 

that; energy is consumed when a packet is sent over 

the network. Therefore, more packet transfer cost core 

energy consumption. Ultimately, the packet can be 

discarded due to less energy or long-distance travel 

[17]. 

 

D. Handshake Duration  

Handshaking is the process of negotiation between 

two network parties in the IoT network. These parties 

can be user, sensor, actuator, server or other nodes. As 

shown in Figure 5, handshaking takes place by 

completing the two-roundtrip message, whereas, 

client's discovery offers by the server and again the 

client's request acknowledges by the server. Duration 

to a handshake Ths is computed at the client-end using 

equation 5. 

Ths = Ts + Tres + Tp         (5) 

Where Ts is the time taken by whole session request, 

Tres is client response time and Tp denotes as 

processing time at the server. However, to calculate 

the handshake duration, a user must perform several 

random numbers of handshakes between the client and 

the server.  

 
Figure 5:  Four Way Authentication Handshaking. 

E. End-To-End Delay 

End-to-End Delay or E2ED denotes the average time 

to deliver packets from sender to receiver.E2ED can 

be calculated by using equation 6. 

E2ED = ∑ (Tr
i -Ts

i) / n   (6) 

Here, i is the number of packets and n is the number of 

received packets, while Tr 
i is the received and Ts

i 

denotes the sent timestamp for ith packet. E2ED is 

proportional to the number of sensors in the IoT 

network. Therefore, an increased number of nodes put 

up the congestion in the network. 

 

5. IOT ACCESS CONTROL EVALUATION 

TECHNIQUES 

 

Access Control technologies are known as the main 

elements to address the security and privacy issues in 

the Internet of Things. Any effective access control 

system should satisfy the main security properties of 

confidentiality (preventing unauthorized divulgation 

of resources), integrity (preventing resource to be 

modified without authorization resources), and 

availability (assuring access to resource by legitimate 

users when needed).In addition, the classification of 

IoT heterogeneous devices by assigning them a 

particular class according to their evaluation 

techniques. These evaluation techniques will help in 

building an adequate access control framework to 

achieve the required security level for each domain 

application. 

A. Quantitative and Qualitative Evaluation techniques 

In this section, we evaluate in both quantitative and 

qualitative way towards access control in IoT and their 

versatility for preserving security and privacy by 

referring to the above Role-Based Access Control 

Model (RBAC) and Resource Role Hierarchy Based 

Access Control (RRBAC) Model based on the 

described legend below this evaluation is highlighted 

as follow [18]. 

Legend: VH= Very High=> 5, H= High =>4, 

M=Medium =>3, L= Low => 2, VL= Very 

                    Low =>1, No= Null => 0 

Each quality criteria is assigned a value ranging from 

0 to 5, where 0 signifies not defined, 1 signifies a very 

low quality sufficiency,2 signifies a low quality 

sufficiency,3 signifies a medium quality sufficiency,4 

signifies a high quality sufficiency while 5 signifies a 

very high quality sufficiency. These values are then 

used to indicate the sufficiency of each access control 

model’s interoperability between heterogeneous 

devices for each security and privacy preserving 

analysis for IoT.  
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B. Evaluation of Access Control based on RBAC and 

RRBAC Model 

The web service technology is known to provide great 

interoperability between heterogeneous devices. For 

this reason, we classify all the devices that adopt the 

web of think approach (based on web service) as high-

quality sufficiencies in term of interoperability based 

on RBAC model have the following issues [18]. 

(1) Interoperability: the difficulty to approve a real 

consensus regarding the meaning of role to be shared 

with different applications, platforms, domains and 

enterprises. 

(2)Role explosion: The role explosion issue justifies 

the critical dynamicity aspect of RBAC. Actually, 

RBAC defines access permissions in a static and fixed 

manner without taking the context of the access into 

consideration. As a result, a pure RBAC solution may 

be inappropriate for defining fine-grained access 

permissions based on context, and dynamics of IoT 

environment. 

(3) Critical scalability: policies cannot evolve easily. 

In fact, the creation of new roles can lead to rebuilding 

the entire model.  

(4) Nonsupport of delegation: a subject cannot grant 

access rights to another subject, as well as grant the 

right to further delegate all or part of the granted rights. 

 

6. ANALYSIS AND DISCUSSION 

 

The current concept of network and connectivity is 

going to be changed in the next few years. As it is 

predicted that the number of connected heterogeneous 

devices in the world will take over the headcount of 

human beings soon, this can be possible because of the 

expansion of the authentication and access control 

evaluation techniques in Internet of Things. However, 

security on IoT is still searching for its way to improve 

so that it can provide reliability and protection against 

threats. Again, suitable selection of authentication and 

access control model is one of the main important parts 

in security, because it is the gateway of a user or 

device to introduce in a network. In addition, a proper 

selection of authenticate devices to protect the network 

from attacks. Due those issues, basic RBAC model is 

not really a suitable solution to perform authorization 

functions in IoT domain applications requiring high 

level of interoperability/scalability, such as smart grids 

and smart cities. Authentication and access control is 

the process for giving the authority to access the 

specific resources, applications and system. Access 

control defines a set of criteria to access the 

heterogeneous devices of the IoT system and its 

resources. In Role Based model creates different 

authorities permissions by assigning access rights to 

specific roles or jobs within the IoT system then role 

based access control assigns these roles to users, It is 

effectively implemented in an environment because 

command and resources are assigned according to the 

roles. 

7. CONCLUSION 

 

The data can be perceived from any device at any 

moment. The powerful IoT heterogeneous devices 

authentication and Access Control is needed to make 

sure connected devices on the IoT can be trusted and 

access to the device resources to be what they intend 

to be. Accordingly, each IoT device needs a distinctive 

identity that can be authenticated when the device 

connected to the traditional network, it can track every 

device communicate securely with it, and inhibit it 

from executing detrimental processes. If a device 

shows unforeseen behaviour can simply revoke its 

privileges and compulsory to verify that the data do 

not change during transit. Then the network checks if 

this information is correct or not and ensures that the 

device is connected to the right network or not. It can 

be done using authentication and access control 

mechanism.  

This paper is to propose a flexible Resource and Role 

Hierarchy Based Access Control (RRBAC) model for 

the dynamic IoT environment. Working from the 

RBAC access control model, the RRBAC access 

control model is more extendable, flexible and 

trustworthy. The main contribution of this paper is to 

understand the trust models enable the owners and 

roles to determine the trustworthiness of individual 

roles and users in the RBAC system respectively. 

RRBAC allow the data owners to use the trust 

evaluation techniques to decide to save their data in 

the IoT environment. RRBAC model provides a 

flexible approach for many security domains. 

Authentication and Access Control models supports 

different types of resources sharing to reduce the 

impact of any wrong data signal on the IoT traditional 

network. As a consequence, the RRBAC model 

provides a self-adaptive framework which is reliable 

enough too attached to any heterogeneous devices in 

the IoT environments. 
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Abstract:  

Imposition of lockdown and subsequent isolation during Covid19 pandemic made Loneliness 
(is a subjective experience, painful, unwanted and difficult to tolerate) worse and job profile and 
working pattern of and every professional has changed drastically during and post pandemic period. 
This research aims to study the effect of job profile on pandemic prevalent concern-Loneliness. The 
profiles under consideration are (a) most vulnerable people – Medical Professionals and (b) less 
vulnerable than medical professionals i.e. – Non-Medical Professionals.Survey method was used to 
obtain the information. Study includes sample of 80 professionals (40 Medical, 40 Non-Medical) 
selected randomly from Amravati District. Standardized UCLA Loneliness Scale (Version3) by Daniel 
w. Russell was used. Mean, Standard Deviation and T-values were computed. Statistical analysis 
reveals that there is no significant difference between loneliness experienced by medical and non-
medical professionals.  
Key Words: Job Vulnerability, Medical Professionals, Non-Medical Professionals, Loneliness, COVID 
19 Pandemic. 
1. IntroductionThe mankind has been experiencing manmade or natural disasters since centuries. 
Societies have also tried to come out of or get rid of such situations. But, the world has witnessed many 
drastic changes in the way we live and lead our daily life from last 3 to 4 decades more prominently. 
Rapid technological revolution in automation, digital revolution, loss of geographical barriers due to 
modernized way of transport and communication, global environmental changes, global witness of new 
diseases and epidemics and growing number of natural disasters are the main contributing factors for 
these drastic changes. These changes have also brought in changes in values and beliefs of masses. It is 
observed that along with the advent of these changes, daily living of general population is not only 
modernised, advanced and innovative but also complex, competitive and stressful at the same time.  

Till recently, type of disaster, type of devastation thereon and subsequent mental problems were 
different at different geographies or families. Present day Covid-19 pandemic is unique disaster in a 
sense that whole world or world population have experienced same disaster and same mental problems 
at the same time. Due to imposed pandemic countering measures like heavy medication, getting 
quarantined, lockdowns etc. and inadequate resources like medicines, oxygen etc.; almost every 
individual have experienced helplessness, fear of death and loneliness. We have not experienced such 
disaster across the globe in recent century.  

Consequently, job profiles have changed drastically with particular reference to current 
pandemic. Professionals working in medical field were in great demand. Even students pursuing their 
last semester of doctorate degree had to work in Covid wards.  Medical professionals have undergone 
the most stressful situation due to responsibility of others' life and concern of self-life at the same time. 
Professionals, other than medical field have to change their working pattern to a greater extent. During 
this period of pandemic, medical professionals were mostly insecure and level of risk faced by them 
was highest among all other professionals  

Thus, the situation has brought forth challenge for every individual to be fittest so as to come 
out of and sustain in this situation and situation here forth. 

As such situations may recur in future, this is the best and unique opportunity provided by time 
to us to study the effect of job profile on pandemic prevalent prominent mental concern: Loneliness. 

For the present study the job profiles under consideration are (a) most vulnerable people – 
Medical Professionals and (b) less vulnerable than medical professionals i.e. – Non-Medical 
Professionals. 

Amravati District experienced a unique situation from February 2021 i.e. emergence of a new 
mutant and drastic rise in infection thereon. Hence, all class of people in the district have undergone 
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more stressful situation than any other districts. So for collection of the sample Amravati district is 
considered as a population for the present study. 
1.1 Loneliness 

Loneliness is a subjective feeling. Being alone is different from loneliness. One may perceive 
himself/herself as lonely even when surrounded by friends and loved ones. Loneliness is something 
everyone feels at some point of life. Human beings have a fundamental need of belongingness. If this 
need is not satisfied they may experience problems like anxiety, frustration, emotional disturbances, 
depression and various other psychosomatic difficulties.  

The deficit in social participation and relationships can lead individuals to report higher level of 
loneliness.  

Loneliness is a subjective experience, which is painful, unwanted, aversive and difficult to 
tolerate.  

Loneliness can be defined as the discrepancy between desired and actual quantity and quality of 
social relationships. (Peplau and Perlman, 1982) 

Loneliness is an emotional state, not necessarily, the objective state of being alone – it is 
dissatisfaction with social relationships, regardless of how few or numerous, infrequent or active 
(Hawkley and Cacioppo, 2010).  

The American Psychological Association defines loneliness as an affective and cognitive 
discomfort or uneasiness from being or perceiving oneself to be alone or otherwise solitary. 
1.2Objective 

To assess the effect of Job Vulnerability on loneliness and find out whether medical and non-
medical professionals differ significantly from each other or not. 
1.3 Hypothesis 

There will be significant difference in the level of loneliness experienced by medical and non-
medical professionals; Medical professionals will experience lower level of loneliness than non-medical 
professionals.  
2. Review of literature 

The review of literature is a text of earlier researches which include correct knowledge 
including valuable findings and aid to situate the current study within the body of literature. Many 
researchers have tried to explore how job profile is related to and affects important trait like loneliness.  
2.1) María Cabello, Ana Izquierdo, Itziar et al (2021) conducted study on Loneliness and not living 
alone is what impacted on the healthcare professional’s mental health during the COVID-19 outbreak in 
Spain. This study was aimed at exploring the role of loneliness in the healthcare professionals’ mental 
health during the COVID-19 outbreak in Spain.  

This study has showed that, after controlling for other covariates, the presence of feelings of 
loneliness was related to lower mental health in healthcare professionals. The prevalence of health 
professionals with feelings of loneliness was 53% in this study. This number is very high if we consider 
that the prevalence of people who have feelings of loneliness is around 30% in the Spanish adult 
population (Martín-María et al., 2020).  

Study concluded that presence of loneliness was positively related to higher mental health 
problems after controlling for other covariates. Other factors related to higher mental health problems 
were a higher COVID-19 risk perception, being in quarantine, checking COVID-19-related news 
several times a day and having a lower training on managing infectious diseases. 
2.2)Sonam Joshi in her article in Times Of India (Oct 8,2020) wrote that among 3 in 5 (60%) indian 
professionals have felt lonely at some point while working remotely in the last few months, while 73% 
still feel lonely now. These are the findings of the linkedin Workforce Confidence Index, an online 
survey of 16,199 Indian professionals conducted between April and september to understand the impact 
of the pandemic and remote work on their mental health.  
2.3) Lauren Vogel (2018)in his article published in Harvard Business Review Stated that Doctors and 
lawyers are among America’s loneliest workers, followed by people who work in engineering and 
science. Researchers surveyed 1624 full-time employees on the degrees of loneliness and social support 
they experienced daily, both in and out of the workplace. Respondents with graduate degrees reported 
higher levels of loneliness than those who had completed only undergraduate studies or high school. 
Lawyers and doctors were the loneliest by far, reporting levels of loneliness 25% higher than 
respondents with bachelor’s degrees and 20% higher than those with PhDs. 
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2.4) Joanne M. Stubbs, Helen M. Achat(2022) conducted a survey of Health Care Workers and stated 
that Loneliness in HCWs is a legitimate concern, negatively impacting their well-being during a health 
crisis. Contact with family and friends, the support provided by living with one's partner and a sense of 
camaraderie with colleagues were associated with mental well-being and indicate potential avenues to 
ameliorate the adverse consequences of loneliness. 
3. Research Methodology   

3.1 Research Method - Survey descriptive method was used for this study. 
3.2 Population – For the present study population includes professionals from Amravati District of the 
age ranging from 25 years to 55 years which are categorized into two groups’ medical and non- medical 
professionals. 

Medical Professionals of Amravati District - general and specialized physicians and surgeons, 
dentists, nurses, dieticians, physiotherapists, speech therapists, pathologists, lab Technicians, ward boys, 
Pharmacists, Psychologist. 
Non-Medical professionals of Amravati district – All professionals other than Medical Professionals. 
(Administrative staff, educationist, bankers, police, self-employed, businessmen etc.) 
3.3 Sample- The sample of the present study consisted of 80 professionals with equal number of 
medical and non- medical Professionals i.e. 40 each. The samples were selected randomly from 
different hospitals, school, shops, banks and offices. This Sample is free from distinguishing factors like 
Gender, Area (rural and Urban) and Education. 
3.4 Research Tool  

Standardized Psychological test: UCLA loneliness scale (version 3)- by Daniel W. Russell was 
used for the present study. It contains 20 items. The test is highly reliable, both in terms of internal 
consistency (coefficient alpha ranging from 0.89 to 0.94) and test-retest reliability over a 1 year period 
(r = 0.73) 
3.5 Procedure- The researcher briefed the participants regarding purpose of the study and assisted them 
while solving the UCLA Loneliness scale (version 3) as per the need of the participants. Participants 
were given sufficient time to complete the UCLA Loneliness scale (version 3). 
3.6 Statistical Techniques- In order to draw out the results the researcher used statisticattechniques 

like Mean, Standard deviation, and T-test 
3.7 Statistical Results and Findings 

 

Professionals N Mean S.D. t-value Significance 
Medical 40 38.45 9.462341 

0.146436 
Not Significant at 0.05 
level (p>0.05) Non-Medical 40 38.75 8.851336 

Table 1 
4. Discussion- A perusal of table 1 reveals that mean loneliness scale scores of medical and non-
medical professional were 38.45 and 38.75, with S.D. 9.462341 and 8.851336 respectively. The t- value 
between the means of two groups was found to be 0.146436 which is not significant at0.05 level of 
significance. It shows that there is no significant difference between loneliness experienced by medical 
and non-medical professionals. This finding is in the line with the findings of Lauren Vogel (2018) and 
Sonam Joshi (2020). Thus the hypothesis is rejected. 
5. Conclusion 

Conclusion of the study is Medical and non-medical professionals do not differ significantly 
from each other on the level of Loneliness. Medical Professionals and non-medical professionals have 
experienced a same level of loneliness.   
6. Scope and Limitations of the study 

6.1 Scope  
1. Medical and non-medical professionals are included in this study. People, who are not medical 
professionals, were treated as non-medical professionals.  
2. The sample data was collected form people of Amravati district. 
3. An important pandemic prevalent concern: loneliness was considered in this study. 
6.2 Limitations 
1. The sample data was collected form people of Amravati district only. 
2. The sample size was small. 
3. The sample was not distinguished between gender, area (rural and urban) and education.  
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4. Sample was collected from literate people only.  
5. Though Pandemic situation may have brought many prevalent concerns on the surface only 
loneliness was taken into account for study. 
6. Consistently the nature of covid variant is changing that's why there is a possibility in severity and 
changes in system. 
7. The research was done using self-report questionnaires, so there is a possibility that the responses 
given by the respondents to be false. 
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Abstract:  

Frontline and Non-Frontline workers were critically working hard for normal functioning of the 
society during Covid19 pandemic. 

Aim of this research is to understand the difference between Coping Strategies of frontline and 
Non-Frontline workers. Survey method was used to collect the sample size of 80 workers (frontline-40 
and Non-frontline-40) using random sampling method. Standardized psychological test named Coping 
Techniques Scale by Dr.Vijaya Lakshmi and Dr. ShrutiNarain was used.Meanstandard deviation and T-
values were computed. Statistical analysis revealed that Frontline Worker’s Coping Strategiesare 
significantly different from Non-Frontline workers.  
Key Words: Frontline Workers, Non-Frontline Workers, Coping Strategies, COVID 19 Pandemic. 
1. Introduction 

Man has witnessed many challenges posed by diseases across centuries that caused havoc 
across the world. Diseases like plague, cholera, flue, etc. affected people across the globe in varying 
magnitude and caused innumerable deaths of human beings. The latest pandemic that the world 
witnessed of late was COVID-19. It had its origin in China and later spread to every part of the world. It 
killed thousands and is still causing damage to human health and lives.  

Governments in different parts of the world took various measures to tackle the pandemic, from 
containing it to making people immune to the disease. One common measure was locking down all the 
economic activities and confining people to their homes. Even though the measures were aimed at 
protecting human lives, it caused immense financial distress especially to those who earned their living 
on daily wages. The collateral damage was even severe if one were to consider the mental issues that 
plagued many because of the restricted movements. 

Government machinery & certain other institutions needed to function even during the 
onslaught of the pandemic. Institutions like state and central police organizations, armed forces, home 
guards and civil defense including disaster managements and municipalities, health care, banks, prisons, 
revenue departments functioned as usual for surveillance and containment activities. Within these 
institutions there were two categories of workers, viz.; Frontline workers and Non-frontline workers. 
Frontline workers were the officials engaged in containment and surveillance activities etc and non-
frontline workers were officials engaged in the field of education, agriculture and food production, 
critical retail (i.e. grocery stores, hardware stores, mechanics), critical trades (construction workers, 
electricians, plumbers, etc.), workers involved in transportation, officials of nonprofit and social service 
organizations and self-employed people. 

Both frontline workers and non-frontline workers were critical for normal functioning of the 
society and the containment of the pandemic. They not only ensured that those who were confined to 
homes received regular supply of essential commodities and medicines but also took care of those who 
were affected by the disease. But since these were the ones who constantly came in contact with people 
and were exposed to disease at every step, they had to take extra precaution in order to discharge their 
duties efficiently and at the same time remain healthy themselves. Extended working hours, work 
overload, and constant exposure to spreading disease lead to problems like stress and deterioration of 
both mental and physical health among frontline and non-frontline workers.  

Work related stress is not new. It leads to various mental issues like depression and anxiety. 
Heightened performance expectations, demanding work schedules, fear of losing job, being in wrong 
profession, etc are some of the reasons for work related stress. In case of frontline and non-frontline 
workers during pandemic the fear of getting infected and passing on the infection to family, alienation 
from society and even the fear of death were other dominant factors for deterioration of mental health. 
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This problem became acute due to the prolonged period of pandemic and lockdowns. Therefore, 
maintaining positive mental health became a priority for workers in pandemic situations. 
Different coping strategies have also been designed to address the issues of mental health. General 
awareness about such coping strategies is essential especially among officials working in pandemic like 
situations. If followed proactively, these strategies will help maintain good mental health to all who are 
subject to mental stress. 

This research is aimed at understanding different coping strategies and their effectiveness in 
maintaining sound mental health. The outcomes of this study may be useful in providing inputs to 
various institutions in framing policies in future for frontline and non-frontline workers. 
Definition: 

Coping strategies:  

1- Coping Strategies refer to the specific efforts, both Behavioral and Psychological that people employ 
to master tolerate, reduce, or minimize stressful events. (Holahan& Moos, 1987). 
2-Coping resources are predictive of psychological wellbeing and act as buffers emotional disorder. 
(McCarthyet al, 2006) 
1.2 Objective 

To Study the Coping Strategies of Frontline and Non-FrontlineWorkers, to find out whether they differ 
significantly from each other or not. 
1.3 Hypothesis 
There will be significant differencein coping strategies of Frontline and Non-Frontline Workers; 
frontline workers will exhibit adaptive coping strategies than non-frontline workers. 
.2. Review of literature 

The review of literature is a text of earlier researches which include correct knowledge 
including valuable findings and aid to situate the current study within the body of literature. 
2.1.“Emotional responses and coping strategies in nurses and nursing students during Covid-19 
outbreak: A comparative study”. by Long Huang, Wansheng Lei, Fuming Xu, Hairong Liu, Liang Yu 
(2020). In this study they investigate nurses’ emotional responses and coping styles, and conduct a 
comparative study with nursing college students. This study was conducted through the online survey 
questionnaire. The results found that women showed more severe anxiety and fear than men. 
Participants from cities exhibited these symptoms more than participants from rural areas, however rural 
participants experienced more sadness than urban participants.  
2.2.“Exploring stress coping strategies of frontline emergency health workers dealing Covid-19 in 
Pakistan: A qualitative inquiry.” This study examines the psychological impact of COVID-19 on 
emergency HCWs and to understand how they are dealing with COVID-19 pandemic, their stress 
coping strategies or protective factors, and challenges while dealing with COVID-19 patients.  In the 
result they found that participants practiced and recommended various coping strategies to deal with 
stress and anxiety emerging from COVID-19 pandemic. Media was reported to be a principal source of 
raising stress and anxiety among the public. Religious coping as well as their passion to serve humanity 
and country were the commonly employed coping strategies. 
2.3.“Challenges, experience, and coping of health professionals in delivering healthcare in an urban 
slum in India during the first 40 days of COVID-19 crisis: a mixed method study” ByCarolin Elizabeth 
George, ShonRajukutty, Luc P de Witte Correspondence to DrCarolin Elizabeth George; (2020). This 
study describes the initial dilemmas, mental stress, adaptive measures implemented and how the 
healthcare team collectively coped while providing healthcare services in a large slum in India, during 
the COVID-19 pandemic. 
3. Research Methodology   
3.1 Research Method - Survey descriptive method was used for this study. 
3.2 Population – For this study population includes workers  from Amravati District of the age ranging 
from 22 years to 60 years which are categorized into two groups Frontline and Non- Frontline workers. 
(Frontline workers of Amravati District – Medical Professional, Bankers, and police   
Non-Frontline workers of Amravati district – Administrative staff, educationist, self-employed.) 
3.3 Sample- The sample of the present study consisted of 80 workers with equal number of Frontline 
and Non- Frontline workers i.e. 40 each. The samples were selected randomly from different hospitals, 
school, shops, banks and offices. This Sample is free from distinguishing factors like Gender, Area 
(rural and Urban) and Education. 
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3.4 Research Tool  

Standardized Psychological test: Coping Techniques Scale:( Dr.Vijaya Lakshmi and Dr. 
ShrutiNarain)In this test two types of coping strategies are measure. First is adaptive coping and 
second is maladaptive coping. This scale meant for individuals from 15 years and above of age. There is 
fix time limit as such. However, it generally takes about 20 to 25 minutes in its completion. The scoring 
of all the items of this scale can be done by giving a score 5, 4,3,2,1, for always, almost always, 
sometime, almost never, never respectively. Reliability check by Test re test Methods and Split half 
Methods. All reliability coefficients were significant at .01 level. This test was validated against the 
COPE inventory (Carver,Scheier and Weintraub ,1989 ) The concurrent validity 0.80 was significant. 
The qualitative interpretation of the obtained score is as under; high, moderate, low, high, moderate low. 
3.5 Procedure- The researcher briefed the participants regarding purpose of the study and assisted 
them while solving the Coping Techniques Scale as per the need of the participants. Participants were 
given sufficient time to complete the test  
3.6 Statistical Techniques- In order to draw out the results the researcher used statistical techniques 
like Mean, Standard deviation, and T-test. 
3.7 Statistical Results and Findings 

Table 1 

Workers type N Mean S.D. t-value Significance 
Frontline  40 135.125 12.85857 

2.08 
Significant at 0.05 
level (p<0.05) Non- Frontline 40 129.775 9.92 

 

4. Discussion 
A perusal of table 1 reveals that mean adaptive coping strategies scale scores of Frontline and 

non-Frontline workers are 135.125 and 129.775 with S.D.12.86 and 9.92 respectively. The t- value 
between the means of two groups is 2.08 which is significant at 0.05 level of significance. It shows that 
there is a significant difference between adaptive coping strategies of frontline and non-frontline 
workers. It indicates that Frontline workers exhibit better adaptive coping strategies as compare to non- 
frontline workers. Thus the hypothesis is accepted. 
5. Conclusion 

Conclusion of the study is that there is a significant difference in coping strategies of Frontline 
and Non-Frontline Workers; frontline workers exhibits better adaptive coping   strategies than non-
frontline workers. 
6. Scope and Limitations of the study 

6.1 Scope  

• This study is useful for the pandemic warriors in understanding their mental and taking steps for their 
wellbeing. 
• This study will be useful for understanding coping strategies of pandemic workers. 
• The study is useful in providing inputs for framing welfare policies for the pandemic warriors. 
6.2 Limitations 

1. The sample data was collected form people of Amravati district only. 
2. The sample size was small. 
3. The sample was not distinguished between gender, area (rural and urban) and education.  
4. Sample was collected from literate people only.  
5. The research was done using self-report questionnaires, so there is a possibility that the responses 
given by the respondents to be false. 
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1. Introduction 

Global panic and worry have been sparked by the COVD-19 epidemic and lockdown. Children 
may experience short- and long-term psychosocial and mental health effects from this. Developmental 
age, educational level, pre-existing mental health issues, economic adversity, and quarantine due to 
infection or fear of infection all have an impact on how minors are affected. 

2. Impact on young children 
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28 percent of people on the planet are children, who number over 2.2 billion. The world's 
population is made up of 16% people aged 10 to 19 years (UNICEF, 2019). The global influence of 
COVID-19 on kids and teenagers is unmatched. The prevention of COVD-19 infection worldwide 
requires social isolation and withdrawal (Shen et al., 2020). Some nations have put in place regional and 
national lockdowns from January 2020. During the lockdown, all schools, educational institutions, and 
activity centres have been closed. Tension, wory, and helplessness are brought on by inescapable 
conditions. Children and teenagers may be more negatively impacted by this epidemic than adults in the 
long run (Shen et al., 2020). The type and extent of influence on this age group depends on a number of 
sensitive variables, including developmental age, current educational status, special needs, a history of 
mental illness, and the presence of a child or parent who has been quarantined because of an infection or 
a fear of an infection. The studies on the mental health of kids and teens affected by the COVID-19 
pandemic are discussed in the parts that follow, along with the lockdown procedures used to stop further 
infection. 

2023 

3. Impact on school and college going students 

A child is impacted by stress before birth. Parents, especially expectant mothers, are more 
susceptible to anxiety and depression under stress, which is medically linked to the wellbeing of the 
foetus (Biaggi et al., 2016; Kinsella and Monk, 2009). Pandemic and shutdown effects are greater on 
young children and teenagers than on adults. Youngsters (ages 3-6) were more prone than older children 
to exhibit clinginess and fear about family members contracting the illness (6-18 years old). Older kids 
were less focused and kept bringing up COVD-19. No matter their age, all children displayed increased 
iritability, inattention, and clinging behaviour (Viner et al., 2020a). Parents' surveys reveal that children 
report feeling unsure, afraid, and alone. Children displayed symptoms of separation anxiety, poor 
eating, nightmares, and disrupted sleep (Jiao et al., 2020). 

1 

Prior to the lockdown, kids and teenagers learned most things from peers and mentors around 
the world. 91% of all pupils worldwide have been impacted by national school closures (Lee, 2020). 
Children and teens who are kept at home experience uncertainty and worry as a result of the disruptions 
to their socialisation, physical activity, and education (Jiao et al., 2020). Routine disruption, boredom, 
and a lack of new ideas for academic and extracurricular activities result from long-term educational 
unstructuredness. Because they are unable to play outside, interact with peers, or take part in school 
activities in person, some children experience bad affect (Lee, 2020; Liu et al., 2020; Zhai and Du, 
2020). These children are more clingy, attention-seeking, and dependent on their parents as a result of a 
long-term change in routine. Children may refuse to go to school and may find it difficult to interact 
with their mentors when the lockdown is lifted. Consequently, restricting their movement could worsen 
their mental health (Lee, 2020). According to a poll, older youth and teenagers are concerned about 
academic activities, exchange programmes, and cancelled exams (Lee, 2020). School closures save 2-4 
percent more deaths, according to the most recent COVID-19 data, which is less than other social 
isolation techniques. If long-term social isolation is advised, they advise schools to employ less 
disruptive strategies (Lee, 2020; Sahu, 2020; Viner et al., 2020a). A protracted closure of institutions 
like schools looks questionable in the current political atmosphere. Apparently, panic buying is a form 
of survival (Arafat et al., 2020). The pandemic era has seen an increase in teen hoarding (Oosterhoff et 
al., 2020a). Youth view social withdrawal as a social responsibility and are more sincere about it if they 
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are driven to stop others from getting sick (0osterhoff et al., 2020a). Additionally. 
time alone at home puts kids at risk for being harassed or mistreated, excessive internet use, and acces to harmful content (Cooper, 2020; UNICEF, 2020b). Children in abusive 
ability to report violence, abuse, and harm during lockdown, when 
programmes are not fully operational. 
4. Impact on children and adolescents having special needs 

Neurodevelopmental, behavioural, or emotional issues affect 1 in 6 children 

5. Impact of lockdown on underprivileged children 

households 
schools, legal, 

2 
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spending 

(CDC, 2019). Children with behavioural and emotional disorders such as autism. ADHD, cerebral palsy, learning disabilities, developmental delays, and others face difficulties during pandemics and lockdowns (CDC, 2019), They struggle with uncertainty, which is made worse by the imposed restrictions and the unfavourable environment. They struggle to work independently. 
understand the 

opportunities to learn and develop crucial social and behavioural skills due to the closing of special 
pandemic, and follow directions. These kids no longer have access to resources, peer relationships, or 
schools and daycare facilities. Their symptoms might return when they lose their footing in life (Le. 2020). Temper tantrums and parent-teen conflict are brought on by these elements. These children 

Website - www.aadharsocial.com 

rarely have the and preventative 

experienced difficulties even when attending special schools before the outbreak, but they leam 
create a daily schedule (APA, 2020; Cortese et al., 2020; UNICEF, 2020a). Parents who are ano 
handle these problems on their own must turn to therapists and schools for help (Dalton et al 0 
The needs of each child's illness are unique. Children with autism have a hard time adjusting to chane They become agitated if something is changed or tweaked. Self-harm and behavioural problems can ont worse. Parenting is challenging when there is autism lockdown. Since online sessions are difficult r 
children to learn, the termination of speech and occupational therapy sesSsions may have an impact on their skill development and next milestone (UNICEF, 2020a). Children with ADHD are unable to 
understand their caregivers' cues. Being confined increases their impulsivity and hyperactivity, makine 
it difficult for caregivers to involve kids in worthwhile activities because it's difficult for them to keem 
contained and avoid touching infected objects (Cortese et al., 2020). OCD affects 0.25-4 percent of kids 
and teenagers (CDC, 2019). This pandemic may have a particularly negative impact on children with OCD. People may feel distressed as a result of contamination, hoarding, and somatic fixation obsessions. Cleanliness stops the spread of COVID-19. Six times per day and after handling anything. the United Nations advises washing hands (APA, 2020; United Nations, 2020). Hoarding behaviour has gotten worse because of the lockdown, which has left healthy people worried about food and supplies for prevention like masks and sanitizers (APA, 2020; Mukherjee et al., 2020). 

ages 2 to 

Inequality and mental health problems are related. Socioeconomic inequality has gotten worse as a result of the epidemic and lockdown's effects on the global economy. Lockdowns deprive disadvantaged children of food and protection in developing nations. Long-term stress could hinder their development. The lockdown impacted 40 million disadvantaged children in India, which has 472 million children. Include street, farm, rural, and migrant children (Dalton et al., 2020; Rosenthal et al., 2020). Due to increased economic, social, and environmental exposure, a rising number of poor and street children are without a stable income, making them more susceptible to abuse and mental healti 0ssues (Birla, 2019). Home is where most families find security. People who are poor and in povery have it backwards. Because of the movement restrictions imposed by lockdown, children are more likely to be exploited, violent, or abused (Cooper, 2020; United Nations. 2020), Director's Assistant at Childline 1098 Since the shutdown started, India recorded a 50% increase in calls (PTIL 2020). Ins alarming rise has resulted in more youngsters being victims at home. Many low-income families a unable to make a living during lockdown, which causes frustration and helplessness. Violence aga children and family strife can result from displacement. Despair, anxiety, and suicide may reste this (Jiao et al., 2020; Petito et al., 2020; Solantaus et al., 2020) Kids may be forced to work if schools 
are closed or there is economic hardship. Children who are orphaned are more likely to be exploited 
(United Nations, 2020). During lockdown, many colleges provide students with online or distance 
learning courses. Because they don't have this option, underprivileged children lack internet learning 
resources and stimulation. Girls in low-income families are less likely than males to have access to 
technology, which may lower their engagement in digital education (McQuillan and Neill. 2009). Once 
Lic lockdown is lifted, more girls leave school because of the gender gap (Cooper, 2020; Pll, 20 
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7. Advisories of international organizations 

COVD-19 is expressed variably in children and adolescents. However, child infections have 
spread globally, forcing quarantines. There are lots of sick parents who are isolated. Children are split 
from their parents in both situations. To combat COVID-19, many countries have strict quarantine 
regulations. To stop the spread of the sickness, China has segregated adults, teenagers, and children. 
Despite being for the community's good, quarantine has psychological effects (Liu et al., 2020). 
Children who are isolated may develop mental health problems as a result of parental separation 

melancholy. Parents' absence might have an impact on a child's relationship because they are so 
important during a child's formative years. A child's mental health could be harmed if they are taken 
away from their primary caretakers (Cooper, 2020; Jiao et al., 2020; Liu et al., 2020). Children's 
psychological development can be harmed by sadness, anxiety, fear of death, worry of parent mortality, 
and fear of hospital isolation (APA, 2020; CDC, 2019; Dalton et al., 2020). Children that have 
unreleased emotions may become afraid or act out (Liu et al., 2020). Because adolescents lack the 
knowledge and maturity to understand how the pandemic is affecting their world, they could feel 
isolated. 

9. Young children 

During COVID-19, international organisations and advisory bodies released guidelines to 
support mental and preventive health for all. They advise parents to talk to their kids about the epidemic 
based on their age and capacity to comprehend the issue. Children should be given tasks one at a time, 
included in family activities, taught social graces and hygiene, and encouraged to play inside and 
express their creativity. Teenagers should also fulfil obligations and understand their civic responsibility 
(WHO, 2020b). Adult-supervised initiatives aid them in understanding their concerns. Homeschooling 
for kids and teenagers has to be more organised. Children should be encouraged to interact online with 
adults watching them (WHO, 2020a). The advisory groups have also made recommendations for 
children with neurodevelopmental disorders and special needs (UNICEF, 2020a, 2020b; WHO, 2020a). 
nervous and traumatised children. Children require early identification and prompt management 
involving parents and experts to prevent long-term mental health morbidity. 
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Teens require less supervision than younger children. They require more time spent playing indoors 
and their parents' physical presence. Parents should reassure and pay their youngster good attention. 

2023 

Parents must speak in terms that are acceptable for their children's age and in plain language when 
discussing COVID-19. Children need factual information from government websites made specifically 
for kids, WHO, UNICEF, or other organisations. 

Children should only watch fact-based, impartial news channels in order to lessen their anxiety about 
the uncertain future (Wang et al., 2020). Skip the tabloids. 
& Parents should set an example for their children by using coping mechanisms and preventative 
actions. Reminders through phone are another option. 

The child should have a regular schedule that includes time for play, reading, resting, and exercising. 
Families should play board games and indoor sports with kids instead of playing video games. Parents 
should establish a regular bedtime. Children might require more time and care before going to bed. 

The good behaviour of the child should be emphasised above the bad. Parents should place more 
emphasis on what to do than on what not to do. esteem and social reinforcing over tangible benefits. 

10. Role of school teachers/school counsellors 

Children's behaviour could change as a result of pandemics. Parents might think about disregarding 
behaviour issues if they are minor and do not harm kids or others. This could help both parties give each 
other space and reduce recurrence. 

* Online academic activities are typically organised by schools and universities, putting teachers in 
constant contact with students and allowing them to support mental health. Position during the COVID 
19 outbreak and lockdown: 

3 

Teachers can devote time to teaching students about COVID-19 and using international standards to 
promote preventative health behaviour. During the epidemic, they might impart responsibility to the 
students. They can demonstrate and engage in prevention. 

By making courses more interactive, involving students in quizzes, puzzles, and little competitions, 
and giving more imaginative homework assignments, they can conduct creative online academic and 
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virtual classes can focus on 'life skills' for managing with stress. breathing, muscle relaxation, diversion, and positive self-talk can be taught. Using actual 

examples, 
Teachers encourage students' mental well-being. They can talk about a student's 

wellbeing. Deep 

divide. 

$ Teachers can educate youngsters prosocial conduct and attributes like empathy and patience. This 

calth specialists. 

can aid them realise their role in society and how social detachment isnt emotional remotenes 

Teachers are required to call or text parents with updates on their children's mental health. 
They may 

call their parents, give them their contact information, and schedule time to tallk because of the igita 

access. 

They are able to suggest mental health professionals to patients. They serve as a catalyst for 
communication between parents based on interactions with students and the results of screening tools. If 
they see a problem, they can speak with the parents and suggest that the kids seek help from mental 

Paediatricians' role 

ISSN: 
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Teachers must ensure that less fortunate students without internet access have access to academic 

and life skills reading materials with the support of the school administration. if they have internet 

offers online 

educate parents on the developmental requirements of kids at various ages. 

>Parents who have concerns about their child's health or behaviour during the formative years when 
their personalities are developing frequently seek doctors. Parents have faith in them and ask questions 
Promoting mental health, fostering resilience, identifying mental health disorders, and collaboratin 
with mental health care providers for children all require the engagement of a paediatrician. The 
functions of paediatricians in COVID 19 include: 

learing 

They must have access to and regularly use teleconsultation. They must provide phone or online consultations for parents. 
They should provide basic reading materials for mental health promotion online or in handouts and 
>Children who exhibit physical symptoms of stress or emotional health issues, such as aches, pains, or self-harm, can be identified by paediatricians. The child's temperament, functioning, school adjustment, peer group, routine, and general activities must be discussed. 

12. Health system and policy makers 

>Analysis can be done on psychosocial, medical, and environmental stressors that affect mental health, such as family history, financial strains, home environment, and neighbourhood. >In order to identify ADHD, autism, anxiety disorders, and depression in children, mental health examinations should use quick, standardised screening approaches. Their relationships with clinical psychologists, child psychologists, and psychiatrists need to be established. When specific mental health care is required, they should work with them and refer kids. Online CMEs require the assistance of psychologists. 
>Prior to COVID 19, outdated theories and practises for the mental health of kids and teens still apply 
To take into consideration the duration of the lockdown and the times that follow, policies must U 
modified. The following suggestions may aid in directing how the health system operates ano i 
policies are developed for the treatment of mental illness in children: 

foundation for the health system and regulations. 

To fulfil the needs of the population's mental health, the healthcare system should 
prevention, promotion, and treatment. There is no one approach that can account for children's and adolescents' mental health n 

sbould be given to these arms, 

contexts. The contextual elements that differ by country and stage of sickness should serve as the 

distinctions between urban, suburban, and rural college regions. 
Website - wwW.aadharsocial.com 

>Most developing nations are lacking in mental health professionals. GPs, schools, non-profits, and paediatricians must be involved in inclusive strategies. Short-term training in mental health treatrment 

prioritise 

>In developing nations, different regulations for rural, suburban. and concrete homes 
reflect the 
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>Regular collaboration with state and/or local public health organisations is required to create 
adaptable strategies that can be tailored to schools and communities. 
>Policies should take into account a child's developmental stage, such as whether they are a todler, a 
school-age child, or a teen. 
>Unambiguous standards are needed, but full translation of prevailing therapeutic modalities to 

telehealth compatibility is also necessary. 
>People who are prone to illness, underprivileged, disabled, or have developmental disabilities 
shouldn't be ignored. 

>Assure appropriate funding, oversight, and application for policy implementation. 
13. Conclusion 

>Plans for returning to school should emphasise hygiene and social distance. This should be carried out 
with young learners' in-person education in mind. 
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Although stress makes them more susceptible, young children and adolescents have a low 
COVID-19 infection rate. Numerous cross-sectional studies have examined COVID-19 and focused on 
children and young people. This influence can take several forms and have different effects depending 
on risk variables such developmental age, educational level, pre-existing mental health issue, economic 
disadvantage, or quarantine due to infection or infection fear. More clinginess, disturbed sleep, 
nightmares, poor eating, inattentiveness, and separation issues are seen in young children. Children's 
academic, psychological, and developmental progress is negatively impacted by prolonged school and 
activity centre closures, which also cause them to feel alone, anxious, and insecure. Addiction to social 
media and online gaming makes them more dangerous. Children and teenagers with mental illnesses 
arent used to change. Issues with behaviour and symptoms could get worse. Children who receive 
counselling, training, and other therapies run the danger of losing their access to special education and 
therapy. Children in poverty are more likely to be used and abused. Children under quarantine run the 
risk of developing mental health problems. In-person and online interactions are required to increase 
children's access to mental health services. For this parent network, psychiatric, psychological, 
paediatric, community volunteer, and non-governmental organisations are required. Telemental health 
compatibility is required for the general population. This would lessen mental health problems during 
and after a pandemic in impoverished and vulnerable communities. The primary goals of the health care 
system and policymakers should be prevention, promotion, and interventions while taking the regional 
context into account in order to meet the needs of the general population in terms of mental health. 
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Method 

VID 19 related lockdown. Woman with PCOS are predisposed to 

Background COVID-19 Pandemic has far reaching psychosocial implications for chronic heula 
conditions. This is a qualitative study which captured the live experiences of women with PCOS during 

Amravati. 

lactors which increase the susceptibility to severe COVID-19 and also exhibit increased likelibood of impaired mental health wellbeing. 

2) Living through Lockdown with PCOS 

This study is a review related to exploring the experience of mental Health.inlst national Lockdown on woman with PCOS. 

3) Self care and managing system with PCOS during lockdown. 

Conclusion 

Cross section study of 15 women with PCOS living in Maharashtra in COVID 19 lockdown recruited to qualitative study. Telephone interview conducted and data subjected to thematie study.Resulting this 5 themes are focused which normal PCOS woman faces through experience. 1) My PCOS Journey 

4) Health care on hold: releases uncertainty and anxiety associated withit. 5) Exacerbating pre-Existing Issues, 

1. Introduction. 
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- worsening of pre-existing mental health issues increases anxiety and isolation. 
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psycho changes. 

This Thematic study for the woman with PCOS in pandemic and first National lockdown was mostly experienced as adding to pre-existing challenges of living with their conditions. Keywords.COVID-19, PCOS, lockdown 
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severe cardio-metabolic risk 

In March 2020, the World Health organization called on all countries to take action aguinst the 
COVID-19 pandemic and social isolation implied all over... (1) Based on clinical evidence, it is clear 
that. in addition to older age and male sex, susceptibility to severe COVID- 19 is directly associated with 
a number of chronic cardio-metabolic diseases- such as obesity, diabetes, hypertension and metabole' 
Syndrome. (2,3] of note, with exception of advance age and male sex: The same curdio metabolic risk 
factor which are predisposing factor to COVID-19 prevalent among women with PCOS.S,6|Due 0 
which this woman were highly risk factor during COVID-19 pandemic (7) Prominent features of PCOS include ovarian dysfunction with chronic oligo anovulation and 
hyperandrogenism. (5, 6, 8) with rottenburg phenomene of PCOS. (18,YTo date. despite high prevalenee 
of PCOS and potentially high risk of these patients for severe COVID-19 (7, 14, 15), There is pauciy 

pandermic and lockdown as woman with PCOS. 

research on potential effect of COVID- 19 pandemic and related lockdown quarantine measures on this 
female population. As such, the objective of present study was to capture unique patient experiences of 

woman with PCOS during pandemic lockdown.By obtaining novel qualitative data addressing research 
question of what PCOS females experience during pandenmic, lockdown condition with her physio-

2. Review of Literature 

In overall these al changes collectively described in five themes living throuphOVID 19 

Website- www.aadharsocial.com 

The qualitative study of keegan et al (2003) conducted semi structural intervicws with wonen 
with PCOS in which women were asked about self image und women used Word themselves iN 
disgusting. They shows self-esteem value about thenselves much below. Average One third women 
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onorted conspicuous haur growth on their faces alwavs in their mind and they check themselves 
frequently in mirror. 

This includes frustration with primary care services including late diagnosis this includes fnustration with primary care services including late diagnosis [191, difficulties accessing treatment and 
lack of support from healthcare professional's post-diagnosis [181. As other research has also found, the ctudy participants described significant and enduring difficulties in losing/managing body weight [18]: 
as well as a wide range of mental health issues and detrimental impacts on relationships, work and 

social lives [16). Most notably, in line with prior research findings, the participants in this study also 
described feeling isolated and different from other women [16.171 before being physically isolated by 
restrictions on social contact. 

In literature review of Keegan et al (2003)psychological analysis and according Jahonfar et al (1995) 
nsvchological distress reduce motivation and life satisfaction and increases anxiety. 
3. Material and Methods 
3.1. Study Design 
This is qualitative interview online cross sectional study which done to see a range of physical and 
psychological effects of COVID-19 pandemic on woman with PCOs (13).Its done to provide further 
insight into experience of living with PCOS during pandemic and its association restrictions.[14] 
3.2. Study Participants 
For present study, 15 woman taken who was previously diagnosed with PCOS.Age of participants were 
24 to 42 years, ranged BMI between 22.6 to 53.6 kg/m2. 
3.3. Procedure 
It taken by online study survey consent of participant taken details of participants who are part of the 
interviews. It is done alone using survey software Qualtrics XM. 
3.4. Data collection 

Telephone interviews are suited to qualitative studies where primary aim to gather more detailed data 
pertaining to topic exploration quantitatively (20). 
3.5. Data Analysis 

ISSN: 
2278-9308 

February, 
2023 

Data imported into Nvivo and analyzed being process of inductive thematic analysis, folowing 
principal outlined by Braun and Clarke (14). 
4. Results. 

As it is a thematic analysis research methodology, five main themes are derived. 

1) My PCOS Journey 
Here mentioned broad spectrum symptoms of PCOS include absent irregular / heavy I painful 

periods. Increase body weight, acne, excess hair growth, uncontrolled emotions, low mood 

depression.Women frequently identified their weight, acne and hair growth as causes of the far-reaching 

psychological and social aspects of having PCOS, including low self-esteem, low sex drive and 

challenges with socializing or relationships. This was in addition to experiencing low mood and 

heightened emotions. As a result, many participants described how the accumulation of symptoms of 

PCOS had a significant detrimental and enduring effect on their mental health. 

2) Living through Lockdown 1 
As all things stuck down, PCOS women feel more restricted in the family and their symptoms 

Increase make them more helplessThat increase stress level,poorer sleep and more about conditions 

3) Self-care and managing symptoms 
This includes PCOS womnen's restrictions to manage their PCOS symptoms and self care .As hair 

growth not controlled due lack of saloons, weight control dimin1shed as lack of Gym, which makes 

them more anxious about their illness. 
4) Healthcare on Hold. 

Participants described experiencing reduced access to healthcare professionals and services during 

Ue COVID-19-related lockdown. This included access to their usual clinicians, as well as delavs to 

services they were waiting to receive pre-pandemic. Both of these experiences were sources of 

SIgniticant anxiety and distress for these women, delaying them from further understanding and 

Overcoming/managing their symptoms. 
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Abstract - Trusted user authentication is becoming an 

increasingly important function in a web-enabled world. 

The effect of an unsecure authentication system in a 

corporate or enterprise environment can be prosperous 

and can include dropping of confidential information, 

rejection of service, and compromise of data integrity. The 

value of trusted user authentication is not limited to 

computer or network access. Many other applications in 

daily life also require user authentication, such as banking, 

e-commerce, and can benefit from physical access control 

and enhanced security to computer resources. 

Keywords: Biometric, Pattern, Iris, Authentication, Security, 

Sensors. 

1. Introduction 

Password less authentication plays an important role in 

improving this situation. By leveraging the unique physical 

characteristics of individuals to establish their identity, it 

provides unparalleled security. It locks sensitive, critical 

information behind the scenes of your fingerprints, iris 

patterns, facial features, voice patterns, and behavioral 

patterns like keystroke dynamics. Biometric systems can be 

deployed in applications ranging from physical authorization 

and time attendance systems to mobile devices and online 

transactions. This compatibility enables organizations to apply 

tighter security measures across multiple touch points, 

protecting sensitive data and assets. 

2. Applications of Biometric Authentication 

A) Lawful Applications 

Justice and Law Enforcement: Biometric technology and 

law enforcement have a long history, and many important 

variations in identity management have arrives from this 

beneficial relationship. Biometrics implemented by the police 

force today is truly multimodal. Fingerprint, face and voice 

recognition play a unique role in improving public safety and 

tracking the people we are looking for. 

B) Government Applications 

Border Control and Airports: A major area of application 

for biometric technology is at the boundary. Biometric 

technology helps automate the boundary crossing process. 

Reliable and automated passenger screening initiatives and 

automated SAS help simplify the international passenger 

travel experience while improving the efficiency of 

government agencies and keeping borders more secure than 

ever. 

C) Health Care Applications 

In the healthcare sector, biometrics presents an enhanced 

model. Medical records are one of the most valuable personal 

documents; Doctors need to access them quickly and 

accurately. Lack of privacy and good computing can make the 

difference between timely and error free detection and health 

fraud. 

D) Commercial Applications 

Privacy: 

As connectivity spreads across the globe, it's clear that 

old security methods aren't strong enough to protect what 

matters most. Fortunately, biometric technology is more 

accessible than ever, poised to provide added security and 

convenience for everything from car doors to phone PINs that 

need to be protected. 

Finance: 

Biometric technology is widely used in finance to 

enhance security and convenience. By using unique biometric 

characteristics like fingerprints, iris, voice, and face, 

customers can securely access their financial data. These 

biometric modalities, used alone or in combination, help 

protect against fraud and ensure that the person accessing the 

account is the authorized user. 

Eyes Movement Applications: 

Eye movement tracking applications have various uses in 

different industries. In the automotive industry, tracking a 

driver's eye movements can help measure sleepiness or 

drowsiness. Screen navigation applications use eye tracking to 

assist people with disabilities in scrolling web pages or 

performing actions on computers or mobile devices. In 

aviation, eye and head movement tracking in flight simulators 

can analyze pilot behavior and serve as a training tool for new 

pilots. 
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E) Screen Navigation 

Screen navigation applications that track eye movements 

are indeed crucial for people with disabilities. By using 

cameras, these applications enable individuals to scroll web 

pages, write text, and perform actions on computers or mobile 

devices simply by clicking on buttons. This technology has 

been gaining significant attention due to the rapid 

development and the increasing demand for new methods of 

screen navigation, particularly on mobile devices platforms. 

It's exciting to see how this innovation is improving 

accessibility for individuals with disabilities. 

F) Aviation 

Flight simulators track the pilot's eye and head movement 

to analyze their behavior in realistic scenarios. This helps 

evaluate their performance based on eye movements and other 

information. It's also a valuable training tool for new pilots, 

encouraging them to regularly monitor airplane indicators on 

the primary flight display (PFD). It's fascinating how 

technology aids in pilot training and enhances aviation safety. 

3. Security Needs for Biometric Authentication 

According to research papers, security is crucial for 

biometric authentication due to the following reasons: Non-

repudiation: Biometric authentication provides a unique and 

personal identifier for individuals, making it difficult to deny 

their actions or presence. Difficult to replicate: Biometric 

traits, such as fingerprints or iris patterns, are difficult to 

replicate, making it challenging for unauthorized individuals 

to gain access. Enhanced protection:    Biometric data is stored 

in encrypted form, adding an extra layer of protection against 

unauthorized access. Reduced reliance on passwords: 

Biometric authentication reduces the reliance on traditional 

passwords, which can be easily forgotten, guessed, or stole. 

Continuous authentication: Biometric authentication can 

provide continuous authentication, ensuring that the 

authorized user remains present throughout the session. 

Overall, research emphasizes the importance of security in 

biometric authentication to protect sensitive data and ensure 

the integrity of the authentication process. 

4. Simple Biometric System Architecture 

A) Sensor 

The sensor is the first block of the biometric system 

which gathered all the crucial data for biometrics. It is the 

interface between the system and the natural world. Basically, 

it is an image acquisition system, but it also depends on the 

peculiarity or characteristics required that it has to be restore 

or not. 

B) Pre-Processing 

The second block in a biometric system performs pre-

processing tasks. Its function is to increase the input and 

cancel artifacts from the sensor, background noise, etc. It also 

performs some kind of normalization to prepare the data for 

further analysis. It is the second block that executes all the 

pre-rectifying. Its function is to increase the input and to 

cancel artifacts from the sensor, background noise, etc. It 

performs some kind of normalization. 

C) Feature Extractor 

The third step in a biometric system is indeed the most 

important one. It involves extracting features to identify them 

later on. The goal of a characteristic extractor is to 

characterize an object using calculation for recognition. 

D) Template Generation 

The template generator plays a crucial role in the 

biometric system. It generates templates using the extracted 

features for authentication. These templates can be in the form 

of a vector of numbers or an image with distinct 

characteristics. They are stored in the database for 

differentiates and serve as input for similar. 

E) Matcher 

The matching phase involves using a matcher to compare 

the acquired template with the stored templates. Various 

algorithms like Hamming distance are used for this 

comparison. Once the inputs are matched, the results are 

generated. 

F) Application Device 

An application device is a device that utilizes the results 

of a biometric system. Examples of such devices include the 

Iris recognition system and facial recognition system. They 

make use of biometric data for identification and 

authentication purposes. 

5. Research 

In biometric authentication, research methodology 

involves conducting studies to understand and improve the 

accuracy and reliability of biometric systems. Researchers 

start by selecting a specific biometric modality, such as 

fingerprint, iris, or face recognition. They collect a large 

dataset of biometric samples from individuals to create a 

training set. Next, researchers develop algorithms and models 

to extract unique features from the biometric samples. These 

features are then used to create templates or reference points 
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for each individual. The templates are stored securely in a 

database. 

A) Data overload & accuracy 

Data overload and accuracy are important considerations 

in biometric authentication. When it comes to data overload, it 

refers to the situation where a large amount of biometric data 

is collected and processed. This can pose challenges in terms 

of storage, processing power, and efficiency. It's crucial to 

strike a balance between collecting enough data for accurate 

identification and authentication, while also considering the 

limitations of the system. 

In terms of accuracy, biometric authentication systems 

strive to achieve high levels of precision and reliability. 

However, it's important to note that no system is perfect and 

there can be instances of false positives or false negatives. 

Factors such as environmental conditions, variations in 

biometric traits, and quality of sensors can impact accuracy. 

Continuous research and advancements in algorithms and 

technologies aim to improve the accuracy of biometric 

authentication systems. 

B) How Biometric authentication help in Security purposes 

 Biometric authentication enhances security by using 

unique physical or behavioral traits for identification. 

 These traits, such as fingerprints, iris patterns, or facial 

features, are difficult to replicate, making it harder for 

unauthorized individuals to gain access. 

 Biometric data is more secure than traditional methods 

like passwords, as it is inherently tied to the individual 

and cannot be easily forgotten or stolen. 

C) Biometric System Architecture 

 

Figure 1: Biometric System Architecture 

D) Research Methodology 

In biometric authentication, researchers follow a 

systematic research methodology. They start by selecting a 

specific biometric modality, like fingerprint or face 

recognition. Then, they collect a dataset of biometric samples 

and develop algorithms to extract unique features. These 

features are used to create templates for each individual. 

Researchers evaluate the system's performance using testing 

protocols and metrics like False Acceptance Rate and False 

Rejection Rate. Statistical analysis is done to analyze the 

results and improve the system. 

E) Discussion 

Biometric authentication is a fascinating field that offers 

secure and convenient ways to verify one's identity. It utilizes 

unique physical or behavioral characteristics, such as 

fingerprints, iris patterns, or facial features, to authenticate 

individuals. This technology has numerous applications, from 

unlocking smartphones to accessing secure facilities. It 

provides a higher level of security compared to traditional 

methods like passwords or PINs, as biometric traits are 

difficult to forge or replicate. However, it's important to 

address privacy concerns and ensure that biometric data is 

securely stored and used ethically. Overall, biometric 

authentication is an exciting field with promising 

advancements in enhancing security and user experience. 

F) Future Scope 

The future scope of biometric authentication looks 

promising. Advancements in technology will likely lead to 

more accurate and reliable biometric systems. We can expect 

improvements in areas such as multi-modal biometrics, where 

multiple biometric traits are combined for enhanced security. 

Additionally, research and development will focus on 

addressing challenges like spoofing attacks and ensuring the 

privacy and security of biometric data. Biometric 

authentication will continue to find applications in various 

industries, such as banking, healthcare, and travel, providing 

convenient and secure ways to verify identity it's an exciting 

field with ongoing innovation and potential for widespread 

adoption. 

6. Result 

Biometric authentication provides secure and convenient 

identity verification using unique physical or behavioral 

characteristics. It offers a higher level of security 

differentiated to traditional methods like passwords. 

Advancements in technology continue to improve biometric 

systems, making them more accurate and reliable. It has 

various applications in industries such as banking, healthcare, 

and travel. Overall, biometric authentication has proven to be 

a successful and effective method of ensuring secure access. 
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7. Conclusion 

Biometric authentication is a secure and convenient 

method of verifying one's identity using unique physical or 

behavioral characteristics. It offers a higher level of security 

differentiated to traditional methods like passwords. 

Advancements in technology continue to improve biometric 

systems, making them more accurate and reliable. Biometric 

authentication has found applications in various industries, 

providing secure access to sensitive information and facilities. 

It is a promising field with ongoing innovation and potential 

for widespread adoption. 
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Abstract - The Robot Operating System (ROS) comprises a 

collection of software libraries and tools utilized for 

constructing robotic systems, distinguished by its 

distributed and modular design. Within the context of 

ROS, task planning pertains to the arrangement of actions 

into a structured sequence aimed at achieving predefined 

objectives, all while striving to minimize associated costs, 

whether in terms of time or energy consumption. Task 

planning assumes critical importance when guiding the 

actions of a robotic agent, particularly in scenarios where 

a causal sequence could potentially lead the agent into a 

deadlock situation. Furthermore, task planning finds 

utility in less restrictive environments, contributing to the 

delivery of more intelligent and adaptive robotic behavior. 

This paper introduces the ROSPLAN framework, an 

architectural solution designed to seamlessly integrate task 

planning into ROS-based systems. It presents a 

comprehensive overview of this framework. 

Keywords: Robotic Operating Systems (ROS), Simulation, 

Unity3D, SLAM, Real-time Robotics Operating Systems, 

Robotics Development Platforms. 

1. Introduction 

Developing software for robots is a complex task due to 

the varying hardware of different robots and the 

overwhelming amount of code required. Robotics software 

architectures must facilitate large-scale software integration 

efforts. The integration of task planning and robotics presents 

several challenges, including generating an initial state that 

aligns with current environmental conditions, transforming 

actions planned by task planners into concrete actions, and 

developing and executing plans with a strategic approach that 

accommodates action failures, plan failures resulting from 

uncertainty or dynamic environmental changes, and evolving 

mission requirements.  

This paper presents a framework that establishes a 

connection between generic task planning and an execution 

interface seamlessly provided by the Robot Operating System 

(ROS). This approach bridges two established standards: 

PDDL2.1, the planning domain description language 

encompassing temporal and numeric aspects, and the Robot 

Operating System (ROS). The primary objective is to create a 

modular architecture that readily accommodates various 

temporal planners, ensuring the effectiveness of plan 

execution frameworks like T-REX. 

 

Figure 1: A typical ROS network configuration 

ROS 1: 

ROS 1 is a collection of libraries used to build various 

types of robots, including tools for monitoring processes, 

inspecting communications, and receiving time-series 

transformations. It has a thriving ecosystem of sensor, control, 

and algorithmic packages, enabling even small teams to build 

sophisticated robotics applications. However, ROS 1 struggles 

to deliver data consistently over lossy connections, has a 

single point of failure and lacks built-in security features. ROS 

2 has been developed to address these issues but has faced 

numerous challenges due to architectural and engineering 

limitations. For example, the SROS project was introduced to 

enhance ROS 1's security but required consistent maintenance 

and further development to keep up with security trends. 

 

Figure 2: Summary of ROS 2 features compared to ROS 1 
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ROS 2: 

ROS 2 is an open software platform that allows the 

development of robotic applications. Also known as Robotics 

Software Development Kit (SDK). ROS 2 is distributed under 

the Apache 2.0 License, which allows users to modify, 

implement, and redistribute the software without obligation to 

return it. ROS 2 is built on a government ecosystem that 

encourages partners to develop and publish their own 

software. Most plugin packages also use the Apache 2.0 

license or a similar license.  ROS 2 aims to increase mass 

adoption by making the code freely available, allowing users 

to use and distribute their applications without restrictions. 1. 

Middleware: This is also called ROS 2's pipeline. It manages 

communication between different components of the platform, 

from the network API to the language parser. 2. Algorithms: 

ROS 2 provides many algorithms frequently used in robotic 

applications. These include perception, SLAM, planning, etc. 

takes place. 3. Developer tools: ROS 2 has a command line 

and graphical tools that developers can use to configure, 

initialize, understand, visualize, debug, simulate, and log. 

There are also many tools for site management, design 

processes, and deployment. 

 

Figure 3: ROS 2 node interfaces: topics, services, and actions 

 

Figure 4: ROS 2 Client Library API Stack 

2. Case studies 

Five case studies were conducted to showcase the 

material acceleration provided by ROS 2. Each study presents 

a qualitative analysis of the impact of ROS 2 on the respective 

organization, based on interviews, customer experiences, and 

codebases analyzed during the study. The various use cases 

and scales demonstrate the significance of ROS 2 across the 

robotics sector. 

A) Land: Ghost Robotics 

Ghost Robotics, a Philadelphia-based company, 

specializes in quadruped robots for defense, enterprise, and 

research. These robots can navigate difficult environments like 

caves, mines, forests, and deserts. They have partnerships with 

the US military for base security and experimental 

applications. Ghost uses ROS 2 on its main computing 

platform, a Nvidia Jetson Xavier, for mission execution, high-

level gait planning, terrain mapping, and localization. Their 

software architecture is heavily integrated with ROS 2, 

allowing for parallel development without disrupting other 

teams. 

 

Figure 4: Case-study robot systems deployed on land, air, and sea 

B) Sea: Mission Robotics 

Mission Robotics, a San Francisco-based company, 

specializes in building marine robots for tasks such as 

structure inspection, environmental survey, salvage, and 

security. Their robots are designed to be flexible, allowing 

customers to customize their platform for their specific 

application. Mission's robots are equipped with sensors that 

gather data about the surface and underwater environment, 

allowing for more frequent, longer, and less risky underwater 

tasks. The mission uses ROS 2 as a common data bus to 

facilitate data streams and enable seamless integration of new 

hardware. The company's on-robot software is built on 

Cyclone and Connext DDS, which are more flexible and 

easier to customize. Mission Robotics uses ROS 2 as a 

common interface, allowing customers to create their own 

extensions and share a common infrastructure. For example, 

Mission collaborated with Aqua link to add depth sensing to 

an autonomous surface vessel using a Zed stereo camera, 

creating a starting point for developing new computer vision 

and autonomy capabilities for marine applications. 
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C) Large Scale: OTTO Motors 

OTTO Motors, a Canadian company, offers autonomous 

robots for material handling services in warehouses and 

factories, replacing manually controlled equipment at scale. 

With thousands of robots deployed worldwide, OTTO 

operates fleets of over 100 robots in a single facility. 

Customers like Toyota and General Electric have adopted 

OTTO's technology. Initially developed on ROS 1, OTTO 

found it could not test more than 25 robots on the same shared 

network due to a custom multi-master system. To address this, 

they decided to use DDS, a flexible and efficient data 

exchange protocol widely used in robotics. As an early 

adopter of ROS 2, OTTO could scale up to 100+ robots in 

customer facilities, thanks to ROS 2's fine-grained network 

topology management and better support for bandwidth 

management through QoS on shared network links. 

D) Air: Auterion Systems 

Auterion, a Swiss aerial drone startup, aims to develop 

commercial autopilots based on the open-source PX4 

Autopilot project. The company supports various types of 

airframes and aims to extend drone operations into 

unstructured spaces with hazards while enhancing autonomy. 

Auterion uses ROS 2 to integrate higher-level functionality 

into its drone systems, focusing on logging and introspection 

capabilities. ROS 2's logging capabilities collect runtime 

events, metadata, and raw data streams from all layers of the 

system, making it crucial for effective development, 

debugging, and validation processes. Auterion also uses rviz2, 

a 3-dimensional renderer, to visualize drones and sensor data 

in an interactive environment. These capabilities enable 

Auterion to focus on core flight control capabilities and 

customer requirements, allowing them to focus on building 

foundational tooling instead of building foundational tools. 

The company's focus on open standards and open standards 

has led to improved efficiency in its development process. 

 

(a) VIPER on Lunar Surface (rendering), (b) Command and Operations 

Software 

E) Space: NASA VIPER 

NASA's Volatiles Investigating Polar Exploration Rover 

(VIPER) mission is set to launch in November 2023 to explore 

the southern polar region of the Moon. The rover will spend 

100 days searching for water ice and other resources using 

various instruments. It will communicate with Earth using the 

X-band link to the Deep Space Network and use Earth-based 

computer resources to map terrain and compute stereo 

solutions. Earth-based operation tools, compute modules and 

high-fidelity simulations are based on ROS 2 and Gazebo.  

The VIPER team is focused on producing highly reliable 

software and is extensively utilizing Gazebo for high-fidelity 

testing of all their components and systems. The project 

developed new plugins to model mission-specifics, such as 

camera lens flare, lunar lighting conditions, gravity, and 

terrain on the lunar surface. The VIPER team used Gazebo to 

test and validate almost all of their rover's software prior to 

launch. 

VIPER reused 284,500 significant lines of code (SLOC) 

without modification from Gazebo, modifying <1% to pass 

validation. This code reuse accelerated development, allowing 

them to produce a simulation in just 266 work months focused 

on VIPER-specific elements. A combination of Gazebo and 

ROS 2 is used to train the rover's operators. 

3. Research Methodology 

"Comparative Analysis of Robotic Operating Systems" 

would require a structured methodology to systematically 

compare different robotic operating systems (ROS) and 

provide meaningful insights. To conduct a comparison of 

robotic operating systems, it is important to first define the 

research problem. Which is followed by an explanation of the 

significance and relevance of the study. The research then 

states its objectives and hypotheses. A brief overview of 

robotic operating systems is provided, including their history 

and evolution. Some existing literature on ROS is reviewed to 

identify gaps and areas of comparison. The key features, 

characteristics, and components of ROS that are relevant for 

comparison have been discussed. A set of ROS packages is 

compared and identified, based on relevance, popularity, and 

diversity. Data sources and collection methods are described, 

and information about each ROS package is gathered, 

including documentation, user feedback, technical 

specifications, and community support. Criteria and 

parameters for comparison are defined, such as hardware 

compatibility, real-time capabilities, middleware architecture, 

community support and ecosystem, security features, 

scalability, and performance metrics. Each ROS package is 

evaluated based on the defined criteria, using quantitative and 

qualitative analysis methods, such as surveys, interviews, or 

experimental data, depending on the criteria. The results are 

presented in tables, charts, and visual aids, with explanations 

and interpretations for each comparison point. Later the 

strengths and weaknesses of each ROS package are 

highlighted, and the results' implications are discussed. The 
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findings are compared with the literature and existing 

knowledge, and potential future research directions in the field 

of ROS are suggested. Finally, the key findings are 

summarized, and the significance of the study is done. 

4. Future Scope 

The future scope of research papers in comparative 

analysis of Robotics operating systems (ROS) is vast and 

exciting. ROS is a middleware platform that provides a set of 

tools and libraries for developing robotic applications. It has 

become the de facto standard for ROS development and is 

used by researchers and developers all over the world. 

One area of future research is in the development of new 

ROS-based applications for a variety of industries, such as 

healthcare, manufacturing, and logistics. For example, ROS 

could be used to develop new surgical robots, autonomous 

assembly line robots, and self-driving delivery trucks. 

Another area of future research is developing new ROS-

based tools and libraries to make it easier and more efficient to 

develop robotic applications. For example, researchers could 

develop new ROS-based tools for planning, navigation, and 

control. 

Finally, researchers could also focus on improving the 

performance and reliability of ROS. For example, they could 

develop new ROS-based tools for real-time task scheduling 

and fault tolerance. 

5. Conclusion 

ROS 2 has been completely redesigned to meet the 

challenges of modern robotics. It was created with a 

thoughtful set of principles and modern robotics requirements 

in mind, allowing for extensive customization. Built on top of 

DDS, ROS 2 is a reliable and high-quality robotics framework 

that can support a wide range of applications. It continues to 

accelerate the deployment of robots and drive the next wave of 

the robotics revolution. 

Through a series of case studies, we have shown that 

ROS 2 is significantly accelerating companies and institutions 

toward useful deployment in various environments and scales. 

ROS 2 is an enabler, equalizer, and accelerator. 

Standardization around ROS 2 in multiple industries is 

creating opportunities for new collaborations, faster 

development, and propelling newly developed technologies 

forward. This trend is expected to continue to manifest in the 

coming years as ROS 2 reaches peak maturity. 
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Abstract– Data mining is very important and useful. It involves using various algorithms to extract valuable knowledge and 

insights. It allows us to obtain diverse information from datasets and use it to perform various tasks.   
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I. INTRODUCTION 

 
Information and knowledge from complex engineering 

design to scientific research can be quickly and effectively 

applied. Human life has become increasingly 

characterized by data, which is essential in creating data-

driven solutions. The collection of data from numerous 

sources, stored in large and diverse warehouses, forms the 

basis of this process. The data collection thus exceeds the 

human aptitude for analysis without a powerful analysis 

tool, as an effect these warehouses become ‘data vaults’, 
that are not often visited.  Data mining is simple process 

of sorting the large amount of data sets to identify patterns 

and relationship that can help solve our problems through 

data analysis. Data mining is the process of analysing and 

extracting valuable insights and meaningful 

interpretations from large amounts of data, such as 

customer feedback and product reviews. By using 

techniques like natural  language processing and 

sentiment analysis, businesses can gain valuable insights 

into customer preferences and improve their products.  

 

II.REVIEW OF LITERATURE 

 
Based on your messages, the optimization technique 
specifically applied to cancer patients and supports 

treatment decisions using cluster analysis. This approach 

can help strengthen validity.To put it simply, the technique 

involves using a method on the first tap and creating a 

new configuration by finding differences in the existing 

rules. The K-means algorithm is then used to improve the 

visualizations of the results. These various social media 

platforms have made complex tasks easier. Social media 

data itself is vast in quantity, dynamic, and intricate. 

It particularly creates a rich and dynamic set for social 

media communication data and meta-data, which has not 
been systematically treated in the literature on data and 

text mining. Literary review refers to the survey of various 

scholarly sources (such as books, journal articles, and 

research papers) related to a specific topic or research 

question. It is often written as part of a thesis, dissertation, 

or research paper to contextualize your work within 

existing knowledge. 

 

III.WHAT IS DATA MINING 

 
Data mining is a process of extracting valuable insights 

from data. Analysing samples from a large dataset that 

incorporates methods from machine learning, statistics, 
and database systems. This is a field of computer science, 

and has various applications in different industries. Data 

science that aims to retrieve information from data (using 

intelligent methods) for specific purposes and transform 

the information into a usable structure for further 

applications. Data mining is very important! By using it, 

you can explore your data to uncover hidden insights and 

improve your business relationships, customer behaviour, 

and performance. Data mining can help your business and 

decision-making.This is a multi-disciplinary skill that uses 

machine learning, statistics, and AI to gather information 
for evaluating the likelihood of future events. 

 

Types Of Data Mining Techniques 

1. Tracking patterns 
Tracking patterns is a fundamental data mining technique. 

It involves identifying to extract trends or patterns from 

data, we can use data mining techniques intelligent 

conclusions about business outcomes and testing 

them.When historical data doesn't provide insights, 

businesses can recommend products to customers based 

on that information. These recommendations can lead to 
profitable deals and satisfied customers. 

 

2.Decision Tree 

In this system, the decision tree is a division of the 

original dataset. Each data in the partition is compared 

with the estimated information. The root node of the tree 

is taken as the initial point and the appropriate class label 

is estimated for each data entry, which is used to classify 

the data until further classification is not possible. 

 

3.Prediction 

In this data mining framework, historical data and the 
sequence of events are used to understand patterns and 

estimate future event outcomes. One widely used 

application of prediction is to forecast sales and determine 

the profitability for businesses. Prediction is a use of data 
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mining techniques, such as sequential patterns, trends, 
clustering, and classification. They decode past events or 

examples in a suitable order to estimate future events. 

 

4.Association 

Association or relationship mining is related to data 

analysis. Using this data mining technique, data scientists 

and analysts can discover associations or correlations 

between two or more data attributes. It informs about the 

frequency events of objects in behaviour dataset. One 

benefit of this system is that it passes through the database 

with fewer numbers. This makes it suitable for solving 

problems like analysing customer behaviour. 
 

5. Neural networks 

Neural networks, or artificial neural networks, are 

computational models inspired by biological neural 

networks. They are extensively used for data mining 

tasks, such as artificial intelligence and machine learning, 

which involve significant utilization of computational 

power and extensive data analysis neural networks, there 

is a notable ability to extract meaning from complex or 

noisy data and to be used for cleaning impure data and for 

trend analysis, which can be quite intricate. They are 
similar to a human or another computer system. 

 

6. Sequential Patterns 

Association mining helps discover relationships between 

events and actions. For example, let's say there is a 

customer who makes more purchases than usual in the 

first quarter of the year. There is a possibility that they 

will make at least one purchase in the second quarter as 

well. 

  

IV.ADVANTAGES 
 

 Direct mail, online marketing, and other new marketing 

initiatives can elicit responses from targeted customers, 

resulting in profitable sales. 

 Data mining can help businesses automate processes 

and identify inefficiencies in their operations, thereby 

aiding in recognizing patterns and improving 
productivity. 

 Each customer in the market is unique in their 

behaviour and characteristics. Understanding their 

fundamental traits and preferences is essential. 

 Data mining can help businesses identify market 

differences and assist in developing new products or 

services to fill those gaps. 

 It is also useful for creating algorithms for machine 

learning and is suitable for designing specific AI 

applications and programs. 

 

V. DISADVANTAGES 
 

• To extract more accurate and efficient information, a 
large database, storage space, and processing power are 

necessary. 

• The previous bullet point mentioned that data mining 

requires investment in database, storage, and processing 

power. 

 

Future Scope 

By incorporating various specified algorithms in our 

future work, we can increase accuracy, resulting in more 

precise outcomes. Data sets that identify hidden patterns 

will be utilized, primarily focusing on research and 

analysis to benefit from those insights.The system is very 
relevant. It can help users in various ways, such as 

researching substances and providing valuable treatment 

options.  It can also assist in preserving the value of 

human life. Data mining is widely used and popular for 

extracting necessary information. Data mining also helps 

banks understand their customers' online behaviour and 

preferences in a better way, which is very helpful for 

creating new marketing campaigns. 

 

VI.RESULT 

 
According to the results of the analysis, there is an 

increasing focus on performance in educational data 
mining. With the improvement in our studies, it has been 

concluded that data mining is generally cantered around 

the estimation of student performance.Selecting the right 

curriculum and providing timely warnings about students' 

education is an important task in SPP, but a significant 

component for achieving meaningful outcomes in 

educational practices is to identify the major factors 

influencing academic performance through research. 

 

VII.CONCLUSION 

 
The Internet of Things (IoT) has emerged to manage, 

automate, and explore all devices, tools, and sensors in the 
world. It has been brought together with data mining for 

supporting decision-making for people and things in IoT, 

and for system optimization’s the application view, we 

review data mining applications in e-commerce, industry, 

healthcare, and public services. The discussion includes 

technical views, knowledge views, and application views. 
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Abstract - Broadband networking has become an integral 

part of modern communication infrastructure, enabling 

high-speed data transmission, seamless connectivity, and 

transformative technological applications. This research 

paper presents a comprehensive analysis of recent 

advancements in broadband networking technologies, with 

a focus on fiber-optic, DSL, cable, and wireless broadband 

solutions. We investigate the technical innovations, 

performance improvements, and emerging trends in these 

technologies, assessing their impact on internet access, 

business communication, and the digital divide. The study 

incorporates an evaluation of the challenges posed by 

expanding broadband access in rural and underserved 

areas, alongside the economic and social benefits it brings 

to developed regions. Furthermore, this research explores 

the security and privacy concerns associated with 

broadband networking, emphasizing the importance of 

safeguarding data in an era of increasing digital 

connectivity. Through a synthesis of both qualitative and 

quantitative research methods, this paper provides insights 

into the evolution of broadband networking and its 

implications for the future of global connectivity. 

Keywords: Mobile Broadband, 4G and 5G, LTE, Newtork 

Operators, SIM Card, Roaming, Coverage, Data Plans, Mobile 

Hotspot, Network Architecture, Mobile Broadband Standards, 

VoLTE, Mobile Broadband Security. 

1. Introduction 

In an increasingly interconnected world, the role of 

broadband networking technologies has never been more 

significant. Broadband networking, encompassing various 

high-speed data transmission methods, underpins the fabric of 

modern communication systems, facilitating the exchange of 

information, supporting technological innovations, and 

influencing socioeconomic development. The advent of 

broadband technologies has transformed how we work, 

communicate, and access information. As our reliance on 

digital connectivity grows, it becomes imperative to critically 

examine the advancements and challenges inherent in this 

domain. 

The motivation behind this research stems from the 

pivotal role broadband networking plays in our daily lives, 

from powering our homes and businesses to enabling 

emerging technologies such as the Internet of Things (IoT) 

and 5G wireless communications. This paper seeks to provide 

a comprehensive exploration of broadband networking, 

shedding light on its evolution, contemporary developments, 

and future prospects. We will delve into the key broadband 

technologies, including fiber-optic, DSL, cable, and wireless 

broadband, assessingtheir technical underpinnings, 

performance characteristics, and practical applications. 

Moreover, the digital divide, a persistent concern in the 

broadband landscape, will be addressed within this research. 

As technology continues to advance at a rapid pace, ensuring 

equitable access to broadband services remains a critical 

challenge. We will investigate the disparities in broadband 

deployment between urban and rural areas, as well as the 

implications for economic and social equity. 

Security and privacy are also paramount in the age of 

ubiquitous connectivity. The digital infrastructure that 

underlies broadband networking is not without vulnerabilities, 

and the protection of sensitive data remains a pressing issue. 

This paper will scrutinize the security concerns associated 

with broadband technologies and outline strategies for 

safeguarding data in an interconnected world. 

To accomplish these objectives, a multifaceted research 

approach will be employed, drawing upon both qualitative and 

quantitative methods. Through this study, we aim to provide a 

comprehensive understanding of the current state of 

broadband networking and the implications for future 

advancements in technology, business, and society. 

As we embark on this journey through the world of 

broadband networking, it is our hope that this research will 

contribute to a more informed and enlightened discourse 

surrounding the pivotal role of high-speed internet access in 

our lives. 

2. Related Work 

1. Type of Mobile Broadband Networks 

Broadband networking is a high-speed internet 

connection that allows for the efficient transfer of data, 

enabling various applications like streaming, online gaming, 

telecommuting, and more. Here is a more detailed explanation 

of broadband networking. 
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Fiber-Optic Broadband: 

Fiber-optic broadband uses optical fibers made of glass 

or plastic to transmit data as pulses of light. These pulses are 

encoded with digital information. 

It is known for its high data transfer speeds and low 

latency, making it ideal for demanding applications. 

Fiber networks can provide both residential and business 

users with symmetrical, high-speed connections, often 

exceeding 1 Gbps. 

DSL (Digital Subscriber Line): 

DSL utilizes the existing copper telephone lines in most 

homes. It employs different frequency bands for data and 

voice, allowing simultaneous voice calls and internet access. 

Speeds can range from 1 Mbps to 100 Mbps, depending 

on the type of DSL and the distance from the telephone 

exchange. 

DSL is widely available and cost-effective, and it doesn't 

require significant infrastructure changes. 

Cable Broadband: 

Cable broadband uses the same coaxial cable 

infrastructure as cable television. Data is transmitted over 

separate frequency channels, allowing for simultaneous TV 

and internet access. 

Cable broadband speeds can range from 25 Mbps to over 

1 Gbps, depending on the network and service provider. 

It's prevalent in urban and suburban areas and can offer 

high-speed internet bundled with TV services. 

Satellite Broadband: 

Satellite broadband connects users to the internet via 

geostationary satellites. Data signals are sent to and received 

from a satellite dish at the user's location. 

Speeds typically range from 12 Mbps to 100 Mbps, 

making it suitable for remote and rural areas with limited 

terrestrial options. 

Satellite broadband provides wide geographic coverage 

but may have higher latency due to the distance signals travel 

to and from satellites. 

 

 

Wireless Broadband (4G LTE and 5G): 

Wireless broadband, including 4G LTE and 5G, uses 

wireless radio signals for internet connectivity. These 

technologies are commonly used for mobile devices and home 

internet. 

4G LTE offers speeds from 10 Mbps to 100 Mbps, while 

5G is designed for even faster speeds and lower latency. 

Wireless broadband is highly mobile and supports 

various devices, including smartphones, tablets, and IoT 

devices. 

Broadband over Power Lines (BPL): 

Broadband over Power Lines (BPL) delivers internet 

access through existing electrical power lines. Data signals 

travel alongside electricity. 

Speeds can range from 1 Mbps to over 100 Mbps, 

depending on the BPL technology and infrastructure quality. 

BPL can be an alternative in areas with limited 

broadband options and utilizes the existing power grid. 

2. Advantages of Broadband Networking: 

High-Speed Internet Access: Broadband networks 

provide fast and efficient internet access, enabling high-

quality video streaming, online gaming, video conferencing, 

and other bandwidth-intensive activities. 

Reliability: Broadband networks are generally more 

reliable than traditional dial-up connections, offering 

consistent and stable internet access. 

Widespread Availability: Different broadband types cater 

to various geographic areas, ensuring that both urban and rural 

regions can access high-speed internet. 

Support for Multiple Devices: Broadband networks can 

connect numerous devices in homes and businesses 

simultaneously, accommodating the needs of modern 

households and organizations. 

Enabler of Emerging Technologies: Broadband 

networking supports technologies like the Internet of Things 

(IoT), 5G, and smart cities, facilitating technological 

advancements. 

3. Limitations and Considerations: 

Cost: High-speed broadband technologies like fiber-optic 

can be expensive to deploy, which can affect access in some 

areas. 
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Distance: DSL and cable broadband can experience speed 

degradation over longer distances from the network's central 

point. 

Latency: Satellite broadband typically has higher latency 

due to the distance signals travel to and from satellites. 

Infrastructure: The choice of broadband type depends on 

the existing infrastructure in a given area, which may limit the 

options available to users. 

Security: As broadband networking increases 

connectivity, there are concerns about security and privacy. 

Protecting sensitive data is crucial. 

In conclusion, broadband networking is a crucial 

component of modern communication infrastructure, with 

various types catering to different needs and regions. 

Choosing the right broadband type depends on factors like 

location, speed requirements, infrastructure, and cost 

considerations. 

 

Broadband networking refers to high-speed internet 

access that provides users with faster data transmission 

compared to traditional dial-up connections. It allows for the 

quick and efficient exchange of digital information, enabling 

various online activities such as web browsing, streaming 

video, online gaming, and data sharing. 

3. Here are some key aspects of broadband networking: 

High Speed: Broadband connections offer significantly 

faster data transfer rates than dial-up connections. This enables 

users to access data and content more quickly and efficiently. 

Multiple Technologies: Broadband can be delivered 

through various technologies, including fiber-optic, DSL 

(Digital Subscriber Line), cable, satellite, and wireless. Each 

technology has its advantages and limitations. 

Always-On Connection: Unlike dial-up, broadband 

connections are "always on," meaning users don't need to 

establish a connection every time they want to go online. This 

provides continuous and immediate access to the internet. 

Improved Multimedia Experiences: Broadband is 

essential for streaming high-quality video and audio content. It 

has revolutionized entertainment, allowing for services like 

Netflix, YouTube, and online gaming.Certainly, broadband 

networking refers to high-speed data transmission 

technologies and communication methods that provide fast 

and efficient internet access. It is a critical component of 

modern communication infrastructure, enabling individuals 

and businesses to access the internet, exchange data, and 

utilize various online services. 

 

4. Key features and aspects of broadband networking 

include: 

High Data Transfer Rates: Broadband networks offer 

significantly higher data transfer rates compared to traditional 

dial-up connections. This allows for faster downloads, 

smoother streaming, and better overall internet performance. 

Multiple Access Technologies: Broadband can be 

delivered through various access technologies, including fiber 

optics, DSL (Digital Subscriber Line), cable, and wireless 

methods (such as Wi-Fi, 4G/5G mobile networks, and 

satellite). 

Always-On Connectivity: Unlike dial-up connections, 

broadband connections are "always-on," meaning users don't 

need to dial in or establish a connection each time they want to 

access the internet. This constant connectivity is ideal for 

applications like VoIP (Voice over Internet Protocol) and 

online gaming. 

Support for Multiple Users: Broadband connections are 

typically designed to support multiple users and devices 

simultaneously. This is crucial for households or businesses 

with multiple internet-connected devices. 

Applications and Services: Broadband enables a wide 

range of online services, including video streaming, cloud 

computing, telecommuting, and real-time communication. 
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These services depend on high-speed connections to function 

effectively. 

Reduced Latency: Broadband networks generally have 

lower latency, meaning there is less delay in data transmission. 

This is essential for applications like online gaming and video 

conferencing. 

Digital Divide: While broadband networking offers 

numerous advantages, there are disparities in access. Rural 

and underserved areas often lack broadband infrastructure, 

leading to a "digital divide" where some communities have 

limited access to high-speed internet. 

Security and Privacy: As broadband networks facilitate a 

broad range of online activities, security and privacy concerns 

are paramount. Protecting personal and sensitive data is a 

major focus of broadband networking. 

Future Developments: Broadband networking continues 

to evolve with advancements such as 5G wireless technology 

and the expansion of fiber-optic networks. These 

developments have the potential to further transform the way 

we connect and communicate. 

 

Economic and Social Impact: Broadband access is linked 

to economic growth and social development. It can improve 

educational opportunities, healthcare access, and business 

productivity, making it an important driver of progress. 

Broadband networking is a dynamic field that intersects 

with various aspects of technology, business, and society. As 

technology continues to advance, it plays a central role in 

shaping our digital future. 

Business and Communication: Broadband is crucial for 

businesses as it enables video conferencing, cloud-based 

services, and efficient data transfer. It has also transformed 

communication through email, instant messaging, and social 

media. 

Digital Divide: Access to broadband is not uniform, 

leading to a "digital divide" where some areas or communities 

have limited or no access to high-speed internet. Bridging this 

divide is a significant challenge. 

Security Concerns: Broadband networks can be 

vulnerable to cyberattacks and breaches. Ensuring the security 

and privacy of data transmitted over these networks is a 

critical consideration. 

Economic and Social Impact: Broadband access has 

economic implications, as it enables e-commerce, remote 

work, and digital entrepreneurship. It also has social 

implications, influencing education, healthcare, and civic 

participation. 

Future Technologies: Broadband networking continues to 

evolve with the introduction of technologies like 5G and the 

expansion of fiber-optic networks. These advancements 

promise even faster and more reliable internet access. 

Broadband networking plays a fundamental role in the 

modern digital landscape, impacting how people live, work, 

and communicate. The development and accessibility of 

broadband networks continue to be a topic of significant 

interest and research as technology evolves and societies 

become increasingly connected. 

5. Uses 

Broadband networking is a critical technology with a 

wide range of applications that affect various aspects of our 

lives. Here are some key uses of broadband networking in 

detail: 

1. Internet Access: 

Residential: Broadband networking provides high-speed 

internet access to households, enabling users to browse the 

web, stream video and audio content, and engage in online 

gaming with ease. 

Business: Businesses rely on broadband connections for 

tasks like email, web conferencing, cloud-based services, and 

e-commerce. Broadband networking facilitates the efficient 

exchange of data, enhancing productivity and communication. 

2. Telecommuting and Remote Work: 

Broadband connections have become indispensable for 

remote work, enabling employees to access company 

networks, collaborate on projects, and attend virtual meetings 

from home or remote locations. The COVID-19 pandemic 

further highlighted the importance of broadband for remote 

work. 
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3. Education: 

Broadband networking plays a crucial role in online 

education, providing students and teachers with access to e-

learning platforms, digital resources, and interactive online 

classes. This is particularly significant for remote or distance 

learning. 

4. Healthcare (Telemedicine): 

Telemedicine relies on broadband networking to connect 

patients with healthcare professionals remotely. Video 

consultations, remote monitoring of health data, and telehealth 

services are made possible through high-speed internet 

connections. 

5. Entertainment: 

Video streaming services like Netflix, Hulu, and 

YouTube, as well as online gaming platforms, require high-

bandwidth broadband connections to deliver high-definition 

and 4K content seamlessly. This enhances the entertainment 

experience for users. 

6. Smart Home Technology: 

Broadband networking supports the growing ecosystem 

of smart home devices, including smart thermostats, security 

cameras, and voice-activated assistants. These devices depend 

on internet connectivity to communicate and function. 

7. IoT (Internet of Things): 

IoT devices, from smart appliances to industrial sensors, 

rely on broadband networking to transmit data to central 

servers for analysis and control. Broadband provides the 

necessary connectivity to enable IoT applications in various 

domains. 

 

 

8. E-Government and Public Services: 

Many government services are now accessible online, 

from paying taxes to renewing driver's licenses. Broadband 

networking allows citizens to interact with government 

agencies conveniently, reducing the need for in-person visits. 

9. E-commerce: 

E-commerce businesses rely on broadband connections to 

provide an efficient and responsive online shopping 

experience. Customers expect quick loading times, secure 

transactions, and reliable access to e-commerce websites. 

10. Research and Development: 

In the academic and research sectors, broadband 

networking is crucial for data sharing, collaboration, and 

accessing vast online repositories of knowledge. High-speed 

internet connections facilitate global research efforts. 

11. Telecommunications and VoIP (Voice over Internet 

Protocol): 

Voice and video calls are increasingly made over 

broadband networks using VoIP services such as Skype and 

Zoom. This technology has revolutionized communication by 

enabling low-cost international calls and video conferencing. 

12. Cloud Computing: 

Cloud services, including storage, infrastructure, and 

software as a service (SaaS), rely on broadband networking to 

provide on-demand access to computing resources. This 

technology is fundamental to modern business operations and 

data storage. 

In summary, broadband networking has become an 

integral part of modern life, affecting various sectors, from 

communication and entertainment to education and healthcare. 

Its high-speed, reliable connectivity is foundational for 

supporting the digital transformation that is reshaping 

industries and the way we live and work. 

Broadband networking refers to high-speed internet 

connections that have revolutionized how we communicate 

and access information in today's digital age. These networks 

utilize different technologies to transmit data quickly and 

efficiently, catering to a wide range of applications and user 

needs. 

One prevalent broadband technology is fiber-optic 

broadband, which relies on thin strands of glass or plastic 

fibers to transmit data as pulses of light. The result is 

extremely high data transfer speeds and low latency, making it 
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ideal for data-intensive activities such as streaming, online 

gaming, and telecommuting. Fiber-optic networks often 

provide symmetric upload and download speeds, exceeding 1 

Gbps, ensuring users can send and receive data rapidly. 

Another common broadband type is DSL (Digital 

Subscriber Line), which capitalizes on existing copper 

telephone lines to deliver internet access. DSL employs 

different frequency bands for data and voice, allowing for 

simultaneous voice calls and internet usage. While DSL's 

speeds can vary based on the distance from the telephone 

exchange, it is widely available and cost-effective for many 

users. However, the upload speed may be slower than the 

download speed. 

Cable broadband, which uses coaxial cable infrastructure 

like that of cable television, is widely deployed in urban and 

suburban areas. It provides high-speed internet access, with 

speeds ranging from 25 Mbps to over 1 Gbps, depending on 

the network and service provider. This technology offers 

convenience by bundling TV and internet services but can 

experience speed reductions during peak usage times. 

In remote and rural areas, satellite broadband often comes 

to the rescue. It connects users to the internet through 

geostationary satellites, ensuring wide geographic coverage. 

However, it does have higher latency due to the considerable 

distance signals travel to and from satellites. Speeds typically 

range from 12 Mbps to 100 Mbps, making it suitable for areas 

with limited terrestrial options. 

Wireless broadband, including 4G LTE and 5G, relies on 

wireless radio signals for internet connectivity. It is highly 

mobile and supports various devices, including smartphones, 

tablets, and IoT devices. 4G LTE offers speeds from 10 Mbps 

to 100 Mbps, while 5G is designed for even faster speeds and 

lower latency. These technologies have transformed mobile 

connectivity and enable on-the-go internet access. 

Broadband over Power Lines (BPL) is another, though 

less common, broadband technology. It delivers internet 

access through existing electrical power lines, enabling speeds 

ranging from 1 Mbps to over 100 Mbps. It can be an 

alternative in areas with limited broadband options and utilizes 

the existing power grid infrastructure. 

In summary, broadband networking has become an 

essential component of modern communication infrastructure. 

It offers high-speed internet access, reliability, and widespread 

availability, supporting a multitude of applications and 

emerging technologies. However, the choice of broadband 

type depends on factors such as location, speed requirements, 

existing infrastructure, and cost considerations. As the digital 

world continues to evolve, ensuring access to high-speed 

broadband is essential to keep pace with technological 

advancements and the changing demands of our 

interconnected society. 

Broadband networking is a high-speed internet 

connection that has revolutionized the way we access and 

share data, transforming how we work, communicate, and 

entertain ourselves. This advanced networking technology 

encompasses a variety of options, each with its unique features 

and advantages. 

Fiber-optic broadband, for instance, employs thin strands 

of glass or plastic fibers to transmit data as pulses of light. 

This technology offers exceptionally high data transfer speeds 

and low latency, making it ideal for data-intensive 

applications, such as high-definition video streaming and 

online gaming. Fiber-optic broadband often provides 

symmetrical upload and download speeds, and in many cases, 

it exceeds 1 Gbps, making it a top choice for those who 

demand the utmost in internet performance. 

DSL (Digital Subscriber Line) utilizes existing copper 

telephone lines to deliver broadband internet access. It 

achieves this by using different frequency bands to separate 

data from voice signals. While DSL speeds can vary based on 

proximity to the telephone exchange, it typically offers users 

speeds ranging from 1 Mbps to 100 Mbps. DSL is widely 

available, cost-effective, and does not require significant 

infrastructure changes, making it a popular choice for many 

households and small businesses. Cable broadband, on the 

other hand, leverages the same coaxial cable infrastructure 

used for cable television. Data is transmitted over separate 

frequency channels, enabling simultaneous access to television 

and the internet. Cable broadband provides speeds ranging 

from 25 Mbps to over 1 Gbps, depending on the network and 

service provider. It's widely available in urban and suburban 

areas, often bundled with TV services, making it a convenient 

choice for many consumers. 

Satellite broadband takes a different approach by 

connecting users to the internet through geostationary 

satellites in Earth's orbit. While it provides an essential lifeline 

for remote and rural areas, it often comes with higher latency 

due to the extended distance that signals travel to and from 

satellites. Speeds generally range from 12 Mbps to 100 Mbps, 

ensuring that users in underserved areas can access high-speed 

internet. 

In the realm of wireless broadband, 4G LTE and 5G 

technologies shine. They use wireless radio signals to deliver 

internet access and have become prevalent options for mobile 

devices and home internet connectivity. 4G LTE typically 

offers speeds from 10 Mbps to 100 Mbps, while 5G is 

engineered for even faster speeds and reduced latency, 
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heralding the advent of transformative technologies like 

autonomous vehicles and augmented reality. 

Finally, Broadband over Power Lines (BPL) delivers 

internet access through existing electrical power lines. Data 

signals travel alongside electricity, providing speeds that can 

range from 1 Mbps to over 100 Mbps. BPL has the advantage 

of utilizing the existing power grid, offering an alternative in 

areas with limited broadband options. 

The choice of broadband networking type depends on 

various factors, including location, infrastructure availability, 

speed requirements, and cost considerations. In an 

interconnected world, the right broadband network can unlock 

a world of opportunities, from high-quality video streaming to 

advanced telecommuting and the seamless integration of 

emerging technologies. However, it's important to be aware of 

the limitations and considerations associated with each 

broadband type, as these factors can influence the quality and 

availability of high-speed internet access. 

6. Conclusion 

In conclusion, mobile broadband networking has become 

an integral part of our modern digital lives, providing wireless 

internet access through cellular networks. It has evolved 

through different generations, with 4G and 5G being the most 

prominent, offering faster speeds, lower latency, and improved 

network capabilities. 

Mobile broadband relies on network operators that offer 

various data plans to cater to the diverse needs of users. The 

technology utilizes SIM cards for user identification and 

authentication, and roaming services allow users to stay 

connected while traveling. 

Coverage and network quality are critical factors, as they 

determine the availability and performance of mobile 

broadband services. Bandwidth, ping, and latency 

measurements help assess network responsiveness and speed. 

Users often employ modems, routers, or mobile hotspots to 

distribute mobile broadband within homes and businesses. 

Data caps and quality of service (QoS) measures play a 

role in managing and prioritizing network traffic. Users can 

also use speed tests to monitor the performance of their mobile 

broadband connections. 

Mobile broadband technology has a wide range of 

applications, from mobile phones and tablets to IoT devices 

and smart homes. It enables various services, including 

streaming, online gaming, and real-time communication. 

Mobile broadband networks have gone through different 

standards and architectures, each improving upon the previous 

generation's limitations. VoLTE has made it possible to make 

voice calls over 4G or 5G networks, adding versatility to the 

technology. 

Security is a critical aspect of mobile broadband 

networking, as it involves the transmission of sensitive data. 

Various security measures, such as encryption and 

authentication, are in place to protect user information. 

In summary, mobile broadband networking has 

revolutionized the way we access the internet, providing 

flexibility, mobility, and connectivity on the go. It continues to 

evolve and expand, offering faster speeds and more services, 

making it an essential part of the modern digital landscape. 
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Abstract - Cloud services are becoming the most promising 

technology of recent days. It provides scalable, flexible 

services to many users at the same time and it helps to 

quickly access resources from the cloud service provider. 

Digital forensics is part of the computer forensic science. 

Various cloud issues block the cloud forensics process, so 

there is no standard framework for cloud forensics can be 

drawn. This article summarizes the challenges, various 

challenges are also discussed in this article at each stage of 

cloud forensics in cloud computing. 

Keywords: Cloud Computing System, Cloud Forensics, 

Digital Forensics Process. 

1. Introduction 

Cloud technology enables convenient use when needed 

use of computing resources with minimal management work 

and communication with the service provider. Virtualization 

and the nature of multithreading the cloud offers better 

utilization of resources and exists basic cloud computing 

functions, but they do the main problems of the cloud. But 

with any new technology, security comes into play about 

whether the technology in question has good protection and 

privacy The implementation of this technique is very simple, 

but some techniques such as cloud computing, digital 

forensics and the cloud forensics is more useful in today's 

world, but less so it takes a lot of time to implement the 

security of these technologies. Digital forensics is a part of 

computer forensics. The identification, collection, analysis and 

presentation digital evidence called digital forensics. In this 

paper we discuss the challenges of each stage for digital 

forensics in a cloud computing environment. 

2. Challenges of Cloud Forensics 

This section presents the challenges in every phase of 

cloud forensics. 

 

Figure 1: Cloud forensic process flow 

 

1) Identification 

The identification phase mainly defines the goal and the 

research process. Crime detection is an initial step in the 

digital research process model. Detecting malicious activity is 

easy the recognition phase. The most important thing here is 

how we say it is it a crime traditionally in digital forensics 

investigators detect crime in the following ways: 

 If someone has made a complaint. 

 Due to anomalies detected by the intrusion detection 

system. 

 During the computer system audit. 

Challenges: 

i) Using evidence in logs: 

Decentralized nature the cloud makes it difficult to 

identify the data. Availability of log files depends on 

maintenance cloud model. In SaaS, there is more to identify 

PaaS difficult due to limited access, detection is better in IaaS 

but not full access. 

ii) Persistent data: 

Cloud is essentially volatile, volatile data means that 

when the device is turned off, all data will be lost deleted in 

the same way in the cloud when the VM is completely 

powered off data is lost if it is not saved somewhere. RAM 

may contain valuable evidence such as username, passwords 

and encryption keys. Because RAM capacity increases and 

RAM memory increases use of data encryption. 

iii) Lack of cloud management: 

This is a subscription network connection to a common 

set of resources and resources are virtual in nature, namely 

physical no cloud ever knows the location of the resource user. 

iv) Lack of customer awareness: 

Everything is down in the cloud there is little control over 

the CSP and cloud user interaction with CSP is sometimes 

absent. CSP lack of transparency and little international 

regulation leads to the loss of important terms in relation to 

forensic investigations at the service level agreement (SLA). 

This problem affects all three service models. 
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2) Collection and preservation of evidence 

Evidence gathering collects evidence of what has been 

identified sources of evidence. The evidence collected must be 

maintained Data Retention is the maintenance of data integrity 

raw data should not be changed until the study is completed. 

In the traditional system, the research process starts by 

grabbing and taking the system hard drive a bit clever copy to 

keep the same integrity system but, in the cloud, it is 

practically impossible because evidence is intrinsically intact 

and changeable. 

Challenges:  

i) Data Integrity: 

Researchers must maintain integrity of evidence 

maintains integrity raw data is very difficult for a cloud 

researcher. Data integrity is a complex part of the entire cloud 

process forensic data, as there is no need to change the 

original data the evidence is presented to the law. 

ii) Cloud Situation isolation:  

When a criminal incident occurs in the cloud, in the cloud 

case, and in collected evidence the cloud instance must be 

isolated for digital research. Isolation prevents possible 

corruption and contamination of collected evidence. Isolated 

cloud the example helps maintain the integrity of the evidence 

collected from the cloud case.  

iii) Digital provenance:  

This is an important feature of forensic science digital 

history descriptive studies object A secure origin system was 

proposed which performs reliable evidence of digital forensics 

in a cloud environment. This formula proves this cloud the 

evidence is admissible in court.  

iv) Chain of Custody: 

In the traditional research process scientists must create 

and preserve supply chain. The chain of descent is 

documentation from the testimonies collected, as who collects 

evidence, when and how evidence is preserved and by whom. 

Researcher required maintaining a proper chain of custody 

beforehand it documents. 

3) Examination and Analysis 

Once in a digital imaging process (DIP) model. 

Information is collected and stored using various research 

techniques and there are several software tools to help 

researchers FTK (Forensic Toolkit). All these tools are 

available to filter and search for pattern matching content or 

files or file types. Using these tools, one deleted or modified 

data can be restored. During the analysis stage, the evidence 

must be evaluated. The evidence obtained in the analysis 

phase is confirmed compare with alternative evidence confirm 

that evidence has not been changed. Research and the analysis 

phase of cloud expertise is similar digital forensics phase of 

investigation and analysis. 

Challenges: 

i) Lack of cloud forensics tools: 

Cloud Forensics is cloud driven, Currently, there are 

mostly no cloud forensics tools cloud researchers use digital 

forensics and the web forensic tools in one cloud, but they are 

not adequate cloud expertise differs from digital and online in 

criminology never study these tools in the cloud is not enough. 

Many cloud researchers beginning to explore cloud-based 

forensics technology and some tools are already in place use, 

but we need better tools. 

ii) Correlation of evidence from multiple sources: 

In the cloud one resource is shared between cloud users. 

Evidence also comes from several sources that bring various 

problems to researchers. 

Presentation: 

The gathered evidence in the digital investigation process 

is needed to be submitted in the court of law to prove the 

crime. At the end of investigation, the investigator needs to 

present a report and it must be useful for cross- examination. 

The result report should be used by an organization to improve 

their security policy and must be documented for future 

investigation. 

3. Research Methodology 

Cloud Forensics is the process of analysing and gathering 

evidence from cloud-based systems and infrastructure for a 

legal investigation or security breach. As the use of cloud 

technology increases, so does the need for cloud-based 

forensic tools and techniques. 

It is a complex and challenging field due to the dynamic 

and distributed nature of cloud computing. By developing new 

techniques, researchers can help investigators collect and 

analyse evidence from cloud environments more effectively. 

It is important to note that cloud forensics investigation 

process can vary depending on the specific investigation. 
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4. Conclusion 

In this paper, we discussed the technical challenges of 

implementation digital forensics in the cloud environment and 

presented requirements for forensic data from the cloud. There 

are many things that can be done to improve cloud computing 

for digital forensics. The collection is reliable proving the 

cloud is difficult because we have very little control clouds 

compared to traditional computer systems. This paper presents 

different challenges of digital forensic in cloud computing 

with the help of cloud forensic process flow. With each phase 

it describes the challenges in cloud. Digital forensic refers to 

investigations that are focused on challenges that occur 

primarily involving in cloud. 
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Abstract - Cloud computing refers to the management of 

data and servers and the provision of technology services 

using cloud computing technology. It is commonly used to 

store large amounts of data on cloud platforms. As a 

result, it is essential to safeguard data in various formats 

such as text, audio, video, and others. This paper presents 

a research study on cloud security, focusing on AWS, the 

most trusted cloud computing provider. AWS offers not 

only cloud security but also cloud storage services. The 

document addresses several key security challenges, 

including virtualization security, data storage in the cloud, 

and risk tolerance assessment in cloud computing. As the 

cloud grows, it is increasingly important to understand 

and implement effective security measures to protect 

sensitive information and maintain trust in cloud-based 

services. 

Keywords: Cyber Security, Virtualization, Scalability, Cloud 

Service provider, Storage security, Data integrity and Data 

confidentiality. 

1. Introduction 

Cloud computing refers to the practice of storing and 

accessing data and programs on remote servers hosted on the 

internet, rather than on a computer's hard drive or local server. 

The term "cloud" simply means the servers that are accessed 

over the internet. Cloud providers usually offer a "pay-as-you-

go" model, which may result in unexpected operating 

expenses if administrators are not familiar with cloud pricing 

models. Essentially, cloud computing allows users to access 

data and applications from anywhere, at any time, as long as 

they have an internet connection. This technology has become 

increasingly popular due to its flexibility, scalability, and cost-

effectiveness. 

Service providers: 

 Google Cloud 

 AWS(Amazon web server) 

 Microsoft Azur 

 IBM Cloud 

 Alibaba Cloud 

 

 

Cloud providers offer types of services:  

1) Infrastructure as a Service (IaaS): Which provides 

hardware-related services through cloud computing. 

2) Platform as a Service (PaaS): Which provides a cloud 

development platform. However, different vendors offer 

incompatible platforms. 

3) Software as a Service (SaaS): Which offers complete 

software services in the cloud. 

Cloud computing security concerns include sensitive data 

access, sharing, privacy, authentication, hacking, recovery, 

accountability, and account control. 

2. Security Analysis 

ECC encryption efficiently encrypts messages by 

utilizing varying points on an elliptic curve. This method uses 

a short key size of 256 bits which makes it difficult for 

algorithms to attack the encryption system as the computing 

complexity of attacking algorithms is O (2^128). Cloud 

clients' IDs and private keys are stored in their smart cards to 

prevent illegal users from generating a valid digital signature. 

3. Security Architecture 

When designing cloud security architecture, it is crucial 

to define the objectives. The architecture must address three 

key factors: the attack surface that represents external access 

interfaces, the protected asset set that contains the information 

being safeguarded, and vectors intended to perform indirect 

attacks, including those in the cloud and attacks on the system. 

To achieve the goal of cloud security architecture, a set of 

functional elements must be implemented. These elements are 

often treated as separate entities rather than being part of a 

coordinated architectural plan. They include access control, 

network security, application security, contractual security, 

and monitoring, also called service security. Additionally, data 

protection measures are implemented at the protected asset 

level. 

A comprehensive cloud security architecture brings 

together the functional elements to achieve the objectives. 
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4. Security 

Cloud security is crucial to protecting data that is either 

stored or moving in and out of the cloud. It is designed to 

protect your data from various security threats like 

unauthorized access, theft, and corruption. The concept of 

cloud security relies on physical security, technology tools, 

access management and controls, and organizational policies. 

These pillars form the basis of any organization's security 

program. 

The three key concepts of cloud security are as follows: 

 Data confidentiality: It ensures that data can only be 

accessed or modified by authorized people or processes. 

The organization must take measures to keep its data 

private. 

 Data integrity: This concept ensures that data is 

trustworthy, accurate, authentic, and reliable. To 

maintain data integrity, organizations must implement 

policies or measures that prevent the data from being 

tampered with or deleted. 

 Data availability: While unauthorized access must be 

stopped, data must still be available and accessible to 

authorized people and processes when required. 

Therefore, the organization must ensure continuous 

uptime and keep systems, networks, and devices running 

smoothly to ensure data availability. 

5. Security Issues In Cloud Computing 

Data Loss 

Cloud computing faces a significant challenge - data loss, 

commonly referred to as a data leak. Insiders, such as 

employees and business partners, who have access to sensitive 

data, can enable hackers to compromise the security of a cloud 

service and gain access to private and confidential 

information. 

Malware injection 

Malware injections are scripts or code fragments inserted 

into cloud services, operating as Software as a Service from 

cloud servers, and mimicking "genuine instances". This 

implies that malicious code can infiltrate cloud services and 

appear to be part of the program or service running on cloud 

servers themselves. 

Insider Threat 

Insider threats in companies are a real possibility, even 

though they may seem unlikely. Authorized employees who 

have access to a company's cloud-based services can exploit or 

obtain sensitive data such as client accounts, financial forms, 

and other vital information. Furthermore, insiders do not 

necessarily have to be malicious to pose a threat. 

 

6. Cloud Security Solution 

Cloud Workload Protection Platforms are tools used to 

reduce security risks by identifying vulnerabilities in static 

code, performing system hardening, and detecting workload 

misconfigurations. These agent-based tools use a variety of 

tactics such as network segmentation and system integrity 

protection to provide security at a workload level. 

It is important to note that CWPPs do not provide 

coverage at the data or application layer. Furthermore, they 

exclude runtime security when it comes to defending 

containers, which is a critical component of advanced threat 

detection and response. 

7. Network Detection And Response 

Network Detection and Response tools are a security 

approach that uses network data to defend against cloud 

threats and to secure containers. These tools are very effective 

in detecting post-compromise behaviors within the perimeter 

and are an essential component of defense-in-depth strategies. 

Since all workloads communicate through the network, 

network data is important for security analysts, incident 

responders, and forensic investigators. 

While on-premises security has been using network-

based tools for years, collecting network data in cloud 

environments has been challenging in the past. However, with 

network taps from major cloud service providers and third-
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party packet brokers, much of the complexity and friction that 

came with NDR in the cloud has been eliminated. 

8. Cloud Access Security Brokers 

Breaches can happen due to misconfigured cloud 

settings, weak access controls, or insider threats. When 

confidential data is stored in the cloud, it becomes vulnerable 

to cybercriminals. Therefore, it is of utmost importance to 

ensure that only authorized individuals have access by 

managing user identities, permissions, and access controls 

across a dynamic cloud environment. Proper management of 

these controls is essential to mitigate the risk of unauthorized 

access and data breaches. 

When it comes to securing applications, Static 

Application Security Testing (SAST) is an essential measure. 

While encrypting data in transit and at rest is crucial, 

managing encryption keys can become challenging, especially 

in multi-cloud or hybrid environments. Misconfigurations in 

cloud services can create vulnerabilities, making it critical to 

configure security measures properly. 

Cloud resources often lack visibility into their security 

posture, but CSPM tools can help in complex environments. 

Cloud Infrastructure Entitlement Management  

It is crucial to implement DDoS protection measures. 

Developing and testing an effective incident response plan 

specific to cloud environments is also important. 

9. Cloud Security Challenges 

Data breaches can occur due to misconfigured cloud 

settings, weak access controls, or insider threats. When 

sensitive information is stored in the cloud, it becomes a target 

for cybercriminals. Therefore, it is crucial to ensure that 

authorized individuals have access by managing user 

identities, permissions, and access controls across a dynamic 

cloud environment. It is important to understand the shared 

responsibility model, where the cloud provider secures the 

infrastructure, but users are responsible for securing their data 

and applications. Encrypting data both in transit and at rest is 

essential, but key management can be challenging, especially 

in multi-cloud or hybrid environments. Misconfigurations in 

cloud services can cause vulnerabilities, making it critical to 

configure security groups, firewalls, and access controls 

correctly. Maintaining visibility into the security of cloud 

resources can be challenging without the right tools, especially 

in large and complex cloud environments. Cloud services are 

also prone to Distributed Denial of Service (DDoS) attacks, 

which can disrupt operations. Therefore, it is crucial to 

implement DDoS protection measures. Finally, developing 

and testing an effective incident response plan specific to 

cloud environments is crucial to minimize the impact of 

security incidents. 

10. Cloud Vendor’s Growth 

Global spending on cloud infrastructure services 

increased by 16% to reach $72 billion in the second quarter of 

2023. Although this growth rate represents a slowdown from 

the previous quarter's 19%, it can be attributed to market 

pressures. Additionally, slower growth is also due to the 

market's larger size.  

 

In the same quarter, AWS, Microsoft Azure, and Google 

Cloud, the top three vendors, collectively grew by 20%, 

accounting for 65% of total spending. While AWS and 

Microsoft both experienced a deceleration in growth, Google 

Cloud's growth rate remained steady from the previous quarter 

at 31%. 

11. Conclusion 

Cloud security is a sophisticated technology that provides 

computing and access to high-performance computing, 

storage, and infrastructure through the Internet. Cloud 

computing has significantly impacted the computer industry, 

including software companies and internet service providers. 

It is an ever-growing part of the IT industry and is provided by 

cloud service providers (CSPs). The key technology used to 

develop cloud security is virtualization. 

 In the future, work on data science, artificial intelligence, 

and machine learning services should be prioritized inside 

cloud providers to protect customer-sensitive data such as 

login credentials through encryption techniques and other 

password protection techniques inside the security group. This 

will increase efficiency and accuracy and make the data more 

secure. Multi-factor authentication should be practiced to 

protect the data. Frequent clearing of cache and cookies is 

recommended, and passwords should never be auto-saved in 

the browser. 
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Abstract - The field of natural language processing (NLP) 

has evolved and influenced recent advances in the fields of 

artificial intelligence (AI) and computing technologies that 

open up new applications and novel interactions with 

people. NLP is a constantly evolving field that constantly 

pushes the boundaries of what is possible. Natural 

Language Processing (NLP) has become a dynamic and 

transformative field at the intersection of linguistics, 

computer science, and artificial intelligence. This research 

paper provides a comprehensive overview of recent 

advances in NLP, highlighting key developments, 

challenges, and promising future directions. Modern NLP 

involves the interaction of machines with human languages 

to study patterns and obtain important information. 

Reading comprehension, with real-world performance 

constantly improving. Natural Language Processing (NLP) 

is the study of mathematical and computational modeling 

of various aspects of language and the development of 

various systems. This includes spoken language systems 

that integrate speech and natural language. 

Keywords: Natural Language Processing, Machine learning, 

Deep models, Word vectors, Emotion analysis, text extraction, 

Named entity discovery, Part of sentence labeling. 

1. Introduction 

Natural language processing (NLP) is a machine-learning 

technology that allows computers to interpret, manipulate, and 

understand human language. Natural language processing 

(commonly known as NLP) is a subset of artificial intelligence 

research that deals with machine learning modeling tasks that 

aim to give computer programs the ability to understand both 

written and spoken human language. 

Natural language processing is not just about processing, 

as recent developments in this area, such as the introduction of 

large language models (LLM) and GPT3, are also targeting 

speech generation. 

The five phases of natural language processing are: 

A) Lexical or morphological analysis 

The first phase of NLP is the analysis of the structure of 

words, which is called lexical or morphological analysis. A 

lexicon is defined as a collection of words and phrases in a 

particular language, where the analysis ofthis collection is the 

process of dividing the lexicon into components based on what 

the user sets as parameters: paragraphs, phrases, words, or 

characters. 

The lexicon describes the understandable vocabulary that 

makes up a language. Lexical analysis is the process of 

deciphering language and dividing it into units, or lexemes, 

such as paragraphs, sentences, phrases, and words. NLP 

algorithms classify words into parts of the sentence (POS) and 

divide lexemes into morphemes, significant linguistic units 

that cannot be further subdivided. There are two categories of 

morphemes: 

 Free morphemes function independently as words (such 

as "cow" and "house") 

 Linked morphemes form larger words. The word 

"inconceivable" contains the morphemes "un-" (a linked 

morpheme denoting a negative context), "imagine" (the 

free root of the morpheme of the whole word), and "-

able" (a linked morpheme denoting the ability of the root 

morpheme to terminate). 

 

B) Syntactic analysis (Syntax Analysis) 

Syntactic analysis is the second phase of natural language 

processing. Syntactic analysis, or syntactic analysis, is the 

process of checking grammar, and word order, and generally 

identifying relationships between words and whether they 

make sense. The process consisted of examining all the words 

and phrases in a sentence and the structures between them. 
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C) Semantic Analysis 

Semantic analysis is the third stage of NLP in which an 

analysis is performed to understand the meaning of a 

statement. This type of analysis focuses on discovering the 

definitions of words, phrases, and sentences and determining 

whether the way words are organized in a sentence makes 

semantic sense. This task is performed by mapping the 

syntactic structure and checking the logic in the relationships 

presented between entities, words, phrases, and sentences in 

the text. 

D) Discourse Integration 

Discourse integration is the fourth phase of NLP, and it 

simply means contextualization. Discourse integration is the 

analysis and identification of the broader context for any 

smaller part of the natural language structure (e.g., a phrase, a 

word, or a sentence).At this stage, it is important to ensure that 

each phrase, word, and entity mentioned is mentioned in the 

appropriate context. Not only the structure and semantics of 

the sentence are taken into account, but also the composition 

of the sentence and the meaning of the text as a whole. 

When analyzing the structure of texts, sentences are broken 

down and analyzed and are also considered in the context of 

the preceding and subsequent sentences and the impact they 

have on the structure of the text. 

 

E) Pragmatic analysis 

Pragmatic analysis is the fifth and final stage of natural 

language processing. As a final stage, pragmatic analysis 

extrapolates and integrates findings from all other previous 

phases of NLP. Pragmatic analysis all about understands or 

extracting meaning from how language is put into action& 

translating a text, using the accumulated knowledge of all the 

other steps of NLP previously performed. 

 

3. Methods of NLP 

Text preprocessing:  

The raw text data is cleaned and processed. Tasks include 

tokenization (breaking text into smaller words or units), 

lowercase letters, punctuation removal, and handling special 

characters. 

 

Word segmentation: Word segmentation is the process of 

breaking down text into individual words or tokens. It is a 

fundamental step in many NLP tasks, as it allows the 

computer to understand and work with individual language 

units. 

Stop word removal: Common words like "and", "the", "in", 

etc. are often removed because they have no meaningful 

meaning and can represent noise in some NLP applications. 



International Research Journal of Innovations in Engineering and Technology (IRJIET) 

ISSN (online): 2581-3048 

Volume 7, Issue 10, pp 589-593, October-2023 

https://doi.org/10.47001/IRJIET/2023.710078  

© 2023-2017 IRJIET All Rights Reserved                     www.irjiet.com                                        591                                                                    
 

Stemming and lemmatization: These techniques reduce 

words to their root or root form. Lemmatization is more 

aggressive and does not always result in valid words, while 

lemmatization guarantees valid words, but is generally slower. 

Text vectorization: It consists of converting text data into 

numerical vectors or matrices with which machine learning 

algorithms can work. Techniques such as Word Bag, TF-IDF 

(Term Frequency-Reverse Document Frequency), and Word 

Embeddings are commonly used. 

Text classification: In the text classification phase, processed 

text is categorized into predefined tags or categories. This 

technique is useful in sentiment analysis, spam detection, and 

topic categorization. 

Named Entity Recognition (NER): NER identifies and 

classifies entities in the text, such as names of people, 

organizations, places, dates, etc. 

Parts of Speech Tagging (POS): POS tagging is the process 

of assigning grammatical parts of the sentence (e.g., noun, 

verb, adjective) to every phrase in a sentence 

Machine translation: At this stage, text is translated from one 

language to another using models and algorithms developed 

for translation tasks. 

Questions to answer: NLP models can be used to answer 

questions based on a specific text, which often involves 

understanding and reasoning. 

Text generation: In some cases, NLP models can generate 

human-like text, such as in chatbots, content creation, and 

speech generation.  

4. Aim 

The goal of Natural Language Processing (NLP) is to 

develop computer-aided methods for understanding and 

processing human language. This can be used to improve the 

quality and efficiency of research in a variety of ways, such 

as: 

Extracting information from text: NLP can be used to 

extract important information from research, such as key 

findings, methods used, and conclusions reached. This can 

help researchers quickly and easily identify relevant work and 

keep up with the latest research in their field. 

5. Objective 

The goal of natural language processing (NLP) is to 

enable computers to understand, interpret, and generate human 

language in a valuable way. This field of artificial intelligence 

focuses on the development of algorithms, models, and 

techniques that enable machines to: 

Language comprehension: NLP aims to allow computers to 

understand text or speech and extract meaning from them. 

This includes tasks such as text classification, sentiment 

analysis, and named entity recognition. 

Generate language: NLP also involves the generation of 

human-like speech, either in the form of text or speech. This 

can include chatbots, language translations, and text 

summaries. 

Enable human-machine communication: NLP enables more 

natural and effective human-computer communication, which 

is especially important for voice assistants, virtual agents, and 

other interactive systems. 

6. Application 

Application NLP has a wide range of real-world 

applications, including:  

Automated translation: language is flexible and there are 

many ways to express the same idea. This is used by a variety 

of services, including Google Translate and Bing Translate. 

Speech-to-text conversion: NLP is amazing at transforming 

spoken language into written text. Services like Siri and 

Google Assistant use this. 

Text summary: NLP can be used to condense long sections 

of text into shorter, more concise versions. This is used in a 

variety of applications, such as news articles and search 

engine results. 

Sentiment analysis or emotion detection: NLP can be used 

to identify the sentiment of a text, for example, whether it is 

positive, negative, or neutral. This is used in a variety of 

applications, such as social media monitoring and product 

reviews. 

AI-generated creative content: NLP is used to generate 

creative content such as poems, code, scripts, and musical 

pieces. 

Real-time language translation: NLP is used to develop real-

time language translation systems that can translate voice and 

text instantly. 

Multilingual search: NLP is used to develop search engines 

that can understand and search for information in multiple 

languages. 

Chatbot: They use NLP techniques to understand and 

interpret human language, allowing them to have interactive 
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conversations with users. NLP allows chatbots to understand 

users' intentions, extract relevant information, and provide 

accurate answers. 

7. Advantages 

Its ability to generate creative text formats such as poems, 

code, scripts, musical pieces, emails, letters, etc. This is due to 

the development of large language models (LLMs) such as 

GPT-3 and LAMDA, which have been trained on huge text 

and code data sets. These LLMs can be used to generate text 

that is creative and informative and can be used toperform a 

variety of tasks, such as writing articles, generating marketing 

copy, and even creating code. 

Large-scale analysis: NLP can analyze large amounts of text 

data quickly and efficiently. This can be useful for tasks such 

as market research, customer sentiment analysis, and fraud 

detection. 

Improved accuracy: NLP can help improve the accuracy of 

tasks such as machine translation, text summarization, and 

answering questions. 

8. Future Scope 

Natural Language Processing (NLP) has a bright future 

with numerous possibilities and applications. In the coming 

years, advances can be expected in areas such as speech 

recognition, machine translation, sentiment analysis, and 

chatbots, to name a few. NLP will be further integrated with 

other innovative technologies such as artificial intelligence 

(AI), the Internet of Things (IoT), and blockchain. 

These integrations will enable greater automation and 

optimization of numerous processes, as well as more secure 

and efficient communication between devices and systems.In 

addition to these specific areas, NLP is also expected to have a 

wider impact on society in the coming years. Forexample, 

NLP could be used to develop new educational tools that can 

personalize each student's learning. 

9. Conclusion 

Natural language processing (NLP) is a dynamic and 

rapidly evolving field at the intersection of computer science, 

linguistics, and artificial intelligence. By the time of my last 

knowledge refresh in September 2021, NLP had made 

significant strides in several areas, including machine 

translation, sentiment analysis, chatbots, and text generation. It 

is important to note that NLP continued to face challenges 

related to understanding context, handling languages with 

limited data, and handling issues of bias and fairness in 

linguistic models. NLP researchers and practitioners actively 

worked to improve the robustness of the models and address 

these ethical issues. 
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Abstract - This paper explores the evolution from 5G to 6G 

cellular communication technologies and their integration 

into the Fourth Industrial Revolution (Industry 4.0). It 

assesses 5G transmission techniques and anticipates 

advancements like NOMA with SC-FDE for spectral 

efficiency. Key 5G features include mm-wave, microwave, 

and m-MIMO. 5G enables IoT, V2V communication, and 

transformative technologies like autonomous driving and 

smart cities. The study offers insights into 6G, highlighting 

VR, AR, holography, advanced IoT, AI applications, 

wireless BCI, and high-speed mobility. It emphasizes 5G 

and 6G integration in Industry 4.0, shaping future 

industries and economies. The paper also examines post-

5G trends, indicating reliance on new MIMO techniques 

and terahertz bands for emerging applications. 

Keywords: 5G; 6G; NOMA; Industry 4.0; massive MIMO; 

mm-wave; IoT. 

1. Introduction 

The advent of the Fourth Industrial Revolution signifies a 

profound era marked by the fusion of human capabilities with 

machine integration and advanced AI development. This 

transformative epoch extends well beyond the realms of 

robotics and AI, encompassing a complex network of 

technological dimensions. A pivotal aspect of this paradigm 

shift is the need for efficient machine communication and 

perception, facilitated by cutting-edge sensor technologies and 

robust communication protocols. At its core lies the Internet of 

Things (IoT), an expansive network interconnecting devices 

across the Internet Protocol (IP) spectrum, generating copious 

amounts of data, often referred to as "big data." Artificial 

intelligence processes this data, transforming it into actionable 

knowledge, valuable for human decision-making and the 

autonomous decision-making of machines. 

These innovations, with far-reaching implications, extend 

beyond industry and commerce, shaping society and 

disrupting traditional employment landscapes. They manifest 

as more efficient mobility solutions, including autonomous 

vehicles, smart cities, home automation, intelligent industrial 

processes, precision agriculture, streamlined logistics, AI-

driven medical and legal services, and the proliferation of 

intelligent drones. The future of mobility, particularly 

autonomous driving, hinges on the interactions between 

robotic entities and their environment, generating vast 

amounts of data processed by AI for informed decision-

making. Fifth-generation (5G) communications play a pivotal 

role, offering ultra-reliable low-latency communications 

(URLLC), vital for services like remote surgery and 

autonomous vehicle operations. 

This is comprehensively explores the evolution of 5G, 

delving into current transmission techniques, with a particular 

focus on non-orthogonal multiple access (NOMA) technology 

for its potential to enhance spectral efficiency. It also looks 

ahead to the sixth generation (6G) of communications and 

contextualizes both 5G and 6G within the overarching 

framework of the Fourth Industrial Revolution. The following 

sections provide in-depth analysis of 5G, NOMA technology, 

potential 6G trajectories, and conclude by summarizing key 

insights. 

2. Varied Applications in 5G Communications 

5G technology brings a plethora of use cases: 

Enhanced Mobile Broadband (eMBB): This ushers in an era 

of high-speed connectivity, promising significantly higher 

peak data rates, enabling applications like virtual reality (VR) 

to thrive. 

Massive Machine-Type Communications (mMTC): 5G is 

designed to support a large number of connected devices, 

essential for the Internet of Things (IoT). 

Ultra-Reliable Low-Latency Communications (URLLC): 

URLLC facilitates large-scale sensor networks with minimal 

human intervention and ultra-low latency demands, 

necessitating flexible multiple access methods. 

3. 5G Standardization and Progression 

The road to 5G standards started with the appearance of 

the first study item related to 5G in 3GPP Release 14. 

However, formal standardization began after 3GPP Release 

15. This process involved two phases, one focusing on 
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broadband wireless cellular services and the other addressing 

specific 5G use cases such as mMTC and URLLC. 

4. Scalable Subcarrier Spacing and Numerology 

5G NR introduces scalable subcarrier spacing, a 

departure from the fixed subcarrier spacing in 4G. The 

subcarrier frequency in 5G is adaptable, spanning a range 

from μ = 0 to μ = 5, allowing adjustments of transmitted 

waveforms based on channel conditions. This adaptability, 

referred to as 5G numerology, is vital given the diverse carrier 

frequencies in 5G, ranging from microwave to mm-wave 

spectrums. 

The capability to tailor subcarrier spacing accommodates 

varying channel conditions, such as multipath environments 

and phase noise common in mm-wave communications. This 

adaptability supports applications with stringent latency 

requirements, such as URLLC, by adjusting the duration of 

OFDMA symbols. 

5. Enhancing Spectral Efficiency with NOMA 

As 5G advances, the pursuit of improved spectral 

efficiencies is paramount. One avenue to achieve this 

objective is through the adoption of Non-Orthogonal Multiple 

Access (NOMA). NOMA is a promising multiple access 

technique in 5G and beyond. It utilizes power allocation 

strategies to serve multiple users simultaneously on the same 

time and frequency resources, significantly enhancing spectral 

efficiency. NOMA can be categorized into conventional and 

cooperative NOMA, with the latter offering superior 

performance in mitigating the near-far problem. 

6. Non-Orthogonal Multiple Access (NOMA) 

Non-Orthogonal Multiple Access, or NOMA, is a pivotal 

advancement in multiple access techniques within the realm of 

5G and beyond. It leverages power allocation strategies to 

serve multiple users simultaneously on the same time and 

frequency resources, offering enhanced spectral efficiency 

compared to conventional Orthogonal Frequency Division 

Multiple Access (OFDMA). NOMA is often integrated with 

multiple-input multiple-output (MIMO) systems, particularly 

massive MIMO. 

6.1 Enhanced Spectral Efficiency 

NOMA's primary advantage is its capacity to serve a 

larger number of users without requiring a spectrum 

expansion. This results in a substantial increase in channel 

capacity, especially valuable in scenarios with a high density 

of mobile devices, such as massive Machine-Type 

Communications (mMTC) or Ultra-Reliable Low-Latency 

Communications (URLLC) in 5G. 

6.2 Addressing the Near-Far Problem 

NOMA addresses a significant challenge known as the 

near-far problem, caused by varying transmission power levels 

among users. To mitigate this, NOMA employs Successive 

Interference Cancellation (SIC), enabling the receiver to detect 

user signals in descending order of received power. This 

approach cancels users with higher power levels first, enabling 

interference-free detection of weaker signals. 

6.3 Two Types of NOMA 

NOMA can be categorized into two primary categories: 

conventional NOMA and cooperative NOMA. In the 

conventional NOMA scenario, the SIC receiver of a reference 

user cancels signals with powers exceeding that of the 

reference user. However, signals from users closer to the base 

station, which have lower power levels due to power control, 

are not canceled, potentially causing interference. 

Cooperative NOMA provides a solution to this challenge 

by enabling the cancellation of all interfering users' signals, 

introducing diversity. This approach allows users closer to the 

base station to detect and subtract signals from more powerful, 

distant users. Users closer to the base station can also transmit 

copies of signals from more distant users, resulting in 

interference-free detection and improved performance, 

especially for users farther from the base station. 

6.4 Performance Comparison 

Performance simulations demonstrate the effectiveness of 

cooperative NOMA over conventional NOMA. Cooperative 

NOMA shows significant improvements, closely approaching 

the Matched Filter Bound (MFB) performance. These 

simulations consider various factors such as channel 

modeling, signal power levels, and the use of efficient 

algorithms. 

7. Evolution toward 6G: Meeting Emerging Needs 

The landscape of cellular communications is in a constant 

state of evolution to meet the expanding demands of modern 

society and emerging technologies. As we look toward the 

digital society of 2030 and beyond, it's clear that the trajectory 

of progress will only intensify. The proliferation of connected 

devices, including the Internet of Things (IoT), sensors, 

vehicles, drones, and data-driven applications, necessitates a 

paradigm shift in our communication networks. 

7.1 Enhanced Services for 6G 

The forthcoming 6G networks are expected to usher in a 

new era of connectivity, unlocking capabilities that transcend 

the boundaries of previous generations, such as: 
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 Augmented Reality (AR) and Extended Reality (XR): 

AR and XR applications, infused with immersive 

experiences, will rely on the lightning-fast data 

transmission and ultra-low latencies of 6G networks to 

deliver seamless interactions with the virtual world. 

 Artificial Intelligence (AI)-Infused Applications: 6G will 

be the breeding ground for AI-driven innovations, 

enabling applications that harness the power of machine 

learning and deep learning in real-time. 

 Wireless Brain-Computer Interactions (BCI): The 

convergence of wireless communication and 

neuroscience will open up possibilities for direct 

interactions between the human brain and digital 

interfaces. 

 Holographic Services: Holography, once confined to 

science fiction, will become a reality in 6G, 

revolutionizing telepresence and communication. 

 Integration with Localization, Mapping, and Remote 

Control: 6G will bridge the gap between communication 

and spatial awareness, facilitating precise localization, 

mapping, and remote control of devices and assets. 

 Emerging eHealth Applications: Healthcare will witness 

a transformation, with 6G supporting advanced eHealth 

applications, remote diagnostics, and telemedicine. 

 Improved Autonomous Vehicles: The automotive 

industry will experience a leap forward with enhanced 

communication capabilities that ensure the reliability and 

safety of autonomous vehicles. 

 Efficient Support for IoT: Smart cities and smart homes 

will become even smarter, accommodating a vast array 

of low-power IoT devices efficiently. 

 Support for Flying Vehicles and High Mobility: The 

advent of flying vehicles and the need for ultra-high 

mobility support will require a three-dimensional 

network architecture with widespread 3D coverage. 

8. Literature Review 

Sr. 

No. 

Model Author Techniques Conference/Journal 

and Year 

Conclusion 

1. Network Slicing 

and Service 

Differentiation  

 

Andrews 

et al  

 

Network 

Slicing 

IEEE 

Communications 

Magazinen 2014 

Network slicing, introduced by Andrews et 

al., has revolutionized 5G by enabling 

dedicated network segments for distinct 

applications. This approach, encompassing 

enhanced mobile broadband (eMBB), 

massive machine-type communications 

(mMTC), and ultra-reliable low-latency 

communications (URLLC), provides 

unparalleled flexibility, allowing 5G to cater 

to a wide array of services and requirements. 

2. mmWave 

Technology 

Rappaport 

et al.  

 

Millimeter- 

Wave 

Technology 

Small Cells, 

Advanced 

Beamforming  

 

IEEE Transactions on 

Wireless 

Communications 

2013  

 

The pioneering work of Rappaport and team 

on millimeter-wave (mmWave) technology 

has been instrumental in unleashing the 

potential of 5G. Operating at higher 

frequencies, mmWave technology has paved 

the way for higher data rates and increased 

network capacity. Through the utilization of 

small cells and advanced beamforming 

techniques, it has transformed wireless 

communication, redefining our expectations  

for speed and efficiency..  

3. Small Cells in 

5G Networks  

 

S. M.  

Alam et al.  

Small cell 

deployment, 

HetNets, 

Network 

capacity.  

 

IEEE Access 2017  

 

Small cell deployment in heterogeneous 

networks (HetNets) is vital for increasing 

network capacity, improving coverage, and 

managing the data explosion in 5G networks  

 

4. Network 

Security in 5G  

 

R. Roman 

et al.  

 

5G security, 

Threats, 

Security 

mechanisms  

 

IEEE  

Communications 

Magazine  

2018  

Ensuring robust network security is 

paramount in 5G due to increased 

vulnerabilities. Effective security 

mechanisms are crucial to protect against 

emerging threats in 5G networks  

 

5. Massive MIMO  Larsson et Massive IEEE Journal on Larsson and colleagues' work on massive 
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 al.  

 

multiple-

Input, 

Multiple- 

Output 

(MIMO) 

Selected Areas in 

Communications 

2014  

 

multiple-input, multiple-output (MIMO) 

technology has established it as a cornerstone 

of 5G networks. By harnessing a multitude of 

antennas, this technology has significantly 

enhanced spectral efficiency and network 

coverage. The result is improved network 

performance, which is crucial in meeting the 

ever-growing demand for wireless 

connectivity and data. 

6. Infrastructure 

Requirements  

 

Andrews 

et al.  

 

Small Cells, 

Fiber-Optic 

ackhaul, Edge 

Computing  

 

IEEE  

Communications 

Magazine  

2014  

The deployment of 5G networks, as 

discussed by Andrews et al., demands a 

substantial investment in infrastructure. This 

encompasses the deployment of small cells, 

the establishment of robust fiber-optic 

backhaul networks, and the construction of 

edge computing facilities. While these 

requirements are essential for realizing the 

full potential of 5G, they present both cost 

and logistical challenges. 

7. Spectrum 

Allocation  

 

Al-

Turjman  

 

Spectrum 

Allocation 

Regulatory 

Coordination  

 

IEEE Wireless 

Communications 

2019  

 

Spectrum allocation, as explored by Al- 

Turjman in 2019, remains a substantial 

challenge in 5G deployment. It necessitates 

coordinated efforts from regulatory bodies 

and network operators to ensure the 

allocation of sufficient spectrum in desirable 

frequency bands, including the critical 

mmWave frequencies. Overcoming this 

challenge is vital for 5G to deliver on its 

promises. 

8. Terahertz (THz)  

Communication  

Jornet et 

al.  

 

Terahertz 

(THz)  

Frequencies 

High Data 

Rates, 

Propagation 

Challenges  

IEEE Transactions on 

Terahertz Science and 

Technology  

2018  

The concept of terahertz (THz) 

communication, introduced by Jornet and 

collaborators in 2018, holds tremendous 

promise for beyond-5G and 6G networks. 

THz frequencies offer vast bandwidth and the 

potential for exceptionally high data rates. 

However, the propagation challenges 

associated with THz frequencies must be 

addressed to fully exploit their potential. THz 

communication is poised to transform the 

landscape of future wireless communication.  

 

9. Quantum 

Communication  

 

Diamanti 

et al.  

 

Quantum Key 

Distribution 

(QKD).  

 

Nature Photonics 

2016  

 

Quantum communication, as explored by 

Diamanti and team, represents a futuristic 

and highly secure approach to data 

transmission for beyond-5G and 6G 

networks. Quantum key distribution (QKD) 

promises unbreakable encryption, ensuring 

the utmost security for sensitive data. This 

technology holds the potential to redefine the 

standards for secure communication in 

an increasingly interconnected digital world. 

10. AI-Enabled 

Networking  

 

Zhao et al.  

 

Artificial 

Intelligence 

(AI)  

 

IEEE Network 

Magazine 2021  

 

Zhao et al.'s work underscores the pivotal 

role of artificial intelligence (AI) in 

optimizing and managing beyond-5G and 6G 

networks. AI-driven network orchestration, 

predictive maintenance, and resource 

allocation are poised to significantly enhance 

network performance and efficiency. These 

advancements will render future networks 

more adaptive and intelligent, meeting the 
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evolving demands of 

a highly interconnected world. 

11. Software- 

Defined 

Networking 

(SDN)  

 

N. M. 

Khan et al.  

 

SDN,  

Network 

management, 

Virtualization 

IEEE  

Communications 

Magazine  

2015  

SDN enhances network management and 

agility in 5G networks, enabling dynamic 

resource allocation and efficient 

virtualization.  

 

12. mobile Edge 

Computing 

(MEC)  

 

K. Zhang 

et al.  

 

Mobile Edge 

Computing, 

Low latency, 

Edge services.  

 

IEEE Transactions on 

Wireless 

Communications  

2018  

MEC, offering low-latency processing at the 

network edge, plays a pivotal role in 

supporting real-time applications in 5G 

networks, improving user experiences.  

 

13. AI-Enabled 

Networking  

 

M. Aazam 

et al.  

 

Fog 

computing, 

IoT, Edge 

analytics.  

 

IEEE Access  

2018  

Fog computing, acting as an intermediary 

between the cloud and IoT devices, enhances 

5G network performance by enabling low- 

latency, localized data processing and 

analytics.  

 

14. Massive 

Machine- Type 

Communications 

(mMTC)  

 

M. Bennis 

et al.  

 

mMTC,  

IoT, Low- 

power 

devices.  

IEEE  

Communications 

Magazine  

2018  

mMTC in 5G is vital for connecting massive 

low-power IoT devices, enabling applications 

in smart cities, agriculture, and healthcare.  

 

15. Cloud RAN (C-

RAN)  

 

G. Wu et 

al.  

 

Cloud RAN, 

Centralized 

processing, 

Network  

capacity.  

IEEE Network  

2015  

C-RAN centralizes processing to improve 

network capacity and efficiency, reducing 

costs and enhancing the performance of 5G 

networks.  

 

 

9. Conclusion 

The review paper concludes by summarizing the key 

findings and underscoring the significance of the transition 

from 5G to B6G networks, setting the stage for unprecedented 

advancements in wireless communications. 

By providing a structured and precise summary of the 

research paper, readers can easily grasp the key insights and 

advancements in cellular communication technologies, from 

5G to the anticipated B6G networks, and their implications for 

various applications and services. 

10. Future scope 

The future scope in 5G and beyond networks research 

encompasses several critical domains. It includes autonomous 

network management through AI, sustainable practices for 

reduced environmental impact, dynamic spectrum 

optimization, and integration of edge computing and security 

enhancements. Heterogeneous network integration, cross-layer 

optimization, and user-centric services aim to enhance user 

experiences. Research in developing regions is essential for 

inclusive deployment. Furthermore, exploration of network 

slicing in various industries, quantum communication for 

security, and the advent of 6G networks are key focus areas. 

Ethical considerations related to data privacy, 

surveillance, and digital equity also feature prominently. 

These research directions promise to drive innovation and 

address emerging challenges. 
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Abstract - Artificial intelligence (AI) is a technology that 

helps to make tasks easier for humans, especially in 

healthcare. This transformation is driven by the increasing 

availability of healthcare data and the rapid advancements 

in analytical techniques. In this article, we aim to provide 

an overview of the current status of AI applications in 

healthcare and explore its potential future uses, 

considering it as one of the most revolutionary 

technologies of the 21st century. Healthcare is identified as 

an early candidate for a significant transformation 

through AI technologies, and our goal is to contribute to 

the discussion on how AI can enhance decision-making 

capabilities in this sector. Our aim will assess whether the 

current structures are adequately equipped to handle the 

challenges posed by AI in healthcare. Artificial 

intelligence, machine learning, and deep learning have the 

potential to greatly assist in proactive patient care, 

mitigate future health risks, and streamline healthcare 

workflows. The future of healthcare, driven by AI, holds 

promise for more efficient and effective healthcare 

delivery. 

Keywords: Artificial intelligence, Machine learning, Clinical 

decision support, Healthcare. 

1. Introduction 

Artificial intelligence (AI) technology is quite distinct 

from traditional healthcare methods because it can gather 

information, process it, and provide clear results to users. AI 

achieves this through machine learning algorithms. In 

healthcare, AI is used to tackle complex problems by 

analyzing intricate medical data. It enables computer 

algorithms to make conclusions without direct human input, 

recognizing patterns and creating logical pathways. However, 

to minimize errors, AI outputs need to be repeatedly tested. 

Unlike humans, AI algorithms are quite literal; they can't 

adapt or understand context beyond what's explicitly provided. 

Understanding the future of healthcare requires a good grasp 

of AI's role. Although AI research began in 1956, it had a 

limited impact on medical practice for many years. However, 

the recent hype surrounding machine learning is becoming a 

reality. 

AI is particularly well-suited for healthcare delivery, and 

its use in clinical settings has grown exponentially. Modern 

medicine faces the challenge of managing vast amounts of 

structured and unstructured data to treat and manage diseases. 

AI systems, with their data-mining and pattern- recognition 

abilities, come to the rescue. Medical AI is helpful for the 

prediction, diagnosis, and treatment of diseases. It uses 

symbolic models of diseases and analyzes their connections 

with patient signs and symptoms. Diagnostic AI applications 

collect and synthesize clinical data, compare it with predefined 

disease categories, and aid in diagnosis and treatment. 

Furthermore, AI is involved in developing treatment protocols, 

drug research, and patient monitoring. 

2. Technologies of Artificial Intelligence 

Many technologies are directly concerned with 

healthcare, each supporting particular mechanisms and tasks. 

A few important AI technologies in healthcare are detailed as 

follows: 

1) Machine learning 

Machine learning is a specific area within the broader 

field of artificial intelligence (AI). It relies on algorithm 

models to implement AI concepts. What sets machine learning 

apart is its ability to adapt and improve over time when 

exposed to new data. It's as if the machines are actually 

learning as they process information. Neural Networks and 

Deep Learning One of the biggest prevailing types of AI is 

machine learning which is a statistical method. For the 

healthcare industry, machine learning plays an important role 

because it can help us to make sense of the large amount of 

healthcare data that is generated every day within electronic 

health records. The use of machine learning in healthcare is 

automating medical billing, clinical decision support, and the 

development of clinical practice guidelines within health 

systems. Machine learning algorithms can help us to find 

patterns and insights in medical data that would be impossible 

to find manually. The neural network is an intricate 

technology that became feasible after the 1960s. It is used to 

find out whether a patient will develop a specific disease. It 

works similarly to a neuron's function in processing signals 

but it is not as functional when compared to the brain’s 

functions. Deep learning is progressively utilized for speech 
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recognition and fundamentally is a type of natural language 

processing (NLP). 

 

Figure 1: Application of Machine Learning 

2) Natural Language Processing (NLP) 

In the medical dataset, data is categorized as structured 

and unstructured. NLP techniques are used to extract insights 

from unstructured clinical text, such as doctor’s notes and 

patient records. This helps in identifying patterns, trends, and 

important information within textual data. NLP is utilized for 

converting data into a usable and analyzable form. Doctors 

can use speech-to-text conversion tools with built-in NLP 

capabilities to transcribe their notes and enter them into the 

corresponding patents in Electronic Health Record (EHR) 

fields and also medical staff can use the NLP tools to extract 

relevant data from EHRs. 

3) Artificial neural networks 

Artificial neural networks (ANNs) are a fundamental 

component of AI and machine learning in healthcare. 

Artificial neural networks are data processing models inspired 

by the structure and functioning of the human brain, consisting 

of interconnected nodes (neurons) that process and transmit 

data and make predictions or decisions based on that learning. 

The main objectives of artificial neural networks are to reflect 

the activities of human brain nerve cells utilizing neural 

networks of algorithms and maintaining information. In 

healthcare, artificial neural networks are used for a wide range 

of applications, leveraging their ability to learn. 

 

Figure 2: Process of Artificial neural networks 

4) Robotic Process Automation 

Robotic Process Automation (RPA) is a technology that 

uses software robots to automate repetitive, rule-based tasks in 

various industries, including healthcare. While RPA is not a 

form of artificial intelligence, it is often used with AI to 

improve process efficiency and accuracy. Robotic Process 

Automation helps many areas in healthcare, including 

appointment scheduling, billing, and claims processing, 

reducing operational costs and human errors. Robotic surgery, 

also known as robot- assisted surgery, revolutionizes the field 

of medicine by empowering surgeons to perform various types 

of surgical procedures with unmatched precision and 

flexibility. Some benefits of RAS are increased accessibility 

and better decision-making, less tissue damage, and faster 

recovery. 

During the recent COVID-19 crisis, healthcare facilities 

harnessed the potential of robots in the operating room and 

clinical settings to address pressing challenges. Robots were 

employed to reduce the risk of pathogen exposure and provide 

vital support to healthcare workers, thereby helping to ensure 

the safety of both patients and medical professionals. 

 

Figure 3: Robotic surgery 
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3. Advantages of AI in Healthcare 

Ability to analyze data and improve diagnosis: 

AI technology is great at quickly and accurately viewing 

medical records and data. It's faster and more precise than 

humans, helping doctors make quicker and better diagnoses, 

which means patients get better care. 

Better patient care: 

When AI is used well in healthcare, it makes patient care 

better. It makes medical research faster, helps doctors make 

better decisions, and reduces mistakes in treatment plans. 

Reduced cost of care: 

AI can help save money in healthcare. It can do tasks like 

paperwork faster and with fewer mistakes than people. This 

saves money and helps us use resources better. 

Quick and Accurate data: 

In medicine, it's important to have information that is 

both quick and right. AI gives real-time data that helps doctors 

make decisions faster and can prevent problems from getting 

worse. 

Reduced staffs stress: 

Jobs in healthcare can be very stressful, and there aren't 

always enough people to do the work. AI can help by doing 

some tasks, making it easier on the staff, and making sure that 

patients get good care even when things are busy. 

Support with administrative tasks: 

AI can do things like keeping records, analyzing scans, 

and entering data. This means doctors and nurses have more 

time to take care of patients and do other important parts of 

their jobs. 

4. Future Scope 

The future scope of AI in healthcare research is highly 

hopeful. Future studies can explore the integration of AI into 

remote patient monitoring, enhancing healthcare accessibility 

and reducing geographical barriers. Additionally, there is 

potential to develop AI algorithms for predicting disease 

outbreaks and optimizing resource allocation during health 

crises. As AI continues to evolve, research can focus on 

creating user-friendly AI interfaces for healthcare 

professionals and patients, facilitating seamless adoption. The 

future of AI in healthcare research is assured to revolutionize 

healthcare delivery, diagnostics, and patient outcomes. 

5. Conclusion 

Artificial intelligence technology is rapidly advancing 

and holds tremendous potential to improve various aspects of 

healthcare, ultimately leading to better and quicker patient 

outcomes. Healthcare organizations must be agile in adapting 

to these evolving technologies, changing regulations, and the 

expectations of consumers. Artificial intelligence, along with 

machine learning and deep learning, plays a vital role in 

enabling proactive patient care, reducing future health risks, 

and streamlining healthcare processes. It has proven 

particularly valuable in robot-assisted surgeries and early 

disease diagnosis, such as detecting cancer in its initial stages. 

Another advantage of AI is its capacity to handle data storage, 

apply advanced data analysis, and perform complex tasks at 

high speeds and low costs. AI is also employed in roles like 

virtual nursing assistants, clinical judgment or diagnosis 

support, image analysis, as well as managing workflows and 

administrative tasks. 
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Abstract - The fusion of cloud computing with big data 

analytics has emerged as a catalyst for transformative 

insights and operational efficiency in a data-driven 

environment. The study investigates the function of cloud 

computing in the context of big data analytics, outlining its 

importance, potential, and constraints. It demonstrates the 

development of cloud computing platforms and the 

services they provide for storing, processing, and analyzing 

data. In addition, it explores the broad spectrum of big 

data analytics tools, platforms, and methodologies, 

highlighting the scalability and adaptability they 

accomplish in cloud contexts. 

This study explores the distinct benefits and 

difficulties that arise as firms progressively move their 

analytical workloads to the cloud, examining crucial 

factors including security, compliance, and cost- 

effectiveness. The article examines the transformative 

effects of cloud-based big data analytics on several 

industries, from healthcare to finance, revealing creative 

solutions and predictive capabilities. It does this by 

drawing conclusions from real-world case studies. 

Keywords: Cloud Analytics, Big Data Cloud, Platform 

Comparison, Data-driven Decisions, Security Assessment, 

Cloud Services, Business, Insights, Performance Evaluation. 

1. Introduction 

"Big Data" describes data volumes of one exabyte or 

more. According to Wikipedia, "big data" is a collection of 

datasets that are so large and complicated that they are 

difficult to process using database management tools or 

conventional data processing software. The issues involved in 

handling big data include gathering, storing, searching, 

sharing, transferring, analyzing, and visualizing it. 

Volume, Velocity, and Variety are the three traits that 

must accompany the data to be deemed "big data" according to 

industry analyst Doug Laney from Gartner in 2001. Data size 

is determined by a quality or attributes called volume, which is 

typically expressed in Terabytes or Petabytes. Social media 

sites like Facebook, for instance, retain user images in addition 

to other things. Facebook is thought to hold over 250 billion 

photos and more than 2.5 trillion posts from its users due to 

the vast number of users. The amount of data that needs to be 

processed and stored is tremendously large. 'Big data''s' most 

illustrative characteristic is volume. 

Velocity is the second quality or attribute. This is a 

reference to how much data is created or how quickly it needs 

to be processed and examined. For instance, Facebook 

members post more than 900 million images every day, or 104 

photos per second. As a result, Facebook must analyze, store, 

and retrieve this data in real time for its users. As can be seen, 

the Internet of Things (IoT) and social media are the biggest 

data generators, and both are on the rise. 

Variety, which refers to various data types that are 

produced from various sources, is the third attribute. 

Structured data (transactional data, spreadsheets, relational 

databases, etc.), semi- structured data (Extensible Markup 

Language, web server logs, etc.), and unstructured data (social 

media postings, audio, photos, and video, etc.) are the three 

main categories into which "Big Data" is typically divided. 

Meta-data, or data about data, is referred to in the literature as 

a fourth category. 

 

2. Aim 

The main goal of this research is to examine the 

interaction between big data and cloud computing, with a 

particular emphasis on how doing so can enable organizations 

to effectively manage, process, and gain useful insights from 

massive and complex datasets. This study aims to examine the 

core ideas behind big data and cloud computing, to highlight 

the benefits and drawbacks of its intersection, and to offer 

useful advice on how to deploy cloud-based big data analytics 

solutions. The ultimate objective is to arm enterprises with the 
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information and tactics required to capitalize on the promise of 

big data and cloud computing together, empowering them to 

make data- driven decisions, promote innovation, and keep a 

competitive edge in a data-centric environment. 

3. Objective 

The first step is to give a thorough evaluation of the 

fundamental ideas and supporting technology for both big data 

and cloud computing. This requires a thorough investigation 

of the fundamental elements and skills present in these two 

transforming realms. 

Second, to examine the benefits and difficulties brought 

about by the combination of big data and cloud computing. 

The focus of this inquiry will be on crucial factors such data 

processing, scalability, cost- effectiveness, and cost-effective 

data storage. By doing this, we hope to present a complete 

view of the complexities related to this integration. 

The third goal is to examine actual use cases and 

applications where cloud computing has been applied to big 

data analytics. We look to demonstrate the transformative 

impact on creativity and competitive advantage through in-

depth assessments of how expands across many industries 

have used this integration. 

The convergence of machine learning, artificial 

intelligence, and serverless computing will be highlighted, 

emphasizing their importance in data processing and analytics. 

This analysis will provide an opportunity into this field's 

evolving future. 

4. Opportunities 

 Flexibility and scalability: To adapt to a business's 

changing demands, cloud computing platforms may be 

simply scaled up or down. Big data analytics, which 

frequently calls for the processing of enormous and 

intricate datasets, depend on this. 

 Cost-effectiveness: Because cloud computing operates 

on a pay-as-you-go model, you only pay for the 

resources you really utilize. This can help you save a lot 

of money, especially if your big data demands are 

unpredictable. 

 Quickness: Cloud computing platforms provide high-

performance computing resources that may be leveraged 

to rapidly and efficiently execute big data workloads. 

 Accessibility: Platforms for cloud computing are 

reachable from any location with an internet connection. 

This makes it simple for groups to work together on big 

data analytics projects, regardless of where they are in 

the world. 

5. Research Methodology 

This study's research technique uses a mixed-methods 

approach to thoroughly examine the point at which big data 

and cloud computing converge. Through focus groups, focus 

interviews, and content analysis of case studies and pertinent 

industry literature, qualitative data will also be acquired 

concurrently. These in-depth qualitative analyses seek to learn 

more about the struggles, successes, and experiences of 

businesses that have embraced this technological convergence. 

 

6. Literature Review 

Sr. 

No 

Prediction 

Model 

Authors Techniques Conference/Journal 

And Year 

Year Conclusion 

1 Application of 

Cloud 

Computing 

for the 

Development 

of Big Data 

 

Lam Ying 

Xian; Muham

mad Ehsan 

Rana 

Big Data 

processing, Big 

data Analytics 

International 

Conference on Data 

Analytics for 

Business and Industry 

2021 The application of cloud computing in the 

development of big data solutions has 

revolutionized the way organizations harness 

data for insights and innovation. The synergy 

between cloud and big data opens new 

opportunities for organizations to remain 

competitive in a data-driven world. 

2 The Rise of 

Big Data and 

Cloud 

Computing 

MohaiminulIs

lam, Shamim 

Reza 

Big Data 

Technologies, 

Big Data and 

Cloud 

Computing 

Internet of Things and 

Cloud Computing 

2019 Big data has become a new phenomenon in 

recent years Paradigm that offers abundant 

data and possibilities Improve and/or enable 

research and decision support. Applications 

with unprecedented value for the digital and 

Applications including business, science and 

technology. 
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3 Challenges 

and Benefits 

of Deploying 

Big Data 

Analytics in 

the Cloud for 

Business 

Intelligence 

 

Data 

Integration 

and 

Management, 

Cost-

Efficiency 

Bala M. 

Balachandran, 

Shivika Prasad 

International 

Conference on 

Knowledge Based and 

Intelligent 

Information and 

Engineering Systems 

2017 In the ever-evolving landscape of data-driven 

decision making, the adoption of big data 

analytics in the cloud has emerged as a 

transformative force, challenging and 

empowering organizations seeking to leverage 

their data assets for business intelligence 

 

4 Regression 

Analysis 

M.Smithetal. Statistical 

Modeling 

Big Data Research 2019 This paper explores regression analysis as a 

predictive model for cloud-based big data 

analytics, highlighting its significance in 

comprehending data link ages and forecasting 

the future. 

5 Challenges of 

Cloud 

Computing & 

Big Data 

Analytics 

 

Anita Gupta;  

Abhay 

Mehrotra; 

P. M. Khan 

Challenges in 

Big Data 

Analytics 

 International 

Conference on 

Computing for 

Sustainable Global 

Development 

2015 We've delved into the diverse landscape of 

cloud computing and big data analytics, 

shedding light on the myriad challenges faced 

by practitioners and researchers in these 

interconnected fields. 

6 Cloud 

Platform 

Duan, Y., & 

Huang, J. 

Comparative 

Analysis 

IEEE 

International 

Congress on Big Data 

2017 In order to shed light on the unique 

methodologies and strategies used on various 

cloud services, this study gives a thorough 

comparative analysis of big data management 

on several cloud platforms. 

7 Big data 

Analytics 

tools 

Verma,P., 

Ahuja,S., 

Sharma,M. 

Comparative 

Analysis 

Procedia Computer 

Science 

2014 This study offers insights into the unique 

features and methodologies of numerous big 

data analytics tools through a detailed 

comparison examination. 

8 Review Paper 

on Big Data 

Analytics in 

Cloud 

Computing 

Saneh Lata 

Yadav , Asha 

Sohal 

Map Reduce 

and Hadoop, 

Data 

Preprocessing 

International Journal 

of Computer Trends 

and Technology 

 

 

 

 

2017 This article describes a systematic process 

Exploring big data in the cloud environment 

Calculate. Big data is large and complex data 

sets and is created from various sources such 

as social networks. 

 

9 Model for Big 

Data 

Analytics in 

Cloud 

Environment 

Anupama M. 

Pande and 

Sunita A. 

Khaparde 

Distributed 

Clustering, Map 

Reduce, K-

Means 

International Journal 

of Computer 

Applications 

2013 Propose a distributed clustering model for big 

data analytics in the cloud using the K-Means 

and Map Reduce algorithm, which improves 

efficiency and scalability. 

 

10 Service 

Performance 

and Analysis 

in Cloud 

Computing 

Kaiqi Xiong Security 

Considerations, 

Cloud Cost 

Analysis 

IEEE 2019 By understanding the challenges and 

opportunities associated with service 

performance and analytics in cloud computing, 

cloud providers and customers can improve the 

quality of service provided to customers. 

11 Cloud 

Computing: A 

Review 

Abhishek 

Gautam 

Services, 

Deployment 

Model 

Journal For Research 

in Applied Science 

and Engineering 

Technology 

2017 This article concluded the Introduction to 

Cloud Computing part, about its development 

and the purpose of development. And three 

types of services, Saas, Paas, Iaas. 

12 Big Data 

Analytic 

Using Cloud 

Computing 

 

Vinay 

kumarjain,Shi

shirkumar 

Big Data 

Processing, 

Real-time Data 

Analytics 

IEEE International 

Conference on Spatial 

Data Mining and 

Geographical 

Knowledge Services 

2015 The fusion of big data analytics and cloud 

computing offers businesses the opportunity to 

thrive in an era of data-driven competition. As 

the digital realm expands, the tools and 

techniques described in this document serve as 

a guide for those embarking on the journey to 

realize the potential of big data analytics in the 

cloud. 

 

13 Cloud 

Computing-

based Big 

Data mining 

Connotation 

and Solution 

 

Yuan 

jiugen,xingruo

nan 

Data mining, 

Cloud 

computing 

IEEE Second 

International 

Conference on 

Advances in 

Computing and 

Communication 

Engineering 

2015 The convergence of cloud computing and big 

data mining has ushered in a new era of data-

driven decision making and advanced 

analytics. 
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14 Cloud Based 

Big Data 

Analytics a 

Review 

 

Amit Kumar 

Manekar, G. 

Pradeepini 

Data 

management, 

Distributed 

Computing 

 International 

Conference on 

Computational 

Intelligence and 

Communication 

Networks 

2015 We explore the dynamic and evolving 

landscape of cloud-based big data analytics. 

The convergence of big data and cloud 

computing has opened up a host of new 

possibilities. 

 

 

7. Future Scope 

 Integration of advanced analytics and AI: As machine 

learning and artificial intelligence (AI) technologies 

continue to advance, it will become more crucial to 

include big data and cloud computing into AI-driven 

analytics. Research can concentrate on improving real- 

time data analysis for predictive and prescriptive insights 

as well as optimizing AI algorithms in cloud 

environments. 

 Edge computing and IoT: As Internet of Things (IoT) 

devices proliferate, so do the potential and difficulties 

associated with managing and analyzing data closer to its 

source. Future studies can explore the effective 

processing and analysis of data from edge devices and 

sensors using cloud computing. 

 Hybrid and Multi-Cloud Environments: For flexibility 

and redundancy, businesses are increasingly 

implementing hybrid and multi- cloud strategies. Future 

research might examine the most effective methods for 

controlling and maximizing data and analytics workloads 

across various on-premises and cloud service providers. 

 Data Privacy and Security: Research on effective data 

protection methods within the context of big data and 

cloud computing will remain vital as data privacy 

legislation grow and cybersecurity threats endure. This 

includes adhering to international data privacy standards, 

access control, and encryption. 

 Cost Optimization: Future research on cloud- based big 

data analytics can concentrate on cost optimization 

measures, such as effective resource allocation, auto-

scaling mechanisms, and picking the appropriate pricing 

models to limit costs. 

8. Conclusion 

Big data analytics and cloud computing together have a 

transformational power that improves the scalability and 

effectiveness of data-driven decision-making. Applications in 

the real world highlight its potential. However, it is crucial to 

handle security, compliance, and cost management. The 

relationship between cloud computing and big data analytics is 

a catalyst for innovation in this constantly changing digital 

age. The scope of data-driven opportunities grows 

tremendously as technology, from machine learning to 

artificial intelligence, continues to progress. The difficulties 

we encounter, such as those involving data security, moral 

issues, and cost reduction, simply serve to highlight how 

important and fundamental this collaboration. 
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Abstract - Data mining with cloud computing is the process 

of extracting knowledge and ideas from large data sets 

using the resources and capabilities of cloud computing 

platforms. Cloud computing provides a scalable and cost-

effective way to store, process and analyze large data sets. 

Cloud mining refers to the combination of dynamic, 

distributed real-time data management technology and 

data mining technology to achieve dynamic, distributed 

and efficient real-time processing, extraction and analysis 

of large amounts of data. In this paper, we present a data-

mining platform based on cloud computing.  

Keywords: Data mining, Cloud computing, Data storage, Data 

Security, Data Management. 

1. Introduction 

Data mining is the process of obtaining valuable 

information from large amounts of data. Various techniques 

are used to identify patterns, trends, and anomalies in data. 

This information can then be used to improve business 

operations, make better decisions, and develop new products 

and services. At the same time, cloud computing has become 

an innovative technology that provides scalable and on-

demand computing resources over the Internet. Combining the 

power of data mining with the flexibility of cloud computing 

offers a powerful synergy that is revolutionizing the way 

companies manage and derive value from their data. 

Cloud computing is a general term for anything that 

involves providing hosted services over the Internet. These 

services are broadly divided into three categories: 

infrastructure as a service (IaaS), Platform as a Service (PaaS) 

and Software as a Service (SaaS). The name was cloud 

computing inspired by the cloud symbol commonly used to 

represent the Internet in flowcharts and diagrams. 

2. Cloud Service Model and Models of its Implementation 

There are three types of cloud service infrastructure 

Service, platform as a service, software as a service. In which 

SaaS is the king of all services. 

 

 

IaaS: 

 Provides computing infrastructure as a utility Service, 

typically in a virtualized environment. 

 Offers huge potential for extensibility and Scale. 

PaaS: 

 Provides a platform or stack of solutions in a cloud 

Infrastructure. 

 It is on top of IaaS architecture and Integrates with 

development and middleware Functions as well as 

database, messaging and Queue functions. 

SaaS: 

 Deliver the application over the Internet or Intranet via a 

cloud infrastructure. 

 Built on top of the underlying IaaS and PaaS layer. 

 

Regardless of the type of service delivery model (SaaS, 

PaaS or IaaS), there are Three basic models of Implementation 

of cloud computing services, including: 

1) Public Cloud: 

A public cloud is a model of cloud computing in which 

resources, such as servers, storage, and networking, are owned 

and operated by a third-party cloud provider. Public clouds are 

available to everyone over the internet and are usually paid for 

as needed. 

2) Private cloud: 

A private cloud is a cloud computing environment 

intended for a single company. It is usually hosted on-



International Research Journal of Innovations in Engineering and Technology (IRJIET) 

ISSN (online): 2581-3048 

Volume 7, Issue 10, pp 304-307, October-2023 

https://doi.org/10.47001/IRJIET/2023.710039  

© 2023-2017 IRJIET All Rights Reserved                     www.irjiet.com                                        305                                                                    
 

premises, but can also be hosted in a colocation facility or 

with a managed cloud service provider. 

3) Community cloud: 

Give more organizations the opportunity to share the 

same Cloud computing structure. Infrastructure supports 

special Communities that share common interests, needs and 

security Requirements. 

4) Hybrid Cloud: 

Hybrid cloud is a composition of two or more clouds 

(private, community or public), which remain independent 

entities, are interconnected and offer the benefits of multiple 

deployments Models. Hybrid cloud can also mean the ability 

to connect  colocation, managed and/or dedicated services to 

the cloud Resource. 

3. Data Mining in Cloud 

Data Mining technique and application are very much 

needed in the cloud computing. Cloud computing 

infrastructure and resources play a critical role in supporting 

data mining tasks by providing scalable, flexible, accessibility 

and cost-effective solutions to handle large and complex data 

sets. And also make the good choice for business of all sizes. 

Below are some examples of how cloud computing is 

used for data mining in the real world: 

 Netflix: Netflix uses data mining to recommend movies 

and TV shows to its users based on their viewing history. 

 Amazon: Amazon uses data mining to recommend 

products to its customers based on their purchasing 

history. 

 Banks: Banks use data mining to detect fraudulent 

transactions. 

4. Cloud-Based Data Storage and Management 

Cloud-based data storage and management is the process 

of storing and managing data in the cloud. Cloud-based data 

storage solutions are a popular method of storing data as they 

offer a number of advantages over traditional on-premises 

storage solutions. The most popular cloud-based data storage 

solutions include: 

 Amazon Simple Storage Service 

 Microsoft Azure Blob Storage 

 Google Cloud Storage 

 

These services offer a variety of features and pricing options 

so you can choose the solution that best suits your needs. Here 

are some of the benefits of using cloud-based data storage 

solutions: 

 Reduced costs 

 Improved Scalability 

 Increased Accessibility 

 Enhanced Security 

 

5. Literature Review 

Sr. 

No. 

Prediction Model Authors Techniques Conference/Journal 

and Year 

Conclusion 

1 Cloud-Based Data 

Mining for 

Enhanced IoT 

Analytics 

Saad 

Alahmari, 

Ekram 

Khan, and 

Saeed 

Anwar 

Decision Trees, 

AWS IoT, 

Lambda 

IEEE Internet of 

Things Journal, 2019 

Developed an IoT analytics framework using AWS 

services that facilitates real-time data extraction and 

decision making in IoT applications. 

2 Developed an IoT 

analytics 

framework using 

AWS services that 

facilitates real-

time data 

extraction and 

decision making 

in IoT 

applications. 

Charu 

Aggarwal 

Scalability, 

Cloud Data 

Mining 

Challenges 

Data Mining and 

Knowledge 

Discovery, 2013 

It explored the challenges and opportunities in scalable 

data mining in cloud environments and highlighted the 

need for efficient algorithms and data preprocessing 

techniques. 
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3 Secure Data 

Mining in Cloud 

Computing 

Environments 

Saeed 

Anwar, 

Shyam S. 

Chakraborty, 

and Zubair 

Baig 

Homomorphic 

Encryption, 

Privacy-

Preserving 

Mining 

EEE Transactions on 

Industrial 

Informatics, 2017 

 

Investigated secure data mining techniques in cloud 

computing environments, focusing on privacy-

preserving mining using homomorphic encryption. 

4 Scalable Data 

Mining in Cloud: 

Challenges and 

Opportunities 

Charu 

Aggarwal 

Scalability, 

Cloud Data 

Mining 

Challenges 

Data Mining and 

Knowledge 

Discovery, 2013 

Explored the challenges and opportunities in scalable 

data mining in cloud environments and highlighted the 

need for efficient algorithms and data pre-processing 

techniques. 

 

5 Model for Big 

Data Analytics in 

Cloud 

Environment 

Anupama 

M. Pande 

and Sunita 

A. Khaparde 

Distributed 

Clustering, 

MapReduce, K-

Means 

International Journal 

of Computer 

Applications, 2013 

Propose a distributed clustering model for big data 

analytics in the cloud using the K-Means and 

MapReduce algorithm, which improves efficiency and 

scalability. 

 

6 Integration of 

Data Mining in 

Cloud Computing 

Chetna 

Kaushal , 

Aashima 

Arya , 

Shikha 

Pathania 

Scalable Cloud 

Resources 

Advances in 

Computer Science 

and Information 

Technology 

(ACSIT),2015 

Data mining integrated with cloud computing is very 

important Business characteristics to make effective 

decisions in order to Predict future trends and behaviors 

 

7 Data Mining 

Based on Cloud-

Computing 

Technology 

 

Ying Ren, 

Hong Lv, 

Hua-wei Li, 

Li-jun Zhou 

Parallel 

processing, data 

warehouse 

MATEC web of 

Conference, January 

2016 

Through the analysis of data mining and cloud 

computing technology, this article proposes the 

architecture of data mining platform based on cloud 

computing, so that the data mining task of enterprises 

and users Individuals provide a good solution. 

8 Data mining in 

Cloud Computing 

 

 

Ruxandra-

Stefania 

Petre 

Data 

Security,Real 

time data 

mining 

Database Systems 

Journal,2012 

This document provides and overview of the Need and 

benefits of cloud data mining Computer science. Such 

as the need for data mining tools every day grows, the 

capacity of the Integration with Cloud Computing It is 

becoming stricter. 

9 Data Mining and 

Cloud Computing 

Robert Vrbic Map Reduce, 

Parallel and 

Distributed 

Data Mining 

Journal of 

Information 

Technology and 

Applications, 2012 

The convergence of data mining and cloud computing 

has resulted in a transformative synergy that enables 

organizations to derive valuable insights from vast and 

complex data sets with unprecedented efficiency and 

scalability. 

10 Implementation of 

Data Mining on a 

Secure Cloud 

Computing over a 

Web API using 

Supervised 

Machine Learning 

Algorithm 

Tosin Ige 

,Sikiru 

Adewale 

Web API 

Development, 

Data 

Preprocessing 

International Journal 

of Advanced 

Computer Science 

and 

Applications,2022 

We are able to implement data mining in a secure cloud  

Ninety-four accurate computing environment 

percentage after optimization in our decision tree 

algorithm through Web API. They are all AI engineers, 

data scientists, or machines. Learning engineer 

requirements are just the endpoint of the API 

11 Study of Data 

Mining algorithm 

in cloud 

computing using 

MapReduce 

Framework 

Viki Patil,  

V. B. Nikam 

Handling Big 

Data, 

MapReduce 

Framework 

Journal of 

Engineering, 

Computers & 

Applied Sciences 

,2012 

There are many new technologies emerging at a rapid 

rate, each with technological advancements and with the 

potential of making ease in use of technology. 

12 Cloud Computing 

Concepts 

M. Malathi Service 

model,Load 

balancing 

IEEE,2011 Cloud computing is a powerful tool that can help 

businesses of all sizes improve their efficiency and 

productivity. If you are considering using cloud 

computing, you should carefully consider your needs 

and requirements 

13 Service 

Performance and 

Analysis in Cloud 

Computing 

Kaiqi Xiong Security 

Considerations, 

Cloud Cost 

Analysis 

IEEE, 2009 By understanding the challenges and opportunities 

associated with service performance and analytics in 

cloud computing, cloud providers and customers can 

improve the quality of service provided to customers. 

14 Cloud 

Computing: A 

Review 

Abhishek 

Gautam 

Sevices, 

Deployment 

Model 

Journal For Research 

in Applied Science 

and Engineering 

Technology 

This article concluded the Introduction to Cloud 

Computing part, about its development and the purpose 

of development. And three types of services, Saas , Paas 

,Iaas. 

 



International Research Journal of Innovations in Engineering and Technology (IRJIET) 

ISSN (online): 2581-3048 

Volume 7, Issue 10, pp 304-307, October-2023 

https://doi.org/10.47001/IRJIET/2023.710039  

© 2023-2017 IRJIET All Rights Reserved                     www.irjiet.com                                        307                                                                    
 

6. Conclusion 

Data mining technologies provided by Cloud computing 

is absolutely necessary Characteristic of today's companies 

proactive and knowledge-based decisions, there helps them 

develop future tendencies and behaviours predicted. In cloud 

computing, integrated data mining isvery important feature in 

companies to make effective decisions and predict future 

trends and behaviors. 

Cloud computing is increasingly a part of IT and many 

large companies will implement cloud computing. Some of 

them offer IaaS, PaaS and others SaaS. Amazon.com and IBM 

offer storage services, while Google Apps provides software 

as a service. In the near future, we will be working on data 

science, artificial intelligence and machine learning services 

within the cloud provider to protect sensitive customer data 

such as login information using encryption techniques and 

other passwords Protection engineering within the security 

group so that we can increase efficiency and accuracy and 

make the data more secure. 
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Abstract - Natural Language Processing (NLP) has 

witnessed unprecedented growth and innovation in recent 

years, largely propelled by advancements in machine 

learning techniques. This research paper provides a 

detailed exploration of the pivotal role that machine 

learning plays in the field of NLP, highlighting its 

profound impact on various aspects of language 

understanding, generation, and analysis. The paper begins 

by tracing the historical evolution of NLP, from rule-based 

approaches to the current era dominated by data-driven 

machine-learning methods. It elucidates how machine 

learning, with its ability to extract patterns and meaning 

from vast amounts of textual data, has revolutionized the 

NLP landscape. Furthermore, the paper delves into the 

core components of NLP where machine learning has 

made significant contributions. It discusses the pivotal role 

of supervised learning in tasks such as sentiment analysis, 

text classification, and named entity recognition. 

Additionally, It explores the emergence of unsupervised 

learning and its applications in topics like word 

embeddings, topic modeling, and document clustering. 

Keywords: Natural Language Processing, Machine Learning, 

Deep Learning, Sentiment Analysis, Neural Networks, pre-

trained Language Models, Ethical Considerations, Multimodal 

learning. 

I. Introduction 

Machine Learning and Natural Language Processing are 

super important subfields of Artificial Intelligence that have 

gained prominence in recent times. The goal of NLP is to 

build systems that can make sense of the text and 

automatically perform tasks like translation, spell check, or 

topic classification. 

Machine Learning and Natural Language Processing play 

an awfully important part in making a synthetic agent into an 

artificial „intelligent‟ agent. An Artificial Intelligence system 

can accept better information from the environment and might 

act on the environment in a user-friendly manner because of 

the advancement of Language Processing. 

Similarly, artificial intelligent systems can process information 

and make more accurate forecasts for their actions. It's like 

they've become supercharged with intelligence. 

Example Traditional algorithms follow a predefined set 

of instructions and struggle to handle unknown problems with 

multiple variables. However, machine learning algorithms 

excel in such situations by leveraging past examples and 

adapting to new challenges. Machine learning algorithms can 

learn from data and make informed predictions, making them 

much more effective when dealing with unknown variables in 

real-world problems. 

Deep learning, which encompasses the use of artificial 

neural networks, is a specialized branch of machine learning. 

Lately, deep learning techniques have gained significant 

popularity and have achieved remarkable results. One key 

reason behind their success is the flexibility they offer in 

designing the network architecture. This adaptability has 

proven crucial in various applications, including natural 

language processing research. Deep learning techniques have 

truly revolutionized the field of machine learning and continue 

to push boundaries Natural language processing empowers 

machines to understand and process human languages. Natural 

Language Processing gave the system the ability to understand 

English or the Hind language. 

Natural language processing has gained widespread 

adoption due to its incredible user-friendliness. It allows us to 

do so much with just our voice, from selecting music to 

controlling various electronic appliances like air conditioners, 

ovens, and even ceiling fans and light bulbs. This technology 

has truly transformed these devices into smart gadgets that 

respond to our commands. All this is possible because of 

Natural Language Processing. 

II. Impact of Machine Learning in Natural Language 

Processing 

Processing natural language involves multiple steps to 

enable machines to understand and interpret human language. 

These steps include Morphological Analysis, Semantic 

Analysis, Semantic Analysis, Discourse Analysis, and 

pragmatic Analysis, generally, these analysis tasks are applied 
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serially. Machine learning plays a crucial role in enhancing 

various natural language processing processes. It adds value 

by enabling systems to learn patterns and make predictions 

based on vast amounts of data. 

 

1. Morphological Analysis: 

It is the study of word structure and forms in NLP. It 

helps understand word meaning and grammar. 

2. Syntactic Analysis: 

It is study of sentence structure and grammar in NLP. It 

helps understand how words are combined to form meaningful 

sentences. 

3. Semantic Analysis: 

It is the study of meaning in NLP. It helps understand the 

interpretation and representation of words and sentences. 

4. Discourse Analysis: 

It is the study of how language is used in communication 

and conversation. It helps understand the structure, coherence, 

and meaning of extended texts or conversations. 

5. Pragmatic Analysis: 

It is the study of how language is used in context to 

convey meaning beyond the literal interpretation of words. It 

helps understand the intentions, implicatures, and social 

aspects of communication. 

III. Role of Machine Learning In The Application Of 

Natural Language Processing 

NLP applications heavily rely on natural language 

machine learning and deep learning algorithms to process 

tasks. These algorithms play a crucial role across a wide range 

of NLP applications, making them an integral part of the field. 

Various deep learning techniques, such as Deep Neural 

Networks, Autoencoders, Restricted Boltzmann Machines, 

Recurrent Neural Networks, and Convolutional Neural 

Networks, have been extensively explored and implemented in 

different applications of natural language processing 

Recurrent Neural Networks (RNNs) and their variants, 

such as Long Short-Term Memory (LSTM) and Gated 

Recurrent Unit (GRU), along with Convolutional Neural 

Networks (CNNs) and their variants like Recurrent 

Convolutional Neural Networks (RCNN) and Regional 

Convolutional Neural Networks (R-CNN), have been 

extensively studied and applied in natural language processing 

applications. 

1. Sentiment Analysis: 

Sentiment analysis plays a crucial role in understanding 

user opinions and sentiments towards a particular product or 

service. It has become increasingly important in customer 

relationship management, as even a single negative opinion 

can have a significant impact on the product's reputation. In 

recent times, deep learning techniques have gained popularity 

and have been extensively utilized in sentiment analysis. 

 

2. Chatbot Systems: 

Chatbot systems are conversational agents or dialog 

systems that try to engage the user in conversation. 

Conversation can be continued through voice or text. Personal 

assistants like Amazon‟s Alexa and Google Assistant have 

made the chatbot system more popular and have shown the 

convenience they offer. However, developing a fully capable 

chatbot that can replace a human agent is indeed a challenging 

task, which requires Natural Language Understanding and 

Natural Language Generation. 

Recent frameworks like Google‟s, IBM‟s Watson AI, and 

Amazon‟s Alexa AI provide an easy way of developing a 

chatbot system. And, all these frameworks employ complex 

and proprietary deep-learning architectures. 
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3. Question and Answering Systems: 

Nowadays, there is a blurring line between dialogue 

systems and question-answering systems. Chatbot systems 

often perform question-answering tasks, and vice versa. So, 

research efforts focused on developing a chatbot system will 

likely involve developing a question-answering system as 

well. 

A question-answering system consists of three key 

components: question processing, information retrieval, and 

answer processing. Machine learning and deep learning 

techniques have been instrumental in advancing all three 

components. 

Question processing, in particular, has received 

significant research attention. The goal is to understand the 

question to improve answer retrieval effectively. Researchers 

have approached question processing as a classification 

problem and explored various deep-learning techniques for 

better question classification. 

 

4. Information Retrieval Systems: 

Information Retrieval is another important application of 

NLP that tries to retrieve relevant information. Information 

retrieval systems act as the backbone of systems like chatbot 

systems and question-answering systems. The basic way to 

retrieve information is by analyzing keyword frequency. 

However, advanced systems process a vast amount of data to 

extract only the relevant information. This alternative method 

allows for more efficient and accurate retrieval of data. This 

process is carried out using deep learning techniques. 

 

5. Machine Translation 

A machine translation system aims to translate a text 

from one language to another with minimal or no human 

intervention. Applications like Google Translate are prime 

examples of machine translation systems. Simply translating 

word-for-word is not sufficient, as sentence structure can vary 

across languages. Machine translation systems use advanced 

algorithms and artificial intelligence to analyze and understand 

the structural and linguistic differences between languages. 

 

IV. The Relationship between Machine Learning and 

Natural Language Processing 

Machine learning and natural language processing are 

closely related. Machine Learning techniques, such as deep 

learning and neural networks, are used in natural language 

processing to train models that can understand, interpret, and 

generate human language. These models learn from large 

amounts of text data to recognize patterns, extract meaning, 

and make predictions. Machine learning empowers natural 

language processing systems to perform tasks like sentiment 

analysis, text classification, machine translation, and more. It‟s 

an exciting field that continues to advance our ability to 

interact with computers using human language. 

1. Supervised Machine Learning for NLP: 

 

 

In supervised learning, models are trained using labeled 

data to find the mapping function between input variable X 

and output variable Y. Y=f(X) Supervised learning needs 

supervision to train the model, which is similar to how a 

student learns things in the presence of a teacher. Supervised 

learning can be applied to regression problems (predicting 
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continuous values) and classification problems (predicting 

categorical values). In this form of NLP machine learning, 

statistical models are employed to enhance its understanding 

and performance. It becomes precise over time and data 

scientists can broaden the textual data the machine interprets 

as it continually learns. 

 

2. Unsupervised Machine learning for NLP: 

Unsupervised learning is a different type of machine 

learning where patterns are discovered in unlabeled data. It 

aims to find hidden structures and patterns without any 

guidance or supervision. Instead, the algorithm learns on its 

own by analyzing the data. 

 

 

V. Conclusion 

In conclusion, the research paper underscores the pivotal 

role that machine learning plays in advancing the capabilities 

of natural language processing, it emphasizes the need for 

ongoing research to address challenges and maximize the 

potential of these technologies in revolutionizing 

communication understanding, and interaction with human 

language. 

In conclusion, we can say using machine learning makes 

our life easy for example if we are searching for something it 

helps to make it easy by machine learning keep learning from 

history so it helps us in it. All our grammatical mistakes it 

automatically corrected and gives us accurate results of our 

search. Through this research paper, we can easily understand 

the processes of processing. How it converts our language to 

computer language make it easy and by using natural language 

processing computer can easily understand our language. 

Machines make it easy to use computers in our comfort zone 

and without any problem of understanding. 

Throughout the paper, it becomes evident that the 

utilization of machine learning methods significantly enhances 

the performance of NLP applications. The accuracy and 

efficiency of tasks like language translation, sentiment 

analysis, and speech recognition have improved due to the 

power of machine learning algorithms. 
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 Abstract  
Day by day artificial intelligence is becoming 

Increasingly popular and the main aim of 

companies in today’s e-commerce world is to 

influence customer Behavior in favor of certain 

brands and products The paper focuses on the 

impact of artificial intelligence in e-commerce.  

And also, on the description of the essence of e-

commerce and artificial intelligence and their 

benefits. The E-commerce industry has seen a high 

Degree of digitization and automation 

simultaneously, and both These aspects have 

allowed the industry as a whole to increase 

Productivity, performance, and persistence. 

Focusing on the Micro-levels of the E-commerce 

industry we can observe the Highest rate of 

adoption by leaders such as Amazon, Walmart, 

Flipkart (Walmart-Flipkart), eBay etc. 

Keywords: - 

Artificial intelligence · AI · Machine learning · E-

commerce · Electronic commerce , buying and 

selling of goods ,NLP - Natural Language 

Processing ,  ML -Machine Learning  

Introduction  

The main aim of companies in today’s e-

commerce world is to influence customer   

behavior in favor of certain products and brands. 

The application of artificial intelligence as an 

innovative tool  

in the field of e-commerce may seem as a positive 

step forward. 

Artificial Intelligence (AI) has emerged as a 

transformative force in the realm of e-commerce, 

reshaping how businesses engage with customers, 

streamline operations, and optimize decision-

making. By harnessing advanced algorithms and 

computational power, AI empowers machines to 

replicate human-like cognitive functions, enabling 

them to perform tasks that traditionally required 

human intervention. 

In the context of e-commerce, AI is a driving force 

behind a multitude of applications that enhance 

customer experiences, bolster sales strategies, 

and improve operational efficiency. Through 

sophisticated data analysis and machine learning, 

AI algorithms adapt and respond in real-time to 

customer behavior, preferences, and market 

trends. This results in a more personalized, 

efficient, and ultimately profitable e-commerce 

ecosystem. 

This introduction will delve into the key 

applications of AI in e-commerce, illustrating how 

it is revolutionizing everything from customer 

engagement to inventory management. The 

application of artificial intelligence as an 

innovative tool in the field of e-commerce may 

seem as a positive step forward as businesses 

increasingly rely on data-driven insights to stay 

competitive in a fast-paced digital landscape, the 

role of AI in e-commerce is more crucial than ever 

before. Let's explore the innovative ways in which 

AI is shaping the future of online commerce. 
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What is AI? 

AI, or Artificial Intelligence, refers to the 

simulation of human intelligence in machines that 

are programmed to think and learn like humans. It 

involves the development of algorithms and 

computer systems that can perform tasks that 

typically require human intelligence. AI can be 

categorized into two main types: 

1. Narrow or Weak AI: 

   - This form of AI is designed and trained for a 

specific task. It excels at that /particular task but 

lacks the broad cognitive abilities of a human. 

Examples include virtual personal assistants like 

Siri and Alexa, as well as image recognition 

software. 

2. General or Strong AI: 

   - This represents a level of AI that can 

understand, learn, and apply knowledge across 

different domains, similar to human intelligence. 

Achieving general AI is an aspirational goal and is 

not yet realized. 

 
 

Key components and techniques within AI 

include:- 

Machine Learning (ML): A subset of AI that 

focuses on enabling machines to learn from data 

without explicit programming 

Natural Language Processing (NLP): NLP enables 

machines to understand, interpret, and generate 

human-like language. 

Robotics: Integrating AI with robotics allows 

machines to perform physical tasks in various 

environments. 

Speech Recognition: AI systems can be trained to 

recognize and understand human speech 

 

 

What is E-commerce? 

E-commerce, short for electronic commerce, 

refers to the buying and selling of goods and 

services over the internet. It encompasses a wide 

range of online business activities, including 

online shopping, electronic payments, online 

auctions, and internet banking. 

E-commerce enables businesses and consumers 

to conduct transactions without the need for 

physical presence in a brick-and-mortar store. It 

has become an integral part of the global economy 

and has revolutionized the way people shop and 

do business. 

 

There are several types of e-commerce models: 

Consumer to Consumer (C2C): This model 

involves consumers selling directly to other 

consumers. Online marketplaces like eBay or 

classified ads platforms like Craigslist are 

examples of C2C e-commerce. 

Consumer to Business (C2B): This is when 

individual consumers offer products or services to 

businesses. For instance, freelance platforms 

where individuals offer services like graphic design 

or writing to companies. 

Business to Government (B2G): This type of e-

commerce involves businesses providing products 

or services to governments or government 

agencies. This can include services like 

procurement platforms for government 

organizations. 

Mobile Commerce (m-commerce): This refers to 

e-commerce transactions that occur through 

mobile devices like smartphones and tablets. 

Mobile apps and mobile-optimized websites play 

a crucial role in m-commerce. 

 

 

 

Fig1:- Artificial Intelligence Dimension 

Fig 2:-Advantage of E-commerce 
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Use of Ai in E-Commerce 

Artificial Intelligence (AI) is revolutionizing 

the e-commerce industry in a multitude of 

ways. Here are some key applications of AI 

in e-commerce:  

 Personalized Recommendations: AI 

analyzes customer behavior, preferences, 

and purchase history to provide tailored 

product recommendations. This increases 

the likelihood of conversion and enhances 

the shopping experience. 

 Chatbots and Virtual Assistants: AI-

powered chatbots offer instant customer 

support, answering queries, providing 

product information, and assisting with 

transactions 24/7. This improves customer 

satisfaction and reduces response times. 

 Predictive Analytics: AI algorithms analyze 

large volumes of data to predict trends, 

customer behaviors, and inventory needs. 

This allows businesses to optimize their 

supply chain, stock levels, and marketing 

strategies. 

 Visual Search and Image Recognition: AI 

enables customers to search for products 

using images rather than text. This feature 

enhances the search experience and 

facilitates quicker and more accurate 

product discovery. 

 Fraud Detection and Security: AI 

algorithms can identify suspicious 

activities and potential fraud in real-time, 

safeguarding both the business and its 

customers. 

 Dynamic Pricing and Revenue 

Optimization: AI algorithms adjust prices in 

real-time based on various factors like 

demand, competition, and customer 

behavior. This ensures optimal pricing 

strategies that maximize revenue. 

 Natural Language Processing (NLP): AI-

powered NLP enables businesses to 

analyze and understand customer 

feedback, reviews, and social media 

interactions. This valuable insight can be 

used to improve products and services. 

 Inventory Management and Demand 

Forecasting: AI helps businesses optimize 

their inventory levels by accurately 

predicting demand, reducing overstocking, 

and minimizing out-of-stock situations. 

 Customer Segmentation and Targeting: AI 

identifies customer segments based on 

various criteria, allowing businesses to 

tailor marketing campaigns and 

promotions for specific demographics. 

 

 Augmented Reality (AR) and Virtual Reality 

(VR): AI-driven AR and VR applications 

enable customers to visualize products in 

their real-world environment, enhancing 

the online shopping experience. 

 Content Generation and Optimization: AI-

powered tools can generate product 

descriptions, blog posts, and marketing 

content. They can also optimize content 

for search engines, improving visibility. 

 Voice Commerce: AI-driven voice 

assistants like Amazon's Alexa and Google 

Assistant facilitate voice-based shopping, 

allowing customers to make purchases 

using voice commands. 

Conclusion: - 

The aim of the paper is  to describe the essence of 

e-commerce and artificial intelligence and their 

benefits.  It concludes  that artificial intelligence 

has helped e-commerce websites in providing 

with better user experience. The application of 

artificial intelligence in e-  

commerce has become the subject of interest of 

many business scientists and experts. It is possible 

to expect that artificial intelligence in the 

conditions of electronic commerce will be used 

more and more often and will become an   

integral part of all companies of this type. This 

research paper explores the multifaceted 

integration of artificial intelligence (AI) in the 

realm of e-commerce, aiming to elucidate the 

transformative impact on operational processes 

and user experience. 
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ABSTRACT 

The document's acknowledgment of the emerging phenomenon of cryptocurrencies. The increase in the 

value of cryptocurrencies available in the market and the increasing recognition in the arena are opening 

up some demanding situations and concerns for businesses and the business economy. The studies were 

carried out through the description of the technique, the evaluation of the literature and the research 

carried out. This article discusses the main developments in academic studies related to the current 

cryptocurrency scenario, a brief overview of cryptocurrency, cryptocurrencies across market 

capitalization, cryptocurrency trends in Asia, Cryptocurrency in India, Cryptocurrency Exchanges, 

cryptocurrency rules internationally. Cryptocurrency inside the surroundings, and Cryptocurrency 

Security. The dossier also covers the responses of governments and imperative banks to this 

phenomenon and the modern nation's legal definitions of cryptocurrencies in the chosen countries. 

Keywords: Cryptocurrency, Bitcoin, Ethereum, Ripple, Virtual Currency, Blockchain, Cybersecurity, 

Blockchain Wallets, Distributed Ledger. 
 
 

INTRODUCTION 

As a growing decentralized structure and 

distributed computing paradigm underlying 

Bitcoin and different cryptocurrencies, 

blockchain has attracted attention in every study 

and application in recent years. 

Cryptocurrencies have transpired as one of the 

trending economic software structures. (Raju, 

2018) Cryptocurrencies and their entire technical 

infrastructure are still sort of unknown to most 

people Cryptocurrency refers to a form of virtual 

asset that uses disbursed ledger, or blockchain, 

generation to permit a comfy transaction. [3] 

Blockchain, the center concept or the electricity 

behind the fulfillment of Bitcoin is one of the 

maximum trending and not unusual subjects for 

virtual forex in recent times.  

Blockchain offers a number of features such as 

decentralization, verifiable record keeping, 

persistent garage, performance, and security. Blockchain 

and its use are not best restricted to cryptocurrency 

however in numerous different fields as well. [1] 

 

LITERATURE  REVIEW 

At the center of the economic common sense of 

cryptocurrencies lies the hassle of surmounting 

the double-spending hassle, which poses 

accounting and duty challenges that effective 

cryptocurrencies have sought to conquer. This 

discussion paper evaluates the salient literature 

to be able to better inform academic and 

practitioner inquiries on the double-spending 

issues in cryptocurrencies.   

http://www.jetir.org/


© 2023 JETIR October 2023, Volume 10, Issue 10                                                          www.jetir.org (ISSN-2349-5162) 

 

JETIR2310479 Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org f653 
 

 

The U.S. Has approximately 1,600 

cryptocurrencies. No cryptocurrency is certified 

as being known as silver due to the fact that none 

have been specified via the United States. 

Government as being felony tender. 

Cryptocurrencies are called virtual currencies 

because they possess some of the traits of cash. 

In this text, three issues related to 

cryptocurrencies are analyzed. First, bitcoins are 

considered, because they are the primary 

cryptocurrency. Secondly, an assessment of the 

processes by which the Federal Reserve and 

Sweden's main financial institution are 

evaluating the possibility of issuing some new 

forms of electronic forex, which are no longer 

but fully described. Third, an examination of the 

viability of blockchain, which has become an 

internal aspect of bitcoin, as a successful 

autonomous technology. 

this paper is prompted by using a speculation 

that the lengthy-time period value of a 

cryptocurrency is determined with the aid of its 

future use as cash. For a cryptocurrency to be used 

as a medium of price, it has to fulfill three 

impartial functions: medium of change, a unit of 

account, and store of value. Currently, 

cryptocurrencies are held for funding purposes 

in place of being used for transactions and for 

that reason as a medium of change. For 

cryptocurrency to emerge as extensively adopted 

as a method of price, it first needs to go through 

a very volatile duration due to the fact 

speculative investors see long-run destiny cost 

within the cryptocurrency.[6] Cryptocurrencies, 

along with Bitcoin, were an essential component 

in some monetary activities. For example, 

Bitcoin is the primary payment approach for 

ransomware attackers and retailers on the 

Darknet. So, it is beneficial to understand the 

functions of cryptocurrencies and their monetary 

implications. In this studies, we use bitcoin, 

Ether, and XRP, the three cryptocurrencies with 

the highest marketplace values as of this writing, 

in addition to Libra, that is impending and 

topical, as examples to investigate their 

functions. Specifically, we argue that these 

cryptocurrencies are basically extraordinary due 

to variations in the following elements: the 

identity management of their ledger writers, 

their consensus algorithms, and their coin 

supply. We discuss how these elements

 determine cryptocurrency 

performance, which include safety, privacy, and 

economic influence. 

We also talk capacity studies subjects round 

those cryptocurrencies that can be still open.  

this paper researches the position of 

technological complication in original Coin 

Offering( ICO) successes and valuations. Using 

different system learning ways, we construct 

technology indicators from ICO whitepapers to 

seize technological sophistication for all 

cryptocurrencies. We discover that 

cryptocurrencies with high technology 

indicators are more likely to succeed and less 

likely to be excluded eventually. also, the period 

indicators explosively and really are awaiting 

the lengthy-run performances of the ICOs. 

Overall, the goods propose that technological 

complication is an essential determinant of 

cryptocurrency valuations.( 12) A popular form 

of Govt. Is constantly defined as “ by using the 

Public, for the Public and to the Public. ” The 

primary  specific of a government is to supply 

public services to its citizens for which it calls 

for  means to finance its expenditure. Among 

others, taxation works as a primary  force to fund 

public expenditure. Developments and 

Advancements in technologies, has enabled the 

Govt. To perceive new ways and opened new 

systems to collect  levies. Among them, comes 

the curious state of affairs of taxation of 

Cryptocurrency. Unlike the  edict foreign  

plutocrat, Cryptocurrencies are decentralized,  

counting on a peer- to- peer community that 

operates with none third-  festivity intervention 

just like the Central Bank.  25) the effect of the 

creation of cryptocurrencies in all  husbandry is  

bandied right then. The benefits of the  operation 

of cryptocurrencies as well as the  downsides of 

conventional digital payments are included. 

Cryptocurrency  pretensions to revise the virtual 

bills business; but, it does supply upward push 

to  numerous questions as to its  figure,  trust 

ability, and  fortune opposition amongst the 

cryptocurrencies as nicely. In this paper, I try to 

answer the simple questions springing up 

because of the  preface of cryptocurrencies, in 

addition to the  profitable troubles it offers.( 6) 

Using specific records from a medium- sized 

cryptocurrency trade in Asia, we establish 10 

data about cryptocurrency exchanges and 

cryptocurrency buying and selling. 1) 

individualities keep cryptocurrency 
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portfolios of a small cost, 2) they trade veritably 

many cryptocurrencies, 3) their trading patterns are 

veritably concentrated, and 4) their buying and 

dealing horizon may be veritably short. Five) 

Cryptocurrency characteristics explain how a lot 

they're traded and the way long they're held in 

buyers' portfolios. 6) utmost of the trades do 

between individual investors and institutional 

investors and business makers play a minor 

function within the exchange. 7) It's hard to 

standard portfolio returns because buyers' 

portfolios aren't different sufficient, still eight) 

institutional buyers don't outperform person 

investors. 9) Individual buyers make duly buying 

and dealing opinions; within the sense that the 

cryptocurrencies they buy outperform those they 

vend. 10) The same is not genuine for institutional 

dealers. 

 

 
OBJECTIVES OF THE STUDY 

To understand the conception of cryptocurrency,  

To study the advantages and  downsides of 

cryptocurrency  To  dissect the legal status, 

challenges and  openings of cryptocurrency. 

 

RESEARCH   METHODOLOGY 

This paper uses the handiest secondary data that 

has been accumulated from Web of Science 

Core Collection( WOS), Science Citation Index 

Expanded( SCI- EXPANDED), Social lores 

Citation Index( SSCI), Arising Sources Citation 

Index( ESCI) and  pertaining to  colorful sources  

similar as  review  papers, websites, finance 

reports and World Bank report. 

 

 
CRYPTO CURRENCY: A BRIEF 

OVERVIEW 

Blockchain 

The blockchain is the decentralized  distributed 

tally machine used to report statistics deals 

throughout a multiple computers. In other 

expressions, it's  long hauls an translated chain 

of data held over a  distributed network with an  

incommutable timestamp. It won recognition 

due to its capability to keep any virtual asset or  

sale no matter the enterprise. 

 

Figure 1: Blockchain Works 
 

Source: https://themarketblogs.wordpress.com/ 
 

Cryptocurrency 

Cryptocurrency is decentralized digital cash, 

based on blockchain technology. You may be 

familiar with the most popular versions, Bitcoin 

and Ethereum, but there are greater than 5,000 

different cryptocurrencies in movement, in 

keeping with Coin Lore. You can use crypto to 

shop for ordinary goods and services, although 

many humans put money into cryptocurrencies 

as they could in different belongings, like shares 

or precious metals. While cryptocurrency is a 

singular and interesting asset elegance, buying it 

may be volatile as you must take on an honest 

amount of studies to absolutely recognize how 

         every system works 

http://www.jetir.org/
https://ieeexplore.ieee.org/document/8419306/figures
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Figure 2: Cryptocurrency Works 
 
 

 

 

Source: https://mlsdev.com 

Cryptocurrency is a critical part of the 

blockchain. Distributed tally  period is  erected 

at the  agreement algorithms regulating the  

arrival of new blocks. All actors in the P2P 

community ought to take delivery of a block for 

it to be registered within the blockchain. There 

are  multitudinous forms of  agreement with 

PoW (evidence- of- work),  PoS (evidence- of- 

stake), DPoS (delegated  evidence- of- stake), 

and PoA (evidence- of- authority) a many of the 

maximum popular. 

 

 

 
 

Types of Cryptocurrencies 

There are three big types of cryptocurrencies- 

Bitcoin, altcoins, and commemoratives. Bitcoin 

is  tone- explicatory- it's the crypto coin that 

everyone  generally talks about. Altcoins are  

generally  derivations of Bitcoin, but there are 

lots of standalone coins, too. Eventually, 

commemoratives are astronomically speaking 

used for dApps.[26] 

 

Figure 3: The Evolution of Cryptocurrency 

 

 

Source: https://www.dreamstime.com/ 
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              Cryptocurrency Ecosystem 

 

The current growth inside the blockchain-based 

cryptocurrency environment has been attracting 

researchers, developers, investors, regulators, 

and speculators to expand new economic and 

enterprise models for change, funding, and 

taxation. Currently, the cryptocurrency 

atmosphere is immature with multifaceted agree 

with issues in any respect degrees from 

technology providers to customers and 

governments. 

 

Figure 4: Cryptocurrency Ecosystem 
 

Source: https://www.semanticscholar.org 
 
 

BEST CRYPTOCURRENCIES  

BY MARKET CAPITALIZATION 

 

    These are the 10 biggest trading              

     cryptocurrencies by using business  

capitalization as tracked through Coin Market 

Cap, a cryptocurrency statistics, and analytics 

issuer 

 

Table 1: Cryptocurrencies by Market Capitalization 
 

Cryptocurrency Market Capitalization 

Bitcoin $608.6 billion 

Ethereum $240.4 billion 

Tether $61.8 billion 

Binance Coin $48.6 billion 

Cardano $37.6 billion 

XRP $27.4 billion 

USD Coin $26.9 billion 

http://www.jetir.org/
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Dogecoin $24.9 billion 

Polkadot $12.5 billion 

Binance USD $11.5 billion 

Source: https://www.nerdwallet.com/ Data current as of July 23, 2021. 
 

 

Top 5 Cryptocurrencies of 2021, From 

Bitcoin to Dogecoin, cryptocurrencies have 

seen a significant jump in popularity and 

adoption in 2021. 

The cryptocurrency  request started 2021 on the  

reverse of substantial earnings in December 

2020. The overall  request cap of 

cryptocurrencies jumped from  roughly$ 500 

billion to$ 752 billion in the last month 

of2020.2021 started as a ‘ game- changing ’ time 

for the cryptocurrency  request as a dramatic  

swell in demand for cryptocurrencies led to a 

substantial jump in the value of digital  means. 

The overall  request cap of digital currencies 

jumped from$ 750 billion in January to a record 

high of  roughly$2.5 trillion in May 2021. 

Despite the  rearmost dip, the total  request cap 

of cryptocurrencies is  swimming near$1.4 

trillion, which is over by  further than 85 in the 

last six months.( 4) 

Cryptocurrency Users Statistics and 

Cryptocurrency Demographics 

A blockchain  portmanteau, or cryptocurrency  

portmanteau, is a device, medium, or other  

operation or service that can protect your 

cryptocurrency. This  portmanteau not handiest 

stores your cryptocurrency statistics but  also 

encrypts the information and  utmost effective 

lets in you to log in together with your credentials 

to  grease a clever  agreement, crypto  sale, or 

other  fairly binding  sale. nearly 70 million 

people use a blockchain  portmanteau  

transnational. About a third of Nigerians use a 

cryptocurrency, while 1 in 5 in Vietnam and the 

Philippines do 

 

Figure 5: Number of Blockchain wallet users worldwide from November 2011 to February 22, 

2021. (In millions) 
 

Source: Statista 
 

 

TOP 10 CRYPTOCURRENCIES 

TRENDING IN ASIA 

Asia is arising as considered one of the biggest 
crypto  requests inside the  international. 

http://www.jetir.org/
https://www.nerdwallet.com/
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With it being the house to India and China, the 

most vibrant  transnational  locales. It's primed 

to grow to be the chief within the crypto  

transnational. Asia has been the primary 

business for  numerous cryptos and exchanges. 

Coin Market Cap, the largest destination online 

for crypto costs, in a tweet gave an overview of 

the top 10 cryptos in Asia. 

1. Xenon Pay II (X2P) 

2. Moonstar (MOONSTAR) 

3. IRON Titanium Token (TITAN) 

4. SHIBA INU (SHIB) 

5. Mozart Finance (MELODY) 

6. Bitcoin (BTC) 

7. Safe Energy (ENERGYX) 

8. Keep Network (KEEP) 

9. SafeMoon (SAFEMOON) 

10. Baby Doge Coin (BabyDoge) 

 

CRYPTOCURRENCY IN INDIA 

 
Cryptocurrency is a recent and significant  

invention in the  financial assiduity. The purpose 

is to  give forex that is not tied, created, or 

patronized by using a central authority. 

Cryptocurrency uses blockchain generation as a  

financial platform. The cryptocurrency 

relinquishment degree has  bettered, and the  

request has grown dramatically( 2) Though India 

becomes regularly buying and dealing  bitcoin as 

early as 2015, the cryptocurrency made its real 

debut as  edict cash in November 2016 whilst the 

Modi- led government demonetized 86 percent 

of paper foreign plutocrat.(5) As in line with data 

from blockchain analytics company Chain 

analysis, Indian investments in the 

cryptocurrency have surged to USD 6.6 billion 

in 2021, driven by a shift inside the considering 

youthful dealers –  stirring far down from gold 

and other precious essences. Another motive is 

the 

safety and translucency handed by using this 

technology. According to a record, over 10 

million crypto dealers have been added by 

means of India in 2021. This is noteworthy in 

mild enterprise that the civil authorities plan to 

put a ban on using cryptocurrency. still, nothing 

may be stated conclusively except the law 

regulating digital forex is passed.  9) 

Cryptocurrencies continue to draw a variety of 

attention from investors, entrepreneurs, 

controllers, and utmost people. numerous 

current public  conversations of 

cryptocurrencies were brought on with the aid of 

the substantial  adaptations of their charges, 

claims that the  request for cryptocurrencies is a 

bubble with no abecedarian value, and also 

worries  roughly  delusion of nonsupervisory and 

criminal oversight [11] 

 

 
CRYPTOCURRENCY 

REGULATIONS ACROSS THE 

WORLD 

Cryptocurrency has been around for a long time 

now. still, its mainstream relinquishment has 

boosted recently with 2020 being a remarkable 

time to add to its significance. But 2021 is a 

major drive as countries across the globe have 

tried accepting cryptocurrency in some form or 

the other. also, these countries have also been 

working on cryptocurrency regulations to 

govern the process of swapping through crypto. 

We still are yet to witness transnational 

regulations on cryptocurrency. still, looking at 

the evolving geography of crypto, it's relatively 

apparent that we may witness it soon. moment, 

we will know about different countries that have 

managed to set government regulations on 

cryptocurrency 

 
Cryptocurrency Regulations in India 

 
While there have been signs and symptoms in 

2017 and 2018 that India were allowing about 

much lower prohibitive cryptocurrency 

programs, the rearmost reviews suggest a trade 

of course. In July 2019, an inter-ministerial 

commission supported a  mask ban on 

cryptocurrencies except for proposed 

dependable digital foreign plutocrats. The 

blurted,  contended draft  tab counseled captivity 

time for folks who “ mine,  induce,  save,  vend, 

deal in, difficulty, transfer, dispose of, or use 

cryptocurrency inside 
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the home of India. ” Although that draft bill 

didn't make it to the congress  bottom, India’s 

aversion to cryptocurrency maintains and, in 

overdue 2020, leaks suggested that the 

government was drafting a new  tab to ban 

cryptocurrency buying and selling. While it has 

come down tough on cryptocurrency from a 

nonsupervisory  station, India’s authorities has 

stated that it's open to exploring the capability of 

blockchain generation to enhance its  financial 

services assiduity [8] 

CRYPTOCURRENCY  EXCHANGES 

Still, you ’ll need to apply a cryptocurrency 

trade, If you ’re searching to buy or  vend 

cryptocurrencies. These online immolations  

frequently  oils  also to a stockbroker,  furnishing 

you with the gear to buy and  vend digital 

currencies like bitcoin, ethereum, and dogecoin. 

The stylish crypto exchanges make it clean to 

protect for and  vend the currencies you need 

with low  freights and sturdy protection 

functions. [24] 

 

 

 

Table 2: Comparison Between Centralized, Decentralized and P2P Cryptocurrency Exchanges 

 

 

Source: https://www.bitdeal.net 

 

THE BENEFITS THAT 

CRYPTOCURRENCIES OFFER OVER 

FIAT MONEY ARE SEVERAL 

 
A cryptocurrency or crypto virtual asset is truly a 

digital form of cash that exists only digitally.  The 

foremost difference between crypto and the virtual 

cash that we  formerly use on each day foundation( 

credit score/  disbenefit cards, e-banking, etc.) is 

that a cryptocurrency isn't issued by way of any 

government or bank, is specifically decentralized 

and is primarily grounded on blockchain 

technology 

 

CRYPTOCURRENCY   SECURITY 

While nevertheless no longer completely 

understood through the general public the world 

over, it's long hauls important to fete that numerous 

banks, governments, and global businesses are 

privy to cryptocurrencies, and they are assaying and 

assessing their use and emergence as a  doable 

currency on an ongoing  

recognize the bitcoin we fete currently turned into built-on the 

substantiation- of- work principle that deals may be securely 

reused on a decentralized peer- to- peer network, without the 

want for a primary series group, the mining and transaction 

strategies aren't completely cozy. In verity, conspiring actors 

can put upon the issues discovered within the process. Then 

are five  crucial protection  enterprises that can affect in  

presumably dangerous assaults and  pitfalls with using 

cryptocurrencies Selfish Mining 

 
 Double Spending 

 
 Wallet Software/Distributed Denials of 

Service  Attacks 

 

  Acquiring Greater Than 50% Computing 

Power 

 

 Time jacking 

http://www.jetir.org/
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Table 3: Benefits of Cryptocurrencies 

 

 
Source: https://panos.writeas.com/cryptocurrencies-the-evolution-of-money 

 

 
A. Bitcoin essentials 

Bitcoin  rudiments  In his now  notorious work, Satoshi 
Nakamoto showed a  result to the problems that the  
perpetration and usability of digital currency faced, 
especially the double- spending problem( 14). While the 
true identity of Nakamoto is a point of speculations, what's 
known is that until 2010 he remained active on the Bitcoin  
design, and  also he stepped back and gave the  design to 
the community for  farther development( 13).  He 
proposed a system with P2P distributed timestamp garçon 
that serves as a  creator of the computational evidence of 
the chronological orders of deals( 12). An electronic coin 
is defined as a chain of digital autographs. Each 
transaction is defined as a set of digitally inked hash of the 
former sale and the public key of the coming proprietor. 
The private key is used for subscribing the sale,  

  
and the public key is used for verification of the 
transaction, as shown in Fig. The public key is kept in the 
portmanteau, which can be enforced in software,  tackle, 
or online.   

 
The Bitcoin tally is defined as a state transition system,  

conforming of a state that shows the power status of all 
existing Bitcoins and a state transition function, in the 
form of a sale. The affair of the state transition function is 
a new state ( 15). The results of this process are state 
changes of the sender and philanthropist if the sender has 
enough bitcoins to make a  sale or an error,else.

Bitcoin transactions 

Each Bitcoin deal Each sale is determined with its hash 
value representing a  sale identifier and a set of inputs and 
labors. Each affair of the sale can only be used once as an 
input in the entire blockchain( 13). The attempt to represent 
the same affair doubly leads to the double-spending 
problem and is interdicted in the network. However, it's 
called an unspent sale affair( UTXO), and if it has been 
substantiated, If the affair of the sale hasn’t been 
substantiated ahead. A  sale can have multiple inputs and 
only over to two laborers. Multiple inputs can be used to 
combine lower quantities of coins being transferred, and 
labor can be either a quantum transferred to the other party 
or the change that's transferred back to the sender( 14).  
Bitcoin distributed tally describes all deals and hands in the 
network. Every knot in this P2P network keeps a  dupe of 
the tally record( 15). still, he can do that by intimately 
publicizing this sale and it's over to the network to 
corroborate its correctness, If one stoner wants to send 
some quantum of coins to another. still, a  stoner can try to 
manipulate the network and issue further than one sale of 
the same coin to the different druggies(double-spending 
problem). also, the same stoner can set up several cases to 
confirm his original intent and therefore perform a Sybil 
attack. 

 

B. Proof-of-work and blockchain 

These situations are averted( or at least minimized) in 
the Bitcoin network by demanding evidence- of- work 
from each node that verifies the sale. The bumps have to 
do some heavy calculations to prove that they're valid 
members of the network. As long as the total 
computational power of the honest bumps is lesser than 
the computational power of the bushwhacker, the system 
will remain harmonious and all legal deals will do. 

A set of deals, together with the hash of the previous 
block and a nonce, declares a block. A timestamp garçon 
makes a hash of a block and intimately announces it, 

http://www.jetir.org/
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therefore proving that the data inside the block must have 
was at the time of mincing. The timestamp garçon has to 
corroborate that the timestamp of the block is lesser than 
the timestamp of the former block in the chain and lower 
than two hours into the future. The important property of 
the blockchain is that the deals can be traced back at any 
time in history. 

 

 

Figure 2. The blockchain scheme 

 

The evidence- of- work mincing scheme Bitcoin uses 
is analogous to Hash cash( 16) and grounded on the 
SHA-256 hash function( 17). The evidence-of-work is 
done by incrementing a nonce in the block until the value 
is produced that has the needed number of zero bits on 
the morning of the block hash. Once it's done, it can not 
be undone without repeating the calculations still,  also 
all the following blocks would have invalid hashes If it 
is somehow changed by a  vicious bushwhacker. The rule 
is that the longest chain that has the maturity agreement 
in the network is the correct one, so if the bushwhacker 
wishes to change a block, he needs to have enough 
computational power to overcome the voting of the 
maturity of honest bumps,  therefore entering the race 
problem.  The deals within a block are minced in Merkle 
tree( 19),( 20). A Merkle tree is a type of double tree with 
numerous leaf nodes, and a root of the splint bumps is a 
hash of its children. Fig. 4 shows a Bitcoin block 
composed of a Merkle tree of sale hashes. Any 
inconsistency in the tree will reflect nearly in the chain, 
so the Merkle tree is vital for long-term maintainability( 
15). This is done to free up the storehouse space 
demanded to store the blockchain on the bumps. The 
current size of the Bitcoin blockchain is about 144.8 GB( 
21). After the transactions are incorporated in a block 
and this block is vindicated, the network discards all 
hashes in a tree except the root hash included in the block 
title. Bitcoin introduced a Simplified Payment 
Verification( SPV), which doesn’t require the bumps to 
keep a full record of deals, but only the dupe of the 
blockheads of the longest chain( 14). 

 

Figure 3. A Bitcoin block with hashed transactions into a Merkle tree 

C. Bitcoin scalability problem 

With a block size of 1 MB, Bitcoin has severe 
scalability issues. The quantum of deals that can be 
supported with this block size is lower than seven deals 
per second ( tps) ( 21). In comparison, the payment 
network Visa achieved 47,000 tips during the 2013 leave 
and presently pars with hundreds of millions per day( 22). 
To achieve a similar rate on the Bitcoin network with 1 
MB block size, assuming that the sale is 300 bytes in size, 
it would bear an outturn of 8 GB per Bitcoin block every 
ten twinkles, which would lead to over 400 TB of data per 
time( 19). This would largely polarize the Bitcoin network 
to support only those bumps with such storehouse 
capacities, and this is veritably contrary of what Bitcoin 
and blockchain are intended for.  Several results were 
suggested in order to attack this issue efficiently. As a 
result, a number of soft and hard spoons of Bitcoin passed. 
A soft chopstick is any change that's backward 
compatible, i.e. enabling the old software to fete recently 
created blocks as valid. A hard chopstick, on the other 
hand, is a software update introducing a new rule to the 
network,  therefore rendering the old software unfit to fete 
new blocks[23]. 

 

 

CONCLUSION 

The emergence of Bitcoin has sparked a debate 

roughly its unborn and that of other 

cryptocurrencies. Despite Bitcoin’s rearmost 

problems, its fulfillment for the reason that its 

2009 release has inspired the creation of 

occasion cryptocurrencies including 

Ethereum, Litecoin, and Ripple. A 

cryptocurrency that aspires to crop as part of 

the mainstream fiscal device could have to 

fulfill veritably divergent criteria. While that 

possibility seems far out, there is little question 

that Bitcoin’s success or failure in managing 

the demanding situations it faces may also 

determine the fortunes of different 

cryptocurrencies within the times in advance. ( 

3) Cryptocurrency continues to be loaded in its 

early ranges and many people are nonetheless 

skeptical about it but it's long hauls right then 

to live and has been acclimatized into our lives 

and will be currency employed by everybody 

that is stylish a count of time. With the 

acceptance and how extensively talked about it 

is, the future of Cryptocurrency is sure to be 

bright.
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Abstract – It is particularly relevant to Hong Kong because 

of the tremendous amounts of data that are being 

processed here daily in various sectors, research. There 

cent establishment of a major cloud R&D center in Hong 

Kong by Lenovo (January 2015) attests to this fact. The 

results will also benefit Hong Kong as the reliance on cloud 

computing services is rapidly increasing. 

Keywords: Scalability, flexibility, data storage, software 

development, website hosting, bigdata analytics, virtual 

desktops, and Internet of Things (IoT). 

1. Introduction 

With cloud computing, you can store your data on remote 

servers and access it anytime, anywhere. It's super convenient 

and saves you from worrying about hardware or software 

maintenance. Plus, it's scalable, so you can easily adjust your 

storage and computing needs. 

Cloud computing is like having your own virtual storage 

and computing power. You can access your files and software 

from anywhere, anytime. It's super convenient and saves you 

from worrying about hardware or software maintenance. Plus, 

it's scalable, so you can easily adjust your storage and 

computing needs.  

Another cool thing about cloud computing is that it 

allows for easy collaboration. Multiple users can work on the 

same files and projects in real-time, regardless of their 

physical location. It's like having a virtual team working 

together seamlessly. Plus, cloud computing also enhances data 

security by providing backup and disaster recovery options. 

Did you know that cloud computing also offers cost 

savings? Instead of investing in expensive hardware and 

infrastructure, you can pay for cloud services on a subscription 

basis. This means you only pay for what you use, which can 

be more cost-effective for businesses and individuals. Plus, 

cloud providers handle the maintenance and updates, saving 

you time and resources. It's a win-win situation! 

Example, Let's say you have a bunch of photos on your 

phone, but you're running out of storage. With cloud 

computing, you can upload those photos to a cloud storage 

service like Google Drive or iCloud. Once they're in the cloud, 

you can access them from any device with an internet 

connection. It's like having your own personal photo album in 

the virtual sky!  

Cloud computing offers different types of services? 

There's Infrastructure as a Service (IaaS), where you can rent 

virtualized hardware resources. Then there's Platform as a 

Service (PaaS), which provides a platform for developing and 

deploying applications. Lastly, there's Software as a Service 

(SaaS), where you can access software applications over the 

internet.  

2. Roles of Cloud Computing 

Cloud computing has various roles, It serves as a 

platform for storing and accessing data, hosting applications, 

and providing computing resources on-demand. It also enables 

collaboration, data backup, and disaster recovery. In simpler 

terms, cloud computing plays the role of a flexible and 

convenient technology partner that helps you with storage, 

computing. 

And it doesn't stop there; Cloud computing also plays a 

crucial role in enabling scalability, cost-efficiency, and global 

accessibility. It allows businesses to easily scale their 

resources up or down based on demand, saving costs on 

hardware and infrastructure. Additionally, it provides users 

with the ability to access their data and applications from 

anywhere in the world, as long as they have an internet 

connection. It's like having a virtual powerhouse at your 

service!  

The diagram for cloud computing includes four main 

components: 

1. Cloud Storage: This is where you can store your data 

virtually, like files, documents, and media. It provides a secure 

and accessible space for your information. 

2. Cloud Computing: This component offers on-demand 

computing resources, like servers and processing power, that 

can be accessed remotely. It allows you to run applications 

and perform tasks without needing to have physical hardware 

or software installed on your own device. 

3. Cloud Security: This aspect focuses on keeping your data 

safe and protected in the cloud. It includes measures like 
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encryption, access controls, and regular backups to ensure the 

confidentiality and integrity of your information. 

4. Cloud Accessibility: With cloud computing, you can access 

your data and applications from anywhere with an internet 

connection. This means you're not limited to a specific device 

or location, giving you more flexibility and convenience. 

3. The Applications of Cloud Computing 

Cloud computing has a wide range of applications; It can 

be used for data storage, software development, website 

hosting, big data analytics, and even running virtual machines. 

The flexibility and scalability of cloud computing make it 

suitable for various industries and purposes. Let me know if 

you'd like more details about any specific application!  

Cloud computing has a wide range of applications; It can 

be used for data storage, software development, website 

hosting, big data analytics, and even running virtual machines. 

The flexibility and scalability of cloud computing make it 

suitable for various industries and purposes. 

And the applications of cloud computing are vast, some 

common examples include: 

1. Data Storage and Backup: Cloud storage services like 

Google Drive and Dropbox allow you to store and access your 

files from anywhere with an internet connection. 

2. Software Development and Testing: Cloud platforms like 

AWS and Microsoft Azure provide developers with the 

infrastructure and tools to build, test, and deploy applications 

without the need for physical servers. 

3. Website Hosting: Cloud hosting services like Amazon Web 

Services (AWS) and Google Cloud Platform (GCP) offer 

scalable and reliable hosting solutions for websites and web 

applications. 

4. Big Data Analytics: Cloud-based platforms like Google 

BigQuery and Amazon Redshift enable businesses to process 

and analyze large volumes of data quickly and cost-

effectively. 

5. Virtual Desktops: Cloud-based virtual desktop 

infrastructure (VDI) solutions like Amazon WorkSpaces and 

Microsoft Azure Virtual Desktop allow users to access their 

desktop environments from any device. 

6. Internet of Things (IoT): Cloud computing provides the 

necessary infrastructure to collect, store, and analyze data 

from IoT devices, enabling smart and connected solutions. 

These are just a few examples, but cloud computing has 

applications in various industries and sectors.  

 

4. Cloud Computing Model 

There are three main models of cloud computing: 

1. Infrastructure as a Service (IaaS): In this model, cloud 

providers offer virtualized computing resources such as virtual 

machines, storage, and networks.  

2. Platform as a Service (PaaS): PaaS provides a platform for 

users to develop, test, and deploy applications without 

worrying about underlying infrastructure. Cloud providers 

manage the infrastructure, and users focus on building and 

running their applications. 

3. Software as a Service (SaaS): SaaS allows users to access 

and use software applications over the internet. Each model 

offers different levels of control and management, catering to 

different user needs.  

Data Security in Cloud Computing 

When it comes to data security in cloud computing, it's 

important to choose a reputable cloud provider that prioritizes 

security measures. Cloud providers implement various 

security measures like encryption, access controls, and regular 

security audits to protect data from unauthorized access. 

Additionally, users can also take steps to enhance data security 

by implementing strong passwords, using multi-factor 

authentication, and regularly backing up data. It's always a 

good idea to stay informed about the security practices of your 

chosen cloud provider and take necessary precautions to 

ensure the safety of your data. 

• Data in Rest 

When data is at rest in cloud computing, it is securely stored in 

encrypted form on the cloud provider's servers. This helps 

protect the data from unauthorized access and ensures its 

confidentiality and integrity. Cloud providers implement 

robust security measures to safeguard data, giving users peace 

of mind about the security of their information.  

• Data in Transit 

When data is in transit in cloud computing, it is encrypted and 

securely transmitted over the internet. This ensures that the 

data remains protected from interception and unauthorized 

access during its journey from the user's device to the cloud 

provider's servers. Cloud providers use encryption protocols 
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and secure communication channels to maintain the 

confidentiality and integrity of the data in transit. 

5. Conclusion 

In conclusion, the research paper underscores the pivotal 

role that Sure thing! Let's dive a bit deeper into the benefits of 

cloud computing. One of the key advantages is the ability to 

access your files and software from anywhere, anytime. 

Whether you're on your phone, tablet, or computer, as long as 

you have an internet connection, you can easily retrieve and 

work on your data. 

Another great aspect is the scalability of cloud 

computing. You can easily adjust your storage and computing 

needs based on your requirements. If you need more storage 

space or computing power, you can easily upgrade your plan 

without having to invest in additional hardware. 

Collaboration is another major perk. With cloud 

computing, multiple users can work on the same files and 

projects simultaneously, regardless of their physical location. 

This makes it incredibly convenient for teams to collaborate in 

real-time, increasing productivity and efficiency. 

Data security is also a top priority with cloud computing. 

Cloud providers offer backup and disaster recovery options, 

ensuring that your data is protected and can be easily restored 

in case of any unforeseen events. This gives you peace of 

mind knowing that your important files are safe and secure. 

Lastly, let's not forget about the cost savings. Instead of 

investing in expensive hardware and infrastructure, you can 

pay for cloud services on a subscription basis. This means you 

only pay for what you use, making it a more cost-effective 

option for businesses and individuals alike. Plus, cloud 

providers handle the maintenance and updates, saving you 

time and resources. 

Overall, cloud computing offers a wide range of benefits, 

from convenience and scalability to collaboration and cost 

savings. It's definitely worth considering if you're looking for 

a flexible and efficient way to store and manage your data.  
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ABSTRACT 

The present work was conducted to study the effect of garlic (Allium sativum) 

on glycogen content of fresh water fish Channa striatus. Live specimens of 

Channa striatus were collected from local market of Amravati city. The 

controlled fishes were fed with normal diet and experimental fishes were fed 

with garlic pellets. Fishes were randomly selected from each control and 

experimental tanks, anesthetized, sacrificed after day 7, 14 and 21days and 

muscle tissue were taken for glycogen estimation. The glycogen levels in the 

muscle of the controlled and experimental fishes were estimated by Nelson-

somogy’s method. The glycogen level of controlled and experimental was 

compared. The present investigation indicated that the glycogen contents in 

muscle of experimental fish decreased 29.07±0.833, 26.18±0.904, 23.78±1.784 as 

compared to control 30.45± 1.18, 28.73±0.591 and 30.33±0.498. Thus, Allium 

sativum fed to Channa striatus showed significant decreased in the glycogen 

level of muscle tissue. 

Keywords: Channa striatus, Allium sativum, glycogen 

 

I. INTRODUCTION 

 

Plants have been used as medical practice since 

prehistoric times. Modern approaches to determine 

the medical properties of plant involve collaborative 

efforts that can include ethnobotanist, anthropologists, 

pharmaceutical chemists and physicians. Many 

antibiotics are commonly used to promote growth and 

health in carp, trout and Nile tilapa (Essa et al., 1995). 

Also artificial feeds supplemented with antibiotic 

were used to prevent the spread of disease and 

improve food conversion ratio (FCR) by Reilly and 

Kaferstein (1997). 

Approximately 25% of the prescribed drugs sold in 

United States are plant based. Medicines that come 

from plants include willow bark (Salix species) and 

foxglove (Digitalis purpurea). Garlic (Allium sativum) 

is one of the most commonly used plants, both for 

medicinal and culinary purposes as providing flavour 

and taste to the final product. However, whole garlic 

as well as its components/fractions are used in 

medicines since long time and depict its presence in 

the Chinese medicines 3000 years ago. Garlic based 

http://www.ijsrst.com/
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medications were also famous in India about 5000 

years ago.  

Garlic contains at least 33 sulphur compounds, several 

enzymes and minerals like germanium, calcium, 

copper, iron, potassium, magnesium, selenium, and 

zinc; vitamins A, B1 and C , fiber and water. It also 

contains 17 amino acids; lysine, histidine, arginine, 

aspartic acid, threonine, serine, glutamine, proline, 

glycine, alanine, cysteine, valine, methionine, 

isoleucine, leucine, tryptophan and phenylalanine 

(Josling, 2005). The most abundant sulphur compound 

in garlic is alliin (s-allylcysteine sulfoxide), which is 

present at 10 and 30 mg/g in fresh and dry garlic, 

respectively (Lawson, 1994).  

 

Fishes are one of the most important dietary animal 

protein sources in human nutritional status. Fish is 

the excellent substitute for the meat and is the 

excellent source of protein. Channa striatus is 

commonly called as “spotted murrel” and distributed 

throughout South East Asia and also known for its 

taste, high nutritive value and medicinal value. It is 

naturally distributed in India and other neighbouring 

countries. 

 

Liver is the main store of carbohydrates that are the 

biggest source of blood glucose. The ratio of the 

carbohydrates utilization in fish varies according to 

feeding habits of fish. The basic energy reserve 

glycogens consists 1% of total body weight. This 

source is sufficient to provide the energy need for a 

short time, but not for a long time. The glycogen 

amount stored in liver depends on the physical, 

chemical and biological factors faced by the fish rapid 

movement, stress factors or environmental hypoxia 

causes carbohydrates reserves to diminish (first 

glycogen in liver and muscles). The glycogen level in 

muscles may reflect the glycogen level in liver which 

is the main storage place for glycogen. The glycogen 

stocks in striated muscles of fish have an important 

role. After physical activity, the glycogen in muscle is 

converted into lactic acid and causes the pH of the 

muscles to decrease. 

Kumar and Reddy (1999), studied that feeding mice 

with garlic, induce significant decrease in serum 

glucose levels. Lower levels of plasma glucose in fish 

have also been reported in the assessment of 

biochemical effects of Allium sativum. Sheela and 

Augusti (1992) studied that glucose concentration 

significantly decreased in fish fed on diets containing 

the allium Sativum. 

 

Similarly Gupta et al., (2009) studied that the garlic 

decreases plasma glucose and increases serum insulin 

in diabetic rat. They also studied that the effect of 

garlic extract on nickel or chromium induced 

alteration of plasma glucose and hepatic glycogen 

levels and anti oxidant status in rats.. Metwally (2009) 

showed that the effect of garlic on weight gain and 

growth performance of O. niloticus significantly 

increased in all groups fed on garlic with lower 

mortality rate and increases the antioxidant activity in 

fish. Total protein in blood serum significantly 

increased in the groups fed on garlic, while blood 

glucose, triglycerides and cholesterol levels were 

significantly decreased in the same treated groups. 

 

Amin Farahi et.al., (2010) studied effect of garlic on 

growth factors, some haematological parameters and 

body compositions in rainbow trout (Oncorhynchus 

mykiss) which showed that weight gain and growth 

performance of O. mykiss significantly increased in all 

groups fed on garlic . Megbowon et al., (2013) 

observed that effects of garlic on the growth 

performance and nutrient utilization of fingerlings of 

an ecotype cichlid commonly called “wesafu” in 

Nigeria. Results showed significant increase in weight 

and growth performance of the ecotype cichlid in all 

groups fed on garlic. 

 

Agatha A. et.al., (2012) studied the effect of different 

concentrations of garlic supplement in fish diet on 

growth and haematological parameters of Clarias 
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gariepinus fingerlings. They observed that increase in 

total length of garlic treated fish and white blood cell 

(WBC), red blood cell(RBC), packed cell volume 

(PCV), haemoglobin(HB) were observed to be 

significantly higher than the initial counts in the 

treatment groups as compared to the controls. AL-

Salahy and Mahmoud (2003) studied that the effect of 

garlic administration on the carnivorous fish 

Chrysichthys auratus showed a hypoglycaemia, 

hypolipidaemia, hypocholesterolaemia, 

hypotriglyceridaemia and a drop in serum 

trifluoroacetic acid (TFAA) in response to repeated 

doses of garlic.  Thus the objective of this experiment 

trails is to assess the influence of supplementary 

feeding of the garlic on total glycogen level of muscle 

tissue. 

 

II.  METHODS AND MATERIAL 

 

The fishes selected for the experimental study was 

Channa striatus. Fishes were collected from the local 

fish market of Amravati. The average length of the 

fish was 16-18 cm and the weight was 17-45gm 

respectively. They were kept in glass aquarium, 

having tap water and added 1% KMnO4 solution for 

disinfection. The fishes were acclimated for 8-10 days 

in the laboratory condition by APHA (1998) method. 

During acclimatization they were feed with prawns as 

a natural food. After two weeks the fishes were 

separated into two groups. First group was considered 

as control and second group was considered as 

experimental. The first group of fishes considered as 

controlled were daily feed twice by prawns and the 

second group considered as experimental were feed 

with garlic pellets. The second group were given 

garlic pellets as dose two times a day after 7, 14, 21 

days. Garlic was brought from the market and then it 

was converted to paste with the help of mixer and 

dried to form powder. This powder form of garlic was 

converted to small pellets and soybeans oil was used. 

These garlic pellets was given as dose for the fishes 

and it is 12 gm given as 1/3 of the total fish weight. 

On the desire day the fishes were sacrified and then 

dissected to collect the muscle tissue to study the 

effect of garlic on glycogen in the muscle tissue. 

Glycogen was estimated by Nelson-Somogy’s (1944) 

or DNS method. Glucose was taken as standard 

solution.    

 

III. RESULTS AND DISCUSSION 

 

In the present study the impact of garlic on glycogen 

level in muscle tissue of fresh water fish Channa 

striatus was found to be in experimental treated fishes 

as 29.07±0.833, 26.18±0.904, 23.78±1.784, and control 

fishes 30.45± 1.18, 28.73±0.591 and 30.33±0.498, it is 

observed that glycogen level in the muscle tissue of 

fish was significantly decreased in the groups fed on 

garlic as compared to the control.  

 

Table no 1:- Effect of garlic on glycogen in muscle of 

fresh water fish Channa striatus. 
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 Days 

Concentration of glycogen 

mg/100gm 

Control Experimental 

 7  30.45± 1.18  29.07±0.833 

  14   28.73±0.591  26.18±0.904 

  21  30.33±0.498  23.78±1.784 
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IV. DISCUSSION AND CONCLUSION 

 

Garlic is one of the most commonly used plants, both 

for medicinal and culinary purposes as providing 

flavor and taste to the final product. It is believed to 

be originated from central Asia over 6,000 years ago 

and has been extended towards west, south and east. 

The current experiment aimed to study the effects of 

garlic (Allium sativum) on the concentration of 

glycogen in the muscle tissue of the fresh water fish 

Channa striatus. 

 

Glycogen level in muscles tissue reduced significantly 

in fish feed on diets containing garlic (Allium 

sativum). This condition was attributed to improving 

of the antioxidant system in cell of pancreas to 

produce insulin. These results agree with those of 

Kumar and Reddy (1999), who found that feeding 

mice with garlic induced significant decrease of serum 

glucose levels. Lower levels of plasma glucose in fish 

have also been reported in the assessment of 

biochemical effects of allium sativum by Sheela and 

Augusti (1992). The present study demonstrated that 

administration of garlic induced glycogen 

concentration to reduce significantly in muscles of 

Channa striatus feed on diets containing garlic 

(Allium sativum). These results agree with those of 

Thomson and Ali (2003) and Shalaby et al., (2006).  

The effect of garlic on growth factors, some 

hematological parameters and body compositions in 

rainbow trout (Oncorhynchus mykiss) was studied by 

Amin Farahi et al., (2010) and their result showed 

that the weight gain and growth performance of 

Oncorhynchus mykiss significantly increased in all 

groups feed on garlic. There was a significant decrease 

of glycogen level in the fish feed on diets containing 

garlic as compared to the control group, this favors 

our study and the result observed, according to which 

the concentration of glycogen decreases after the fish 

feeds on garlic (allium sativum). 

In the present study it was observed that the garlic 

decreases glycogen level in the muscle tissue of 

Channa striatus. All the above benefits of garlic are 

very helpful in aquaculture. At the end, from the 

obtained results it could be recommended that garlic 

may be used to decrease glycogen level. Also garlic 

can be used as antibiotic for the treatment or 

prevention of disease and for enhancing fish tolerance 

to environmental stressors (Sivam, 2001), so addition 

of garlic to the diets of fish would be beneficial for the 

health of fishes. 
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ABSTRACT 

The present study is conducted and assessed the toxicity of Parthenium 

hysterophorus is on locally available fresh water fish. The present study deals 

with to determine histological effects on fresh water fish, Labeo rohita. The 

fishes were collected from nearby water body and brought to the laboratory 

for determination of histological parameters up to 96hr. period. The muscles 

of fish exposed lethal concentration for different time exposure (24hrs. 48hrs. 

72hrs. and 96hrs.) showed lesion, inflammation, pigment and necrosis of 

primary and secondary gill lamellae during low concentration while, 

increasing concentration for different time exposure showed necrosis, 

malignancy and cellular degeneration were seen at later time of exposure. 

Keywords: Parthenium hysterophorus, Muscles, Histology, Labeo rohita 

 

I. INTRODUCTION 

 

Water pollution, has been increasing at an alarming 

rate due to rapid industrialization, civilization and 

green revolution. Urban, agricultural and industrial 

activities release xenobiotic compounds that may 

pollute the aquatic habitat. Industrialization and 

growth of human population have led to a progressive 

deterioration in the quality of the earth’s 

environment. India is a country having great cultural 

diversity associated with all kinds of climates, rich 

flora and fauna, and supporting an estimated total of 

eight percentages of the globally documented species. 

It is experiencing increasing pressure on its bio-

resource and ecosystem services due to high demand 

of food (Kannupandi et al., 2003; Varadharajan et al., 

2009). The higher concentration of toxicants brings 

the adverse effects on aquatic organisms, at cellular 

level or molecular level and ultimately lead to 

disorder in biochemical composition which is useful 

in determining different toxicants and protective 

mechanism of the body to resist the toxic effects of 

the substances (Jain and Kulshreshta, 2000). Rohu is 

the natural inhabitant of freshwater sections of the 

rivers. Rohu thrives well in all fresh waters below an 

altitude of approximately 549 m. Rohu is a bottom 

feeder and prefers to feed on plant matter including 

decaying vegetation. Rohu attains maturity towards 

the end of the second year in ponds. The spawning 

season of rohu generally coincides with the southwest 

monsoon. Spawning takes place in flooded rivers. The 

fecundity of rohu varies from 226,000 to 2,794,000, 
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depending upon the length and weight of the fish and 

weight of the ovary. The spawn of this fish is 

collected from rivers during monsoon and reared in 

tanks and lakes (Talwar and Jhingran 1991). Rohu is 

very commonly eaten in Bangladesh and the Indian 

states of Bihar, West Bengal, Odisha, Assam, and 

Uttar Pradesh. The Maithil Brahmins and the 

Kayastha community of Nepal, Bihar and Uttar 

Pradesh treats it as one of their most sacred foods, to 

be eaten on all auspicious occasions. Rohu is the most 

commonly used fish in Pakistan and is usually eaten 

fried, or in a sauce with spices. 

 

Parthenium hysterophorus is an aggressive ubiquitous 

annual herbaceous weed. This erect, ephemeral herb 

known for its vigorous growth and high fecundity 

especially in warmer climates is a native of north-east 

Mexico and is endemic in America. It is commonly 

known as ‘altamisa’, carrot grass, star weed, white top, 

wild feverfew, the “Scourge of India” and congress 

grass. Parthenium hysterophorus is a prolific weed 

belonging to Asteraceae family, producing thousands 

of small white capitula each yielding five seeds on 

reaching maturity. In the past century it has found its 

way to Africa, Australia, Asia and Pacific Islands and 

has now become one of the world’s seven most 

devastating and hazardous weeds. Exposure to P. 

hysterophorus also causes systemic toxicity in 

livestock. Parthenium hysterophorus is a serious 

invasive weed of pasture systems, reducing pasture 

productivity 90%. (Parthenium hysterophorus L.) 

Congress grass is an exotic weed comes under 

Asteraceae family, accidently introduced in India, 

1955 in Pune through the imported food grains 

(Dhawan and Dhawan, 1996). It has become 

naturalized and is spreading at an alarming rate all 

over India (Sivakumar et al. 2009) and can adopt any 

climate very easily. Adewoye and Fawole, (2002; 2005) 

studied the concentration of metals in the tissue of 

Clarias gariepinus fingerlings exposed to lethal 

concentration of cassava Waste water. The 

histopathological examination of the gill, liver, and 

muscle of the exposed fish indicated that the gill and 

liver were the organs most affected. This is similar to 

the observation of (Rahman et al., 2002; Aguigw, 2002; 

Omitoyin et al., 2006; Ayoola, 2008). 

 

II. MATERIALS & METHODS 

 

Labeo rohita fish were collected from Nal Damayanti 

Dam,local fish market Amravati washed with 10% 

solution of Potassium Permagnate to free any fungal 

infections. Then acclimatized to the laboratory 

condition for fifteen days in large aquarium. The fish 

size15 to 20 cm in length and weight 150 to 200 gm. 

Fishes maintained in well water and its physico-

chemical characteristics analyzed following the 

method given in APHA (2005). Fishes fed with add 

libitum food, oil cake and rice bran to keep them 

more or less in the same state of metabolic 

requirement. 

 

A group contain ten fishes were taken in both 

container experimental and control respectively. The 

dose starting from 10 ml in 10 lit. Well water. The 

dose increased daily by 10 ml. Their behavioral 

changes recorded daily and throughout the exposure 

period. 

 

Everyday water changes to maintain the 

concentration of Parthenium hysterophorus extract 

and histological changes were recorded. 

 

III. RESULT AND DISCUSSION 

 

For lethal concentration at control there are no lesion, 

no necrosis, no pigments, no malignancy, no 

inflammation and cellular degradation seen for the 

24hrs, 48hrs, 72hrs, and 96hrs. 

 

At 6.00ml/l lesion occurs on muscle bundle and 

nucleus for 24hrs, for 48hrs lesion, inflammation on 

muscle bundle, nucleus and muscle striation while, 

for 72hrs necrosis occurs in muscle bundle and 
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nucleus, for 96hrs necrosis, cellular degradation 

occurs on muscle bundle, nucleus and muscle striation. 

Muscle (Section) of Labeo rohita exposed to lethal 

concentration (control) of root water extract of 

Parthenium hysterophorus 

 
Fig.: Muscle of Labeo rohita (Control). 

 

MB: Muscle bundles, N: nucleus, MS: muscle striation, M: microfilament. No lesion (L), inflammation (I), 

pigment (P), necrosis (N), malignancy (M) and cellular degeneration(C). 

 

 
24hrs   48hrs   72hrs   96hrs 

Fig.: Muscle (Section) of Labeo rohita exposed to lethal concentration (6.00 ml/l) of root water extract of 

Parthenium hysterophorus showing lesion (L), inflammation (I), necrosis (N) and cellular degeneration(C). 

 

The muscle of fish exposed to lethal concentration for 

different time exposure (24hrs. 48hrs. 72hrs. and 

96hrs.) showed lesion, inflammation and necrosis of 

muscle bundle, nucleus and muscle striation during 

low concentration while, increasing concentration for 

different time exposure showed necrosis and cellular 

degeneration and muscle bundle, nucleus and muscle 

striation were seen at later time of exposure. 

In the present work, severe damage of muscle bundles, 

shortening of muscle bundles, thickening of muscle 

bundles, severe intra muscular oedema and necrosis of 

muscle bundle. This similar finding was observed by 

(Bharat Bhusan Patnaik et al., 2011). All these 

changes indicate the fish under the highly stressful  

 

conditions. Mohamed, 2009 observed the 

degeneration of muscle bundles with aggregation of 

inflammatory cells between them and focal areas of 

necrosis. Similar result is observed in present work. A 

focal area of myolysis was seen in the muscles of O. 

spilurus exposed to contra / insect 500/50E.C. 

observed by (Elnemaki and Abuzinadah, 2003). Abbas 

and Ali (2007) observed destruction and vaculation of 

the muscle cells in Oreochromis spp. exposed to 

chromium. The histological alteration in the fish 

muscle was reported by many investigators who have 
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studied the effect of different pollutants on fish 

muscle (Rakhi et al., 2013; Jeheshadevi et al., 2014). 

 

IV. CONCLUSION 

 

The muscle of fish exposed to lethal concentration for 

different time exposure (24hrs. 48hrs. 72hrs. and 

96hrs.) showed lesion, inflammation and necrosis of 

muscle bundle, nucleus and muscle striation during 

low concentration while, increasing concentration for 

different time exposure showed necrosis and cellular 

degeneration and muscle bundle, nucleus and muscle 

striation were seen at later time of exposure. 
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Aquaculture also known as fish farming, is an important 

sector in the Indian economy and plays an essential role in the 

country’s food security. Aquaculture is the fastest food 

production sector in the world due to the demand and scarcity 

of other sources of food production and also due to the health 

benefits of fish consumption the demand for fishes as a source 

of food widely throughout the world. The additional demand for 

fish consumption must be achieved only through aquaculture 

[1]. Aquaculture farming in India has spot tremendous growth 

over the last few decades, with significant offering to 

employment, export earnings, and rural development. As the 

world population increases the demand of the aquaculture 

industry increases [2]. Aquaculture become an important 

resource for humans worldwide, in addition; it is one of the 

cheapest sources of easily digestible animal protein. 

Fishes play a vital role in food security and poverty 

alleviation in both rural and urban areas often referred to as 

“rich food for people”. Fish provide essential nourishment more 

ever quality proteins, vitamins, and minerals [3]. Due to high 

protein content, low fat, and abundant amount of omega-3 fatty 

acid present in the fish which is an important part of the human 

diet. Freshwater fish food is essential for the nutrition of famed 

fish. Fishes require a balanced diet to grow and develop 

properly, lack of essential nutrients can lead to stunted growth, 

reduced immunity, and increased mortality. Freshwater fish 

food typically contains a combination of plant and animal 

ingredients including soybean meal, corn, wheat, vitamins, and 

minerals. Fish meal is considered as the major source of dietary 

protein and lipid supplement in the diets of carnivore fishes. 

Herbs are more compatible with the body because of their 

normal nature and having medicine homologus components 

together and lack of unwanted side effects, therefore they are 

most suitable [4]. This sustainable and successful freshwater 

fish culture on a scientific basis principally depends upon the 

use of adequate, economically valuable, and environmentally 

artificial food as well as the use of ayurvedic plants to improve 

the yield of fish culture. 

Zingiber officinale is a versatile root that has been used 

for centuries for its medicinal and culinary properties. It is 

highly valued for its many health benefits, which include 

reducing inflammation, improving digestion, boosting the 

immune system, and reducing nausea [5]. 

Tinospora cerdifolia commonly known as giloy or heart-

leaved moonseed is a popular medicinal plant that has been used 

in Ayurveda as a medicine for centuries. Tinospora cerdifolia 

has a rich source of antioxidants, including alkaloids, 

glycosides, and steroids which have been shown to have anti-

inflammatory and immune-boosting properties [6]. In the 

present investigation, the effect of Zingiber officinale and 

Tinospora cordifolia on freshwater fish Ophiocephalus striatus 

was observed. 

The basal experimental diet was formulated with the 

commonly available ingredients. The formula and analyzed 

proximate composition of basal the diet is shown in (Table 1). 

 

Table 1 Analyzed proximate composition of basal the diet 

Ingredients 

(gm/ dry weight) 

Control diet 

(100gm) 

Experimental 

(100gm) 

Prawns  60 60 

Fish meal powder 40 35 

Zingerber officinale 00 2.5 

Tinospora cordifolia 00 2.5 

 

The freshwater fishes were collected from a local fish 

market measuring about 7.8-11.5 cm in length and weighing 

ranges from 4.60-14.95gm for the experimental study. The 

fishes were brought to the laboratory and acclimatized for seven 

days by feeding them with prawns. 

After acclimatization, the two groups of fishes were 

made: 

Group I) Control 

Group II) Experimental 

 

During Experiment, fishes were fed with a prepared 

formulated diet twice a day. After 7, 14, 21, and 28 days from 

each group, the fishes were taken out and tissue of the liver and 

muscle was removed for the further investigation of total 

protein [7] ash content [8], and moisture [9]. 

 

Total protein 

The present study (Table 2, Fig 1) showed that the total 

protein of muscle and liver of experimental fishes were found 

to increase in trend 71.87±1.85, 78.83±0.69, 79.90±0.78, 

81.90±1.06 and 37.98±1.01, 39.90±1.15, 43.76±1.80, 
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45.78±0.93 from 7, 14, 21, 28, days as compared with control 

group of fishes total protein 58.50±1.8, 62.56±2.2, 68.90±1.5, 

72.76±2.6 and 34.44±1.81, 36.76±2.66, 36.79±1.62, 

37.90±1.11 respectively. 

 
Table 2 Total protein (gm/100gm) of Ophiocephalus striatus fed with Zingerber officinale and Tinospora cordifolia  

Days 
Control(gm/100gm) Experiment (gm/100gm) 

Muscle Liver Muscle Liver 

7 days 58.50 ± 1.8 34.44 ± 1.81 71.87 ± 1.85 37.98 ± 1.01 

14 days 62.56 ± 2.2 36.76 ± 2.66 78.83 ± 0.69 39.90 ± 1.15 

21 days 68.90 ± 1.5 36.79 ± 1.62 79.90 ± 0.78 43.76 ± 1.80 

28 days 72.76 ±2.6 37.90 ± 1.11 81.90 ± 1.06 45.78 ± 0.93 
*Values are mean ± SD 

   

Fig 1 Total protein (gm/100gm) of Ophiocephalus striatus fed 
with Zingerber officinale and Tinospora cordifolia 

 Fig 2 Ash content (%) of Ophiocephalus striatus fed with 
Zingerber officinale and Tinospora cordifolia 

Ash content 

The ash content (Table 3, Fig 2) showed increasing in 

trend in the experimental group of fishes fed with Zingerber 

officinale and Tinospora cordifolia in muscle tissue 4.21%, 

4.80%, 6.81%, 7.70% and 3.61%, 4.25%, 4.96%, 5.59% in liver 

tissue as compared with control group of fishes 3.30%, 3.40%, 

4.10%,4.62% and 1.11%, 1.54%, 3.71%, 4.52% from 7, 14, 21, 

28 days respectively. 

 

Table 3 Ash content (%) of Ophiocephalus striatus fed with 

Zingerber officinale and Tinospora cordifolia  

Days 
Control (%) Experiment (%) 

Muscle Liver Muscle Liver 

7 days 3.30 1.11 4.21 3.61 

14 days 3.40 1.54 4.80 4.25 

21 days 4.10 3.71 6.81 4.96 

28 days 4.62 4.52 7.70 5.59 

 

Moisture content 

The moisture content (Table 4, Fig 3) showed increasing 

in trend in the experimental group of fishes fed with Zingerber 

officinale and Tinospora cordifolia in muscle tissue 76.1%, 

82.2%, 88.9%, 96.2% and 88%, 89%, 92.1%, 94.1% in liver 

tissue as compared with control group of fishes 80.6%, 84.8%, 

88.4%, 89.6% and 78.1%, 79.5%, 82.41%, 88.6% from 7, 14, 

21, 28 days respectively. 

 

Table 4 Moisture content (%) of Ophiocephalus striatus fed 

with Zingerber officinale and Tinospora cordifolia 

Days 
Control (%) Experiment (%) 

Muscle Liver Muscle Liver 

7 days 76.1 88 80.6 78.1 

14 days 82.2 89 84.8 79.5 

21 days 88.9 92.1 88.4 82.41 

28 days 96.2 94.1 89.6 88.6 

 

 

Fig 3 Moisture content (%) of Ophiocephalus striatus fed with Zingerber officinale and Tinospora cordifolia 
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The obtained results fed with Zingerber officinale and 

Tinospora cordifolia to freshwater fish Ophicephalus striatus 

showed major improvement in body weight as compared to 

control groups. Furthermore, dietary Zingerber officinale and 

Tinospora cordifolia enhance metabolic activities and enhance 

the level of protein. Moreover, the study provided a new 

dimension for the use of medicinal plants as supplementation to 

fishes. Kobeisy and Hussain [10], studied Oreochromis 

niloticus and found that dietary food was given to the fishes 

showed a significant increase in protein level and body weight 

of fish. Among three carps Catla catla, showed maximum 

average body weight (1256 g), followed by Labeo rohita 

(1215.0g) and Cyprinus carpio (1119.01g) in a supplemented 

diet. Mansour et al. [11] studied that ginger has been purported 

to have anti-inflammatory, anti-hypertensive, and glucose-

sensitizing effects as well as stimulatory effects on the 

gastrointestinal tract by increasing gastric secretions. Also, 

Singh and Gaur [12], stated that weight gain is maximum when 

various dietary protein levels and carcass composition are given 

to Labeo rohita fingerlings. Finally, in the present investigation, 

it was suggested that the Zingerber officinale and Tinospora 

cordifolia as feed alternative solutions in aquaculture feed as 

growth promoters. Distinctly it showed a significant increase in 

growth performance, feed utilization, and increase in metabolic 

activity. 

 

SUMMARY 
 

The study aimed to observe the effect of Zingiber 

officinale and Tinospora cordifolia on freshwater fish 

Ophocephalus striatus. The experimental diet was formulated 

to contain Zingiber officinale (2.5gm/100gm diet), and 

Tinospora cordifolia (2.5gm/100gm diet) prepared in the pellet 

form and fed to the experimental fishes to observe the total 

protein, ash content, and moisture of the freshwater fish 

Ophocephalus striatus for 7th, 14th 21st, 28th days. The results 

showed that significant increase in total protein, ash content, 

and moisture of the experimental group of fishes. The results of 

this study show that the addition of Zingiber officinale and 

Tinospora cordifolia to a fish diet can promote the health 

benefit and growth of fish.
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Abstract: In this paper, we have constructed a Bianchi type V cosmological model, in the 
presence of bulk viscous fluid and within the framework of (R, T) theory of gravity with 
an appropriate choice of the functional (R, T)in the form (R, T ) = + 2 ( ), where R 
and T are respectively Ricci scalar and trace of energy momentum tensor. In order to obtain 
a deterministic solution, we have considered two general forms of hyperbolic scale factors. 
The different forms of scale factors considered here produce time-varying deceleration 
parameters in all the cases that simulate the cosmic transition. The state finder diagnostic 
pair is found to be in the acceptable range. The physical parameters are constrained from 
different representative values to build up a realistic cosmological model aligned with the 
observational behaviour. 

Keywords: Bianchi type V, Dark energy, (R, T) gravity, Variable deceleration parameter. 
 

 
1. Introduction 

In recent years, several modified gravity 
theories, like ( ) gravity, ( ) gravity, ( ) 
gravity and so on, were investigated by many 
researchers. A large class of cosmological 
models has explained the acceleration of the 
universe in terms of a component with negative 
pressure, the so-called dark energy (DE). The 
limitations of general relativity in providing a 
satisfactory explanation of this phase of 
evolution have led cosmologists to adopt 
hypotheses and study their implications in this 
context. The hypotheses include those assigning 
(I) the time–dependence of the gravitational 
constant and cosmological term (II) some other 
geometries or physical fields associated with the 
universe and (III) modified or alternative 
theories of gravity. Modified gravity theories 
certainly provide a way of understanding the 
problem of DE and the possibility to reconstruct 
the gravitational field theories that would be 
capable to reproduce the late–time acceleration 
of the universe. In an effort to address the 

cosmic speed-up issue, Harko et al. [1] 
introduced a modified gravity theory known as 

(R, T) gravity. Several studies were made in 
this theory addressing different contexts, such as 
energy conditions (Alvarenga et al. [2]; Kiani & 
Nozari [3]), wormhole solution (Azizi [4]; 
Moraes et al. [5]), anisotropy cosmology (Sharif 
& Zubair [6]; Mishra et al. [7-8]), higher 
dimensions (Troisi [9]) and non-interacting 
Chaplygin gas (Shabani [10]; Shabani & 
Farhoudi [11]). Sharma and Singh [12] have 
studied the string cosmological model with 
magnetic field in Bianchi Type II space-time. 
With a rescaled functional of (R, T)gravity, 
extensive investigations were carried out in 
Bianchi type VIh space-time to understand the 
dynamical behaviour of the aniotropic universe 
(Mishra et al. [13-14]). Zubair et al. [15] have 
investigated the anisotropy source with the 
dynamical analysis of cylindrically symmetric 
space-time, whereas Mishra and Vadrevu [16] 
have constructed a cylindrically symmetric 
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model with the exact solution. Aktas and Aygun 
[17] have shown that magnetized field vanishes 
in FRW universe for (R, T)gravity. Many more 
Bianchi type cosmological models have been 
developed in recent past (Shamir [18]; Chaubey 
& Shukla [19]; Pawar [20-23]; Samanta [24] ; 
Reddy et al. [25-27]; Shri Ram [28]; Nasr 
Ahmed [29]). The extraordinary phenomena of 

(R, T)gravity may provide some significant 
signatures and effects which could distinguish 
and discriminate between various gravitational 
models. Therefore, this theory has attracted 
many researchers to explore different aspects of 
cosmology and astrophysics in isotropic and in 
anisotropic space-times (See for example Khade 
and Wasnik [30]; Chakraborty [31]; Houndjo et 
al. [32]; Pasqua et al.[33]; Singh and Singh [34]; 
Baffou et al. [35]; Santos and Ferst [36]; 
Noureen et al. [37]; Shamir [38]; Singh and 
Singh [39]; Alhamzawi and Alhamzawi[40]; 
Yousaf et al. [41]; Alves et al. [42]; Zubair et al. 
[43]; Sofuoglu [44]; Momeni et al. [45]; Das et 
al. [46]; Salehi and Aftabi [47]; Singh and 
Beesham [48]; Srivastava and Singh [49]; Sharif 
and Anwar [50]; Tiwari and Beesham [51]; 
Shabani et al. [52]; Rajabi and Nozari [53]; 
Baffou et al. [54]; Lobato et al. [55]; Tretyakov 
[56]; Elizalde and Khurshudyan [57]; Ordines 
and Carlson [58]; Maurya and Tello-Ortizb [59]; 
Esmaeili [60] and references therein). 

Bulk viscosity is the only dissipative 
phenomenon occurring in FRW models and is 
significant in causing the accelerated expansion 
of the universe known as inflationary phase as 
discussed by Setaren et al. [61]. Several 
cosmologists have discussed the role of bulk 
viscosity in the early evolution of the universe in 
different physical contexts. The cosmological 
and astrophysical implications of (R, T) gravity 
theory in the presence of perfect fluids and bulk 
viscous fluids have been studied by several 
cosmologists. Shri Ram et al. [62] investigated 
Bianchi type–I and –V bulk viscous fluid 
cosmological models. Sahu et al. [63] discussed 
cosmic transits and anisotropic models of 
Bianchi type–III. Further, Sahoo et al. [64-
69] studied cosmological models in (R, T) 
theory with variable deceleration parameters. 
This motivates the theorists to construct various 
models of different Bianchi space–times in 
different contexts.  

Spatially homogeneous and anisotropic 
Bianchi models have been widely studied in the 

framework of general relativity to describe the 
early stage of evolution of the universe. The 
theoretical studies and observational data of 
cosmic microwave background (CMB) and the 
large structure have stimulated the study of 
anisotropic models. The study of anisotropic 
models has also been extended to modified 
gravitational theories. Pradhan et al. [70], Aktas 
et al. [71], Yilmaz et al.[72] and Sharif and 
Zubair [73, 74] are some of the authors who 
have investigated several aspects of anisotropic 
Bianchi models in (R, T)gravity. 

Recently, the dark energy models, which are 
inspiring many astrophysicists, are the 
holographic dark-energy models. According to 
the holographic principle, the number of degrees 
of freedom in a bounded system should be finite. 

In this paper, we have investigated the 
physical behaviour of the cosmological model 
obtained with Bianchi type–V space-time in the 
presence of hyperbolic scale factor in two 
different cases. The present paper is organized as 
follows. The field equations of (R, T) gravity 
have been derived in Section 2. The model and 
basic framework have been presented in Section 
3. In Sections 4, 6, the derivation and analysis of 
parameters have been derived for cases I, II. In 
Sections 5, 7, the physical properties of the 
model have been discussed for cases I, II, 
respectively. Finally, the conclusion is given in 
Section 8.  

2. Field Equations 
We assume that the cosmic matter may be 

represented by the energy-momentum tensor of 
an imperfect bulk viscous fluid as: 

= ( + ̅) − ̅           (1) 

where ̅ is the bulk viscous pressure given by: 

̅ = − ϛ ;              (2) 

satisfying a linear equation of state: 

= , 0 ≤ ≤ 1.            (3) 

Here,  is the equilibrium pressure,  is the 
energy density of matter, ϛ is the coefficient of 
bulk viscosity and  is the flow vector of the 
fluid satisfying = 1. The semicolon stands 
for covariant differentiation. On thermodynamic 
grounds, bulk viscosity coefficient ϛ is positive, 
assuring that the viscosity pushes the dissipative 
pressure ̅ towards negative values. However, 
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the correction applied to the thermodynamical 
pressure  due to bulk viscous pressure is very 
small. Therefore, the dynamics of cosmic 
evolution is not fundamentally influenced by the 
inclusion of the viscous term in the energy-
momentum tensor. 

For the field equations in ( , ) modified 
gravity model, we assume that the function 

( , ) is given by: 
( , ) = + 2 ( )           (4) 

where ( ) is an arbitrary function of the trace 
of the stress-energy tensor of matter. The 
gravitational field equation is immediately given 
by:  

− = 8 + 2 ′( ) + [2 ̅ ′( ) +
( )]            (5) 

where the prime denotes a derivative with 
respect to the argument.  

The simplest cosmological model can be 
obtained by choosing the function ( ), so that 

( ) = , where λ is a constant. 

3. The Model and Basic Framework  
The diagonal form of the metric of Bianchi 

type-V cosmological model is given by: 

= − − [ + ].  
(6) 

Here, = ( ), = ( ) and = ( ) are 
cosmic scale factors and  is an arbitrary 
constant. 

The spatial volume  and the average 
Hubble’s parameter  are defined as: 

= = ,            (7) 

3 =
̇
=

̇
+

̇
+

̇ ,           (8) 

where a dot denotes differentiation with respect 
to cosmic time t. 

The shear scalar  and anisotropy parameter 
 are defined as follows: 

=
̇

+
̇

+
̇

−           (9) 

= △          (10) 

where △ = − , ( = 1, 2, 3) and =
̇
, =

̇
 and =

̇
 are the directional Hubble 

parameters. 

For the metric (6), Eqs. (1), (4) and (5) in 
comoving coordinates lead to the following set 
of equations: 

̇ ̇
+

̇ ̇
+

̇ ̇
− = (8 + 3 ) − ̅      (11) 

̈
+

̈
+

̇ ̇
− = − (8 + 3 ) ̅            (12) 

̈
+

̈
+

̇ ̇
− = − (8 + 3 ) ̅        (13) 

̈
+

̈
+

̇ ̇
− = − (8 + 3 ) ̅        (14) 

 ̇
−

̇
−

̇
= 0.                       (15)  

After integrating Eq. (15) and absorbing 
integration constant into  or , we get: 

= .           (16) 

We have five highly non-linear differential 
equations with six unknowns; namely, 

, , , , ̅ , . Therefore, to find a consistent 
solution to these equations, subtracting Eq. (13) 
from Eq. (12), Eq. (14) from Eq. (13), Eq. (14) 
from Eq. (12) and integrating the resulting 
equations, we obtain the following three 
relations (Saha and Rikhvitsky [75,76]), 
respectively: 

= ∫          (17) 

= ∫           (18) 

= ∫           (19) 

where , , , , ,  are constants of 
integration. 

Using Eq. (7), we write the metric functions 
from (17)-(19) in explicit form as: 

= ∫          (20) 

= ∫           (21) 

= ∫          (22) 

where: 

= √ , = , =
( ) ,          (23) 

and 

= , = , = ( ).        (24) 
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The constants , ,  and , ,  satisfy 
the following two relations: 

+ + = 0;   = 1.       (25) 

Substituting Eq. (16) in Eqs. (20)-(22), we 
obtain: 

=            (26) 

= ∫ ,         (27) 

= − ∫           (28) 

where:  

= 1, = = , = 0, = − =  . 

4. Derivation and Analysis of 
Parameters 
Case (i): For = ℎ( ) 

For the explicit determination of the cosmic 
parameters, we need one more condition. 
Recently, Pacif and Mishra [77] as well as 
Esmaeili and Mishra [78] have obtained 
cosmological model in Bianchi types geometry 
with a specific variation of the Hubble parameter 
in general relativity, which is a good 
approximation concerning the current late-time 

acceleration of the universe. Following the same 
here, we consider that: 

= ℎ( ).           (29) 

With the form of H given by Eq. (29), we 
obtain the average scale factor as: 

= ℎ( ).           (30) 

Using Eqs. (26)-(28) with the help of (30), we 
obtain the metric functions as: 

= ℎ( ).           (31) 

=
ℎ( ) ( ℎ( ) ℎ( ) +

2 ) .         (32) 

=
ℎ( ) ( ℎ( ) ℎ( ) +

2 ) .         (33) 

= ( )( ) 6 (4 + ) ℎ ( ) −

2 ℎ ( ) − (2π + λ) 2sech (ηt) −

sech(ηt) +
η

η  − ( π λ)β
δ (η ) .       (34) 

 
FIG. 1. Energy density vs. time for = 0.5, = 2, = −6.5, = 1, = 2. 

 

The energy density in Fig. 1 lies in the 
positive domain. It has been observed that the 
energy density is high in the early time of the 
universe and then gradually decreases to null. It 
may be noted here that since ρ needs to be 
positive, the first term of (34) should dominate 
the second. Therefore, the behaviours of the 
parameters are constrained accordingly within 
the admissible limits.  

̅ = ( )( ) −6 (4 + ) ℎ ( ) −

2(8 + 3 ) ℎ ( ) − (2 +

) 2 ℎ ( ) − sech( ) +  +

( ) .          (35) 
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FIG. 2. Bulk viscous pressure ̅ vs. time for = 0.5, = 2, = −6.5, = 1, = 2. 

 
From Fig. 2, we observe that bulk viscous 

pressure ̅ lies in the negative range to suffice 
the acceleration of the universe. The bulk 
viscous pressure of the universe is an increasing 
function of cosmic time t, which begins from a 
negative value and tends to zero at a present 
epoch. The accelerated expansion of the 
universe, as per the recent cosmological 
observations, is due to dark energy which is 
nothing but negative pressure. Thus, the derived 

model is in good agreement with the 
observation. 

= ( )( )  ( )
6 (4 + )( +

1) ℎ ( ) +
2(8 + 3 − ) ℎ ( ) −

(1 − )(2 + ) 2 ℎ ( ) −

sech( ) +  − [( ) ]
( ) .   (36) 

 
FIG. 3. Bulk viscosity coefficient vs. time for = 0.5, = 2, = −6.5, = 1, = 2, = 0.1. 

 
The barotropic equation of state parameter is 

used to obtain the coefficient of bulk viscosity. It 
can be observed that the bulk viscosity is 
negative at higher redshift (early time) and 
positive at lower redshift (late time) in the 
present model with bulk viscosity shown in Fig. 
3. This means that the rate of entropy production 
is negative in the early epoch and positive in the 

later epoch. Thus, the model does not violate the 
law of entropy. It also shows the transition from 
negative to positive in due course of evolution, 
which indicates the earlier decelerating phase of 
the universe with positive pressure (suitable for 
structure formation) and present accelerating 
phase of the evolution with negative pressure. 
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5. Physical Properties of the Model 
The spatial volume ( ), the directional 

Hubble parameter ( ), the expansion scalar 
( ), the shear scalar ( ), the deceleration 
parameter ( ) and the anisotropy parameter 
( ) are, respectively, given by: 

= = ℎ ( ).         (37) 

=
̇
= ℎ( ).         (38) 

=
̇
= 2 ℎ ( ) − ℎ( ) +

 + tanh ( ).        (39) 

=
̇
= 2 ℎ ( ) − ℎ( ) +

 + tanh ( ) .              (40) 

= 3 ℎ( ).         (41) 

= 2 ℎ ( ) − ℎ( ) +  . 
           (42) 

= − ℎ ( ).          (43) 

= 4 + ( ) 2 ℎ ( ) −

ℎ( ) +  .        (44) 

The above results are useful to discuss the 
behavior of the model. 

 
FIG. 4. Spatial volume vs. time for = 1, = 0.5. 

  
FIG. 5. Hubble parameter vs. time for = 1, = 0.5.  
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FIG. 6. Expansion scalar vs. time for = 1, = 0.5. FIG. 7. Shear scalar vs. time for = 1, = 0.5, = 2. 

  
FIG. 8. Deceleration parameter vs. time for = 1,

= 0.5. 
FIG. 9. Anisotropic parameter vs. time for  = 1, =

0.5, = 2. 
 

We have the following observations: 

From Eq. (37), it can be observed that the 
volume scale factor is finite at the initial epoch 
and positive throughout the evolution. It 
increases gradually with the increase in time as 
shown in (Fig 4). The graphical representation of 
the Hubble parameter is shown in Fig. 5. The 
parameter is governed by the constant  and the 
cosmic time. Since we have already assumed a 
positive constant  to obtain a model that fits 
observationally, the parameter is now totally 
controlled by the cosmic time. Hubble parameter 
increases with the increase in time. Shear scalar 
decreases with the increase in time (Fig 7). Fig.6 
depicts that the expansion scalar increases with 
the increase in time.  

The deceleration parameter is found to be 
= − ℎ ( ). It indicates that the parameter 

always remains negative throughout the cosmic 
evolution for = 0.5. Since the scale factor is 
hyperbolic and can never be negative, this 
confirms that the deceleration parameter will 
always remain in the negative domain. It is also 
observed from Fig. 8 that the accelerated 
expansion occurs in a reasonable time period, 

which can be termed as the transition period. The 
mean anisotropic parameter decreases 
exponentially and approaches null with an 
increase in time (Fig. 9). 

6. Derivation and Analysis of 
Parameters 
Case (ii): For = ℎ( ) 

= ℎ( ).          (45) 

With the form of H given by Eq. (45), we 
obtain the average scale factor as: 

= ℎ( ).          (46) 

Using Eqs. (26)-(28) with the help of (30), we 
obtain the metric functions as: 

= ℎ( ).          (47) 

=
ℎ( ) ℎ( ) ℎ( ) +

ℎ( ) .         (48) 
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=
ℎ( ) ℎ( ) ℎ( ) +

ℎ( ) .         (49) 

= ( )( ) 6 (4 + ) ℎ ( ) +

2 ℎ ( ) −
(2π + λ) ℎ( ) ℎ ( ) +

ℎ ( ) − ℎ coth  −
( π λ)β

δ (η ) .          (50) 

 
FIG. 10. Energy density vs. time for = 0.5, = 2, = −6.5, = 1, = 2. 

 

The energy density in Fig. 10 lies in the 
positive domain. It has been observed that the 
energy density decreases with the increase in 
time, but it is infinite at the initial epoch. 

̅ = ( )( ) −6 (4 + ) ℎ ( ) +

2(8 + 3 ) ℎ ( ) − (2 +

) ℎ( ) ℎ ( ) + ℎ ( ) −

ℎ coth  + ( ) .  
(51) 

 
FIG. 11. Bulk viscous pressure ̅ vs. time for = 0.5, = 2, = −6.5, = 1, = 2. 
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From Fig. 11, we observe that bulk viscous 
pressure ̅ is increasing as a function of time. It 
begins from a large negative value and tends to 
zero at the present epoch. The present study 
demonstrates the expanding behaviour of the 
universe and on the other hand, negative 
pressure indicates the cosmic accelerated 
expansion of the universe. 

= ( )( ) ( ) × 

⎩
⎪
⎪
⎨

⎪
⎪
⎧ 6 (4 + )( + 1) ℎ ( )

+2(8 + 3 − ) ℎ ( ) − (1 − )(2 + )

ℎ( )
ℎ ( ) + ℎ ( )

− ℎ coth  

− [( ) ]
( ) ⎭

⎪
⎪
⎬

⎪
⎪
⎫

  

(52) 

 
FIG. 12. Bulk viscosity coefficient vs. time for = 0.5, = 2, = −6.5, = 1, = 2, = 0.1. 

 

Using the equation of state parameter, the 
bulk viscosity coefficient is shown in Fig. 12. 
Bulk viscosity coefficient is infinite at the initial 
epoch and has a transition from positive to 
negative. It also shows the transition from 
positive to negative in due course of evolution, 
which indicates the earlier accelerating phase of 
the universe with negative pressure (suitable for 
structure formation) and the present decelerating 
phase of the evolution with positive pressure. 

7. Physical Properties of the Model 
The spatial volume ( ), the directional 

Hubble parameter ( ), the expansion scalar 
( ), the shear scalar ( ), the deceleration 
parameter ( ) and the anisotropy parameter 
( ) are, respectively, given by: 

= = ℎ ( ).          (53) 

=
̇
= ℎ( ).          (54) 

=
̇
= ℎ( ) ℎ ( ) +

ℎ ( ) − ℎ coth  +
coth ( ).           (55) 

=
̇
= ℎ( ) ℎ ( ) +

ℎ ( ) − ℎ coth  +
coth ( ).          (56) 

= 3 ℎ( ).          (57) 

= ℎ( ) ℎ ( ) +

ℎ ( ) − ℎ coth . (58) 

= −1 + ℎ ( ).         (59) 

=
4 +

( ) ℎ( ) ℎ ( ) +

ℎ ( ) −  ℎ coth  . 
           (60) 
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FIG. 13. Spatial volume vs. time for = 1, = 0.5. FIG.14. Hubble parameter vs. time for = 1, = 0.5. 

  
FIG. 15. Expansion scalar vs. time for = 1, = 0.5. 

 
FIG. 16. Shear scalar vs. time for = 1, =

0.5,   = 2. 
 

  
FIG. 17. Deceleration parameter vs. time for = 1,  

 = 0.5. 
FIG. 18. Anisotropic parameter vs. time for = 1,

= 0.5, = 2. 
 

We have the following observations: 

Spatial volume is zero when t = 0 and it 
increases as time increases. This means that the 
expansion of the universe starts with finite 
volume and it is expanding as t increases (Fig. 
13). The average Hubble parameter (H), 
expansion scalar (θ) and shear scalar (σ) are 
functions of time t, have a singularity at t = 0 and 

tend to zero for large t. The expansion scalar and 
shear scalar diverge at an early stage of the 
universe and tend to zero for infinitely large 
values. It is observed that the universe initially 
evolves with an infinite expansion rate and 
shows a constant expansion at a later epoch. 
Also, H decreases as t increases (Fig. 14). The 
Hubble parameter H approaches zero for 
infinitely large time. Expansion scalar (θ) also 
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decreases as t increases (Fig. 15), but the 
positive values of Hubble parameter and 
expansion scalar throughout the evolution show 
that the universe is expanding gradually. Here, 
the anisotropy parameter is finite at initial time 
and is uniform throughout the evolution of the 
universe. 

8. Conclusion  
We have considered two different hyperbolic 

forms of Hubble parameter to construct some DE 
cosmological models of the universe in the 
framework of ( , ) gravity. The space-time 
considered is the spatially homogeneous 
anisotropic Bianchi V metric. With the help of 
the forms of Hubble parameter and Hubble 
expansion rate along different directions, the 
anisotropic behaviour of the dark energy-driven 
cosmological model has been simulated. For 
case I, energy density is finite, whereas in case 
II, energy density is infinite for = 0. In both 
cases, energy density is a decreasing function of 
time and lies in the positive domain. For the first 
case, the bulk viscous pressure of the universe is 
an increasing function of cosmic time t, which 
begins from a negative value and tends to zero at 
the present epoch, whereas in the second case, 
bulk viscous pressure ̅ is an increasing function 
of time. It begins from a large negative value and 
tends to zero at the present epoch. In both cases, 
the model provides an accelerating behaviour of 
the universe at late time of the evolution. More 

or less, the physical behaviour of both models 
appears to be the same at least at late times. In 
both cases, the model represents an expanding, 
shearing and accelerating universe. In both 
cases, the model has no initial singularity. Since 
the metric potential of the universe A(t) and B(t) 
are constant at  =  0, we observed that in both 
cases, the positive value of the Hubble parameter 
and the deceleration parameter q → −1 for 
infinite time throughout the evolution show that 
the universe is expanding and accelerating 
exponentially. In the first case, there is no initial 
singularity, whereas in the second case, we have 
infinite energy density, infinite internal pressure 
for initial time. This means that our universe has 
an initial singularity for case II. In the present 
work, we observed that different DE anisotropic 
models depend on Hubble parameter. It is 
concluded that the bulk viscous pressure 
anisotropy in DE fluid plays a very important 
and interesting role, so that bulk viscous pressure 
anisotropy needs to be investigated for further 
better understanding of the accelerated 
expansion of the universe. 
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ABSTRACT  

This research delves into the electrical properties of Polyvinyl Chloride (PVC) - Polymethyl Methacrylate (PMMA) 

Polyblend thin films with a 1:1 weight ratio, investigating the impact of varying salicylic acid (SA) dopant percentages 

(0%, 2%, 4%, 6%, 8%). Film fabrication employed the isothermal evaporation technique, and AC conductivity 

measurements were conducted across a frequency range of 25 Hz to 1 MHz at temperatures of 313 K, 323 K, 333 K, 

343 K, and 353 K. The primary focus of this study is on the variations in dielectric constant and AC conductivity 

concerning temperature, frequency, and dopant percentage. 

Keywords: PVC-PMMA; AC conductivity; Dielectric constant; frequency; salicylic acid 

INTRODUCTION 

Polyvinyl Chloride (PVC) and Polymethyl Methacrylate (PMMA) Polyblend thin films have emerged as a subject of 

considerable interest in materials science due to their versatile properties and potential applications in various fields. 

The combination of PVC and PMMA, two distinct polymers with contrasting characteristics, offers a unique platform 

for tailoring the properties of thin films to meet specific requirements. In the realm of polymer blending, the addition 

of dopants further expands the scope for manipulating the physical and electrical characteristics of these films.  This 

study focuses on PVC-PMMA Polyblend thin films, with particular emphasis on the incorporation of salicylic acid 

(SA) as a dopant. Salicylic acid is chosen for its potential influence on the electrical properties of the Polyblend, and 

its incorporation into the polymer matrix is facilitated through the use of Tetrahydrofuran (THF) as a solvent during 

the thin film preparation process. THF, a common and versatile solvent, plays a crucial role in ensuring the uniform 

dispersion of the polymers and dopant, leading to well-defined thin films with controlled morphologies.  The 

fabrication of these thin films using the isothermal evaporation technique allows for precise control over the film 

composition, enabling a systematic exploration of the effects of varying SA dopant concentrations. The electrical 

properties, particularly the AC conductivity and dielectric constant, are investigated across a range of temperatures 

and frequencies. Understanding the interplay between temperature, frequency, and dopant concentration is essential 

for optimizing the performance of these polyblend thin films for potential applications in electronic devices, sensors, 

and other advanced technologies. 

 
1 How to cite the article: 
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Polymer blends and composite materials are widely used in various industrial applications due to their unique 

properties. Polyvinyl Chloride (PVC) and Polymethyl Methacrylate (PMMA) are two common polymers known for 

their versatility and widespread applications. In this study, we investigate the effect of salicylic acid (SA) as a dopant 

on the structural and chemical properties of PVC-PMMA thin films. SA is a compound with a phenolic structure, and 

its introduction into the polymer matrix may lead to changes in film properties, making it an interesting area of study.  

EXPERIMENTAL 

Thin films of PVC-PMMA with different dopant concentrations were prepared using the isothermal evaporation 

technique. Preparation of a Polyblend thin film of PVC-PMMA in 1:1 weight proportional, the dopant and the polymer 

mixture were dissolved in a solvent  (THF)  were mixed in solution form .for a complete Homogeneous solution was 

kept for two or three days. after two or three days solution are in a homogeneous form then the solution mixture was 

poured onto a perfectly planed glass plate floating freely in a pool of mercury for perfect levelling .it was thereafter 

allowed to evaporate at room temperature further, and it was dried for 2 days to remove any traces of solvent. the dry 

film removes from the glass plate and cuts into pieces of desired size then measure the thickness of the thin film by 

DIGMATIC micrometer, which was then coated on two sides with silver paint then by using the multimeter check 

whether the two electrodes working or not .then investigate the conductivity .Two sets of films were fabricated: one 

without salicylic acid (0% dopant) and the other with 2%,4%,6%, 8% salicylic acid as the dopant. AC conductivity 

measurements were performed using an LCR meter, covering a frequency range of 20 Hz to 1 MHz. The 

measurements were carried out at five different temperatures 313 K, 323 K, 333 K, 343 K, and 353 K.  

GRAPH RELATED FOR DIELECTRIC CONSTANT AND AC CONDUCTIVITY 

 

    

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

0 2 4 6 8 10 12 14 16

e r

Ln f

303 K 313 K 323 K

333 K 343 K 353 K

1

1.5

2

2.5

3

3.5

0 2 4 6 8 10 12 14 16

e r

Ln f

303 K 313 K 323 K

333 K 343 K 353 K

(a) PVC-PMMA SA(0) (b) PVC-PMMA SA(2) 

http://www.ijps.in/


International Journal of Professional Studies                                  http://www.ijps.in 

 

(IJPS) 2023, Vol. No. 16, Jul-Dec                                          e-ISSN: 2455-6270 p-ISSN: 2455-7455 

 

42 

 

INTERNATIONAL JOURNAL OF PROFESSIONAL STUDIES 

    

 

Figure 1.1 (a-e): Variation of er with Ln f at different temperatures for  1:1 PVC-PMMA doped with different 

wt% of SA 
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Figure 1.2 (a-e): Variation of Ln s with Ln f at different temperatures for  1:1 PVC-PMMA doped with 

different wt% of SA 

RESULTS AND DISCUSSION 

In this section, we examine the behavior of PVC-PMMA thin films with and without a dopant (Salicylic Acid) with 

respect to alternating current (AC) conductivity and dielectric constant. We observe how these properties are 

influenced by frequency, temperature and dopant. 

At constant temperature, Dielectric Constant decreases the increase of frequency 

At constant temperature, Dielectric constant increases with the percentage of dopant and then decreases 

At constant temperature, AC conductivity (sac) increases with increase in frequency 

At constant frequency, AC Conductivity (sac) very marginally increases with the increase of temperature 

At constant frequency, AC conductivity (sac) gradually decreases with the increase in the dopant percentage 

In our study, we observed a decrease in the dielectric constant of our samples as the frequency increased Fig 1.1(a-e) 

this can be explained by considering the polarization and polarizability of the dielectric samples. In practical scenarios, 

a dielectric faces an alternating current (AC) field, changing its direction over time. The ability of dipoles to align 

with the field during each alternation affects the total polarization. The relative permittivity, measuring polarization, 

behaves differently at various frequencies. When a dielectric is placed in an electric field between capacitor plates, 

polarization occurs. This polarization aligns polar species with the applied field and alters the distribution of electric 

charges in the dielectric. Under a static or low-frequency AC field, the net polarization involves electronic, atomic, 

and orientation polarization. However, at higher frequencies, the orientation polarization struggles to keep up with 

field variations, causing a decrease in dielectric constant. 

Effect of Frequency on AC Conductivity We observed an increase in AC conductivity (σac) with higher frequencies 

at various constant temperatures in Fig 1.2(a-e).  Let's break down why this happens: Imagine you have a capacitor 

with a dielectric material. When this capacitor is charged under an alternating current (AC) voltage or electric field 

described by E = E  cos ωt, certain phenomena come into play. These include ohmic resistance, impedance, heat 

absorption, and the Debye relaxation process, all contributing to the frictional resistance within the system. In simpler 

terms, as the AC voltage is applied, a loss current occurs due to these factors. This loss current is essentially the 

movement of charge carriers experiencing resistance and undergoing processes like Debye relaxation, resulting in a 

-30

-26

-22

-18

-14

-10

-6

0 2 4 6 8 10 12 14 16
L

n
 s

Ln f

303 K 313 K 323 K

333 K 343 K 353 K

(e) PVC-PMMA SA(8) 

http://www.ijps.in/


International Journal of Professional Studies                                  http://www.ijps.in 

 

(IJPS) 2023, Vol. No. 16, Jul-Dec                                          e-ISSN: 2455-6270 p-ISSN: 2455-7455 

 

45 

 

INTERNATIONAL JOURNAL OF PROFESSIONAL STUDIES 

conversion of electrical energy into heat. In summary, the increase in AC conductivity with frequency is a consequence 

of the capacitor's response to the changing electric field, leading to higher loss currents and enhanced conductivity. 

Effect of Dopant (SA) on Dielectric Constant The dielectric constant of samples gets increased with increase in dopant 

percentage. If we again increase dopant percentage then dielectric constant decreases. Effect of Dopant (SA) on AC 

Conductivity AC conductivity gets decreased with increase in dopant percentage. As the salicylic acid is least 

interested in making any kind of association with PVC-PMMA blend, its presence becomes unnecessary. This stranger 

particle may exert its overshadowing impact on the functional sites of the poly-blends. This may be the reason for 

decrease in conductivity with increase in dopant percentage. 

CONCLUSION 

The observed trends highlight the complex interplay of frequency, temperature, and dopant concentration on the 

electrical properties of PVC-PMMA thin films. These findings contribute valuable insights for applications involving 

dielectric materials, providing a foundation for further exploration and optimization of these materials in various 

technological contexts. Understanding these behaviors is crucial for the development of advanced electronic devices 

and materials with tailored electrical characteristics. 
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ABSTRACT 

Titanium dioxide and AlCl2 was mixed in different stoichiometry in mol wt. % for the study. By using the screen printing 

technique, the thick films of humidity sensors are prepared. All of the humidity sensor devices are tested and finally concluded that 

the sample T-1 at constant temperature 400C to 700C exhibited high sensitivity and fast response time to humidity sensing at room 

temperature. In the case of conductivity, curves are frequently crowded and mixed together. The conductivity of Sample films linearly 

responds to Relative Humidity. The resistance of thick films decreases by increasing the humidity of sensors at room temperatures 

due to surface oxygen vacancies of TiO2 acting as electron donors. 

Keywords: Thick films; TiO2-AlCl2; Sensitivity; Humidity sensors 

 

 

INTRODUCTION 

These humidity chambers are designed to maintain temperature and relative humidity at set points controllable by 

the operator at the front panel.[1-4] Air is constantly being circulated through the chamber, scheduled for comparison 

to set points. Heat is produced by electric resistance heaters that turn off and on for temperature control. On units with 

cooling there is a refrigeration unit continuously on. Chamber humidification is reached by means of a low-pressure 

vapor generator injecting water vapor into the chamber through a small orifice. The water vapor is reached into the 

chamber at the blower discharge. Chambers were programmable, and networked or Web- enabled test chambers are 

also available. In the present study is to synthesize and structural characterization of TiO2 nanoparticles by using liquid 

phase method with effectively more surface area in short reaction time at room temperature and this method is the 

simplest, cost effective, eco-friendly method. It is also probed for its effect on nanocrystalline size structure via XRD 

studies of TiO2 nanoparticles.[5-9] 

EXPERIMENTAL METHOS: 

All the chemicals used in this present work were of GR grade purchased from Sd-fine chemicals, India having purity 

99.99%.TiO2 nanoparticles are synthesised by sol-gel method. The synthesis of TiO2 nanoparticles is divided into 

various steps, such as mixing, stirring, filtering, drying and calcination. Finally by the calcinating the powder at 400 °C 

for 3 hours, the TiO2 is obtained in the nanoparticles form. 

Screen printing is a technique in which a mesh is used to transfer ink onto a substrate, except in areas made 

impermeable to the ink by a blocking stencil. A material or gel which is formed is moved across the screen to fill the 

open mesh apertures with ink, and vice versa then causes the screen to touch the substrate momentarily along a line of 

contact. This causes the material to wet the substrate and be pulled out of the mesh apertures as the screen springs back 

after the blade has passed. In the similar way, instead of ink we use paste of nanomaterial and glass slides as substrate. 

 
1 How to cite the article: Butley R.B., Joat R.V., Lamdhade G.T., Raulkar K.B., Chauhan A.O., Nanocrystalline Titanium Dioxide Dipped with 

AlCl2 as a Humidity Sensors, IJRST, Jan-Mar 2023, Vol 13, Issue 1, 23-31, DOI: http://doi.org/10.37648/ijrst.v13i01.004 
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So, we have use here mesh which has permeable stencil area smaller in area than glass slide which we are used. Firstly 

we take nanomaterial (90%) and in order to make its paste mix with solid binder (10%) known as Ethyl cellulose. When 

we make a well grind mixture of nanomaterial and solid binder then we add drop by drop liquid binder. We should 

careful about that liquid binder is added in appropriate quantity. So the perfect thick paste of nanomaterial is prepared. 

Then we follow the procedure that with the help of squeegee spread paste of permeable mesh for well layered 

nanomaterial on substrate (Glass slides). As these Titanium dioxide Nanoparticle thick films are prepared, firstly we 

allow them to dry in the atmosphere. Then they are subjected to the vacuum oven at 80°C for 1 hour. Then we put these 

thick films at Muffle furnace at 250°C for 3 hours. Now these Thick films are dip in Aluminium Chloride with different 

dipping time [10-12].  

The main compound of aluminium chloride (AlCl2) is aluminium and chlorine. The compound is regularly cited as 

a Lewis acid. In the dipping method, we have used Aluminium chloride for the dipping method. As we prepared solution 

of AlCl2 then we dipped the thick film of Titanium dioxide for different time parameters. We take 1, 2, 3 minutes 

dipping and after firing these slides for 1 hour at 250°C finally the three thick films slides for different dipping time is 

prepared and one thick film taken for pure.  

Humidity is a quantity representing the amount of water vapour in the atmosphere or in a gas. The level of comfort 

is determined by a combination of two factors namely relative humidity and ambient temperature. Humidity 

measurement is an important factor for operating certain equipment. A rule of thumb is to assure a relative humidity 

near 50% RH at normal room temperature (20–25oC). This may vary from a low as 40% RH for the clean rooms to 

60% RH in hospital operating rooms.  By the use of hygrometers humidity can be measured. The first hygrometer was 

invented by Sir John Leslie. Humidity measurement is an important quantity for predicting the climate outdoors as well 

as controlling the climate indoors. [13-18] 

RESULTS AND DISCUSSION: 

Hysteresis:  

The phenomenon in which the value of a physical property lags behind changes in effect causing is known as 

Hysteresis. In our present work, humidity sensing with TiO2 nonmaterial thick films shows the hysteresis plot of sample 

T-1, T-2,T-3,T-0 at constant temperature 40oC. Hysteresis plot shows variation between resistance of sample with 

respect to relative humidity in increasing and decreasing order of 40 to 80 % RH and 80 to 40 %RH in steps of 5 % 

RH. The resistance measurement was done with Keithley 2400 source meter at different constant temperature 40oC to 

700C in steps of 100C.  
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Figure 1.1 T-1 Metal oxide Thick Film (1-minute) hysteresis plot 

Similarly, we can plot the graphs for remaining samples. In present work it is observed that from hysteresis plot 

series of a sample which is TiO2 nanomaterial film T-1,T-2,T-3 dipped in Aluminium Chloride for different dipping 

time i.e. for 1,2 and 3 minutes respectively and hysteresis plot of pure sample of TiO2 nanoparticle film at respective 

constant temperature. From hysteresis plot, it is clearly seen that there is very small hysteresis is present during forward 

(increasing) and reverse (decreasing) cycle of RH. It is observed that there is very significant average change was 

observed in value of resistance of sample in the range of 1010 to 108Ω.m . From 40 to 80 % RH except in the sample T-

1 (1 minutes) change in the value of resistance from 109 to 107Ω.m.There is a noticeable change in the value of resistance 

of sample T-1 at constant temperature 40oC to 70oC. 
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Table 1.1 Sample Codes 

Sr. No. Sample  Thickness 

x10-6 m 

Material 

1.  T-0 24 Pure TiO2 

2.  T-1 18 TiO2 +Dipped with AlCl2 for 1 minutes dipping and after firing these 

slides for 1 hour at 250°C. 

3.  T-2 19 TiO2 +Dipped with AlCl2 for 2 minutes dipping and after firing these 

slides for 1 hour at 250°C. 

4.  T-3 20 TiO2 +Dipped with AlCl2 for 3 minutes dipping and after firing these 

slides for 1 hour at 250°C. 

The hysteresis was observed because of the process of adsorption and de-adsorption are not so faster at particular 

humidity. As the adsorption would not be efficient which causes small change in the value of resistance, the 

physiobsorbed water molecules is converted into chemisorbed by donating the surface electron at the constant 

temperature and for de-adsorption it requires large activation energy. As we observed that on the other hand sample 

shows the comparable decrease in resistance with increase in % RH which indicates that conduction occurs grain surface 

by release of electron from water molecule. Hence, the sample as shows the noticeable change in resistance between 

the values in between humidity range 40 -80 % RH. [19-20] 

DC Conductivity  

 

Fig. 1.2.a. 

 

Fig. 1.2.b. 
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Fig. 1.2.c. Fig. 1.2.d. 

 

Fig. 1.2.e. 

 

Fig. 1.2.f. 

 

Fig. 1.2.g. 

 

Fig. 1.2.h. 

Fig. 1.2  Variation (a-d) Ln𝝈 Vs RH at different constant temperature (400C to 800C) 

The variation of Ln with increasing and decreasing (40 to 80 % RH and 80 to 40 % RH) of the series sample. 

Respectively at constant temperature 40oC to 70oC. It is observed that the conductivity increases partially linearly with 

relative humidity from 40 to 80 % RH and vice-versa. When the temperature of sample T-1 increases, the conductivity 

also increases. In all the series of sample, the conductivity found to be lowest at temperature 40oC, while it is highest at 

high temperatures.[21-22] 
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XRD OF TITANIUM DIOXIDE  

 

Fig. 1.3 XRD pattern of Periclase Titanium dioxide (TiO2) 

The XRD pattern of Periclase Titanium dioxide (TiO2) nanostructure synthesized by liquid phase via co-

precipitation method calcinated at 300oC. It is clearly observed that the highest intensity peak is obtained at (200) crystal 

planes and other peaks lying at (101), (004), (200), (105) and (211) of TiO2.The (200) is observed as intense and sharp 

peak. Periclase phase in diffraction pattern exactly matches with JCPDS card no. 21-1272. All the peaks are perfectly 

match with Pericles TiO2 nanostructure, which indicates that Periclase TiO2 nanoparticles obtained. The average 

crystalline size was found to be 39.69 nm calculated by using Debye-Scherer formula. Debye Scherer formula as 

follows,  

D = Kλ /𝛽. 𝐶𝑜𝑠𝜃 

Where, D is crystalline size, λ is wavelength of X-ray, βis Full Width Half Maxima, θ is Diffraction angle, K is 

constant closed to unity.[23] 

SEM PICTURES:  

 

SEM pictures of TiO2 at 2000 magnification 
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The FE-SEM morphology of nanocomposites shows the particles are nanoporous, small size, like spherical shape. 

One can see that nanocrystalline and porous TiO2, is formed on the surface. The Prepared sample shows agglomerated 

in nature. Grains exhibit a variety of sizes and forms, as well as a nanometer-scale order and a nanoporous structure. 

Because of the nano capillary pore and the structure's huge surface area, the adsorption and condensation of water 

molecules are anticipated to be made easier. Due to this porosity, humidity can be responded to and recovered from 

effectively. 

CONCLUSIONS 

The study of humidity sensors has led to novel sensing mechanism that can exploited in a different condition. It is 

observed that there is very significant average change was observed in value of resistance of the sample in the range of 

1010 to 108 ohm. There is noticeable change in the value of resistance of sample T-1 at constant temperature 40oC to 

70oC. In the case of conductivity, curves are frequently crowded and mixed together. Conductivity of Sample films 

linearly responds to Relative Humidity. The Sample films shows the appreciable results regarded with Humidity 

Sensing. All the peaks are perfectly match with Periclase TiO2 nanostructure, which indicates that Periclase TiO2 

nanoparticles obtained. No other peaks were detected in spectrum within detection limit of XRD instrument, indicating 

the pure periclase TiO2 Nanomaterial is synthesized [19-25]. 
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ABSTRACT 

The main objective of this work is to illustrate miscibility, when formation of poly blends occurred in different solvents. Isothermal 

evaporation method was used to achieve poly blends of poly styrene and poly vinyl acetate (PS: PVAc).The FTIR spectroscopy 

results revel that there are miscibility exists. For these blends with different solvents, electrical conductivity and dielectric constant 

were measured at different temperatures (313K, 323K, 333K and 343K) and at the different frequencies (1 KHz to 10MHz) using 

4284 LCR meter. It is found that ac conductivity of polyblends thin film varies with temperature for all values of frequencies and it 

varies with increase in frequencies at constant temperature. The dielectric constant also varies with the increasing of the temperature 

of polyblends. 

Keywords: Solvents; Polystyrene (PS); Polyvinyl acetate (PVAc); Miscibility; AC Conductivity; Dielectric Constants. 

 

INTRODUCTION 

Polymers and their blends are significant materials, growing with a lot of potential applications in various areas. In 

recent era, the scientists have focused toward the synthesis and development of new efficient polyblends materials 

derived monomer polymers like Poly-vinyl acetate (PVAc), Polystyrene (PS), Polymethyl methacrylate (PMMA) etc. 

So many methods were developing to synthesis polyblends. One most used method is isothermal evaporation method 

because its ease and low costing. In this method different solvents were used such as Acetone, Methyl-ethyl ketone 

(MEK), Tetra hydro furan (THF), Toluene and pure distilled Water etc [1-5] to dissolve polymeric materials to form 

homogenous solution. During this procedure, several improvements in physical and chemical properties like dielectric 

properties, mechanical and thermal durability and process ability rather than development of new polymers are also 

observed. 

EXPERIMENTAL 

Poly-styrene (PS) and Poly-vinyl acetate (PVAc) were supplied by Sigma –Aldrich, Co., 3050 spruce street, St. 

Louis. MO 63103 USA 314-771-5765. Methyl-ethyl ketone (MEK), Tetra hydro furan (THF) and Toluene used as 

organic media, (E-Merck India Ltd., Mumbai) are being used as a solvent for poly-blending process. All chemicals 

 
1 How to cite the article: Pande H.G., Lamdhade G.T., To Study the Effect of Solvent on AC Conductivity and Dielectric Constant on Blend 

Formation of Poly (Styrene): Poly (Vinyl Acetate), IJRST, Jan-Mar 2023, Vol 13, Issue 1, 40-47, DOI: http://doi.org/10.37648/ijrst.v13i01.006 
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were of analytical grade used. In the present work, thin films were prepared by Isothermal Evaporation Technique (IET) 

[3, 6]. 

Preparation of Polyblends 

Polystyrene and Poly-vinyl acetate were dissolved in Methyl-ethyl ketone, Tetra hydro furan and Toluene in three 

different beakers. Stirring was continued for one hour before deposition of film. Total concentration of the polymeric 

mixture in solvent was kept 5%. So, films of polymer blends were prepared by IET [2-3, 5-6]. 

Measurements 

FTIR measurements were carried out using the single beam FTIR [Agilent Technologies, Singapore]. The FTIR 

spectra of all samples are in the range of 700-3800 cm-1. The ac frequencies were applied (in the range 1 KHz –10 MHz) 

across the sample by using the 4284 A precision LCR meter [Agilent Technologies, Singapore].  

RESULTS AND DISCUSSION 

FTIR Spectroscopic Analysis 

Fourier transform infrared (FTIR) spectroscopy is one of the widely used optical methods to study the interaction 

of electromagnetic radiation in the infrared region with chemical compounds.  

 

Fig.1 (a): FTIR PS (10) + PVAc (90) (MEK) 
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Fig.1 (b): FTIR PS (10) +PVAc (90) (THF) 

 

Fig.1 (b): FTIR PS (10) +PVAc (90) (Toluene) 

Figure 1(a), (b) and (c) depicts the FTIR spectra of PS: PVAc blend dissolved in MEK, THF and Toluene 

respectively in the wave number range 700 – 3800 cm-1. From figures it is observed that the vibrational bands at (2924 

and 2856), (3064 and 2920) and (2915 and 2852) cm-1 are ascribed to O–CH3 (ester group) asymmetric stretching and 

symmetric stretching vibrations, respectively. The intense band at around (1729.40, 1727.65, 1728.50) cm-1 represents 

the C=O stretching band of an un-conjugated ester. At (1369.75, 1369.14, 1368.92) cm-1, a prominent band is evident, 

here the CH3 (C=O) group strongly absorbs acetate esters. The strong band at (1223.67, 1221.34, 1220.31) cm-1and the 

band at (1116.63, 1109.94, 1106.34) cm-1are ascribed to C–O–C symmetric stretching and C–O stretching vibrations, 

respectively. Also the peak at (944, 942, 941) cm-1is ascribed to CH bending vibrations. This all show the evidences for 

PVAc [1]. However, each repeat unit in PS contains a pendant benzene ring. Mainly PS characterizing bands are 

observed. The methylene (CH2) asymmetric stretching bands are observed at 3023.16 cm-1. There is a C=O stretching 
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at 1729.40 cm-1. The out-of-plane C–H bending mode of the aromatic ring is shown at 944.57 cm-1and the ring-bending 

vibrational band appears at 693 cm-1[7-9]. 

From FTIR spectrum of PS: PVAc polyblends it is also observed that spectrum that C=O stretching at 1727 cm-1 

and C-C stretching in aromatic ring found at 1433 cm-1 and typical C–H bend being usually present as band at 1369 cm-

1. Some bands are disappeared in the blends and the intensity of some bands was changed. All results data suggest that 

homogeneous polymer composites are formed over all the blend compositions. 

Further the FTIR spectrum recorded on PS: PVAc blend did not indicate the existence of any interaction between 

the components. There is no change in the position of either peak of aromatic ring of PVAc or the ether lone pair peak 

of PS, which means that neither ether linkage is interacting nor the aromatic ring is affected by blending these two 

polymers. Furthermore it is to be pointed here that the Sun’s formula seems to be well applicable in describing the 

miscibility of PS: PVAc blend system [10].  

AC Electrical Conductivity and Dielectric Constant Studies 

Figure 2 (a) shows the relation between frequency and ac conductivity for (PS: PVAc) blends in MEK, Toluene 

and THF at constant temperature 313K, 323K, 333K and 343K. Plot shows rise in conductivity with increasing 

frequencies from 1 KHz to 10 MHz. The rise of conductivity on increasing the frequency and temperature is a common 

respond for polymeric thin films samples. It is due to the tremendous increase of the mobility of charge carriers in the 

blend films i.e. at higher frequencies blends of molecules starts vibrating with large amplitude within the polymeric 

chains hence the effect of increase in conductivity of blends [8,11]. 

It also shows that conductivity shifted above the frequency axis for blend dissolve in Toluene, THF and MEK 

solvent respectively. Further table 1 illustrates that Frequency their corresponding ac conductivities values for PS (10): 

PVAc (90). From table it’s clear that PS: PVAc (THF as Solvent) shows maximum ac conductivity among other solvent 

samples. In observed that in same poly-blend film σac increases with frequency which is the common characteristic of 

disordered materials. Hence an increase in frequency leads to increase in ac conductivity [12]. Furthermore, almost all 

the prepared PS: PVAc films show similar behaviour up to 10 MHz, which is typical for hopping conduction.  
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Fig. 2 (a): Variation between frequency and a.c. conductivity for blend in different solvent at constant 

temperatures. 

Table 1: Frequency their corresponding a.c. conductivities values for PS (10): PVAc (90) 

Constant 

Temperature 

Values Solvent 

Toluene THF MEK 

 

313K 

 

Frequency 1kHz 10MHz 1kHz 10MHz 1kHz 10MHz 

A.C. Conductivity 

ln[S/m] 

1.6639 4.8380 1.09 8.88 0.5264 0.1263 

 

323K 

 

Frequency 1kHz 10MHz 1kHz 10MHz 1kHz 10MHz 

A.C. Conductivity 

ln[S/m] 

0.2221 7.6013 1.34 5.91 0.5314 0.1037 

 

333K 

 

Frequency 1kHz 10MHz 1kHz 10MHz 1kHz 10MHz 

A.C. Conductivity 

ln[S/m] 

0.2501 7.9442 1.09 8.88 0.5355 0.1072 

 

343K 

 

Frequency 1kHz 10MHz 1kHz 10MHz 1kHz 10MHz 

A.C. Conductivity 

ln[S/m] 

1.3705 8.5226 1.18 5.50 0.6217 0.1771 

 

Figure 2 (b) shows the relation between frequency and dielectric constant for (PS:PVAc) blends in different solvent 

i.e. Toluene, THF and MEK at constant temperatures 313K, 323K, 333K and 343K. Plot shows rise in dielectric constant 

with increasing frequencies from 1 KHz to 15MHz. The rise of dielectric constant upon increasing the frequency and 

temperature is a common respond for all blends samples [11, 13-14]. Table 2 illustrates that Frequency their 

corresponding dielectric constant values for PS (10): PVAc (90). From table it’s observed that PS: PVAc (THF as 
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Solvent) shows maximum dielectric constant among other solvent samples. For the future research scope THF dissolve 

polyblends samples will used. 

    

    

Fig. 2 (b): Variation between frequency and dielectric constant for blends in different solvent at constant 

temperatures. 

Table 2: Frequency their corresponding dielectric constant for PS (10): PVAc (90) 

Constant 

Temperature 

Values Solvent 

Toluene THF MEK 

 

313K 

 

Frequency 1 kHz 10MHz 1 kHz 10MHz 1kHz 10 MHz 

Dielectric Constant  1.6639 4.8380 1.09 8.88 0.5264 0.1263 

 

323K 

 

Frequency 1 kHz 10MHz 1 kHz 10MHz 1kHz 10 MHz 

Dielectric Constant 0.2221 7.6013 1.34 5.91 0.5314 0.1037 

 

333K 

 

Frequency 1 kHz 10MHz 1 kHz 10MHz 1kHz 10 MHz 

Dielectric Constant 0.2501 7.9442 1.09 8.88 0.5355 0.1072 

 

343K 

 

Frequency 1 kHz 10MHz 1 kHz 10MHz 1kHz 10 MHz 

Dielectric Constant 1.3705 8.5226 1.18 5.50 0.6217 0.1771 
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CONCLUSIONS 

FTIR results concludes that miscibility of PS (10): PVAc (90) polymer blends were maximum in Toluene, moderate 

in THF and minimum in MEK solvents. Hence all samples show the miscibility existence. 

The ac electrical conductivity and dielectric constants have been measured for (PS:PVAc) blends in different solvent 

i.e. MEK, THF and Toluene at constant temperature 313K, 323K, 333K  at the different frequencies. It is found that ac 

conductivity of blends thin film increases with increase in frequencies at constant temperature and also the dielectric 

constant increases with the increasing frequencies of blends. Further graphs revels that Toluene dissolve blend shows 

maximum ac conductivity at different constant temperature, THF dissolve blend shows moderate ac conductivity range 

while MEK dissolve blend shows minimum ac conductivity. Furthermore in case of dielectric constant similar 

consequence follows all blend samples.  
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ABSTRACT  

Current versus voltage characteristics (I-V) of nanocrystalline Titanium oxide (TiO2) has been investigated at various temperatures 

(from 50oC to 350oC) in air, measured by using a data acquisition system consisting of Keithley 6487 voltage source cum picoammeter. 

The nanocrystalline powder of TiO2was prepared by the liquid phase method and samples were prepared via spray pyrolysis technique 

in the form of thin films on an optically plane and clean glass surface. X-ray diffraction studies showed a , mostly as rutile and anatase 

phases which both of them have the tetragonal structures of TiO2. Surface morphological studies were performed with scanning electron 

microscopy. The nanocrystalline Titanium oxide exhibited nonlinear I-V characteristics of the negative resistance type with thermal 

stability.   

Keywords: Nanocrystalline Titanium oxide; XRD; FE-SEM; I-V characteristics; thermal stability   

 

INTRODUCTION 

Titanium dioxide is a cheap, chemically stable, and non-toxic material. However, its electrical properties are unstable and 

it is a modest semiconductor and a mediocre insulator. For several applications, it would be interesting to make it either 

more insulating or more conducting. Titanium dioxide (TiO2) is a material used in a wide range of common and high-

tech applications. It is cheap, chemically stable, non-toxic, and last but not least bio-compatible. Titanium is successfully 

used as an implant material for dental, orthopedic and osteosynthesis applications, and its native oxide is mostly 

constituted of titanium dioxide [1]. TiO2 powder is used as a white pigment in paint [2], replacing lead oxide which is 

toxic, and in toothpaste. Transparent single crystals or thin films have a high refractive index that makes TiO2 suitable for 

optical applications [3-5].  Thus, research in many different fields is devoted to titanium dioxide under various forms such 

as single crystals, ceramics, and thin films. The goal of this work was to study the I-V characteristics, and structural, 

morphological properties of nano-crystalline TiO2 thin films deposited by the spray pyrolysis technique. 

EXPERIMENTAL 

The methods of synthesis of nanoparticles can be broadly classified into three categories namely, liquid-phase synthesis, 

gas-phase synthesis, and vapor-phase synthesis. In the present work of the thesis, we have used the sol-gel method (which 

is under liquid phase synthesis) for the synthesis of pristine nanoparticles of TiO2 [6-8]. 

Synthesis of TiO2   

Titanium tetra iso propoxide [Ti(OCH(CH3)2)]4 , iso-propanol [(CH3)2CHOH] and nitric acid [HNO3] were used as 

received without any further purification. A 20 ml of solution of Titanium tetra isopropoxide was added drop by drop into 

the 22 ml of a solution containing 10 ml of iso-propanol and 12 ml deionised water under constant stirring at 80ºC into 

the round bottom beaker. After 1 hour, concentrated HNO3 (.8 ml) mixed with deionised water was added into the TTIP 

 
1 How to cite the article: Balkhande V.M., Lamdhade G.T., Nonlinear I-V Characteristics and Thermal Stability of Nanocrystalline Titanium Oxide, 

IJRST, Oct-Dec 2022, Vol 12, Issue 4, 25-30, DOI: http://doi.org/10.37648/ijrst.v12i04.005 
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solution and keep it under constant stirring at 60 ºC for 6 hours highly viscous sol-gel was obtained. The prepared sol-gel 

was heated at 300 ºC for 2 hours in the open atmosphere. After annealing, the TiO2 nanocrystalline 2 g powder was 

obtained. In further preparation of TiO2 film, the prepared powder was added in the ratio of 1:10 to the solution of 

isopropanol. The obtained powder is kept in a vacuum oven at 70 ºC for 24 hours so as to get completely dried powder.  

Preparation of Samples 

After the synthesis, obtained fine nanopowder of  TiO2  was calcinated at  800 oC up to 5 hours in the auto-controlled 

muffle furnace, so that the impurities from product will be completely removed. The obtained product of fine nanopowder 

is further used for the preparations of samples. The obtained product of fine nanopowder of TiO2  used for the fabrication 

samples was prepared via spray pyrolysis technique  using Thin-film equipment: (Holmarc USA Make) in the form of 

thin films on an optically plane and clean glass surface [9-10]. 

Data Acquisition System 

The data acquisition system consists of a Keithley 6487 source meter, GPIB cable, temperature controller, and computer 

as shown in fig. 1.1. 

The picoammeter is controlled by the installation of GPIB (General Purpose Interface Bus) card. This GPIB card has an 

IEEE-488.2 bus, which is common to the testing meter. Communication with the temperature controller is done using Rs-

232 port. 

 

 

 

 

 

                          

 

 

 

 

 

Fig.1.1 Flow Chart of Data Acquisition System 

     

The language used for controlling the source meter and temperature controller is lab view graphical programming 

language, which can provide a friendly user interface. To study the VI characteristics of the sample element, special 

software was designed. 

RESULTS AND DISCUSSION 

X-Ray Diffraction : Nanocrystalline TiO2 

Titanium dioxide or Titania (TiO2) is widely nominated for three main phases of rutile, anatase and brookite . Among 

them, the TiO2 exists mostly as rutile and anatase phases which both of them have the tetragonal structures. However, 

rutile is a high-temperature stable phase and anatase is formed at a lower temperature . 

Figure 1.2 shows the XRD pattern of pure Titanium Dioxide (TiO2) which is calcinated at temperature 800oC, which 

shows crystalline annealed with 2θ peaks lying at planes (1 0 1), (1 0 3), (0 0 4),  (1 1 2),  (2 0 0),  (1 0 5),  (2 1 1), (2 1 

3),  (2 0 4),  (1 1 6),   (2 2 0),   (1 0 7),   (2 1 5),  (3 0 1),   (0 0 8),   (3 0 3),   (2 2 4) and   (3 1 2) respectively . The sharp 

diffraction peaks were clearly seen and they perfectly match with crystal structure of TiO2 therefore, we get perfectly 

crystallinity of TiO2 particles in Anatase phase. The calculated crystallographic parameters are   a = 3.7300 (Å),  b  = 

3.7300 (Å) and c = 9.3700 (Å) [Crystal system: Tetragonal ; Space group: I41/amd ; Space group number: 141,   Reference 

Code: 01-075-1537] .  All the peaks match well with the standard tetragonal type structures of  titanium dioxide (TiO2) 

in the Anatase phase and well agree with the JCPDS card No. 21-1272 . The average crystalline size was calculated by 

using the Scherrer formula found to 82.75 nm. The stick pattern of crystalline TiO2 is as shown in fig. 1.2. It was found 
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that the thick films consisted only of the tetragonal structure TiO2 with no structural change and they were well crystallized 

during deposition [11-12]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.2 XRD of crystalline pristine TiO2  

 

Field Emission - Scanning Electron Microscope 

The surface morphology and the nanocrystalline particle size of titanium oxide (TiO2) were examined by using Field 

Emission Scanning Electron Microscope. Figure 1.3 show the FE-SEM micrograph of pristine TiO2, thin films. To verify 

the morphology scheme data obtained from the scanning electron microscopy will confirm the structural analysis obtained 

by the X-ray diffraction pattern [13-14]. 

 

 

Fig. 1.3 FESEM of Nano-crystalline pristine TiO2  

 

Figure 1.3. shows the micrograph of sample pure TiO2 thick films. TiO2 particles are found to be tetragonal and semi 

spherical shape with the average size in the range of 85-94 nm. The average particle size observed in FE-SEM is in good 

agreement with the calculated value from XRD analysis [15].  

 

Thermal Stability of TiO2 thin films  

 

Figure 1.4 shows the variation of current Vs. temperature from 50oC to 350oC  at constant source voltage (10 V DC) by 

using Keithley (6487) voltage source cum picoammeter.  i.e. thermal stability for different samples of pristine TiO2 
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Fig. 1.4 Thermal Stability Curves of pristine TiO2 Samples. 

When samples are kept to a thermal treatment in an inert atmosphere (N2), from 50oC to 350oC under the small interval 

of time, there occurs also a mass loss on heating in air atmosphere but it happens at higher temperature, around 500°C 

and in a smaller temperature interval (the mass loss begins in the neighborhood of 430°C and considerably slower down 

around 550°C). It is noteworthy that the temperature at which we observe oxidation in as – grown films is significantly 

lower than temperatures mentioned in  for samples deposited by screen printing technique, a fact that seems to confirm 

the sensitivity of oxidation temperature on sample texture. In present study, thermal treatment of samples is less than 

temperature 500oC, so there is no problem of mass loss of thick film samples. Generally, the grain size of nanocrystalline 

materials increases by increasing annealing temperature. This could be attributed to the effects of evaporation of absorbed 

water and reorganization of the grain. Uniform distribution of the grain is also observable . This is important to note that, 

due to thermal treatment to the films, which show better and excellent sensitivity and stability results without any further 

mechanical deformations obtained or seen in the films [16-17]. 

 

Current-Voltage (I–V) Characteristics :  

The current-voltage (I–V) characteristics of the sample of pristine TiO2 and their temperature dependence have been 

investigated in the air by using a data acquisition system consisting of a Keithley 6487 source meter, GPIB cable, 

temperature controller, and computer. Fig. 1.4 shows the current-voltage (I–V) characteristics sample of pristine TiO2 

measured at different temperatures (50oC,  100oC, 150oC, 200oC, 250oC, 300oC and 350oC). All the samples show 

semiconducting behavior as the resistance of samples is decreasing with an increase in the I-V measurement temperature. 

The nature of the plot is initially linear and then it becomes nonlinear beyond threshold voltage, said to be exponential in 

nature. The resistance is drastically falling at temperature 350oC and is found to be in the range of 5-15 M  The 

nanocrystalline titanium oxide exhibited nonlinear I-V characteristics of the current-controlled negative resistance type 

[18].  
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Fig. 1.4 Current–Voltage (I–V) Characteristic of pristine TiO2 

CONCLUSIONS 

 Current versus voltage characteristics (I-V) of nanocrystalline TiO2 has been investigated at various temperatures (from 

50oC to 350oC) in air and characteristic curves are generally used as a tool to determine and understand the basic 

parameters of a component or device and can also be used to mathematically model its nonlinear behaviour within an 

electronic circuit. 
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ABSTRACT 

This paper is focused on preparation of cupric oxide doped tungsten oxide multilayer thick film by screen printing 

method on alumina substrates. XRD and SEM are used to study structural and morphological properties of CuO-WO3.  

The XRD pattern of (CuO-WO3) system samples show nanocrystalline form and found the desired peaks of 

composites. FESEM study reveals that the grain size of nanometer order and shows nano- porous structure, which 

leads to exhibit large surface area, stability and highest response to gas. In present study B5 sensor  (25CuO:75WO3) 

is found to optimized multilayer thick film.    

    

Keywords: Sol-Gel Method; (CuO-WO3); multilayer thick films; XRD; FESEM  

INTRODUCTION 

Due to interesting properties and promising applications Cupric oxide (CuO) nanostructures gain interest in many 

applications. Nanoparticles CuO and its composite oxides have potential applications as gas sensor. As compared to 

bulk materials, nanoparticles of Copper oxide (CuO) show high catalytic activity and selectivity due to their large 

surface to volume ratio. The sensitivity and response time of CuO based sensors strongly depend on the particle size 

of the material [1].  With introducing changes into the procedure of its chemical synthesis, physical and micro 

structural properties of metal oxide can be modified. Different nanostructures of CuO like nanowire, nanorod, 

nanoneedle, nano-flower and nanoparticles are synthesized by using various approaches such as; Sol-Gel Combustion 

Route [1], Microwave Assisted Co-Precipitation Method [2],Chemical Precipitation Method [3], Simple Precipitation 

Method [4], Sono-chemical Method [5-7] and etc. 

 WO3 films are more attractive due to their high catalytic behavior on the surface of the film. The resistance of the 

WO3 increases & decreases in the presence of oxidizing and reducing gases respectively. WO3 can be obtained in 

various morphological forms such as nano-wires, nano-plates, nano-sheets, nano-flowers,  nano-sphere  and, sub-

micron porous balls. The WO3 nano-particles or nano-crystallites have been synthesized by various techniques given 

below;  Acid Precipitation Method [8],Hydrothermal Method [9],Reverse Micro-Emulsion-Mediated Synthesis 

Method [10],Sol-Gel Method [11],Calcinations Method [12] and etc. 

Yu Il et al. 2010 [13] studied  for gas sensing properties of CuO doped and undoped WO3 thick films. CuO doped and 

undoped WO3 thick films gas sensors were prepared using screen-printing method on alumina substrates. A structural 

properties of WO3:CuO thick films had monoclinic phase and triclinic phase of WO3 together.  Artur Rydosz et al. 

2014 [14] investigated results on nanocrystalline CuO and WO3 thin films by magnetron sputtering technology. XRD, 

GIR, SEM and AFM methods were used to study the films phase composition, microstructure and surface topography 

and found to be useful in portable gas sensor applications.  Nirmal Kumar et al 2018[15] was used to deposit tungsten 

oxide (WO3) thin films Cupric oxide (CuO) thin films were deposited by RF magnetron sputtering.  FuchaoYang  et 

al 2018 [16] worked on acetone odor detection. With the formation of the interfacial heterojunction, the WO3@CuO 

 
1 How to cite the article: Mankar S.S., Lamdhade G.T., Raulkar K.B., (2023); Synthesis and Characterisation of Cupric Oxide (CuO) Doped 

Tungsten Oxide (WO3) Multilayer Thick Films; Multidisciplinary International Journal; Vol 9 (Special Issue), 323-333 
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shows the best sensing performance.  Soo-Yeon Cho et al. 2019 [17] fabricated 10 nm scale p−n heterojunction 

nanochannel with ultrasmall grained WO3/CuO nanopatterns to study ethanol sensing. WO3/CuO nanopattern was 

also used to study for dynamic sensing behavior for various toxic analytes such as toluene , ethanol , acetone , and 

ammonia. In the present work of this paper focused on synthesis of pristine nano-particles of CuO, WO3 and Al2O3,  

and also (CuO-WO3) mixed oxide  multilayer thick films.  

EXPERIMENTAL 

In the present work, we have used sol-gel method (which is under liquid phase synthesis) for the synthesis of pristine 

nano-particles of CuO, WO3 and Al2O3 [18-20]. All the chemicals used in this study were of GR grade purchase from 

Sd-fine, India (purity 99.99%). The chemicals are used without any further purification. 

 

Synthesis of Cupric Oxide (CuO)  

In a cleaned round bottom flask, the aqueous solution of CuCl:6H2O (0.2 M) was prepared. After addition of 1 ml of 

glacial acetic acid to above aqueous solution it was heated to 100oC with constant stirring.  8 M NaOH was added to 

above heated solution till its pH attains a value of 7. After this process immediately the color of the solution turned 

from blue to black and the large amount of black precipitate was obtained.  The obtained precipitate was centrifuged 

and washed 3-4 times with de ionized water.  The obtained powder was kept in vacuum oven at 700C for 24 hours so 

as to gets completely dried powder of CuO. 

Synthesis of Tungsten Oxide (WO3) 

 

For Synthesis of WO3 particles were simply precipitation method was used. Firstly, Sodium tungstate (Na2WO4) salt 

(6.59 gm) was dissolved in (200 ml) de-ionized water.  Then in to the sodium tungstate solution 10 ml of hydrochloric 

acid (HCL) was added dropwise with continuous stirring. After the stirring for 5 hours of this mixed solution, the 

precipitates were allowed to settle for 1 day at room temperature.  The precipitate was filtered using a filter paper. 

Then precipitate was washed many times by de-ionized water until pH reached to 7. The washed precipitate was dried 

at 1000C in an oven for 1 hour and further the precipitates were passed from calcination processes in muffle furnace 

at 5000 C for 4 hours to get WO3 powder.  

Synthesis of Alumina (Al2O3)  

All chemicals used were analytical grade. Aluminium chloride, AlCl3 (MOLYCHEM), 25% NH3 solution 

(QUALIGEN Fine Chemicals) and polyvinyl alcohol (PVA) were used as raw materials for the synthesis of aluminium 

oxide nanoparticles.  1M alcoholic AlCl3 solution was prepared, followed by addition of 25% ammonia solution. The 

resulting solution turned to a white sol. This was followed by the addition of PVA (0.5M). The solution was stirred 

continuously using a magnetic stirrer until it became a transparent sticky gel. The gel was allowed to mature for 24 

hours at room temperature. The resultant gel was heat treated at 100°C for 24 hours which led to the formation of light 

weight porous materials due to the enormous gas evolution. The dried gel was, then calcined at 1000°C for 4 hours 

and finally, the calcined powders were crushed using mortar and pestle to get the fine homogeneous dense powder of 

Alumina (Al2O3).   

Fabrication of Sensors 

Three series of the samples prepared were CuO:WO3 with Al2O3 base of multilayer sensors. The different 

combinations are shown in tables 1. 
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Table 1 Samples Codes of Series: CuO: WO3/Al2O3/GP 

Sample Code Composition of CuO (mole %) Composition of WO3 (mole %) 

B1 5 95 

B2 10 90 

B3 15 85 

B4 20 80 

B5 25 75 

B6 30 70 

PC 100 0 

PW 0 100 

 

Out of various methods of sensors preparation, the screen-printing (thick film technology) is most widely used. Screen-

printing is the transfer of pastes though a fabric screen onto a substrate.  

Multilayer preparation   

Fig. 1 (a), and 1(b) show fabrication of interdigited electrodes, actual photographs of interdigited electrodes 

respectively.  

                                           

   (a)                                                                 (b) 

Fig. 1 (a) Fabrication of interdigited Electrodes (b) Actual photograph of interdigited electrodes 

 

 

 

Fig.2 Design of multilayer Sensor 
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On clean glass plate, Al2O3 was deposited by using screen-printing technique and it was used as base of the sensor. 

On Al2O3, the sample layers were prepared. Finally on the top, Interdigited electrodes  were fabricated [21] using 

conducting silver paste as shown in the Fig. 1(b). Design of multilayer sensor is shown in Fig. 2. 

Preparation of Samples of Series:  CuO: WO3 / Al2O3/GP 

The obtained product of fine nanopowder of CuO and WO3 are used for fabrication of thick films sensors by using  

screen-printing technique.  For this, the different X mole% CuO powder (X =  05, 10, 15, 20, 25, 30) was mixed 

thoroughly with different X mole% of WO3 (X =  95, 90, 85, 80, 75, 70) along with Al2O3 base on glass plate (GP) 

substrate the aid of acetone by using the mortar and pestle. The sample codes, mole% of powder, and thickness are 

listed in the Table 2.. The mixed powder of CuO : WO3system was further calcinated at temperature 800°C for 5hrs.  

in the autocontrolled muffle furnace (Gayatri Scientific, Mumbai, India.) After, the calcinations again uniformly mixed 

the powder using the grinder.   

Table 2 Thickness of Multi-layers for Series: CuO: WO3 / Al2O3/GP Gas Sensors. 

Sample 

Code 

Composition Thickness (x 10-4 cm) 

Layers:---- Upper  

Layer(1) 

Al2O3 

Layer(2) 

Total 

(1+2) Upper  /Al2O3/Glass plate (GP)  

B1 05CuO:95 WO3/ Al2O3/GP 4.1 29.3 33.4 

B2 10CuO:90 WO3/ Al2O3/GP 3.8 28.5 32.3 

B3 15CuO:85 WO3/ Al2O3/GP 2.6 29.7 32.3 

B4 20CuO:80 WO3/ Al2O3/GP 3.9 28.8 32.7 

B5 25CuO:75 WO3/ Al2O3/GP 4.9 28.1 33 

B6 30CuO:70 WO3/ Al2O3/GP 4.1 30.2 34.3 

 

 

RESULTS AND DISCUSSION  

 

XRD of CuO &WO3  Nanomaterial and their dopings 

The average crystallite size was calculated by Debye-Scherer’s equation with the help of XRD patterns as shown in 

figure 3. The strong and sharp peak of CuO observed at 37° position with      (1 1 1) indicates that the sample is having 

high crystalline quality, and it is in the structure of monoclinic with lattice parameters a = 0.4685 nm, b = 0.3532 nm, 

and c = 0.5121 nm, which is good agreement with JCPDS card number 88-2341. The average crystalline size was 

obtained    27 nm from Debye-Scherer’s equation, K
D = 

cos



 
  

Where, D = nanoparticles crystalline size, K = Scherrer constant (0.98),   = wavelength and  denotes the full width 

at half maximum (FWHM). 

As shown in figure 3. spectra, main peak, in case of pure WO3, is observed at 23.21o and this peak corresponds to the 

plane (0 2 0) of WO3 in monoclinic structure (JCPDS Card No.3-1124) with 100% intensity.  The other peaks of WO3   

mainly correspond to the crystalline planes  (0 2 2), (1 4 0), (2 2 2), (0 4 2), matching well with the monoclinic structure 

of WO3. This manifested that the WO3 is well crystallized. As compared with diffraction peaks of WO3, those of CuO 

are wide and weak due to small grain sizes [22]. From table 3., it is seen that the sample 25CuO:75 WO3 has small 

crystalline size. 
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Fig.3. XRD spectra of Pure CuO, Pure WO3 and CuO doped with WO3 Nanomaterial 

The crystallite size (D) of WO3  and CuO doped  WO3 was calculated from Scherer’s formula using FWHM and it is 

listed in the table 3, as below. 

Table 3. Average crystallite size of WO3  and CuO doped  WO3 

Chemical Composition 

of CuO:WO3 (mole %) 

Maximum Intensity 

Peak Position 

(2θ) degree 

FWHM 

(2θ) degree 

Average Crystallite 

Size (D) in nm 

05CuO:95 WO3  28.34 0.2634 112.51 

10CuO:90 WO3  29.23 0.2112 126.67 

15CuO:85 WO3 30.65 0.2217 118.23 

20CuO:80 WO3  31.45 0.1934 109.83 

25CuO:75 WO3  57.12 0.1732 87.72 

30CuO:70 WO3  53.89 0.1994 105.45 

Pure WO3 23.04 0.3214 143.22 
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Scanning electron microscopy (SEM) Analysis 

From SEM picture (figure 4 (a) to (c)), it is observed that all the samples viz. Al2O3, CuO, WO3 are porous in nature. 

Porosity varies with sample to sample and among these material, SnO2 showed more porosity (small size ~ 60 to 80 

nm). Due to small pores size, its surface area is more [22-23] and it shows more sensing nature. Some portion of SEM 

picture shows some rods with fine voids over them which helps to increase sensing properties. The surface morphology 

of pure Al2O3 , CuO, and WO3 , nano materials were studied by SEM and its picture is shown in the Fig. 4.    

                

 
Fig. 4 (a) SEM picture of Al2O3 

 

 
Fig. 4 (b) SEM picture of CuO 
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Fig. 4 (c) SEM picture of WO3 

 

Fig. 4 (d) SEM picture of  05CuO:95WO3 

 

Fig. 4. (e) SEM picture of  10CuO:90WO3 
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Fig. 4. (f) SEM picture of  15CuO:85WO3 

 

Fig. 4. (g) SEM picture of  20CuO:80WO3 

 

Fig. 4 (h) SEM picture of  25CuO:75WO3 
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Fig. 4. (i) SEM picture of  30CuO:70WO3 

Fig. 4. SEM picture of Samples of Series CuO:WO3 

 

The surface morphologies of pure Al2O3, CuO, WO3, and their dopings materials were studied by SEM and its picture 

are shown in the figures 4. As shown in the SEM pictures, some pores are in the form of rods, some are the form of 

circles and some are in conical shapes [24].   

Table 4. shows the average diameter and number of pores per inch of pure Al2O3, CuO, WO3  and their dopings.  

 

Table 4. Average diameter of pore and number of pores per inch of pure samples and their dopings. 

 

Sample 

Code 

Pure sample and their dopings (mole 

%) 

Average diameter 

of pore (nm) 

Number of pores per inch 

(in x 2000 magnification) 

PA Al2O3 95 154 

PC CuO 80 172 

PW WO3 98 145 

B1 05CuO:95WO3  73 155 

B2 10CuO:90WO3  82 143 

B3 15CuO:85WO3  79 158 

B4 20CuO:80WO3  83 138 

B5 25CuO:75WO3  52 218 

B6 30CuO:70WO3 71 177 

 

From the SEM pictures (table 4), it is observed that, Sample Code B5 i.e. (25CuO:75WO3), have more pores per inch 

(calculated for x 2,000 magnification for each composition) than other sensors. Thus, these sensors have more active 

surface areas and exhibit more sensing nature [24-25]. It is also found that average diameter of pore in case of Sample 

Code B5 i.e. (25CuO:75WO3 ) are small as compared to other doping. This also tends to exhibit large surface area 

and exhibited high response of the samples.   
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CONCLUSIONS   

The XRD pattern of (CuO-WO3) system samples show nanocrystalline form and found the desired peaks of 

composites. FESEM study reveals that the grain size of nanometer order and shows nano-porous structure, which 

leads to exhibit large surface area, stability and highest response. Therefore the B5 sensor  (25CuO:75WO3) is found 

to optimized multilayer thick film sensor.      
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ABSTRACT  

This research study examines the influence of frequency and salicylic acid dopant and temperature on the dielectric 

constant of PVC-PMMA thin films. The thin films were prepared using the isothermal evaporation technique, and 

their dielectric constants were measured using an LCR meter over a frequency range of 20 Hz to 200 KHz at 303 k 

and 323 k. The ln f vs dielectric constant plots were analyzed to investigate the effects of frequency and salicylic acid 

dopant concentration and temperature on the dielectric properties of the films. 

Keyword: PVC; PMMA; Salicylic Acid; Dielectric Constant. 

INTRODUCTION 

Dielectric materials find extensive applications in various electronic devices and capacitors due to their ability to store 

and transmit electrical energy. Polymer blends, such as PVC-PMMA, have gained significant attention for their 

potential in dielectric applications. The dielectric properties of such blends can be modified by incorporating dopants, 

offering opportunities for enhanced electrical performance. 

EXPERIMENTAL PROCEDURE 

The PVC-PMMA thin films were prepared by the isothermal evaporation technique. Two sets of films were fabricated: 

one with a 6% salicylic acid dopant and the other without any dopant. The dielectric constants of the films were 

measured using an LCR meter over a frequency range of 20 Hz to 200 kHz at 303 k and 323 k. The natural logarithm 

of frequency (ln f) and dielectric constant values were recorded and tabulated for further analysis. 
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Fig 1.1 Variation of ln f vs Dielectric constant 

 

Fig 1.2 Variation of ln f vs Dielectric constant 
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RESULTS AND DISCUSSION 

The ln f vs. dielectric constant (fig1.1, 1.2, 1.3) plots were examined to analyze the effects of frequency and salicylic 

acid dopant on the dielectric properties of the PVC-PMMA thin films. 

Effect of Frequency 

The dielectric constant of the PVC-PMMA films exhibited a frequency-dependent behavior. As the frequency 

increased, the dielectric constant decreased for both the film with 6% salicylic acid dopant and the film without any 

dopant. This behavior is consistent with the characteristics of dielectric materials, where the dielectric constant 

decreases with increasing frequency. 

The behavior of the dielectric constant of a material in response to varying frequencies of an electric field provides 

valuable insights into its electrical and structural properties. The observed trends in the dielectric constant of the PVC-

PMMA thin film can be explained through the interaction of the polymer matrix with the electric field, as well as the 

inherent characteristics of the system. 

1. High Dielectric Constant at Lower Frequencies: 

In the lower frequency range, it is observed that the dielectric constant of the PVC-PMMA thin film is relatively 

high. The high dielectric constant can be attributed to the presence of charges that are able to respond to the 

electric field. In the case of the PVC-PMMA thin film, the presence of localized charge carriers, such as polarons, 

might contribute to this behavior. These charges can align and respond to the field, leading to an enhanced 

dielectric constant. 

 

2. Decrease in Dielectric Constant at Higher Frequencies:  

As the frequency of the applied electric field increases beyond 100 Hz, the dielectric constant of the PVC-PMMA 

thin film is observed to decrease. This decrease can be attributed to the interplay between the ordered structure of 

the material and the mobility of ions within the polymer matrix. At higher frequencies, the mobility of ions 

becomes significant, allowing them to move and oppose the effect of the applied electric field. 

 

The decrease in dielectric constant could be explained by considering the following factors: 

 

i. Ordered Material Characteristics:  

In materials with an ordered structure, such as crystalline regions within the PVC-PMMA thin film, the 

alignment of charges in response to the electric field can be hindered by the organized arrangement of molecules. 

This leads to a lower dielectric constant as the material becomes less responsive to the field. 

Fig 1.3 Variation of ln f vs. Dielectric constant doped and undoped SA 
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ii. Ionic Mobility:  

As the frequency increases, the mobility of ions within the polymer matrix becomes more pronounced. These ions 

are not tightly bound to the polymer chains and can move in response to the field, counteracting its effect. This 

ion movement contributes to a decrease in the overall dielectric constant. 

 

The findings presented in Migahed et al.'s work (reference [24]) further support the observed trend of decreasing 

dielectric constant with increasing frequency in ordered materials. 

Influence of Temperature on Dielectric Constant in PVC-PMMA Films 

The dielectric constant of the PVC-PMMA films was also affected by temperature. As the temperature increased from 

303 k to 323 K , the dielectric constant values for both the film with 6% salicylic acid dopant and the film without any 

dopant generally increased. This temperature-dependent behavior indicates that the dielectric constant of the films is 

influenced by thermal effects. 

Temperature is a critical parameter that can significantly impact the electrical properties of materials, including the 

dielectric constant. In this study, the effect of temperature on the dielectric constant of PVC-PMMA films was 

investigated. The dielectric constant was analyzed across a temperature range, and the results reveal a clear correlation 

between temperature and dielectric constant values 

Influence of Salicylic Acid Dopant on Dielectric Constant in PVC-PMMA Films 

The presence of salicylic acid dopant influenced the dielectric constant behavior of the PVC-PMMA films. Comparing 

the two sets of films, it was observed that the film with 6% salicylic acid dopant consistently exhibited higher dielectric 

constant values compared to the film without any dopant at all frequencies and temperatures. This suggests that the 

addition of salicylic acid as a dopant increases the dielectric constant of the PVC-PMMA films. 

The dielectric constant of a material is a key parameter that characterizes its electrical response to an applied electric 

field. In this study, the impact of salicylic acid as a dopant on the dielectric constant behavior of PVC-PMMA films 

was investigated. The dielectric constant was examined across a range of frequencies and temperatures to elucidate 

the effects of the dopant on the electrical properties of the films. 

CONCLUSION 

In conclusion, the observed frequency-dependent behavior of the dielectric constant in the PVC-PMMA thin film is a 

result of the interplay between the presence of charges, the ordered or disordered nature of the material, and the 

mobility of ions within the polymer matrix. The high dielectric constant at lower frequencies can be attributed to the 

response of charges to the electric field, while the decrease in dielectric constant at higher frequencies is influenced 

by the ordered structure of the material and the mobility of ions. These insights contribute to a deeper understanding 

of the electrical properties of the PVC-PMMA thin film. 

The presence of 6% salicylic acid dopant in the PVC-PMMA films leads to a consistent increase in the dielectric 

constant values across frequencies and temperatures. This effect can be attributed to enhanced polarization, dipole 

alignment, and possibly improved charge carrier mobility within the polymer matrix due to the presence of the dopant. 

These findings underscore the potential of salicylic acid as a dopant to tailor the dielectric properties of PVC-PMMA 

films for specific applications requiring higher dielectric constants. Further investigations could delve into the 

underlying molecular interactions that drive this enhanced dielectric behavior. 
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ABSTRACT 

 
Nanoparticles of cupric oxide and tin oxide are  synthesized via liquid-phase method. The samples are prepared in the 

form of multilayer thick films by screen printing technique having based of alumina, samples having different mol % 

of tin oxide and copper oxide.  

CO2 gas concentration increases from 600 ppm to 1500 ppm, there is little increase of sensitivity, from 600 ppm to 

1100 ppm, sensitivity increases linearly and becomes maximum at 1100 ppm. With further increase in CO2 gas 

concentration, sensitivity increases by little amount. The XRD pattern of (CuO-SnO2) system samples show 

nanocrystalline form and found the desired peaks of composites. FESEM study reveals that the grain size of nanometer 

order and shows nano- porous structure, which leads to exhibit large surface area, stability and highest response to 

CO2 gas.  The response time is faster than recovery time. The sample A3 sensor (15CuO:85SnO2) offers high 

sensitivity, rapid response and recovery to CO2 gas.  

    

Keywords: Nanoparticles; CuO-SnO2; multilayer thick films; CO2 Gas Sensors  

INTRODUCTION 

Semiconductor gas sensor is known as metal oxide semiconductor gas sensors. Metal oxide Semiconductor sensors 

(MOS) are also known as chemiresistive gas sensors and have been considered as solid-state gas-sensing materials [1-

3]. Khanidtha Jantasom et al. 2013 [4] studied gas sensing properties of SnO2-CuO Nanocomposites for CO2 gas. 

XRD and SEM shows that SnO2-CuO nanocomposites have a tetragonal and monoclinic structure respectively. It was 

observed that the nanocomposite products were highly sensitivity to CO2 gas at room temperature. Satyendra Singh 

et al. 2014 [5] prepared CuO–SnO2 nanocomposite by sol–gel route as a sensor by using screen printing methods are 

used to fabricate thin and thick film samples respectively.  For CuO–SnO2 thick and thin films maximum response. 

Shravanti Joshi et al. 2015 [6] used simple hydrothermal route method to form heterojunction nanocomposites  

between p-type CuO and n-type SnO2 , which nanocomposite exhibited superior sensitivity with short 

response/recovery times. Fumin Ren et al. 2015 [7] for selectively sensing BTEX (benzene, toluene, ethylbenzene, 

and xylol) CuO/SnO2 composites were prepared by a facile microwave-assisted approach. Gas sensing results shows 

that the sensor based on 3 mol% CuO/SnO2 composite has the best selectivity and sensitivity. Arindam Das and 
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Multilayer CO2 Gas Sensor; International Journal of Research in Science and Technology, Vol 13, Issue 3, 123-133, DOI: 

http://doi.org/10.37648/ijrst.v13i03.013 
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Dipankar Panda 2019 [8] prepared functional metal oxide of SnO2 tailored by CuO via a coprecipitation chemical 

route followed by annealing in air.  

Many metal oxides are suitable for detecting combustible, reducing, or oxidizing gases by conductive measurements 

Composite metal oxides usually show better gas response than the single component if the catalytic actions of the 

components complement each other [9-10]. The main purpose of this work was to develop CuO doped SnO2, nano-

crystalline composites sensors which operate at relatively low temperature and sensitive in low possible detection 

limit with better selectivity. 

EXPERIMENTAL 

In the present work of paper, we have used sol-gel method (which is under liquid phase synthesis) for the synthesis of 

pristine nano-particles of CuO, SnO2 and Al2O3 [11-13]. All the chemicals used in this study were of GR grade 

purchase from Sd-fine, India (purity 99.99%). The chemicals are used without any further purification. 

 

Synthesis of Cupric Oxide (CuO)  

In a cleaned round bottom flask, the aqueous solution of CuCl:6H2O (0.2 M) was prepared. After addition of 1 ml of 

glacial acetic acid to above aqueous solution it was heated to 100oC with constant stirring.  8 M NaOH was added to 

above heated solution till its pH attains a value of 7. After this process immediately the color of the solution turned 

from blue to black and the large amount of black precipitate was obtained.  The obtained precipitate was centrifuged 

and washed 3-4 times with de ionized water.  The obtained powder was kept in vacuum oven at 700C for 24 hours so 

as to gets completely dried powder of CuO. 

 

Synthesis of Tin Oxide (SnO2) 

For Synthesis of SnO2 Stannous chloride dehydrate (SnCl2.2H2O), Ammonia Solution and de ionised water were used 

during reaction. All the chemicals used in this study were of GR grades are used without any further purification. 2 g 

(0.1 M) of stannous chloride dehydrate (SnCl2.2H2O) was dissolved in 100 ml water. When the complete dissolution 

occurs about 4 ml ammonia solution was added to this aqueous solution with continuous magnetic stirring.  After the 

20 minutes of stirring white gel precipitate was formed. This precipitate was allowed to settle for 12 hours. After this 

it was filtered and by using de-ionised water washed 2-3 times. The obtain precipitate were mixed with 0.27 g activated 

charcoal (carbon black powder). Then the powder was kept in vacuum oven at 70oC for 24 hours so as to gets 

completely dried SnO2 powder.  

Synthesis of Alumina (Al2O3)  

All chemicals used were analytical grade. Aluminium chloride, AlCl3 (MOLYCHEM), 25% NH3 solution 

(QUALIGEN Fine Chemicals) and polyvinyl alcohol (PVA) were used as raw materials for the synthesis of aluminium 

oxide nanoparticles.  1M alcoholic AlCl3 solution was prepared, followed by addition of 25% ammonia solution. The 

resulting solution turned to a white sol. This was followed by the addition of PVA (0.5M). The solution was stirred 

continuously using a magnetic stirrer until it became a transparent sticky gel. The gel was allowed to mature for 24 

hours at room temperature. The resultant gel was heat treated at 100°C for 24 hours which led to the formation of light 

weight porous materials due to the enormous gas evolution. The dried gel was, then calcined at 1000°C for 4 hours 

and finally, the calcined powders were crushed using mortar and pestle to get the fine homogeneous dense powder of 

Alumina (Al2O3).   

Fabrication of Sensors 

Three series of the samples prepared were CuO:SnO2 with Al2O3 base of multilayer sensors. The different 

combinations are shown in tables 1. 
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Table 1 Samples Codes of Series: CuO: SnO2/Al2O3/GP 

Sr. No. Sample Codes Composition of CuO (mole %) Composition of SnO2 (mole %) 

1 A1 5 95 

2 A2 10 90 

3 A3 15 85 

4 A4 20 80 

5 A5 25 75 

6 A6 30 70 

7 PC 100 0 

8 PS 0 100 

 

Out of various methods of sensors preparation, the screen-printing (thick film technology) is most widely used. Screen-

printing is the transfer of pastes though a fabric screen onto a substrate.  

Multilayer preparation   

Fig. 1 (a), and 1(b) show fabrication of interdigited electrodes, actual photographs of interdigited electrodes 

respectively.  

                                         

   (a)                                                                 (b) 

Fig. 1 (a) Fabrication of interdigited Electrodes (b) Actual photograph of interdigited electrodes 

 

 

Fig.2 Design of multilayer Sensor 

On clean glass plate, Al2O3 was deposited by using screen-printing technique and it was used as base of the sensor. 

On Al2O3, the sample layers were prepared. Finally on the top, Interdigited electrodes were fabricated using 

conducting silver paste as shown in the Fig. 1(b). Design of multilayer sensor is shown in Fig. 2. 
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Preparation of Samples of Series:  CuO: SnO2 / Al2O3/GP 

The obtained product of fine nanopowder of  CuO and SnO2 are used for fabrication of thick films sensors by using  

screen-printing technique.  For this, the different X mole% CuO powder (X =  05, 10, 15, 20, 25, 30) was mixed 

thoroughly with different X mole% of SnO2 (X =  95, 90, 85, 80, 75, 70) along with Al2O3 base on glass plate (GP) 

substrate the aid of acetone by using the mortar and pestle. The sample codes, mole% of powder, and thickness are 

listed in the Table 2.. The mixed powder of CuO : SnO2 system was further calcinated at temperature 800°C for 5hrs.  

in the auto-controlled muffle furnace (Gayatri Scientific, Mumbai, India.) After, the calcinations again uniformly 

mixed the powder using the grinder.   

Table 2 Thickness of Multi-layers for Series: CuO: SnO2 / Al2O3/GP Gas Sensors. 

Sample 

Code 

Composition Thickness (x 10-4 cm) 

Layers:---- Upper  

Layer(1) 

Al2O3 

Layer(2) 

Total 

(1+2) Upper  /Al2O3/Glass plate (GP)  

A1 05CuO:95SnO2/ Al2O3/GP 4.1 29.3 33.4 

A2 10CuO:90SnO2/ Al2O3/GP 3.8 28.5 32.3 

A3 15CuO:85SnO2/ Al2O3/GP 2.6 29.7 32.3 

A4 20CuO:80SnO2/ Al2O3/GP 3.9 28.8 32.7 

A5 25CuO:75SnO2/ Al2O3/GP 4.9 28.1 33 

A6 30CuO:70SnO2/ Al2O3/GP 4.1 30.2 34.3 

 

 

Electrical  Measurements 

Electrical measurements were performed with a Keithley 6487 voltages source cum picoammeter using setup shown 

in fig. 3. A constant voltage source in the range 1 to 10V is supplied to the sensor electrodes and the current through 

the sensor measured. The sensor resistance can be calculated by using Ohm’s law. The range of voltage used is 

between +10 V, in increment of 1V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

Fig.3 Circuit Configuration of Electrical Measurement 

 

RESULTS AND DISCUSSION  

XRD of CuO &SnO2  Nanomaterial and their dopings 

The average crystallite size was calculated by Debye-Scherer’s equation with the help of XRD patterns as shown in 

figure 4. The strong and sharp peak of CuO observed at 37° position with (1 1 1) indicates that the sample is having 

high crystalline quality, and it is in the structure of monoclinic with lattice parameters a = 0.4685 nm, b = 0.3532 nm, 
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and c = 0.5121 nm, which is good agreement with JCPDS card number 88-2341. The average crystalline size was 

obtained 27 nm from Debye-Scherer’s equation, 
K

D = 
cos



 
  

Where, D = nanoparticles crystalline size, K = Scherrer constant (0.98),   = wavelength and  denotes the full width 

at half maximum (FWHM). 

All the peaks are showing very sharp; it observed that there is no impurities means the prepared sample is having high 

purity. The peaks position and (h k l) values mentioned, some of the (h k l) values shows bar on the top, it means that 

the negative direction of the corresponding  (h k  l). From table 3, it is exhibited that the A3 sample 15CuO:85SnO2 

has small crystalline size [14]. 

 

 
Fig.4. XRD spectra of Pure CuO, Pure SnO2 and CuO doped with SnO2 Nanomaterial 

 

Table 3. Average crystallite size of CuO, SnO2 and doping 

Sample 

Code Chemical Composition 

of CuO:SnO2 (mole %) 

Maximum 

Intensity Peak 

Position 

(2θ) degree 

FWHM 

(2θ) degree 

Average 

Crystallite Size 

(D) in nm 

PC Pure CuO 43.32 0.1865 162.22 

A1 05CuO:95SnO2  49.11 0.2522 122.45 
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A2 10CuO:90SnO2  54.65 0.1934 153.31 

A3 15CuO:85SnO2  55.71 0.2312 89.65 

A4 20CuO:80SnO2  55.02 0.1832 113.43 

A5 25CuO:75SnO2  54.12 0.2433 154.18 

A6 30CuO:70SnO2  54.44 0.2132 167.87 

PS Pure SnO2 53.04 0.2823 132.34 

 

Scanning electron microscopy (SEM) Analysis 

From SEM picture (figure 5 (a) to (c)), it is observed that all the samples viz. Al2O3, CuO, SnO2 are porous in nature. 

Porosity varies with sample to sample and among these material, SnO2 showed more porosity (small size ~ 60 to 80 

nm). Due to small pores size, its surface area is more [11-14] and it shows more sensing nature. Some portion of SEM 

picture shows some rods with fine voids over them which helps to increase sensing properties. The surface morphology 

of pure Al2O3 , CuO, and SnO2 , nano materials were studied by SEM and its picture is shown in the Fig. 5                  

 
Fig. 5 (a) SEM picture of Al2O3 

 

 
Fig. 5 (b) SEM picture of CuO 
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Fig. 5 (c) SEM picture of SnO2 

 

 
Fig. 6 (a) SEM picture of  05CuO:95SnO2 

 
Fig. 6 (b) SEM picture of  10CuO:90SnO2 
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Fig. 6 (c) SEM picture of  15CuO:85SnO2 

 
Fig. 6 (d) SEM picture of  20CuO:80SnO2 

 
Fig. 6 (e) SEM picture of  25CuO:75SnO2 
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Fig. 6 (f) SEM picture of  30CuO:70SnO2 

The surface morphologies of pure Al2O3, CuO, SnO2, and their dopings materials were studied by SEM and its picture 

are shown in the figures 5 to 6. As shown in the SEM pictures, some pores are in the form of rods, some are the form 

of circles and some are in conical shapes [14].   

Table 4. shows the average diameter and number of pores per inch of pure Al2O3, CuO, SnO2, and their dopings.  

 

Table 4. Average diameter of pore and number of pores per inch of pure samples and their dopings. 

 

Sample 

Code 

Pure sample and their dopings (mole 

%) 

Average diameter 

of pore (nm) 

Number of pores per inch 

(in x 2000 magnification) 

PA Al2O3 95 154 

PC CuO 80 172 

PS SnO2 87 160 

A1 05CuO:95SnO2  72 183 

A2 10CuO:90SnO2  78 171 

A3 15CuO:85SnO2  59 206 

A4 20CuO:80SnO2  69 192 

A5 25CuO:75SnO2  65 195 

A6 30CuO:70SnO2  75 157 

 

From the SEM pictures (table 4), it is observed that 15CuO:85SnO2, have more pores per inch (calculated for x 2,000 

magnification for each composition) than other sensors. Thus, these sensors have more active surface areas and exhibit 

more sensing nature [14-15]. It is also found that average diameter of pore in case of 15CuO:85SnO2 are small as 

compared to other doping. This also tends to exhibit large surface area and exhibited high response of the samples.   

 

Detection of CO2 gas: Gas Sensing Properties 

CO2 acts as an oxidizing agent in some chemical reactions, such as the production of carbonates. It can also participate 

in redox reactions, where it can accept electrons and become reduced and hence its resistance increases with increase 

of CO2 gas concentration [16]. The sensitivity of the sensor is given by, 

             
gas air

air air

R  - R R
S  =  = 

R R
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Where, Rgas = resistance of the sensor in presence of gas and  

   Rair = resistance of the sensor in air 

The variations of sensitivities and sensors with concentration of CO2 gas at room temperature are shown below. 

 

Fig. 7: The variations of sensitivity with CO2 gas concentration 

 

 
Fig. 8: Sensitivity of different sensors at 1100 ppm 

 

From CO2 gas detection [17-18] graphs (Fig. 7 and 8) it is observed and manifested that: As CO2 gas concentration 

increases from 600 ppm to 1500 ppm, there is little increase of sensitivity, from 600 ppm to 1100 ppm, sensitivity 

increases linearly and becomes maximum at 1100 ppm. With further increase in CO2 gas concentration, sensitivity 

increases by little amount. From Fig. 8, sensitivity was found to be 1.292 (maximum) for A3 sensor (15CuO:85SnO2) 

amongst the prepared sensors. 
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CONCLUSIONS   

The XRD pattern of (CuO-SnO2) system samples shows nanocrystalline form and found the desired peaks of 

composites. FESEM study reveals that the grain size of nanometer order and shows nano-porous structure, which 

leads to exhibit large surface area, stability and highest response to CO2 gas. The response time is faster than recovery 

time therefore the A3 sensor (15CuO:85SnO2) is found to optimized sensor for CO2 gas.      
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ABSTRACT 

Cupric oxide and Zinc oxide nano-crystalline powder were  synthesized via liquid-phase method. The samples are 

prepared in the form of multilayer thick films. The XRD pattern of (CuO-ZnO) system samples show nanocrystalline 

form and found the desired peaks of composites. FESEM study reveals that the grain size of nanometer order and 

shows nano- porous structure, which leads to exhibit large surface area, stability and highest response to CO2 gas.  The 

response time is faster than recovery time. The sample C3 sensor (15CuO:85ZnO) offers high sensitivity, rapid 

response and recovery to CO2 gas.  

    

Keywords: Nanoparticles; CuO-ZnO; multilayer thick films; CO2 Gas Sensors  

INTRODUCTION 

Nanoparticles CuO and its composite oxides have potential applications as gas sensor. As compared to bulk materials, 

nanoparticles of Copper oxide (CuO) show high catalytic activity and selectivity due to their large surface to volume 

ratio. [1-3].  Quentin Simon et al. 2012 [4]  synthesized CuO/ZnO nanocomposites on Al2O3 substrates by a hybrid 

plasma-assisted approach. Various oxidizing and reducing gases such as O3, CH3CH2OH, and H2 are studied for gas 

sensing properties of CuO/ZnO nanocomposites. Yalu Chen et al.2013 [5] prepared CuO-ZnO nanostructured p-n 

junction composite via the hydrothermal method. The gas sensing performance of pure ZnO  and CuO-ZnO composite 

toward n butanol was studied. They show that porous structure allows the target gas molecules diffuse rapidly making 

chemisorption and the chemical reactions on the p-n junctions more easily. At 220 °C 2.7 times higher sensitivity was 

obtained for CuO-ZnO composite  than that of pure ZnO. Ryan Dula Corpuza and Jason Rayala Albiab 2014 [6] 

fabricated ZnO and ZnO-CuO composites on a graphite electrode via electrophoretic deposition. Greater surface area, 

smaller particle sizes and thicker deposits exhibit high gas sensitivity. The addition of CuO in the deposition gives 

compact and dense surface structure resulted to decrease in sensitivity. The expected increase in sensitivity in the 

presence of CuO was not attained. Madhavrao K. Deore et al. 2016 [7] prepared CuO-doped ZnO thick films by the 

screen printing technique. These films were studied for different gases such as CO, Cl2, NH3, Ethanol, H2S and LPG 

and observed that CuO doped films  were more selective to H2S gas against the other test gases showing rapid response 

and recovery time. The main purpose of this work was to develop CuO doped ZnO, nano-crystalline composites 

sensors which operate at relatively low temperature and sensitive in low possible detection limit with better sensitivity. 

 
1 How to cite the article: Mankar S.S., Lamdhade G.T., Raulkar K.B.; December 2023; M
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EXPERIMENTAL 

In the present work of thesis, we have used liquid phase synthesis method for the synthesis of pristine nano-particles 

of CuO, ZnO and Al2O3 [8-10]. All the chemicals used in this study were of GR grade purchase from Sd-fine, India 

(purity 99.99%). The chemicals are used without any further purification. 

Fabrication of Sensors : Multilayer preparation   

 

Fig.1 Design of multilayer Sensor 

On clean glass plate, Al2O3 was deposited by using screen-printing technique and it was used as base of the sensor. 

On Al2O3, the sample layers were prepared. Finally on the top, Inter-digited electrodes were fabricated using 

conducting silver paste  and design of multilayer sensor is shown in Fig. 1. 

Preparation of Samples of Series:  CuO: ZnO / Al2O3/GP 

The obtained product of fine nanopowder of CuO and ZnO are used for fabrication of thick films sensors by using  

screen-printing technique.  For this, the different X mole% CuO powder (X =  05, 10, 15, 20, 25, 30) was mixed 

thoroughly with different X mole% of ZnO (X =  95, 90, 85, 80, 75, 70) along with Al2O3 base on glass plate (GP) 

substrate the aid of acetone by using the mortar and pestle. The sample codes, mole% of powder, and thickness are 

listed in the Table 2.. The mixed powder of CuO : ZnO system was further calcinated at temperature 800°C for 5hrs.  

in the auto-controlled muffle furnace (Gayatri Scientific, Mumbai, India.) After, the calcinations again uniformly 

mixed the powder using the grinder.   

Table 1 Thickness of Multi-layers for Series: CuO: ZnO / Al2O3/GP Gas Sensors. 

Sample 

Code 

Composition Thickness (x 10-4 cm) 

Layers:---- Upper  

Layer(1) 

Al2O3 

Layer(2) 

Total 

(1+2) Upper  /Al2O3/Glass plate (GP)  

C1 05CuO:95ZnO/ Al2O3/GP 2.8 27.1 29.9 

C2 10CuO:90 ZnO / Al2O3/GP 3.4 28.7 32.1 

C3 15CuO:85 ZnO / Al2O3/GP 2.2 29.4 31.6 

C4 20CuO:80 ZnO / Al2O3/GP 3.9 28.8 32.7 

C5 25CuO:75 ZnO / Al2O3/GP 2.8 28.9 31.7 

C6 30CuO:70 ZnO / Al2O3/GP 2.9 30.2 33.1 

 

 

RESULTS AND DISCUSSION  

XRD of CuO & ZnO Nanomaterial and their dopings 

The average crystallite size was calculated by Debye-Scherer’s equation with the help of XRD patterns as shown in 

figure 4. The strong and sharp peak of CuO observed at 37° position with (1 1 1) indicates that the sample is having 

high crystalline quality, and it is in the structure of monoclinic with lattice parameters a = 0.4685 nm, b = 0.3532 nm, 
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and c = 0.5121 nm, which is good agreement with JCPDS card number 88-2341. The average crystalline size was 

obtained 27 nm from Debye-Scherer’s equation, 
K

D = 
cos



 
  

Where, D = nanoparticles crystalline size, K = Scherrer constant (0.98),   = wavelength and  denotes the full width 

at half maximum (FWHM). 

As shown in figure 2, the XRD pattern peak for CuO doped ZnO exhibits hexagonal and monoclinic crystalline phases 

at 2  values of 8.25o, 26.56o, 38.45o, 44.21o, 53.56o, 62.55o, 73.12o and 82.67o (JCPDS Card No.5-3242), with the 

corresponding planes of (1 0 0 ), (1 1 0 ),  (1 1 1), (2 2 0), (1 0 2), (2 0 2), (1 0 3),  and (1 0 2), respectively. As shown 

in table 2, Sample Code C3 i.e. (15CuO:85ZnO) sample shows small crystalline size. The average crystalline size was 

found to be smaller in case of C3 sample and hence its active surface is more [11].   

 

 

Fig.2. XRD spectra of Pure CuO, Pure ZnO and CuO doped with ZnO Nanomaterial 
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Table 2 Average crystallite size of ZnO  and CuO doped ZnO 

Sample 

Code 
Chemical Composition 

of CuO:ZnO (mole %) 

Maximum Intensity 

Peak Position 

(2θ) degree 

FWHM 

(2θ) degree 

Average 

Crystallite Size 

(D) in nm 

PC Pure CuO 43.32 0.1865 162.22 

C1 05CuO:95 ZnO  26.45 0.1786 102.33 

C2 10CuO:90 ZnO  28.44 0.1862 98.22 

C3 15CuO:85 ZnO 29.34 0.1372 78.33 

C4 20CuO:80 ZnO  32.45 0.1672 93.23 

C5 25CuO:75 ZnO 38.33 0.1932 105.22 

C6 30CuO:70 ZnO  48.34 0.2122 112.44 

PZ Pure ZnO 57.33 0.2344 117.87 

Scanning electron microscopy (SEM) Analysis 

From SEM picture (figure 3 (a) to (d)), it is observed that all the samples viz. Al2O3, CuO, ZnO and Sample Code C3 

i.e. (15CuO:85ZnO) (optimize sample shown only) are porous in nature. Porosity varies with sample to sample and 

among these material, Sample Code C3 i.e. (15CuO:85ZnO)   showed more porosity (small size ~ 60 to 80 nm). Due 

to small pores size, its surface area is more [12-14] and it shows more sensing nature. Some portion of SEM picture 

shows some rods with fine voids over them which helps to increase sensing properties.   

                  

 
Fig. 3 (a) SEM picture of Al2O3 
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Fig. 3 (b) SEM picture of CuO 

 
 

Fig. 3(c) SEM picture of ZnO 

 

Fig. 3 (d) SEM picture of  15CuO:85ZnO 
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Table 3. shows the average diameter and number of pores per inch of of pure Al2O3, CuO, and  ZnO  and their dopings.  

 

Table 3. Average diameter of pore and number of pores per inch of pure samples and their dopings. 

 

Sample 

Code 

Pure sample and their dopings (mole 

%) 

Average diameter 

of pore (nm) 

Number of pores per inch 

(in x 2000 magnification) 

PA Al2O3 95 154 

PC CuO 80 172 

PZ ZnO 87 160 

C1 05CuO:95ZnO  79 165 

C2 10CuO:90ZnO  81 161 

C3 15CuO:85ZnO  45 245 

C4 20CuO:80ZnO  67 187 

C5 25CuO:75ZnO  74 176 

C6 30CuO:70 ZnO  69 183 

 

From the SEM pictures (table 3), it is observed that Sample Code C3 i.e. (15CuO:85ZnO), have more pores per inch 

(calculated for x 2,000 magnification for each composition) than other sensors. Thus these sensors have more active 

surface areas and exhibit more sensing nature [14-15]. It is also found that average diameter of pore in case of 

(15CuO:85ZnO) are small as compared to other doping. This also tends to exhibit large surface area and exhibited 

high response of the samples.   

 

Detection of CO2 gas: Gas Sensing Properties 

CO2 acts as an oxidizing agent in some chemical reactions, such as the production of carbonates. It can also participate 

in redox reactions, where it can accept electrons and become reduced and hence its resistance increases with increase 

of CO2 gas concentration [16]. The sensitivity of the sensor is given by, 

             
gas air

air air

R  - R R
S  =  = 

R R

   
   
   

                     

Where, Rgas = resistance of the sensor in presence of gas and  

   Rair = resistance of the sensor in air 

The variations of sensitivities and sensors with concentration of CO2 gas at room temperature are shown below. 
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Fig. 4 : variations of resistance with CO2 gas concentration 

For CO2 gas concentration variation from 500 ppm to 1500 ppm, variation of resistance for C1 to C6 sensors is shown 

in Fig. 4. As carbon-dioxide concentration increases, Cu ions interact with Zn ions by absorbing CO2 gas and resistance 

increases. It is exhibited that, initially resistance increases with increases of concentration of gas, becomes maximum 

at 1100 ppm and then with further increase of gas concentration, it decreases. It is recorded maximum resistance for 

C3 sensor (15CuO:85ZnO) to be 5.56 M  at 1100 ppm CO2 gas concentration [17-19].  

Static Responses of sensors: 

Static responses [20-21] of samples Fig. 5.  of (CuO:ZnO/Al2O3/GP) were studied at 700, 900 and 1100 ppm of CO2 

gas concentration as a function of time and from the manifested variations, response and recovery times were 

calculated. 
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Fig. 5: Static response (response and recovery times) 

Table 4. Response and Recovery times of  Samples   

Sr. 

No. 

Sample  

Compositions  

Sensor Response time 

(s) for 1100 

ppm 

Recovery 

time (s) for 1100 

ppm 

1 05CuO:95 ZnO /Al2O3/GP C1 93 95 

2 10CuO:90 ZnO /Al2O3/GP C2 87 89 

3 15CuO:85 ZnO /Al2O3/GP C3 56 61 

4 20CuO:80 ZnO /Al2O3/GP C4 69 76 

5 25CuO:75 ZnO /Al2O3/GP C5 72 79 

6 30CuO:70 ZnO /Al2O3/GP C6 82 91 

At 100 ppm CO2 gas concentration, from table 4, sensor C3 manifested fast response (response time 56 s and recovery 

time 61 s) among the fabricated sensors. Also, it is observed that response time less than that of recovery time.  

CONCLUSIONS   

The XRD pattern of (CuO-ZnO) system samples shows nanocrystalline form and found the desired peaks of 

composites. FESEM study reveals that the grain size of nanometer order and shows nano-porous structure, which 

leads to exhibit large surface area, stability and highest response to CO2 gas. The response time is faster than recovery 

time therefore the Sample C3 i.e. (15CuO:85ZnO) is found to optimized sensor for CO2 gas.      
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ABSTRACT 

This research explores the electrical, molecular, and structural characteristics of PVC: PMMA Polyblend (1:2) doped 

with 8% salicylic acid. AC conductivities and dielectric constants were measured over a temperature range of 303 K 

to 353 K using a Precision LCR meter, revealing nuanced with dopant concentration, temperature, and frequency. 

FTIR spectroscopy highlighted distinct peak differences in PVC-PMMA films with and without the dopant, 

emphasizing the impact of salicylic acid on molecular interactions. XRD analysis demonstrated an amorphous nature 

in both doped and undoped thin films, while SEM and EDX revealed heterogeneous structures with varying dopant 

percentages. The study provides valuable insights into the intricate interplay between temperature, frequency, and 

dopant concentration in the electrical and structural properties of PVC: PMMA blends. These findings contribute to 

the understanding of material behavior for potential applications in diverse fields such as materials science and 

pharmaceuticals. 

Keywords: PVC-PMMA; AC conductivity; dielectric constant; frequency; salicylic acid; FTIR; XRD; SEM; EDX 

INTRODUCTION 

Polymer composites have garnered significant attention for their diverse applications in the field of electronics, owing 

to their tunable electrical properties and flexibility. Among these materials, Polyvinyl Chloride (PVC) and 

Poly(methyl methacrylate) (PMMA) blends have gained prominence as potential candidates for various electronic and 

optoelectronic devices due to their intriguing characteristics, such as high dielectric strength, thermal stability, and 

ease of processing. To further enhance their electrical performance, the introduction of dopants has emerged as a 

promising strategy. 

EXPERIMENTAL 

Thin films of PVC-PMMA with different dopant concentrations were prepared using the isothermal evaporation 

technique. Preparation of a Polyblend thin film of PVC-PMMA in 1:2 weight proportional, the dopant and the polymer 

mixture were dissolved in a solvent  (THF)  were mixed in solution form .for a complete Homogeneous solution was 

kept for two or three days. after two or three days solution are in a homogeneous form then the solution mixture was 

poured onto a perfectly planed glass plate floating freely in a pool of mercury for perfect leveling. it was thereafter 

allowed to evaporate at room temperature further, and it was dried for two days to remove any traces of solvent. the 
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dry film removes from the glass plate and cuts into pieces of desired size then measure the thickness of the thin film 

by DIGMATIC micrometer, which was then coated on two sides with silver paint then by using the multimeter check 

whether the two electrodes working or not .then investigate the conductivity .Two sets of films were fabricated: one 

without salicylic acid (0% dopant) and the other with 8% salicylic acid as the dopant. AC conductivity measurements 

were performed using 4284 A precision LCR meter (Agilent Make), covering a frequency range of 20 Hz to 1MHz. 

The measurements were carried out at two different temperatures: 303 K to 353 K. The ln f and ln AC conductivity 

and dielectric values were recorded for further analysis. 

Graph related to Dielectric constant of PVC-PMMA 1:2 with 0% SA and 8% SA 

 

Fig 1.1. (a-b)Variation of r with T(K) at different frequencies for 1:2 PVC-PMMA System 

 

Fig 1.2.(a-b)Variation of r with Ln f at different temperatures for 1:2 PVC-PMMA System 
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Graph related to AC Conductivity of PVC-PMMA 1:2 with 0% SA and 8% SA 

 

Fig 1.3. (a-b)Variation of Ln  with T (K) at different 

frequencies for 1:2 PVC-PMMA System 

 

Fig 1.4.Variation of Ln  with Ln f at different temperatures for 1:2 PVC-PMMA System  

-14.00

-13.00

-12.00

-11.00

-10.00

-9.00

-8.00

-7.00

-6.00

-5.00

293 303 313 323 333 343 353 363

L
n

 

T (K)

25 Hz 50 Hz 100 Hz 150 Hz

200 Hz 250 Hz 500 Hz 1 KHz

5 KHz 10 KHz 20 KHz 50 KHz

100 KHz 250 KHz 500 KHz 1 MHz

-14

-13

-12

-11

-10

-9

-8

-7

-6

-5

0 2 4 6 8 10 12 14 16

L
n

 

Ln f

303 K 313 K 323 K

333 K 343 K 353 K

a) PVC-PMMA SA(0) 

 

a)PVC-PMMA SA(0) 

 

-16.00

-15.00

-14.00

-13.00

-12.00

-11.00

-10.00

-9.00

-8.00

-7.00

-6.00

293 303 313 323 333 343 353 363

L
n

 

T (K)

25 Hz 50 Hz 100 Hz 150 Hz

200 Hz 250 Hz 500 Hz 1 KHz

5 KHz 10 KHz 20 KHz 50 KHz

100 KHz 250 KHz 500 KHz 1 MHz

b)PVC-PMMA SA(8) 

 

-16

-15

-14

-13

-12

-11

-10

-9

-8

-7

-6

0 2 4 6 8 10 12 14 16

L
n

 

Ln f

303 K 313 K 323 K

333 K 343 K 353 K

b)PVC-PMMA SA(8) 

 

http://www.ijrst.com/


International Journal of Research in Science and Technology                                                 http://www.ijrst.com 

 

(IJRST) 2023, Vol. No. 13, Issue No. 3, Jul-Sep                                           e-ISSN: 2249-0604, p-ISSN: 2454-180X 

 

117 

 

INTERNATIONAL JOURNAL OF RESEARCH IN SCIENCE AND TECHNOLOGY 

 

 

 

 

 

 

 

 

 

 

                                       

 

 

 

 

 

  

                                             Fig 1.7 XRD Spectra of 1:2 PVC-PMMA 0% SA  

 

 

 

 

Fig 1.5 FTIR of 1:2 (PVC-PMMA) SA (0) 

Fig 1.6 FTIR of 1:2 (PVC-PMMA) SA (8) 
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Fig 1.5 FTIR of 1:2 (PVC-PMMA) with 8% SA 

Fig 1.8 XRD Spectra of 1:2 PVC-PMMA 8% SA  

Fig 1.9 SEM of 1:2 PVC-PMMA 0% SA  Fig 1.10 SEM of 1:2 PVC-PMMA 8% SA  

Fig 1.11 SEM of 1:2 PVC-PMMA 0% SA  Fig 1.12 SEM of 1:2 PVC-PMMA 8% SA  
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RESULTS AND DISCUSSION 

AC conductivities and dielectric constant: 

The AC conductivities and dielectric constant, XRD, SEM, EDAX of PVC:PMMA blends  (1:2)doped with  8% 

percentages of Salicylic acid were examined in this study.  Measurements were taken using a 4284 A precision LCR 

meter (Agilent Make) with a frequency range of 20 Hz to 1 MHz. The tests were conducted over a temperature range 

of 303 K to 353 K.                                                                                                                                

Here's a summary of the key findings:  

1. Variation of dielectric constant with temperature at different frequencies with and without dopant  

2. Variation of dielectric constant with frequency at different temperatures with and without dopant  

 3. Variation of AC conductivity with frequency at different constant temperatures with and without dopant   

4. Variation of AC conductivity with temperature at different constant frequencies with and without dopant  

 5. Variation of dielectric constant with concentration of dopant at various temperatures.  

6. AC conductivity with concentration of dopant at various temperatures   

The study explored PVC: PMMA blends (1:2) doped with 8% salicylic acid, examining various properties using a 

Precision LCR meter. Dielectric constant increased with temperature due to enhanced dipole flexibility, particularly 

notable in the polar PVC: PMMA blend. Conversely, dielectric constant decreased with increasing frequency, 

attributed to orientation polarization struggling to match field variations at higher frequencies. AC conductivity rose 

with frequency, indicating higher loss currents in response to changing electric fields. Notably, the dielectric constant 

increased with dopant percentage but decreased in AC conductivity, suggesting the salicylic acid's impact on the 

blend's functional sites. This sheds light on the nuanced interplay between temperature, frequency, and dopant 

concentration in the electrical and structural properties of the PVC: PMMA blends. 

FTIR: 

The FTIR spectroscopy is a very useful technique to elucidate the intermolecular interaction between PVC, PMMA 

and Salicylic Acid. FTIR spectra were collected using an Agilent Micro Lab instrument. The spectra were recorded 

in the range of 4000-400 cm−1 each sample was scanned 64 times, and background scans were taken 32 times to ensure 

accuracy and reliability. The FTIR spectra of PVC/PMMA/SA films were depicted in Fig. 1.5 demonstrates the FTIR 

spectrum of PVC-PMMA thin film without doping and Fig 1.6. Demonstrates the FTIR spectrum of PVC-PMMA 

thin film with doping.PVC-PMMA with SA. The FTIR spectra of PVC-PMMA thin films with and without an 8% 

SA dopant reveal notable differences in peak wavenumbers and intensities. The prominent peaks and their implications 

are discussed below In Fig 1.5.FTIR of PVC-PMMA 0% SA the peak 1062-1064.2 cm−1  rocking vibration of CH2 

group of PVC.The Peak 2950.2 In both film with and without SA which shows C-CH3  ,C-H  Stretching in PMMA 

(Rajendra and Uma (2000)) .The Peak 1481.6  C-H Stretching  in PMMA.  The Peak 1481.6 C-H Stretching in PMMA. 

The peaks at 2993.1 cm−1 and 2951-2950.2 cm−1 corresponds to the stretching of–CH3 and –CH2– groups of 

PMMA.The band 616.9-617 cm−1 demonstrate the C–Cl bond of the isotactic and syndiotactic structure of 

PVC.Broader and stronger bands in the region 1300-1000 cm−1 correspond to C–O stretching vibrations which usually 

consists of two asymmetric coupled vibrations. i.e. C––C (=O)––O and O––C––C.The Peak at 749.2 cm−1 corresponds 

to out of plane C––H bending in PVC. A sharp band located at 1723.9 cm−1 was ascribed to the carbonyl group (C=O) 

in the film, which is typically attributed to PMMA.. Similarity Peak at 840.5 cm-1 PVC-PMMA without SA: Intensity 

of 94.708 and PVC-PMMA with 8% SA: Intensity of 92.801This peak is associated with CH2 rocking vibrations in 

PVC. In Both Film the band at 1433-1433.2 cm−1 is due to the wagging of methylene groups in PVC and/or owing to 

the asymmetric stretching of O–CH3 group of PMMA. FTIR analysis highlights the presence of both PVC and PMMA 

components in the film. The intensity of various peaks provides information about the relative composition and 

structural aspects of the film. The reduction in intensity for specific PVC-related peaks suggests a decrease in the PVC 

content and potential structural changes. Fig 1.6 .FTIR of PVC-PMMA 8% SA which shows the stretching vibrations 

of C-H bonds 2849.5 cm−1 [21]. The bands at 1328.8 cm−1 represents the deformation of –CH2 in PVC and attributed 
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the overlapping CH2 wagging in PMMA, 1249 cm−1, The peaks at 609 cm−1 demonstrate the C–Cl bond of an isotactic 

and syndiotactic structure of PVC.609.4 cm-1 signifies C-Cl bonding. The characteristic peak at 1722-1723.9 cm−1 can 

be attributed to the C=O stretching vibration of acrylate carboxyl group of PMMA and Both Film the asymmetric 

stretching of CH3 group was observed at 1433.2-1435 cm−1. The bands at1140.6- 1141 cm−1 and1237.5- 1238 cm−1 

are because of the C–O–C absorption and the stretching vibration of –OCH3 group of PMMA. The characteristic 

absorption bands of PMMA occur at 1189.6-1190 cm−1, 1064-1064.2 cm−1, 985-985.9 cm−1 and 840-840.5 cm−1 [26, 

28]. In PVC-PMMA doped SA thin film The 1727.6 cm−1 characteristic peak is attributed to the C=O stretching 

vibration of the acrylate .The band located at 1148-1146.2 cm−1 was attributed to the C–O group carboxyl group of 

PMMA and.In Both Film The bands at 961-963.5 cm−1  are of CH2 rocking vibration. The bands at 688-689.6 cm−1 

and Peak at 436.1 cm-1 PVC-PMMA without SA: Intensity of 94.300 and PVC-PMMA with 8% SA: Intensity of 

93.656 .This peak is attributed to C-Cl stretching in PVC. The decrease in intensity in the doped film suggests a 

reduction in the PVC component. The decrease in intensity indicates changes in the polymer structure due to the 

presence of SA.Peak at 1384.7 cm-1 PVC-PMMA without SA: Intensity of 95.473 .PVC-PMMA with 8% SA: Intensity 

of 95.505.This peak represents the CH3symmetric deformation in PVC. The marginal difference in intensity suggests 

minor changes in the polymer structure. Peak at 1587.8 cm-1.PVC-PMMA without SA: Absent .PVC-PMMA with 8% 

SA: Intensity of 98.436.This strong peak corresponds to the CO stretching in SA, confirming the successful 

incorporation of SA into the doped film. Peak at 2950.2 cm-1 .PVC-PMMA without SA: Intensity of 95.995.PVC-

PMMA with 8% SA: Intensity of 95.158.This peak is linked to CH3stretching in PMMA. The similar intensities 

suggest that SA has a limited effect on PMMA. Peak 1587.8 cm⁻¹ corresponds to CO stretching in SA, confirming the 

successful incorporation of SA into the film. Peak 23 at 1727.6 cm⁻¹ indicates the presence of C=O stretching vibration 

of the acrylate carboxyl group of PMMA and is attributed to the SA dopant. In the film doped with 8% SA, several 

new peaks emerge, suggesting successful incorporation of SA: The presence of SA is evident with a strong peak at 

1587.8 cm⁻¹, representing CO stretching in SA. Other peaks related to PVC and PMMA, including C-Cl stretching 

and CH₂ rocking vibrations, are also present. The FTIR analysis indicates that SA has a limited effect on the 

characteristic peaks of PMMA, as the peak related to CH₃ stretching remains similar in intensity.  

The introduction of Salicylic Acid into the PVC-PMMA thin film is confirmed by the appearance of SA-specific 

peaks. The decrease in the intensity of PVC-related peaks in the doped film suggests a reduction in the PVC 

component, indicating a change in the polymer structure due to SA doping. SA has a limited impact on PMMA, as 

indicated by the consistent intensity of PMMA-related peaks. This FTIR analysis underscores the importance of 

studying the molecular interactions and structural changes when incorporating SA into PVC-PMMA films, which has 

implications for various applications, including materials science and pharmaceuticals. The FTIR analysis confirms 

the presence of SA in the film, as evidenced by the SA-specific peaks. The peaks related to PVC and PMMA are still 

present in the film, indicating the coexistence of these components with SA. The similar intensity of PMMA-related 

peaks suggests that SA has a limited effect on PMMA. This analysis provides essential information about the 

molecular interactions and structural changes occurring when SA is introduced into the PVC-PMMA thin film, 

highlighting the impact of the dopant on the film's chemical composition and structure. 

Result from XRD Spectra and SEM and EDX analysis: 

XRD of undoped and doped thin film show almost amorphous Nature. There are no sharp peaks in all the X-RD 

patterns. It is well known that the absence of peaks in intensity versus 2θ curve indicates that the (thin films) samples 

are amorphous in nature. Energy dispersive X-ray (EDX) was engaged for elemental analysis of the PVC-PMMA 

Polyblend without and with SA thin film. The EDX spectrum presented in Fig.1.11-1.12.  Confirmed sharp peaks due 

to the following elements: fig 1.11 shows C (67.84%), O (13.21%) and Cl(18.94 %) and fig 1.12 shows C (56.81%), 

O (11.07%) and Cl (32.12 %) in addition to hydrogen. The occurrence of these elements will generate charges on the 

surface of the polymer and create electrostatic forces of attraction between the samples 

Explanation from SEM Photography Scanning electron microscope images of the 1:2 PVC-PMMA blend without SA 

and with SA. The images exhibit heterogeneous structure in both blends. Fig 1.9 shows the morphology of blends 

show a phase separated region. The PVC domains are visualized as the hole s from which the material was pulled out.  

Systems the phase separations were observed. This is in agreement with result reported by (Yongseok Kim et al., 

2008), (Rajendran S. et al, 2008).fig 1.10. Shows as dopant percentage increases. That is due to the increase in 

amorphousity. This is in agreement with XRD results. 

 

http://www.ijrst.com/


International Journal of Research in Science and Technology                                                 http://www.ijrst.com 

 

(IJRST) 2023, Vol. No. 13, Issue No. 3, Jul-Sep                                           e-ISSN: 2249-0604, p-ISSN: 2454-180X 

 

121 

 

INTERNATIONAL JOURNAL OF RESEARCH IN SCIENCE AND TECHNOLOGY 

CONCLUSIONS 

In conclusion, the study investigated (1:2) PVC:PMMA blends doped with 8% salicylic acid. AC conductivity and 

dielectric constant variations were studied at different temperatures and frequencies, revealing nuanced interactions. 

FTIR analysis confirmed the successful incorporation of salicylic acid, impacting PVC but having a limited effect on 

PMMA. XRD patterns indicated an amorphous nature in both doped and undoped thin films. SEM images showed a 

heterogeneous structure, with increasing dopant percentages leading to higher amorphousity. Overall, the findings 

highlight the complex interplay of temperature, frequency, and dopant concentration on the electrical and structural 

properties of PVC:PMMA blends. 
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ABSTRACT 

The aim of this study is focused on preparation of tin oxide doped with polyporrole  multilayer thick film by using 

base as a alumina substrates. The structural and morphological properties  reported, XRD patterns show 

nanocrystalline form with desired peaks of composites and  SEM study reveals that the grain size of nanometer order 

and shows nano- porous structure, which leads to exhibit large surface area, stability and highest response to gas and 

found (92SnO2:8 PPy) sensor multilayer thick film as optimised sensors 

    

Keywords: Tin oxide; polyporrole; multilayer thick films; XRD; SEM 

INTRODUCTION 

Tin oxide (SnO2) is the most used sensing material in commercially sensor devices for toxic gases detection [1]. It is 

well known that the sensing properties of SnO2-based material depend on its chemical and physical characteristics, 

which are strongly dependent on the preparation conditions, dopant and grain size. This implies that the synthesis of 

the sensing material is a key step in the preparation of high-performance MOS gas sensors. SnO2 powders and films 

can be prepared by a variety of synthesis methods [2-5]. This paper focused on synthesis of pristine nano-particles of 

SnO2, ppy and Al2O3  and also (SnO2- ppy) multilayer thick films with Al2O3, as base material.  

EXPERIMENTAL: PREPARATION OF MATERIALS 

The methods of synthesis of nano-particles can be broadly classified in the three categories namely, liquid phase 

synthesis, gas-phase synthesis and vapour-phase synthesis . In the present work, we have used sol-gel method for the 

synthesis of pristine nano-particles of SnO2, Al2O3 and PPy [6]. 

 

Preparation of Tin Oxide (SnO2)  

All the chemicals used in this study were of GR grade purchase from Sd-fine, India (purity 99.99%). The chemicals 

are used without any further purification. Stannous chloride dehydrates (SnCl2.2H2O), Ammonia solution and 

deionized water were used during reaction. The conducting silver paint (Sigma Aldrich Chemical, USA) is used to 

form electrodes.  

 
1 How to cite the article: Bhuyar R.S., Raulkar K.B., Lamdhade G.T.; Apr-Jun 2023; Sol-Gel Synthesis and Characterization of SnO2- PPy 

Multilayer Thick Films; International Journal of Research in Science and Technology, Vol 13, Issue 2, 67-77, DOI: 

http://doi.org/10.37648/ijrst.v13i02.010 
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In preparation of SnO2, 2g (0.1 M) of stannous chloride dehydrate (SnCl2.2H2O) is dissolved in 100 ml water. After 

complete dissolution, about 4 ml ammonia solution is added to above aqueous solution with magnetic stirring. Stirring 

is continued for 20 minutes. White gel precipitate is immediately formed. It is allowed to settle for 12 hrs. Then it is 

filtered and washed with water 2-3 times by using deionized water. The obtain precipitate were mixed with 0.27 g 

carbon black powder (charcoal activated). The obtained mixer is kept in vacuum oven at 70 ºC for 24 hours so that 

the mixer gets completely in to dried powder. Then this dry product was crushed into a find powder by grinder. Now 

obtained product of fine nanopowder of SnO2 was calcinated at 7000C up to 6 hours in the auto controlled muffle 

furnace (GAYATRI Scientific, Mumbai, India.) so that the impurities from product will be completely removed. 

Preparation of Polypyrrole (PPy) 

The method used for the preparation of polypyrrole is chemical polymerization. Powder polypyrrole was prepared 

with 4.290 (high) weight ratio of pyrrole (Py) monomer/oxidant (FeCl3). During the synthesis, concentration of FeCl3 

was kept constant and methanol was used as a solvent.  

The Py monomer, anhydrous iron (III) chloride (FeCl3) and methanol were used as received for synthesis of PPy. The 

solution of 7 ml methanol and 1.892 g FeCl3 was first prepared in round bottom flask. Then 8.4 ml Py monomer was 

added to (FeCl3 + methanol) solution with constant stirring in absence of light. The amount of Py monomer added to 

the solution (1/2.33 times of FeCl3) was in such a way to get maximum yield [7]. 

The polymerization of Py, which was suppressed in a solution, progressed rapidly due to an increase of oxidation 

potential caused by evaporation of solvent. In the polymerization reaction of Py, it was observed that as soon as the 

Py monomer was added to the solution, the colour changed to dark green/black. There was an increase in temperature 

of the solution during the start of reaction, which showed that it is an exothermic reaction [8]. The reaction was carried 

out at room temperature for 4 hrs. The final precipitated polymer was filtered by a conventional method. The polymer 

was washed with distilled water several times till the filtrate obtained was colourless. To remove last traces of un-

reacted pyrrole and remaining ferric and ferrous chloride formed due to polymerization, it was then washed with 

methanol.  

The polymer, obtained in powder form was dried first at room temperature for a few hours and then finally dried in 

an oven  kept at 800C for 5-6 hrs. This polypyrrole is then used for active layers of Semiconductor Gas Sensors.  

Preparation of Alumina (Al2O3)  

1M alcoholic AlCl3 solution was prepared, followed by addition of 25% ammonia solution. The resulting solution 

turned to a white sol. This was followed by the addition of PVA (0.5M). The solution was stirred continuously using 

a magnetic stirrer until it became a transparent sticky gel. The gel was allowed to mature for 24 hours at room 

temperature. The resultant gel was heat treated at 100°C for 24 hours which led to the formation of light weight porous 

materials due to the enormous gas evolution. The dried gel was, then calcined at 1000°C for 4 hours and finally, the 

calcined powders were crushed using mortar and pestle to get the fine homogeneous dense powder of Alumina.   

Fabrication of Sensors 

Three series of the samples prepared were SnO2: PPy with Al2O3 base of multilayer sensors. The different 

combinations are shown in tables 1. 
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Table 1 Samples codes of series : SnO2: PPy 

Sr. No. Sample codes SnO2 (mole %) PPy (mole %) 

1 F1 100 00 

2 F2 98 02 

3 F3 96 04 

4 F4 94 06 

5 F5 92 08 

6 F6 90 10 

 

Out of various methods of sensors preparation, the screen-printing (thick film technology) is most widely used. Screen-

printing is the transfer of pastes though a fabric screen onto a substrate.  

Multilayer preparation   

Fig. 1 (a), and 1(b) show fabrication of interdigited electrodes, actual photographs of interdigited electrodes 

respectively.  

 

   (a)                                                                                     (b) 

Fig. 1 (a) Fabrication of interdigited Electrodes (b) Actual photograph of interdigited electrodes 

 

 

Fig.2 Design of multilayer Sensor 

On clean glass plate, Al2O3 was deposited by using screen-printing technique and it was used as base of the sensor. 

On Al2O3, the sample layers were prepared. Finally on the top, Interdigited electrodes  were fabricated using 

conducting silver paste as shown in the Fig. 1(b). Design of multilayer sensor is shown in Fig. 2. 
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Preparation of Samples of Series SnO2: PPy/Al2O3/GP  

The obtained product of fine nano-powder of SnO2 and PPy are used for fabrication of thick films sensors by using 

screen-printing technique. For this, the SnO2 powder was mixed thoroughly with different X mole% of PPy (X = 2, 4, 

6, 8,10) along with Al2O3 base on glass plate (GP) substrate the aid of acetone by using the mortar and pestle. The 

sample codes, mole% of powder, and thickness are listed in the Table 2. The mixed powder of SnO2:PPy system was 

further calcinated at temperature 800°C for 5hrs. in the auto controlled muffle furnace (Gayatri Scientific, Mumbai, 

India.) After, the calcinations again uniformly mixed the powder using the grinder 

Table 2:  Length, Width and Thickness of Multi-layers in SnO2: PPy/Al2O3/GP gas sensor 

Sample 

Code 

Doping mole % Upper 

layer 

length 

(cm) 

Upper 

layer 

width 

(cm) 

Thickness (x 10-4 cm) 

Layers:  Upper  

Layer 

(1) 

Al2O3L

ayer 

(2) 

Total 

(1+2) Upper/ /Al2O3/ 

Glass plate (GP)  

F1 SnO2/ Al2O3/GP 3 1.5 5.1 26.4 31.5 

F2 98 SnO2:2 PPy/ Al2O3/GP 3 1.5 3.1 34.2 37.3 

F3 96 SnO2:4 PPy/ Al2O3/GP 3 1.5 2.8 35.1 37.9 

F4 94 SnO2:6 PPy/ Al2O3/GP 3 1.5 3.4 32.6 36.0 

F5 92 SnO2:8 PPy/ Al2O3/GP 3 1.5 3.0 35.5 38.5 

F6 90 SnO2:10 PPy/ Al2O3/GP 3 1.5 3.6 32.3 35.9 

F7 PPy/ Al2O3/GP 3 1.5 1.9 48.4 50.3 

 

RESULTS AND DISCUSSION  

X-Ray diffraction pattern of polypyrrole [9] showed that, it is amorphous in nature. In Fig. 3 XRD pattern of 

polypyrrole was recorded in terms of 2  in the range 5 to 1000. As shown in XRD pattern broad peak occurs at 290 

and it is characteristics of amorphous nature of polypyrrole. The broad peak occurs due to the scattering of X-rays 

from polymer chains at the interplaner spacing. The position of maximum intensity of amorphous halos depends on 

monomer to oxidant ratio. The average crystallite size of polypyrrole is about 119 nm. Abroad peak is observed at 

about 2θ = 29.36 which is characteristics peak of amorphous PPy. However, the peak obtained at 29 degree matches 

with the value of (3.040 A0) FeCl3. The average green size determines from XRD pattern using Scherrer formula of 

these material is about 119 nm for PPy. 

 
Fig. 3 XRD of Spectra of Polypyrrole 
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    Fig. 4 XRD Pattern of SnO2   

 

Figure 4 shows the X-ray diffraction pattern of pure SnO2, calcinated at 8000C for 4-5 hours. It is recorded in terms 

of 2  in the 10 to 100 0.  

In case of pure SnO2 a main pic is observed at 26.540. This peak corresponding to the plane (110) of SnO2 in tetragonal 

structure (JCPDS card No.1534785) with 100% intensity. The other Peak of SnO2 mainly correspondent to the planes 

(101), (200), (211), (220), (310), (301) and (321). 

These planes correspond to the cassiterite phase of SnO2. Tin (IV) dioxide (II) i.e. SnO2 has only one stable phase the 

so called cassiterite (mineral form) or rutile (material structure). It crystalizes in the tetragonal rutile structure with 

space group D14
4h (P42/mnm), which correspondence to the number 136 in the standard listening with cell parameter 

a=b=4.7456 A0, C=3.1930 A0 and α = β = γ = 900 with c/a ratio of 0.6728. 

 
Fig. 5 XRD Pattern of 98SnO2:2PPy 

 

 Fig. 5. shows that the X-ray diffraction pattern of 98SnO2:2PPy calcinated at 800oC for 4 to 5 hours. It is recorded in 

terms of 2  in the range of 10 to 100 degree. It is observed as the doping of PPy increases, the intensity of 

corresponding peak increases. This peak correspondence to the plane of 96SnO2:4PPy (JCPDS Card no.1534785 with 

100% intensity. The other peaks of 98SnO2:2PPy correspondence to the plane (101), (200), (211), (220), (310), (301), 

(321). 
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Fig. 6 XRD Pattern of 96SnO2:4PPy 

 

 

As shown in above spectra fig.6.  96SnO2:4PPy main peak in case of pure SnO2 is observe at 26.54 degree and his 

correspondence to the plane (110) of SnO2 in tetragonal structure(JCPDS Card no.1534785)  with 100% intensity the 

other pic of SnO2 mainly correspondence to the plane (101), (200), (111) and (301). 

 
Fig. 7. XRD Pattern of 94SnO2:6PPy 

As shown in above  fig.7. 94SnO2:6PPy  main peak [10], in case of pure SnO2, is observed at 26.58 and this peak 

corresponds to the plane(110) of SnO2 in tetragonal structure(JCPDS Card no.9007533) with 100% intensity the other 

peaks of SnO2 mainly corresponds to the Planes (101), (200), (111), (211) and (301). These planes corresponds to the 

cassiterite phase of SnO2.SnO2 has only one stable phase, the so called (mineral form) or rutile (material structure) 

JCPDS Card no.9007533. It crystallizes in the tetragonal rutile structure with space group which corresponds to the 

number 136 in the standard listing with cell parameter a = b = 4.7380A, c = 3.1865A and γ = β = γ = 90 degree with 

c/a ratio of 0.6725.  

From table 3. it is observed that average crystallite size of 94SnO2:6PPy doping is list as compared to the other 

compositions and pure materials and hence 94SnO2:6PPy compositions has large active surface area for sensing the 

gas. 
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Fig. 8. XRD Pattern of 92SnO2:8PPy 

Fig 8. 92SnO2:8PPy XRD spectra of doping of SnO2:PPy, incase of pure SnO2 is observed at 26.54 degree and this 

peak corresponds to the plane (110) of SnO2 and PPy in bixbyite phase (JCPDS Card No. 1011264) with 2θ=33.16, 

d-value is 2.699 with 100% intensity peak of SnO2 and PPy mainly correspond to the Planes (220), (310) and (301). 

 
Fig. 9. XRD Pattern of 90SnO2:10PPy 

 

Fig. 9. as shown in above spectra of doping of SnO2 and PPy main peak is observed at 26.580 and this corresponds to 

the plane (110) of SnO2 in tetragonal structure (JCPDS Caed No. 9007533) with 100% intensity. The other peak of 

SnO2 and PPy Mainly correspondec to the planes (110), (101), (112) and (301). These planes correspondence to the 

casseterities phase of SnO2 (JCPDS Card No. 9007533). In fig 9. it is observed that XRD pattern contains 8-10 peaks. 

These are prominent peak of SnO2. The (hkl) values are obtained by using  2  and d- values from XRD pattern. 
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The crystallite size (D) was calculated from Scherer’s formula using FWHM and it is listed in the table 3. as below, 

 

Table 3. Average crystallite size of SnO2, PPy and their compositions 

Sr. No. Chemical Composition of 

SnO2:TiO2 (mole %) 

Maximum Intensity Peak 

Position ( 2 ) in degree 

 FWHM (

2 ) degree 

Average 

Crystallite 

Size (D) in 

nm 

01 Pure SnO2 26.5414 0.1338 120.68 

02 98SnO2:2PPy/Al2O3/GP 26.6424 0.2165 102.62 

03 96SnO2:4 PPy/Al2O3/GP 26.7123 0.2168 103.68 

04 94SnO2:6 PPy/Al2O3/GP 26.6821 0.2178 105.24 

05 92SnO2:8 PPy/Al2O3/GP 26.6531 0.2175 98.23 

06 90SnO2:10PPy/Al2O3/GP 26.7512 0.2040 110.58 

07 Pure PPy 27.8710 0.1991 146.09 

  

SEM Analysis 

The surface morphology of polypyrrole [11-13] material was studied by SEM and its picture is shown in the Fig. 10. 

 
Fig. 10. SEM picture of polypyrrole 

From SEM picture, it is observed that PPy is porous in nature and pore size varies from ~ 0.5 to 3 µm. Due to small 

pores size, its surface area is more and it shows more sensing nature. Some portion of SEM picture shows some rods 

with fine voids over them which helps to increase sensing properties. 
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Fig. 11. SEM picture of Pure SnO2 

 

          
(a) SEM Picture of 98SnO2:2PPy              (b) SEM Picture of 96SnO2:4PPy 

 

           
(c) SEM Picture of 94SnO2:6PPy            (d) SEM Picture of 92SnO2:8PPy 
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(e) SEM Picture of 90SnO2:10PPy 

 

Fig. 12. SEM Picture of SnO2:PPy Series 

Table 4 Average diameters of pore and number of pores per inch of pure samples and their dopings. 

 

Serial 

No. 

Pure sample and their dopings 

(mole %) 

Codes Average 

diameter of 

pore (nm) 

No. of pores 

per inch 

 

1 Pure SnO2 F1 335 93 

2 98SnO2:2 PPy/ Al2O3/GP F2 387 83 

3 96SnO2:4 PPy/ Al2O3/GP F3 310 112 

4 94SnO2:6 PPy/ Al2O3/GP F4 289 134 

5 92SnO2:8 PPy/ Al2O3/GP F5 215 154 

6 90SnO2:10 PPy/ Al2O3/GP F6 323 95 

 

 

From table 4 the SEM pictures showed that 92SnO2:8PPy, compositions have more pores per inch than other 

compositions. Thus these three compositions have more active surface areas and exhibit more sensing nature. It is also 

found that average diameter of pore in case of 92SnO2:8PPy compositions are small as compared to other 

compositions. This also tends to exhibit large surface area and exhibited high response of the samples [14,15].  

 

 

CONCLUSIONS   

All samples show nanocrystalline form and found the desired peaks of composites and also the grain size of nano-

meter order and shows nano-porous structure, which leads to exhibit large surface area, stability and highest response 

particularly from this study (92SnO2:8 PPy) sensor was found to optimized for gas sensing applications.      
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ABSTRACT 

The multilayer thick films series of sensors (SnO2-PPy) tested for CO2 gas sensing application in the concentration 

range from 200 ppm to 2000 ppm, sensitivity increases is very small upto 1200ppm but beyond 1400 ppm of CO2 gas 

concentration, sensitivity becomes maximum. With further increase in CO2 gas concentration, sensitivity decreases. 

Static responses of the series of (SnO2:PPy) system also studied at 1000, 1200 and 1400 ppm of CO2 gas concentration.                  

sensor shows less response time  and less recovery time, F5 sensor is faster in operation that other prepared sensors. 

F5 sensor (92SnO2:8 PPy) offers high sensitivity, rapid response and recovery to CO2 gas.  

    

Keywords: SnO2-PPy; multilayer thick films; CO2 Gas Sensors  

INTRODUCTION 

Gas sensors consisting of metal oxides like SnO2 , TiO2, ZnO and others employ a variation of electrical conductance 

by ambient gases such as ethanol, carbon monoxide, methane, hydrogen sulfide, nitrogen oxide, and oxygen [1].  The 

effects of additive of various metals and metal oxides on SnO2 , TiO2, ZnO and others sensors are examined by 

Yamazoe et al. [2]. They found that gas sensitivity usually goes through a maximum with increasing nature. The 

effects of additives can be appropriately compared in terms of the temperature at the maximum of gas sensitivity. A 

new type of CO2 gas sensor was developed by Masayuki et al. [3] using porous hydroxyapalite ceramics, both DC 

and AC conductivities measurement were earned out in various atmospheres including air, CO2 and air containing 

different amount of CO2. Thick films of SnO2, ZnO, TiO2 were prepared by screen printing technique and studied by 

Mude et al. [4] result the semiconducting metal oxide gas sensor extensively used in the gas sensing. The chemical 

used for the designing of gas sensor was first calcinated at 650°C for 6 hrs. Thick films of  SnO2, ZnO, TiO2 were 

prepared using screen printing technique with Al2O3 as substrate on glass plate. Sensitivity was found to be more for 

SnO2 than other metal oxides. It was observed that stability is found better in SnO2 as compare with other metal oxides, 

sensitivity is also more as compare to other metal oxides.  This paper focused on CO2 gas sensing application of (SnO2- 

ppy) multilayer thick films system with Al2O3 as base material.  

EXPERIMENTAL 

The methods of synthesis of nano-particles can be broadly classified in the three categories namely, liquid phase 

synthesis, gas-phase synthesis and vapour-phase synthesis . In the present work, we have used sol-gel method for the 

synthesis of pristine nano-particles of SnO2, Al2O3 and PPy [5]. 

 
1 How to cite the article: Bhuyar R.S., Raulkar K.B., Lamdhade G.T.; Apr-Jun 2023; Tin Oxide (SnO2) Doped with Polypyrrole (PPy) Screen-

printed Multilayer CO2 Gas Sensor; International Journal of Research in Science and Technology, Vol 13, Issue 2, 78-83, DOI: 

http://doi.org/10.37648/ijrst.v13i02.011 
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Preparation of Samples of Series : SnO2: PPy/Al2O3/GP  

The obtained product of fine nanopowder of SnO2 and PPy are used for fabrication of thick films sensors by using 

screen-printing technique. For this, the SnO2 powder was mixed thoroughly with different X mole% of PPy (X = 2, 4, 

6, 8,10) along with Al2O3 base on glass plate (GP) substrate the aid of acetone by using the mortar and pestle. The 

sample codes, mole% of powder, and thickness are listed in the Table 1. The mixed powder of SnO2:PPy system was 

further calcinated at temperature 800°C for 5hrs. in the auto controlled muffle furnace (Gayatri Scientific, Mumbai, 

India.) After, the calcinations again uniformly mixed the powder using the grinder 

Table 1 Length, Width and Thickness of Multi-layers in SnO2: PPy/Al2O3/GP gas sensor 

Sample 

Code 

Doping mole % Upper 

layer 

length 

(cm) 

Upper 

layer 

width 

(cm) 

Thickness (x 10-4 cm) 

Layers:  Upper  

Layer 

(1) 

Al2O3 

Layer 

(2) 

Total 

(1+2) Upper/ /Al2O3/ 

Glass plate (GP)  

F1 SnO2/Al2O3/GP 3 1.5 5.1 26.4 31.5 

F2 98 SnO2:2 PPy/ Al2O3/GP 3 1.5 3.1 34.2 37.3 

F3 96 SnO2:4 PPy/ Al2O3/GP 3 1.5 2.8 35.1 37.9 

F4 94 SnO2:6 PPy/ Al2O3/GP 3 1.5 3.4 32.6 36.0 

F5 92 SnO2:8 PPy/ Al2O3/GP 3 1.5 3.0 35.5 38.5 

F6 90 SnO2:10 PPy/ Al2O3/GP 3 1.5 3.6 32.3 35.9 

F7 PPy/ Al2O3/GP 3 1.5 1.9 48.4 50.3 

 

RESULTS AND DISCUSSION  

CO2 Gas Sensing Properties at room temperature (300 K) & at (330 K) 

The variations of sensitivities and sensors with concentration of CO2 gas at 300K and 330K temperature are shown 

below; 
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Fig. 1: variations of sensitivity with CO2 gas concentration at 300 K 
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Fig. 2: variations of sensitivity with CO2 gas concentration at 330 K 

From Fig. 1 and 2 for the CO2 gas detection and sensing at room temperature (300 K) and at temperature 330 K 

respectively, exhibited that,  

As CO2 gas concentration increases up-to 1200 ppm, sensitivity increases by small  amount. At about 1400 ppm of 

CO2 gas concentration, sensitivity becomes maximum. With further increase in CO2 gas concentration, sensitivity 

decreases. From Fig. 2 (Bar Graph), sensitivity was found to be 1.318 (maximum) for F5 sensor, amongst the prepared 

all sensors. From figures, it is manifested that, as temperature increases, sensitivity decreases because size of porosity 

increases and therefore number of pores in given area decreases. This means that the prepared sensors work better at 

room temperature (300 K). In brief, among the prepared sensors, F5 sensor showed optimum sensitivity at 1400 ppm 

of CO2 gas concentration [6,7].  

 

Static Responses of sensors 

Static responses of the series of (SnO2:PPy) system , was studied at 1000, 1200 and 1400 ppm of CO2 gas concentration 

[8-10]. The variation in sensitivity was plotted as a function of time in second. From the variations, response and 

recovery times were calculated and listed in the following tables, separately for each series. Static response of this 

series  at 1000, 1200 and 1400 ppm of CO2 gas concentration is shown Fig. 3. 
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Fig. 3.: Static response (response and recovery times) of series of (SnO2:PPy) system 

 

Table 2. Response and Recovery times of series of (SnO2:PPy) system 

Sr. 

No. 

Sample  

Compositions  

Sensor Response time 

(s) for 1400 

ppm 

Recovery 

time (s) for 1400 

ppm 

1 100SnO2:0 PPy/Al2O3/GP F1 118 152 

2 98SnO2:2 PPy/ Al2O3/GP F2 103 149 

3 96SnO2:4 PPy/ Al2O3/GP F3 97 143 

4 94SnO2:6 PPy/ Al2O3/GP F4 91 139 

5 92SnO2:8 PPy/ Al2O3/GP F5 81 129 

6 90SnO2:10 PPy/ Al2O3/GP F6 89 134 

 

From table 2, it is clear that, F5 sensor shows less response time (81 s) and less recovery time (129 s), i.e. F5 sensor 

is faster in operation that other prepared sensors from series  (SnO2:PPy) .  

 

CONCLUSIONS   

F5 sensor shows less response time and less recovery time, therefore F5 sensor is faster in operation that other prepared 

sensors from series  (SnO2:PPy). The sample F5 sensor (92SnO2:8 PPy/ Al2O3/GP) offers high sensitivity, rapid 

response and recovery to CO2 gas.  

 

 

 

 

F
1

F
2

S
en

si
ti

v
it

y
 

1000 

ppm

1200 

ppm

1400 

ppm

Time (in 

second)

http://www.ijrst.com/


International Journal of Research in Science and Technology                                         http://www.ijrst.com 

(IJRST) 2023, Vol. No. 13, Issue No. 2, Apr-Jun                                   e-ISSN: 2249-0604, p-ISSN: 2454-180X 

83 

INTERNATIONAL JOURNAL OF RESEARCH IN SCIENCE AND TECHNOLOGY 

 

REFERENCES 

1. Heiland G. (1981). Homogeneous semiconducting gas sensors. Sensors and Actuators, 2,  343-361. 

https://doi.org/10.1016/0250-6874(81)80055-8 

2. Yamazoe N., Fuchigami J., Kishikawa M., and Seiyama T., (1979). Interactions of tin oxide surface with O2, 

H2O and H2, Surface Science, 86 (2) 335-344. https://doi.org/10.1016/0039-6028(79)90411-4 

3. Nagai M., Nishino T. and Saeti T., (1988). A new type of CO2 gas sensor comprising porous hydroxyapatite 

ceramics. Sensors and Actuators, 15,145-151. https://doi.org/10.1016/0250-6874(88)87004-5 

4. Mude  M. B., Mude M. K., Zade N. R., Yenorkar  M. S. and  Yawale S. P., (2018). Study of sensitivity and 

stability of metal oxides in gas sensing properties, Journal of Emerging  Technologies and Innovative 

Research, 5 (11), 2349-5162. 

5. Nithya Sureshkumar and Atanu Dutta,(2023)  Environmental Gas Sensors Based on Nanostructured Thin 

Films, Multilayer Thin Films- Versatile Applications for Materials Engineering, 

http://doi.org/10.5772/intechopen.89745 

6. K. B. Raulkar, (2019), Study on sensitivity of nano SnO2 -ZnO composites with and without PPy layer for 

sensing CO2 gas, 2019, Materials Today: Proceedings 15, 604–610. 

https://doi.org/10.1016/j.matpr.2019.04.127 

7. Chartuprayoon N., Hangarter C.M., Rheem Y., Jung H. and Myung N.V. (2010), Wafer- scale fabrication 

of single PPy nanoribbon-based ammonia sensor, J. Phys. Chem., 114,  11103–11108. 

https://doi.org/10.1021/jp102858w 

8. Capone S., Forleo A., Francioso L., Rella R., Siciliano P., Spada- vecchia J., Presicce D.S. and Taurino A.M. 

(2003), Solid state gas sensors: state of the art and future activities, Journal of Optoelectronics and Advanced 

Materials 5, 5, 1335 – 1348. 

9. Garg R., Kumar V., Kumar D., and Chakarvarti S.K., (2015). Polypyrrole Microwires as  Toxic Gas 

Sensors for Ammonia and Hydrogen Sulphide, Columbia International  Publishing Journal of Sensors and 

Instrumentation, 3, 1-13. https://doi.org/10.7726/jsi.2015.1001 

10. Shao Q., Chen W., Wang Z., Qie L., Yuan L., Zhang W., Hu X., Huang Y., (2011). SnO2-based composite 

coaxial nanocables with multi-walled carbon nanotube and polypyrrole as anode materials for lithium-ion 

batteries, Electrochem. Commun. 13, 1431-1434. https://doi.org/10.1016/j.elecom.2011.09.014 

 

http://www.ijrst.com/
https://doi.org/10.1016/0250-6874(81)80055-8
https://doi.org/10.1016/0039-6028(79)90411-4
https://doi.org/10.1016/0250-6874(88)87004-5
http://doi.org/10.5772/intechopen.89745
https://doi.org/10.1016/j.matpr.2019.04.127
https://doi.org/10.1021/jp102858w
https://doi.org/10.7726/jsi.2015.1001
https://doi.org/10.1016/j.elecom.2011.09.014


DOI PREFIX 10.22183 

JOURNAL DOI 10.22183/RN 
SIF 7.399 

RESEARCH NEBULA  

An International Refereed, Peer Reviewed & Indexed Quarterly 
Journal in Arts, Commerce, Education & Social Sciences ISSN 2277-8071 

 

www.ycjournal.net                                                       Special Issue January 2023        147 

 

 

DR. DNYANESHWARI 

S. WANKHADE 

 

Associate Professor 

Vidya Bharati 

Mahavidyalaya, Amravati 

 

One Day International Multi-Disciplinary Conference  

RESEARCH, INNOVATION, CHALLENGES & OPPORTUNITIES  

IN HIGHER EDUCATION 

On 13th January, 2023 @ 

Smt Salunkabai Raut Arts & Commerce College, Wanoja, 

In collaboration with 

Saraswati Kala Mahavidyalaya, Dahihanda 

Arts And Science College, Kurha, 

Physical Education Foundation of India, New Delhi. 

RESEARCH INNOVATION IN HIGHER EDUCATION IN INDIA  

AND WORLD WIDE 

ANSTRACT 

Advancement in education urges educators and understudies to investigate, examination 

and utilize every one of the devices to uncover a genuinely new thing. It includes an 

alternate perspective on and tackling them. The reasoning system that goes into it will 

assist understudies with fostering their inventiveness and their critical thinking abilities. 

Research on opportune and significant themes stands out, which thus prompts more 

noteworthy institutional perceivability and notoriety. As a college becomes known for its 

exploration in specific fields, they become magnets for understudies, workforce, awards, 

media inclusion, and even magnanimity. The world has understood that the financial 

outcome of the states not entirely settled by their school systems. Instruction is a 

Country's Solidarity. A created country is definitely an informed country. Indian higher 

education framework is the third biggest on the planet, close to the US and China. Since 

freedom, India as a non-industrial country is petulantly advancing in the education field. 

In spite of the fact that there have been part of difficulties to higher education 

arrangement of India however similarly have parcel of chances to conquer these 

difficulties and to make higher education framework much better. It needs more 

noteworthy straightforwardness and responsibility, the job of schools and colleges in the 

new thousand years, and arising logical examination on how individuals learn is of most 

extreme significant. India need well talented and profoundly instructed individuals who 

can drive our economy forward. India gives profoundly gifted individuals to different 

nations in this way; it is exceptionally simple for India to move our country from an 

agricultural country to a created country. The ongoing review plans to feature the 

difficulties and to call attention to the open doors in higher education framework in India. 

Keywords: Instruction, Open doors, Difficulties, Schools, Colleges 

India's higher education framework is the 

world's third biggest with regards to understudies, close 

to China and the US. In future, India will be one of the 

biggest training centers. India's Higher education area 

has seen an enormous expansion in the quantity of 

Colleges/College level Establishments and Schools 

since freedom. The 'Right to Training Act' which 

specifies mandatory and free education to all youngsters 

inside the age gatherings of 6-14 years, has achieved an 

upset in the education system of the country with 

measurements uncovering a stunning enrolment in 

schools throughout the course of recent years. The 

contribution of private area in higher   education has 

seen extreme changes in the field. Today more than 60% 

of higher education establishments in India are higher 

by the confidential area. This has sped up foundation of 

organizations which have started over the course  of the 

past ten years  making India home  to the biggest 

number of Higher education establishments on the 

planet, with understudy enrolments at the second most 

noteworthy (Shaguri, 2013).The number of Colleges has 

expanded multiple times from 20 out of 1950 to 677 of 

every 2014. Regardless of these numbers, global 

education rating organizations have not set a 

considerable lot of these establishments inside the best 

of the world positioning. Likewise, India has neglected 

to deliver a-list colleges. Today, Information is power. 

The more information one has, the more engaged one is. 

Be that as it may, India keeps on confronting harsh 

difficulties. In spite of developing interest in training, 
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25% of its populace is as yet unskilled; just 15% of 

Indian understudies arrive at secondary school, and only 

7% alumni . 

The nature of training in India whether at 

essential or higher education is altogether poor when 

contrasted with significant emerging countries of the 

world. Starting around 2008, India's post-optional 

foundations offer just an adequate number of seats for 

7% of India's school age populace, 25% of showing 

positions cross country are empty, and 57 percent of 

school teachers need either an expert's or PhD degree 

Starting around 2011, there are 1522 certification giving 

designing universities in India with a yearly understudy 

admission of 582,000 in addition to 1,244 polytechnics 

with a yearly admission of 265,000. Nonetheless, these 

organizations face lack of personnel and concerns have 

been raised over the nature of instruction Regardless of 

these difficulties higher education arrangement of India 

similarly have parcel of chances to beat these moves 

and have the capacity to make its personality at global 

level. Notwithstanding, it needs more prominent 

straightforwardness and responsibility, the job of 

colleges and universities in the new thousand years, and 

arising logical exploration on how individuals learn is of 

most extreme significant. India gives exceptionally 

talented individuals to different nations hence; it is 

extremely simple for India to move our country from an 

emerging country to a created country. 

Evolution of Higher education: 

The custom of higher education framework 

India is old and acquired an age which has produced 

information and advancing right from the outset of the 

Indian civilization. To think about the time of Guptas 

they supported higher advancing by belittling place for 

higher education at Nalanda, Takshila, Ujjain, 

vikramshila and vallabhi. Every college as referenced 

had practical experience in a specific gathering of study. 

These colleges have become well known in seventh and 

eighth hundreds of years A.D. After the coming of 

Buddhism individuals rushed to saranath college to 

concentrate on Buddhist religion and to Ajanta to have 

practical experience in craftsmanship, design and 

painting. These establishments principally subsidized by 

awards of land and gifts. Such awards came from rulers 

as well as princely individuals existing in the then-

society. Truth be told the verifiable information sorts 

out a deeply grounded framework, what worked in India 

as soon as 1000 B.C. In that framework the 

development of information, the convictions on which 

the information is based, essential ideas of the 

hierarchical gaining were altogether different from the 

European practice.Perceiving that understudies are 

ideally serviced by a flipped study hall where they 

watch addresses at home and complete tasks in the 

study hall. Presenting more innovation in the homeroom 

to make a mixed homeroom where understudies 

experience innovation as they would in reality. 

Upgrade and further develop the understudy 

insight. Make new academic encounters using new 

advancements and computerized administrations. Give 

potential open doors to development and extension. 

Empower efficiencies and make learning and showing 

processes more powerful. Examination and 

advancement (R&I) assumes a fundamental part in 

setting off savvy and feasible development and 

occupation creation. By delivering new information, 

research is vital to growing new and inventive items, 

cycles and administrations, which empower higher 

efficiency, modern seriousness, and at last success. 

Advancement and instructive innovation is 

fundamentally worried about utilizing. present day and 

logical educating learning techniques and educational 

procedures in the arrangement of. education. Four year 

college educations. Higher Public Endorsements and 

Higher Public Certificates Establishment degree 

courses. endorsements and other scholastic honors 

conceded by a college or higher education school (yet 

not privileged degrees and higher doctorates. 

Significance of Innovative Research in education 

The exploration capability of the scholarly 

community stays a superb wellspring of information and 

development at public, territorial and global levels. 

Behind the homeroom entryway the vital consider the 

progress of an example, in deciding if the understudies 

really learn something that is important, is the 

imaginative capacity of the educators — their capacity 

to consolidate hypothesis and commonsense study hall 

experience. Viable educating and advancing in this way 

includes the useful utilization of new 

examination/hypothesis in a study hall climate. The 

examination is important to build comprehension of 

arrangements and techniques, educational 

methodologies, program educational programs and 

content, and partner inclusion that add to students living 

up to their scholarly potential. Through the creative 

examination, we will distinguish instructive program 

parts that effectively animate high level scholastic 

information and abilities 

Growth of Higher Education Sector in India 

As higher education frameworks develop and 

enhance, society is progressively worried about the 

nature of projects, public appraisals and worldwide 

rankings of higher education establishments. Anyway 

these correlations will generally overemphasize 

research, involving research execution as a measuring 

stick of institutional worth. Assuming these cycles 

neglect to address the nature of educating, it is to some 

degree since estimating showing quality is testing. Lego 

has been changing the materials of its renowned blocks 

to biodegradable oil-based plastics. The principal 
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electric vehicles presented in the vehicle's market were 

likewise a development, and new batteries with longer 

ranges that continue to come out are additionally an 

illustration of advancement. The course of advancement 

is research and the end-product of it is development. 

The study of development could be alluded to as 

Exploration; while, advancement alludes to the 

compelling utilization of this information. While 

expounding on the Development and Inventiveness of 

your exploration, you really want to zero in on HOW 

your methodology is NEW and Unique. Consider these 

components in organizing your reaction to this part: 

Obviously state, at the earliest reference point of this 

segment, why is your proposed research NEW or 

Unique. Instructive examination can be extensively 

ordered into 3 which are clear exploration, correlational 

examination, and exploratory examination. Each of 

these has particular and covering highlights. 

Innovations in educational research 

Among late advancements in the education 

system, the presentation of PCs in study halls is 

frequently alluded to as the main development. While 

the actual appearance of homerooms has not changed 

much since blackboards were presented in study halls in 

the late eighteenth 100 years, the appearance of PCs, 

tablets, and the Web has prompted the reexamining of 

numerous customary showing rehearses and is for the 

most part seen as a chance for development. Various 

researchers have shifting understandings of the thought 

"Inventive examination". Advancement is much of the 

time saw as the use of improved arrangements that meet 

new prerequisites, implied needs, or existing cultural 

necessities. Imaginative examination includes finding 

new methods and expanding working arrangement of an 

instructive foundation It could include mechanical 

development or enhancements in HR. Following are 

sure instructive regions which require imaginative 

exploration: 

• What sort of academic information and abilities are 

key to educators' viability? 

• How does learning explore, new assumptions with 

respect to understudies' acquiring results and abilities, 

and changing worth and conviction frameworks shape 

the scope of conduct mediations of educators? 

(Pramodini and Sophia, 2012) 

• How could educators all the more really organize the 

learning climate to make ideal circumstances for 

figuring out how to appear, both intellectually and 

inwardly? Geeta Ramanujan, pioneer head of Institute 

of narrating explored different avenues regarding 

"narrating as an instructing tehnoque" to talk 

imagination and the soul of request inside youngsters 

(EducationWorld, 2015). 

• In our mechanical society where each sex is supposed 

to satisfy numerous jobs, we should have more 

examination studies to help education in defeating 

sex job generalizing and in 

fostering a climate that will sustain the ideal of female 

equity and advance objective of equivalent appropriate 

for improvement of self idea 

The need of research in education 

Research in education has empowered huge 

headway to be made in educational plan advancement 

and change, teaching students with troubles, grasping 

the singular distinctions and inclinations and in 

adjusting techniques for guidance to the requirements of 

individual students. Scholarly examination works with 

learning, features central questions in the public arena 

and can advance the development of organizations. It's 

in this manner vital that each piece of exploration is 

perused by however many closely involved individuals 

as possible.Institutions in higher education, examination 

and development assume a focal part in the headway of 

social orders and economies. They cultivate monetary 

development, reinforce mechanical advancement, and 

improve work creation. Moreover, higher education 

establishments add to the self-awareness of people and 

assist with teaching proactive residents in social orders. 

To accomplish the most ideal outcomes, these 

foundations require current and compelling 

administration. 

Expert's Program in Exploration and Advancement in 

Higher education - MARIHE (Erasmus Mundus Joint 

Degree) centers around the administration of higher 

education, examination and development. It gives 

understudies capabilities to go about as change 

specialists ready to play the main job in institutional 

turn of events. Simultaneously, MARIHE graduates are 

ready to partake in the cycles that produce plans and 

approaches for the headway of examination, 

advancement and business. They are prepared to 

function as directors, advancement specialists, strategy 

producers, experts, analysts and advisors in HE, 

exploration and development establishments, as well as 

in privately owned businesses, policy management, 

global associations, and NGOs. They can likewise 

proceed to doctoral examinations and seek after a 

scholarly vocation. 

Technology and innovation in higher education 

Dataquest Higher education Meeting and Grants 

coordinated an entire day conceptualizing with the top 

personalities in Training fragment on The meeting with 

the subject "Enabling The Cutting edge" was centered 

around the key advancements that are reshaping the 

training area today. 

• Shift from disconnected to on the web. 

• Half and half instructing. 

• Innovation molding the eventual fate of 

education. 

• Higher learning and ability holes. 
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• Learning and advancement for Industry 4.0. 

The meeting on Innovation Development in 

Higher education comprised of a heavenly board from 

the scholarly community and industry: Dr J.V. Desai, 

Bad habit Chancellor, MVN College; Mr Raunak Singh, 

Organizer University18; Rajesh Kumar, Innovation 

Head, Undertaking and Government, India and SAARC, 

Juniper Organizations; Nitesh Rohatgi, COO, ImaginXP 

and Narayan Mahadevan, Pioneer, BridgeLabz. 

Dr. Desai, who has spent as many as 30 years of his 

work life in mission learning and man- made 

intelligence in his introductory statements recognized 

that innovation advancement had sneaked in 

unexpectedly because of the pandemic. Online classes, 

classes and live showing made a ton of difficulties since 

it was another experience. Colleges were associated on 

rented lines, however most understudies didn't have high 

velocity access gadgets. Obviously, the country distant 

framework actually stays a test. 

Simultaneously there were numerous open doors that 

emerged. "We created content for YouTube educating," 

he said. This was another thing for the scholarly world - 

particularly the conventional grounds. What's more, it 

had its own arrangement of difficulties - content in 

English introduced an issue, so many moved to 

vernacular classes. Shockingly there were more than 

5000 endorsers in a brief time frame - an unfathomable 

number in the college. Dr. Desai subsequently felt for 

development to truly have an effect, a key necessity is to 

welcome on more neighborhood/vernacular instructors 

for online courses. 

Rajesh Kumar said Juniper Organizations has fabricated 

the foundation across numerous instructive 

establishments and furthermore collaborated with 

networks for conveying content to Understudies. "As an 

OEM and tech supplier to the Instructive area, we 

observe that understudies are presently really quick to 

return to the grounds, yet they need that learning ought 

to be independent and they ought to have the option to 

get a similar internet based insight," he said.Seamless 

mixture training is a vital result of this, where an 

Information Organization will permit all colleges to 

connect on the organization, maybe alluding to the 

Public Information Organization that is as of now a 

work underway. 

Dr Raunak Singh, a veteran in scholarly community and 

organizer behind his college repeated the 

contemplations of Dr Desai, "There isn't sufficient 

substance accessible in vernacular. In any case, our 

creativity and extraordinary workforce will actually 

want to improve and adjust to this test." The goal has 

forever been to give access, associate, and enable. "Our 

nation has forever been ahead in creating and taking on 

innovation. From ISRO to Bhabha Nuclear Exploration 

Place and from the most recent telecom organizations 

(fiber and portable) to the fast development of online 

stages like Swayam." 

Educators are conveying addresses from anyplace on 

the planet. What's more, understudies can get to 

courses from anyplace on the planet. "This is the 

Meta Training 

structure." It is basic to grow the skylines and empower 

understudies from various colleges to go to talks of 

incredible instructors from different colleges. What's 

more, credits, grades and so forth need to integrate this 

into their system. One more repeating subject in the 

conversation spun around — How to guarantee 

understudies were more employable (prepared for 

industry with the most recent necessary abilities). Step 

by step instructions to use innovation and development 

to guarantee a model where the scholarly community 

and industry shake hands. 

ImaginXP is assuming a basic part in shutting this hole 

and Nitesh Rohatgi felt that the educational program 

should be planned in organization with industry. All 

specialists concurred with this idea. ImaginXP is 

arranging programs that empowers upgradation of 

abilities of understudies in a state of harmony with 

Industry specialists (be it blockchain or UI/UX creators) 

and works with virtual labs and stages for offering 

understudies equivalent admittance to these courses in 

all colleges the nation over. 

Challenges in Higher Education in India 

It is our 69th year of freedom still our education 

system has not been grown completely. We can't list a 

solitary college in top 100 colleges of the world. 

Different legislatures changed during these sixty years. 

They attempted to help the education system and carried 

out different training arrangements however they were 

not adequate to put a model for the universe. UGC is 

persistently working and zeroing in on quality education 

in higher education area. Still we are confronting part of 

issues and difficulties in our school system. A portion of 

the fundamental difficulties in higher education 

framework in India are examined beneath: 

Enrolment: The Gross Enrolment Proportion (GER) of 

India in higher education is just 15% which is very low 

when contrasted with the created as well as, other non-

industrial nations. With the increment of enrolments at 

school level, the stockpile of higher education 

foundations is lacking to satisfy the developing need in 

the country. 

Equity: There is no value in GER among various 

organizations of the general public. As per past 

examinations the GER in higher education in India 

among male and female fluctuates positively. There are 

local varieties too a few states have high GER while as 

some is very behind the public GER which mirror a 

critical lopsided characteristics inside the higher 

education framework. 
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Quality: Quality in higher education is a multi-layered, 

staggered, and a powerful idea. Guaranteeing quality in 

higher   education is among the first difficulties being 

looked in India today. Nonetheless, Government is 

persistently zeroing in on the quality education. Still 

Enormous number of schools and colleges in India 

can't meet the base prerequisites 

set somewhere near the UGC and our colleges are not in 

that frame of mind to check its place among the top 

colleges of the world. 

Political interference: The vast majority of the 

instructive Organizations are claimed by the political 

pioneers, who are assuming key part in administering 

collections of the Colleges. They are involving the 

guiltless understudies for their narrow minded implies. 

Understudies sort out crusades, fail to remember their 

own goals and start to foster their vocations in 

governmental issues. 

Faculty: Workforce deficiencies and the powerlessness 

of the state school system to draw in and hold 

wellqualified educators have been presenting 

difficulties to quality training for a long time. Huge 

quantities of NET/PhD competitors are jobless even 

there are part of opportunities in higher education, these 

meriting up-and-comers are then applying in different 

divisions which is a greatest disaster for the higher 

education framework. 

Accreditation: According to the information given by 

the NAAC, as of June 2010, "not even 25% of the 

complete higher education establishments in the nation 

were licensed. Furthermore, among those certify, just 

30% of the colleges and 45% of the universities were 

viewed as of value to be positioned at 'A' level" 

Research and Innovation: there are exceptionally 

ostensible researchers in our country whose composing 

is refered to by renowned western creators. There is 

lacking spotlight on research in higher education 

establishments. There are inadequate assets and offices, 

as well as, restricted quantities of value workforce to 

exhortation understudies. A large portion of the 

exploration researchers are without cooperations or not 

getting their partnerships on time which 

straightforwardly or by implication influences their 

examination. In addition, Indian Higher education 

organizations are inadequately associated with research 

focuses. Thus, this is one more area of challenge to the 

higher education in India. 

Opportunities in Higher Education 

India is a huge country, with an expected 

populace of youngsters matured between 18 to 23 years 

to be around 150 millions. The sheer size of the market 

offers enormous open doors for improvement of the 

higher education area in India. India presently gloats of 

having in excess of 33,000 schools and 659 colleges, 

which has been a seriously noteworthy development 

during the most recent sixty years. The year 2012 saw 

21.4 million enlistments, which makes India the third 

biggest education system on the planet. Tragically, the 

instructive foundation of India is lacking to deal with 

such colossal volumes. In demonstrate hatred for all the 

public authority spending in the instructive area, 

meeting the developing requirements is simply 

excessively deficient. Subsequently, higher education 

area has now been recognized as one of the promising 

regions for private and unfamiliar speculations. It offers 

tremendous speculation open doors in both non-

endlessly directed fragments Indian higher education 

framework is becoming extremely quick regardless of 

different difficulties yet there is no great explanation 

that these Difficulties can't be survived. With the 

assistance of trendy learning devices, it is simple for 

country like India to defeat these issues and bring a 

change in perspective in the country's higher education 

area. With such a lively country with tremendous 

populace appropriately instructed, the conceivable 

outcomes are unfathomable. On the off chance that 

information is granted utilizing progressed 

computerized educating and learning apparatuses, and 

society is made mindful of where we are right now 

falling behind, our nation can without much of a stretch 

arise as perhaps of the most evolved country on the 

planet. There are amazing open doors for vital 

commitment and limit working in higher education 

administration and the board at the state level. There are 

open doors for India to joint effort at public and global 

level on areas of fundamental change, including quality 

affirmation, worldwide credit acknowledgment, and 

bound together public capabilities structure. Equity of 

instructive open door in higher education is viewed as 

fundamental in light of the fact that higher education is a 

useful asset for diminishing or taking out pay and 

abundance variations. Leveling instructive open doors 

additionally lies in the way that "the capacity to benefit 

by higher education is spread among all classes of 

individuals. There are extraordinary stores of 

undiscovered capacity in the general public; in the event 

that offered the opportunity they can ascend to the top. 

A lot of ability of the greatest level is, truth be told, lost 

by an inegalitarian arrangement of education". 

Suggestions Improving the System of Higher 

Education: 

 There is a need to carry out inventive and 

groundbreaking methodology structure essential to 

higher education level to make Indian school system 

worldwide more pertinent and cutthroat. 

 Higher instructive organizations need to work on 

quality and notoriety. 

 There ought to be a decent foundation of 

schools and colleges which might draw in the 

understudies. Government should advance joint effort 
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between Indian higher education foundations and top 

Global organizations and furthermore creates linkage 

between public exploration labs and examination 

focuses of top establishments for better quality and 

cooperative exploration. 

 There is a need to zero in on the alumni 

understudies by giving them such courses in which they 

can accomplish greatness, gain further information on 

subject so they will land positions after enlistment in the 

organizations which would lessen pointless hurry to the 

higher education. 

 Colleges and schools in both public private 

should be away from the political affiliations, Bias, 

lucrative cycle ought to be out of school system and so 

forth. 

 There ought to be a multidisciplinary approach 

in higher education so understudies information may not 

be limited just upto his own subjects. 

Some Examples Of Innovation In Education? 

• Capability Based Learning. ... 

• Video Real time/Flipped Study hall/eLearning 

Patterns. ... 

• Open Educational program. ... 

• Changing nature of staff. ... 

• Changing income hotspots for organization 

subsidizing. ... 

• Higher course readings. ... 

• 3D Printing. ... 

• Utilization of information examination. 

Conclusion 

Instruction is a cycle by which an individual's 

body, psyche and character are shaped and fortified. It 

is bringing of head, heart and brain together and 

subsequently empowering an individual to foster an 

overall character recognizing the best in that person. 

Higher education in India has extended quickly over the 

most recent sixty years after autonomy yet it isn't 

similarly open to all. India is today one of the quickest 

agricultural nations of the world with the yearly 

development rate going above 9%. Still a huge segment 

of the populace stays uneducated and an enormous 

number of youngsters' don't get even essential 

instruction. This isn't just rejected an enormous part of 

the populace from adding to the improvement of the 

nation completely yet it has likewise kept them from 

using the advantages of anything improvement have 

occurred to support individuals. Presumably India is 

confronting different difficulties in higher education yet 

to handle these difficulties and to support higher 

education is most extreme significant. India is a nation 

of immense human asset potential, to use this potential 

appropriately is the issue which expected to examine. 

Valuable open doors are accessible yet how to get 

benefits from these potential open doors and how to 

make them available to others is the question of 

concern. To support that pace of development, there is 

need to build the quantity of establishments and 

furthermore the nature of higher education in India. 

To reach and accomplish the future 

prerequisites there is a pressing need to relook at the 

Monetary Assets, Access and Value, Quality Norms, 

Pertinence, framework and toward the end the 

Responsiveness. 

Training for Supportable Improvement has 

turned into a significant issue in the public eye. The 

Assembled Countries Ten years for ESD has supported 

creative methodologies in training to add to the cultural 

change towards manageability through both the 

conventional school system and non-formal and casual 

learning settings Generally speaking, it isn't is really to 

be expected that exploration on development has 

acquired significance. It has become fundamental to 

comprehend the reason why and how certain 

empowering conditions energize development and assist 

with advancing its different advantages. In addition to 

other things, exploration can distinguish how 

information converts into creative activity and how 

variety can drive positive change. 

References 

1. "India Country Summary of Higher Education" 

(PDF). World Bank. 

2. India 2009: A Reference Annual "Higher Education,

 National Informatics Centre, Government of

 India". Education.nic.in. Archived from the 

original on 18 July 2011. 

3. Rukmini S. "Only 8.15% of Indians are graduates, 

Census data show". The Hindu. 

4. "Latest Statistics on Indian Higher Education". 

DrEducation.com. 17 July 2012. 

5. "Statistics – Ministry of Human Resource 

Development" (PDF). mhrd.gov.in. 

6. "Central Universities". ugc.ac.in. 

7. "List of State Universities" (PDF). 27 May 2011. 

Archived from the original 

8. "Deemed University – University Grants 

Commission". ugc.ac.in. 23 June 2008. 

9. "Private Universities – University Grants 

Commission". ugc.ac.in. 

10. "The Institutes of National Importance" (PDF). 

Archived from the original (PDF) 

 
  

http://www.ycjournal.net/




18 
Role of Academic Libraries in Higher Education 

Dr. Chhaya B. Jatkar 
87-89 

19 
Contribution of Indian Women Writers in English Literature 

Dr. Vijay Baburao Pande 
90-93 

20 
Innovation In Teaching and Learning 

Dr. Dnyaneshwari S. Wankhade 
94-99 

21 

Contribution of Indian Women in Literature: Special Reference to Kamala 

Markanadaya's Novel 'Nectar in A Sieve’ : A Study 

Dr. Anand Y. Bhaik 

100-102 

22 

Impact of Governance, Leadership and Management on Enhancement of Quality of 

Education and Institution Grading 

Prof. Dr. D. R. Bambole 

103-109 

23 

Impact of Interactive Technology and Smart Education on Academic Achievement 

of Students 

Ravisha R. Ambekar, Dr. Anuradha S. Deshmukh 

110-115 

24 

Education of Creativity Development Is a New Thought Stream in Modern 

Education 

Prof. Mayur R. Chaudhari 

116-121 

25 

National Education Policy Challenges and Opportunities in Higher Education 

System 

Dr. Premlata P. Kurhekar 

122-123 

26 
Indian Women Writers in English Literature 

Rinku Vaijanath Rukke 
124-127 

27 
Conservation of Natural Resources and Waste Management : A Future Approach 

Dr. Sandeep Rambhau Nimbhorkar 
128-131 

28 
Google Classroom : An Important Tool for Assessment 

Sneha Shende 
132-137 

29 
Higher Education in Women Empowerment 

Prof. Dr.Nida P. Raut 
138-140 

30 
A Review on Rust Dyeing and Ayurveda Dyeing on Silk with Onion Peel and Harad 

Harleen Kaur, Dr.Harpreet Kaur 
141-147 

31 

A Study on Traditional Costumes and Accessories of Punjabi Female Folk Dances in 

Youth Festivals of GNDU since Last Five Years 

Ms. Randeep Kaur, Dr. Simerjeet Kaur, Dr. Harpreet Kaur 

149-167 

32 

National Education Policy 2020 & New Approach towards Mathematics Teaching 

and Learning with New Challenges and Opportunities 

Rupesh R Atram 

168-172 

33 
Online Learning : Challenges for Education in Rural and Remote Areas 

Sandip. B. Rathod, Dr. Ganesh.T. Patil 

 

173-180 

 

 
 



Copyright: © the author(s), publisher and licensee Technoscience Academy. This is an open-access article distributed under the 

terms of the Creative Commons Attribution Non-Commercial License, which permits unrestricted non-commercial use, 
distribution, and reproduction in any medium, provided the original work is properly cited 

 

 

 

National Multidisciplinary Conference on Emerging Trends,  

Opportunities and Challenges in Higher Education 

International Journal of Scientific Research in Science and Technology 

Print ISSN: 2395-6011 | Online ISSN: 2395-602X (www.ijsrst.com) 

 

 

 

 

 

 

94 

Innovation In Teaching and Learning 
Dr. Dnyaneshwari S. Wankhade 

Director, Department of Physical Education, Vidya Bharati Mahavidyalaya, Amravati, Maharashtra, India 

 

ABSTRACT 

 

incorporating more technology into the classroom to create a blended environment in which students are 

exposed to technology in a manner comparable to that of the real world. Using powerful video tools to make 

communication between parents of school districts easier and more clear, innovation in education has the 

potential to improve overall school outcomes. Students in innovative classrooms are improving their capacity 

for peer engagement and improving their communication skills. One of our nation's most important basic rights 

is access to education. After India gained independence, literacy rates have consistently increased. Indians are 

employable all over the world due to their excellent English skills. Over the years, Indians have made some 

wonderful discoveries. Innovation is essential to the advancement of our nation and the entire world. 

Additionally, education benefits greatly from innovation. The application of technology is encouraged by our 

educational system. 

Keywords: Elementary education, computerization, holistic growth, and balance in education 

 

I. INTRODUCTION 

 

to There is a widespread misconception that technological advancements are the only source of educational 

innovation. Innovation in education, on the other hand, transcends technical expertise. Human nature and 

tendency are synonymous with the terms "innovation" and "learning." These two words are incredibly 

dependent on one another. Although there cannot be a greater emphasis on innovation, it is well-established 

that learning drives innovation. Innovative learning serves as the foundation for the future generation of 

Creative Leaders. Let us examine the teaching innovation in this article. Design innovation and creative 

thinking are applied in a variety of industries and sectors, including education. Students are able to develop 

skills and expand their minds outside of the classroom as a result of the introduction of innovation in education. 

The true mark of intelligence is imagination, as Albert Einstein so eloquently put it. As a result, it is essential 

that we adapt our educational and teaching practices to the shifting dynamics of society. To channel innovative 

education, innovative teaching methods are required to assist students in comprehending and resolving 

contemporary challenges, breaking social constructs that are pointless, and developing toward a sustainable 

future. 

Computerization, manual labor, and superior matter are all given equal weight in our balanced educational 

system. Education should be stress-free at least until the primary level, but healthy competition should also be 
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encouraged. Students' holistic development must be guaranteed by education. Students should be praised for 

their work and encouraged to learn from their mistakes. 

  

II. INNOVATIVE TEACHING 

 

The room's spirit and character are developed by teachers. The foundation of innovative education is 

innovative teaching concepts that encourage learning, inquiry, exploration, and risk-taking. Giving students 

responsibility, for instance, is a great way to learn. Experimentally, when a primary school teacher let students 

choose their chapter to study and asked them to create real-world use cases and connections to the subject they 

had just learned in the lesson. Another educator asked students to self-evaluate their work and identify errors 

or incorrect assumptions. The students embraced innovative education in an open and curious manner because 

they loved these methods, became excited about them, and enjoyed being treated as adults and given 

responsibility. Another name for this is the "Flipped Classroom Model." 

The instructor employed an immediate feedback system and required her students to submit a second response 

based on the feedback she provided in another innovative teaching strategy. This introduced a novel approach 

to rewarding risks and took away the pressure to achieve high grades in order to excel. She said that students 

preferred innovative teaching and were excited about the chance to explore. The traditional rule of avoiding 

and ignoring mistakes at school is harshly criticized in Janet Metcalfe's "Learning from Errors" paper. She puts a 

lot of emphasis on her argument that labeling failure as a bad thing hinders not only the growth of individual 

students but also the education system as a whole. A teacher twisted the concept of finding a solution to 

problems in yet another innovative teaching method. Similar to problem discovery, problem-finding entails 

looking for missing parts or additional layers that can be added to make something better. Making products that 

have an impact on the lives of others is similar to this. He gave his students the chance to think deeply, ask 

tough questions, and come up with innovative solutions to problems by employing this method. 

They will be inspired to think creatively and outside the box as a result of this. The students must be 

encouraged to develop their ideas and make a list of potential solutions after investigating all of the available 

information. This is a great innovative educational strategy that requires students to interpret their knowledge. 

The instructor should then encourage the students to see the problem as an opportunity and produce something 

using their potential solutions. A lot of questioning, self-reflection, teamwork, peer learning, and curiosity will 

be required throughout this process. The instructor is obligated to provide the students with feedback and 

prompt them to consider ways in which it could enhance their final solution. 

 

III. INNOVATION 

 

Indians have discovered extraordinary things like zero. While the value that is placed behind another integer is 

miraculous, there is no value for a single zero. Amazing, isn't it? This is innovation's power. Innovation does 

not always require extraordinary effort or a lot of money; On the other hand, the spirit of innovation is 

maximizing value with as few scarce resources as possible. This is necessary for inclusive and sustainable 

innovation. The need for quick, inclusive, and effective innovation has been prioritized by a combination of 

unstable and compound factors, such as the rapid exhaustion of the world's natural resources, growing hopes, 

income gaps, and the significance of raising the standard of living for millions of poor and deprived 

communities worldwide. Climbable innovation has emerged as a means of overcoming social and economic 
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obstacles all over the world, but particularly in large nations like India. When progress is slow, the problems 

must be balancedly solved. Humanity's success depends on how people use their creative potential. 

 

IV. SCOPE OF INNOVATION IN EDUCATION 

 

India's education system is undergoing transformation, with many schools adopting world-class teaching and 

learning methods. The goal of education is essentially the same, regardless of whether it involves continuous 

advancements or complete overhaul: creating a bright future through modern methods. Today, students and 

their parents seek an educational experience that not only meets their individual requirements but also 

prepares them for the future. It should also be made certain that students receive up-to-date information about 

global developments. Visionary teaching and learning practices seem like a prerequisite for meeting these 

requirements. Every educational establishment must create an engaging, challenging, but productive learning 

environment. Students' world of imagination is bursting with countless concepts and versatility when they look 

at the situations that are prevalent in large centers. They can achieve world-class knowledge through controlled 

exposure to knowledge tailored to their needs, enabling them to compete globally. It can be said that education 

needs to incorporate information and communication technology (ICT) in ways that support and complement 

students' worldviews. Therefore, it is not just a matter of improving the methods used to impart education. 

Ideally, all education stakeholders must have a greater desire to transform the education sector. We can now 

create learning forums where families and the community can also participate in the education of young 

students thanks to technology. Nowadays, technology can be used in more creative ways. Learning is liberated 

from the confines of the classroom and innovative learning strategies are laid out. The applied innovative 

methods ought to be distinctive. It could be advancing existing practices or altering the method by which the 

objectives are accomplished. Using audiovisual illustrations to learn Indian history and participate in advanced 

STEM programs requires inventiveness in the education sector. 

 

V. ROLE OF TECHNOLOGY IN EDUCATION 

 

Technology is encouraged by our educational system. We not only make sure that students are familiar with 

and understand technology, but we also encourage them to use it. The majority of schools today have 1:1 

computer labs and incorporate technology into their curriculum. Parents and students alike are becoming more 

technologically savvy. 

Thus, the children and their parents are aware of the most recent situation. As soon as possible, all schools will 

be online. Computerization, manual labor, and superior matter are all given equal weight in our balanced 

educational system. Children are receiving up-to- date textbooks from numerous State boards and the Central 

Board. The textbooks now include inspirational stories. Respect and acceptance of one another's shortcomings 

are essential for children. The human element of education must be preserved through technology. 

 

VI. INNOVATIVE IDEAS OF EDUCATION 

 

Attracting each student's attention and successfully imparting beliefs in order to leave a lasting impression are 

the most difficult tasks for any teacher to complete. To successfully complete this task, you as a teacher should 

incorporate novel ideas to make learning enjoyable for your students. As a result, we've compiled a list of fresh 
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ideas that will help you rethink your teaching methods and increase student interest. Innovation can be 

encouraged with the assistance of tools. Include fun games or visual exercises that will captivate young minds 

and keep them interested. This is a tried-and-true method for inspiring young people to be creative and 

discovering their creative potential. All of your subjects should include aspects of creativity. Examine the 

methods they use to develop inventive concepts. Help different ideas; Allow students to testify on their own. 

During your classes, you should use audiovisual materials to supplement the textbooks. Prototypes, filmstrips, 

motion pictures, images, visual representations, and other brain-exploring equipment are examples of audio-

visual materials. These tools will push students' intellects to new heights. These methods will not only improve 

students' listening skills but also help them better comprehend concepts. There are a lot of clever toddler 

applications that you can use to create stunning presentations if you enjoy technology. Teaching will be fresher 

and students will learn more if you incorporate real-world events into your lessons. When learning materials 

are connected to and illustrated with real-world examples, they will be more effective. It will pique the interest 

of students and boost their enthusiasm and attachment to their studies. Teaching should incorporate idea 

sharing on a regular basis. Students' creativity is boosted when they share their ideas. When a large number of 

people deliberate over a single idea, everyone is guaranteed to participate and learning becomes more enjoyable 

for everyone. Students can freely express their opinions at these idea sharing assemblies without worrying 

about being graded or assessed. You should establish guidelines for the idea sharing assembly. It should be 

decided in advance what kind of idea sharing is used for a particular topic. An off-site location should be used 

for idea sharing assemblies in order to maximize learning on certain subjects. Some subjects may be better 

understood through industrial or recreational trips, while others may only require a trip to the school 

playground. The students' involvement will rise as a result, and outcomes will be significantly improved. 

Another important new method of teaching is role play because it helps students connect with the subject and 

develop their personalities. Teaching about literature, recent happenings, or historical events can all benefit 

greatly from this method. 

Students will become aware of the material's practical application through this method. Role playing is 

beneficial for students of all ages. For each age group, a little bit of conditioning is needed. This method works 

well for teaching toddlers as well. Another popular method of teaching subjects where visualization enhances 

learning is through portrayal. It's a common method for teaching history. 

 

VII. BENEFITS OF INNOVATION IN EDUCATION 

 

There are numerous indications that, when utilized appropriately, technology is extremely beneficial to 

students' learning. Technology is very helpful for learning; Additionally, it aids communication. To 

communicate with parents and students, educators and management use electronic devices. Because it enables 

students to consult online term papers and other educational applications, technology enhances learning and 

aids students in their homework. The following are significant advantages of using technology in the classroom: 

For young students who are familiar with the most recent technology, it makes learning exciting and 

participatory. It enables a faster and more effective method of teaching at home and in the classroom. It reduces 

the need for textbooks and other printed materials, saving money in the teaching–learning process. It makes 

cooperation easier. Students, teachers, and parents can all work together effectively and communicate clearly. 

It raises students' experimental skills, enables them to learn quickly, and enables them to take full advantage of 

the tools that technology provides. 
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VIII. INNOVATIVE LEARNING 

 

The process of creating an environment where students regularly learn about new things, question them, and 

come up with new ideas on their own is called innovative learning. It could involve allowing students to 

explore and comprehend something by utilizing technology like augmented reality, deep learning, or 

something as common and necessary as the Internet. It could include more practicals and do-it-yourself 

projects to allow students to take chances and learn by doing. As a Creative Leader, it can also facilitate group 

explorations that aid in the development of skills like learning from others, growing, and fostering harmony 

among themselves. These skills will later be useful when managing a large team. One fundamental question is 

at the heart of the concept of educational innovations: "What do you mean by education?" The current 

curriculum ought to be more adaptable if it is the art of learning things. In addition, it must include 

encouraging students to explore and use technology. Risks and failures should be rewarded, and grades should 

be used to provide less validation. We should learn from education innovation to look ahead of our current 

methods and make room for better ones. 

In today's world, there is a wealth of information available for use in MOOCs, blogs, and other resources to 

create endless opportunities and spread educational innovation. In the EduTech industry, there are a lot of 

startups using Augmented Reality and Neural Networks to make learning more fun and engaging, which can 

encourage curiosity and innovation in education. There are also growing numbers of open source communities 

where anyone, regardless of age, can join and participate in discussions about novel concepts. 

 

IX. CONCLUSION 

 

"The value of an idea lies in the use of it," was a quote by the great scientist Thomas Edison. As a result, our 

educational system needs to maintain its effectiveness while also remaining relevant to the advancements we 

are making and the challenges our world is currently facing. It's time to encourage new ways of learning so that 

students learn more than just what is in a textbook. Check out Jigsaw Academy's Post Graduate Certificate 

Program in Design Innovation & Strategy, a 5.5-month online instructor-led program that enables students to 

Design Innovation and Creativity-led Entrepreneurship, if you are interested in learning more about Design 

Innovation & Thinking and its application across domains. For improved outcomes, some educators have also 

combined textbook learning with technology. Stories told through videos, graphic novels, robots, etc., is rooted 

in the concept of an innovation school. For instance, introducing graphic novels and storybooks to history 

lessons increases a student's likelihood of retention over oral instruction. Alternately, utilizing the Design 

Thinking method for educational innovation in teaching is a comprehensive strategy. A methodical approach 

known as the "Design Thinking Process" is one that focuses on problem-solving, information gathering, idea 

generation, idea refinement, and solution testing. Discovery, Interpretation, Ideation, Experimentation, and 

Evolution are the five phases of this process. The teacher can begin by challenging the students with a problem 

by dividing them into groups in innovative schools and teaching methods. 
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ABSTRACT: 

The term "yoga" refers to various forms of bodywork. Yoga and trans-dental meditation therefore emphasize the human 

child's spiritual development today. Yoga builds mental fortitude and self-control. Yoga has the potential to enhance children's 

learning and achievement. Children with special needs, people who break the law, people who are violent and in disciplined, 
and people who are aggressive can all benefit greatly from being calmed down. Yoga is essential for the full development of 

one's personality, and it can help one realize most aspects of Indian spirituality. Yoga was once emphasized by Vedic sages as a 

way to cultivate psychological and psychic discipline in one's personality, which led to the highest form of spirituality. Spiritual 

growth is impossible without yoga, and holistic growth of a person becomes challenging without spiritual growth. However, 

with the western influence. 
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INTRODUCTION: 

As a result, the "Art of Living" movement in India, which 
places an emphasis on yoga, meditation, and living a 

disciplined life, is increasingly taking centre stage. Yoga, a 

variety of exercises, and good habits for self-discipline and 

mental purity are all part of Art of Living. Today, the 

average person is very fond of it. Yoga has been 

incorporated into the curriculum of many schools and 
colleges because of its significance. Yoga is now taught to 

children as a form of physical and mental exercise in 

schools by yoga teachers. Television regularly features 

demonstrations of yoga and other physical activities. 

Parents and teachers are encouraging their children and 

students to practise yoga to restore a positive attitude 
toward spiritual growth. In India, yoga and meditation 

schools are becoming increasingly popular. Yoga and 

meditation are attracting visitors from all over the world 

to India in search of inner tranquillity. Everyone in society 

knows that practising yoga is necessary for mental and 

physical well-being as well as peace and happiness. Every 

day, people go to Meditation Halls in big cities to practise 
meditation. 

The mind and body benefit from concentration and 

relaxation through meditation. Everyone, regardless of age 

or physical condition, should begin practising yoga and 
meditation because of the importance of the practice to 

easing tension, improving physical and mental health, and 

maintaining physical and mental fitness. Yoga and 

meditation have been shown to not only improve a 

person's mental and physical health, help them relax, and 

relieve stress, but they also help cure a lot of diseases. 

When practising yoga, a person must be guided through 
their nature in accordance with their capacity. A man can 

also learn to be disciplined and not aggressive through  

 

yoga. 

Yoga of love, work, and knowledge, yoga of Bhakti, and 

yoga of self-exceeding through physical beings are among 

the many types of yoga, according to legend. Additionally, 

yoga is necessary for self-discipline, which is crucial for 
developing non-aggressive, reasonable, emotional 

intelligence, and mental health. 

Yoga enables a person to exhibit nonviolent behaviour that 

is conducive to a peaceful, law- abiding society by reducing 
their violent tendencies. Yoga and trans-dental meditation 

are essential for spiritual growth in accordance with our 

extensive cultural heritage. 

Maharishi Mahesh Yogi and a number of other Indian 

saints have opened massive yoga studios in Western 
nations to promote yoga and encourage spiritual growth in 

materialistic nations. In this world of anxiety and stress, 

yoga centres all over the world are getting a lot of interest. 

In order to alleviate stress, Sri Ravi Sankarjee is preaching 

the Art of Living in various nations. People from all walks 

of life have benefited physically, mentally, emotionally, and 
spiritually from his preaching, words, and even his very 

presence. Parents should encourage their children to 

meditate from the beginning. Keeping in mind the number 

of students, every school ought to have a meditation hall. 

Yoga and meditation should be done every day. Physical 

education is more important than formal education 

because it cleans the mind and body at the same time. To 
begin, children should be allowed to meditate for a brief 

period of time, which can be extended as they get older. 

Yoga, meditation, and other forms of physical activity 

should be practised by parents as well. A person's holistic 

and all-round development, including his physical, mental, 

emotional, and cognitive development, is aided by his 
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spiritual development. From an early age, spiritual growth 

aids in the proper development of morality and 

conscience. Moral growth and spiritual growth are 

strongly correlated. For a peaceful, non-aggressive society, 

both of these developments are necessary. 

DEFINITION OF YOGA Patanjali defines “Yogashchittavritti nirodhah” Yoga is a 
process of gaining control over the mind. By so controlling the mind we reach our original state; “Tada Drashtuh Svarupe avasthanam” Then the Seer establishes himself in his causal state. This is the technique of ‘mind control’ 
prescribed by Patanjali. Control involves two aspects – a 

power to concentrate on any desired subject or object and 
a capacity to remain quiet any time. Rarely, the second 

capacity of man, to remain calm and silent, has been 

harnessed. Hence, Yoga mainly emphasises, this second 

aspect. Yoga is thus a skilful, subtle process and not a 

brutal, mechanical gross effort to stop the thoughts in the 

mind   and thereby becomes a process for elevating 

oneself through calming of mind 

THE INFLUENCE OF SPIRITUALITY 

Today, spirituality is regarded as one of the most effective 
methods for personal transformation. It has the capacity to 

profoundly alter one's perceptions, values, and actions as 

well as to sustain those transformations. When it comes to 

overcoming physical, emotional, or environmental stress, 

it can be a personal source of strength. Science has been 

baffled by the numerous advantages of being "spiritual" 
and the miraculous transformations that spirituality may 

bring about in individuals. 

Koenig and others According to Larson, Sawyers, and 

McCullough (1997), spirituality has a "sacred core" that 
consists of "feelings, thoughts, experiences, and behaviours 

that arise from a search for the sacred that involves 

attempts to identify, to articulate, to maintain or to 

transform." They define spirituality as "the personal quest 

for understanding the answers to ultimate questions about 

life, about meaning, and about relationship to the sacred or 

transcendent, which may (or may not) lead to or arise 
from the development 

Spirituality, according to Burkhardt (1989), is 

"harmonious interconnectedness with self, others, a higher 

power, and environment." Beliefs, values, actions, and 
experiences all play a role in spirituality. It is a relationship 

in which beliefs give rise to values, which change our 

actions and have an effect on the spiritual belief system 

through experience. A spiritual person is on a quest for 

meaning and purpose and believes that his or her life has 

meaning and a purpose (Elkins et al., 1988). 

SPIRITUALITY IN PRISONS 

Globally, there has been a significant shift to view 
criminals as individuals who require reform and 

transformation rather than as dangerous, hardcore, and 

alienated individuals in the past. Prison should no longer 

be viewed as a place for punishment but rather as one for 

education, personal development, and advancement. It is a 

haven for change. The ultimate goal of the prison term is 

the offender's transformation into a better person. One of 

the jail authorities' most important goals has become the 

rehabilitation of criminals. In the United States, the 

Department of Correction has replaced the Department of 
Jails. As a result, modern educational, vocational, 

recreational, and spiritual programs are increasingly being 

offered to inmates. 

The situation in India is also favourable, with numerous 

reforms implemented throughout the country. According 
to the article "Reformation of Prisoners" on the website of 

the Department of Prison, Tamil Nadu Government, "the 

administration of prisons is accorded utmost priority by 

the Government." A coordinated effort is made to enhance 

the overall welfare of prisoners as well as basic 

infrastructure facilities. Correctional facilities are 
undergoing administrative changes as well as 

improvements to their safety and security. The prison 

department adheres to the principles of correctional 

administration in order to facilitate reformation and 

rehabilitation throughout the system. Dr. Kiran Bedi, 

better known as the architect of Tihar Jail's reforms, 

believes that prison reforms require a holistic approach 
and that isolated programs for inmate development, which 

were used in jails all over the country and the world, 

would not produce the desired outcomes. She has 

proposed the straightforward and efficient "3 Cs model" 

for prison management: collective, corrective, and 

community-based prison management. 

HEALTH CARE 

The human race has entered the 21st century. In order to 
provide better healthcare, men are collaborating with 

numerous superior technologists in medical science. The 

World Health Organization is conducting assessments of 

global health conditions and taking the necessary steps to 

improve health conditions. Although high-tech medical 

facilities and fascinating advancements in spare-part 

surgeries have made life easier, the expected quality of life 
of peace and harmony appears far from reality, despite the 

fact that life expectancy has increased to more than 

seventy years. There is an exponential increase in 

stress-related issues, stress-related illnesses, unrest, and 

family breakups. Because of the pressing need of the time, 

health care providers, who initially provided relief to their 
ill patients through surgeries and medications, are now 

confronted with such novel inquiries. The majority of 

prevalent social and health issues cannot be resolved 

through germ theory, antibiotics, or surgical procedures. 

The influence of mind on matter has begun to be 

highlighted by the development of fascinating diagnostic 

tools. Psycho-neurophysiological, immunological, and 
biochemical researchers are all recognizing the role of the 

mind, lifestyle, suppressed emotions, stress, and other 

factors. in the genesis of numerous of the millennium's 

challenges. Despite opposition from hard core 

matter-based pharmaceutical and surgery-oriented 

researchers, several research publications on the value of 
positive thinking, prayer, spiritual healing, mind-body 
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medicine, yoga, acupuncture, and energy medicine are 

being poured into medical journals. 

YOGA 

Swami Satyananda Saraswati referred to yoga as "a 

complete science of consciousness." It grants control over 

every stage of consciousness. In the Rig Veda, specifically 

the Atharva Veda, where there is a lengthy discussion of 
the individual's psyche and well-being, yoga is mentioned. 

However, Patanjali's Yoga Sutras contain the most 

comprehensive explanation of yoga. Beginning at the turn 

of the 20th century, psychologists, medical researchers, 

and therapists working in other fields, including 

psychology, began verifying the yogic principles and 
utilising its methods for human adjustment and health 

promotion. The practices of yoga, particularly raja yoga 

and hatha yoga, have stood up to scientific scrutiny and 

been found to be helpful in the treatment of many chronic 

diseases (Bhushan, 1998) (Sengupta and Banerjee, 1994). 

The effects of yoga on one's physical and mental well-being 

have been extensively studied. According to Behera and 
Jindal (1990), yoga has positive effects on health 

conditions like bronchial asthma. Chronic tinnitus (Kroner, 

Hebing, and Van Rijn, 1995), back pain (Nespor, 1989), 

hypertension (Brownstein and Dembert, 1989), migraines 

and tension headaches (Latha and Kaliappan, 1987), and A 

lot of research shows that yoga can help people with 

mental disabilities get better (Uma, Nagendra, Nagarathna, 
et al., anxiety (Singh and Madhu, 1987; 1989); Depression 

(Khumar, Kaur, and Kaur, 1993; Sahasi, Mohan, and 

Kacker, 1989) 

In his 1998 article Yoga, Bhushan: The following is written 
in An Instrument of Psychological Transformation: 

Psychosomatic disorders are the result of mental stress- 

induced imbalances in the neurophysiological and 

endocrinal systems. DIAFS (Disease Induced Anxiety and 

Fear Syndrome) is a term used to describe the 

psychological symptoms and anxiety brought on by these 

disorders once more. As a result, psychosomatic and 
somatopsychic symptoms are caused by the mind-body 

interaction in a chain of cause-and-effect relationships. 

Somatic or psychological management alone is not 

sufficient for their proper treatment. Because of its 

psycho-somato-spiritual approach, yoga practices are 

effective. 

Aminabhai (1996) claims that yoga training significantly 

improves subjects' mental health. According to 

Selvamurthy (1993), a number of studies have shown that 

yoga has numerous positive effects on stress management. 

The cognitive processes of perception, subjective 
well-being, quality of life, and criminal propensity can all 

benefit from yoga and meditation. According to Venkatesh, 

Pal, Negi, Verma, Sapru, and Verma (1994), the yoga group 

had significantly higher social desirability scores. 

Additionally, it was discovered that yoga practitioners had 

significantly lower life event scores for the preceding year. 

MEDITATION 

According to Odanjnyk (1988), meditation teaches a 

"focused attention that leads to increased self-awareness 

of mental and emotional states, mastery over instinctive, 

compulsive reactions, insight into one's true nature and 

into reality, exploration of religious themes, images, and 

feelings, and expansion of ego consciousness into a more 
universal consciousness." [Citation needed] [Citation 

needed] [Citation needed] According to Bogart (1991), 

meditation has the potential to have therapeutic benefits 

and suggests that it is more than just a relaxation, 

behavioural, or cognitive technique. It also causes changes 

in physiological, behavioural, and cognitive processes. 

According to Bogart (1991), many require a state of inner 
and outer stillness in which attention is diverted from the 

external world and from conventional patterns of 

perceptual, cognitive, emotional, and motor activity. Music, 

movement, visual or auditory 

Contemplation of physical objects or processes, such as 

staring at a candle flame or listening to a stream of water 

or ocean waves, are all used in some forms of meditation. 

According to Deikman (1982), meditative practices raise 

awareness of the self that is being observed and alter 
established patterns of perception and thought, thereby 

bringing about change. According to Kornfield, Dass, and 

Miyuki (1983), meditation is a tool for more than just 

seeking safety and security. It can also be used to deal with 

inner turmoil and undergo profound transformation. 

According to Bogart (1991), a number of studies have 
suggested that meditation may be an effective preventative 

or rehabilitative strategy for treating conditions such as 

hypertension, asthma, addictions, fears, phobias, insomnia, 

and stress. According to Brooks and Scarano (1985), 

meditation works to treat post-traumatic stress disorder. 
According to Seeman, Nidich, and Banta's 1972 study, 

subjects who meditate also change more than those in 

control groups in positive mental health, positive 

personality change, self- actualization, increased 

spontaneity, self-regard, inner directedness, and 

self-perceived increased capacity for intimate contact. 
1974, Hjelle; Otis, 1974). Delmonte (1984) looked at how 

self-esteem and self-concept, depression, psychosomatic 

symptomatology, self- actualization, locus of control, and 

introversion/extroversion were related to meditation and 

personality scores. He discovered that meditation does 

appear to be associated with increases in self-actualization 

and decreases in depression, but he found no compelling 
evidence to suggest that meditation alters psychometric 

scores. According to Childs (1976), the use of TM with 

juvenile offenders was linked to self-actualization, a 

decrease in anxiety and drug use, improvements in 

behaviour and interpersonal relationships, and lessening 

of anxiety. 

Researchers have demonstrated that meditative practices 
have a beneficial effect on prisoners (Alexander, 1982; 

Dhar and Khurana, 2000). Meditation requires a person to 

focus on a single aspect (such as a dot, mantra, image, etc.) 

and block out all unnecessary thoughts from immediate 
awareness. Being able to meditate necessitates the 

meditator's normal state, if not a higher level of 
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consciousness. The seventh step in Patanjali's Yoga Sutras 

is meditation, or dhyana. Even though there is no 

hierarchy in the eight-fold path, achieving the dhyana 

states necessitates satisfying other prerequisites. The 

yama and niyamas, or moral behaviour, are very important 
for entering the meditation state. It is necessary to 

perform additional internal and external purification, 

either through pranayama, kriyas, or surrendering to God. 

When the person cultivates a spiritual outlook, this 

becomes possible. 

TM was used by some researchers as a treatment for 
juvenile offenders and as a method of rehabilitation 

(Anklesaria, 1992). According to Childs (1976) and Bleick 

and Abrams (1987), the TM program has led to 

reoffending in California. However, as the majority of 

prisoners will be depressed and experiencing negative 
emotions, using only meditation may not be very effective. 

Using other methods like yoga and spiritual counselling to 

live with depression would be the first step in the process. 

Different outcomes from those promoted by the TM 

movement have been documented by a number of studies. 

In a ten-year study of TM participants, Desiraju (1990) 

found that they were drowsier than participants in other 
forms of meditation; Compared to other methods of 

meditation, their EEGs revealed weaker alpha and theta 

waves. TM showed a lot of variation from session to 

session, and physiological correlates were always erratic. 

KNOWING OF YOGA 

It is referred to as the union of jivatma and 

paramatma—the individual self with the universal self—in 

conventional terminology. It is a transformation of the 
confined, narrow, and egotistic personality into an 

all-encompassing, eternal, and blissful state of reality. One 

of the six Indian philosophical systems known as "Shad 

Darshanas" is Patanjali Yoga. Nearly 5000 years ago, one of 

the great seers Patanjali made a significant contribution to 

the field of yoga by compiling the essential features and 

principles of yoga in the form of "Sutras," or aphorisms. As 
a result, yoga is a deliberate effort to control one's 

thoughts. Man, endowed with discriminative power, the 

buddhic faculty, and well-developed voluntary control 

systems, wants to grow faster. Yoga is a methodical 

conscious practice that can significantly accelerate man's 

growth. As a result, yoga is a methodical approach to 
accelerating a man's complete development. Man learns to 

live in higher states of consciousness as a result of this 

development. The cultivation of the mind is essential to 

this holistic development and growth of the personality. 

VIPASSANA MEDITATION 

Under the direction of Shri S. N. Goenka, the guru of 

vipassana, an ancient meditation technique known as 

vipassana, is currently being taught in India and a number 
of other nations. "Insight" in Vipassana means seeing 

things as they really are. A ten-day residential course with 

a qualified instructor is required to learn this method. First 

and foremost, one must swear to uphold certain moral 

principles (sila). They are: avoiding the killing of any living 

thing, stealing, engaging in sexual misconduct, lying, or 

taking any drug. Anapana, or awareness of one's breathing, 

is the second part of this training. This requires constant 

"observation" of the natural flow of breath in and out. The 

third step, development of panna— also known as 
wisdom—entails mind purification through increased 

awareness. The individual tries to cultivate an attitude of 

non-judgment and non-reaction by engaging in choiceless 

and effortless observation of body sensations (Khurana 

and Dhar, 2000). 

Students are confined to the course site throughout the 
retreat and have no contact with the outside world. 

Writing and reading are not something they do. They 

adhere to a rigorous daily routine that includes sitting 

meditation for approximately ten hours. Additionally, they 

remain silent and refrain from interacting with other 
students. Several times a day, students are given 

systematic meditation instructions, and Shri Goenka gives 

an evening video-taped speech about the day's progress. 

For the first nine days, there is no talking. Students resume 

speaking on day ten, transitioning back to a more outgoing 

lifestyle. On the morning of the eleventh day, the course 

comes to an end. 

In a number of Indian prisons, vipassana meditation has 

become the most widely used method of rehabilitation. 

Goenkaji conducted the first such experiment in Indian 

penal history in 1975 with 120 inmates at the Central Jail 
in Jaipur. A second class was offered at the Jaipur Central 

Jail in 1977. The University of Rajasthan carried out a 

number of sociological studies on these classes. Another 

course was held in the Jaipur Central Jail in 1990, with 

positive outcomes for forty life-term inmates and ten jail 

staff members. On these early courses, there was no 

systematic research done. The prisoners, the majority of 
whom were life criminals or had committed serious 

offences, were evaluated before and after the course by the 

Department of Sociology at the University of Rajasthan. In 

an interview that was published in Yoga Magazine in 1975, 

Dr. Chokhani, Director of Research at Igatpuri Vipassana 

Meditation Center, stated that "unfortunately there was no 

long term follow-up due to the transient political 
leadership." 

In 1991, the Department of Education, Gujarat Vidyapeeth, 

conducted a research project on a course offered to 

life-sentenced inmates at the Sabarmati Central Jail in 
Ahmedabad. According to Hurana and Dhar (2000), the 

studies in Rajasthan and Gujarat demonstrated that 

vipassana is a beneficial reform measure that enables 

criminals to become wholesome members of society and 

that the participants' attitudes and behaviours changed in 

a clear and positive way. Numerous questions have been 

raised by studies on vipassana meditation due to a lack of 
appropriate scientific methods. In Tihar Jail, Vipassana was 

first taught in 1993, and AIIMS carried out two studies in 

1994. In 1994, 120 people participated in the initial study. 

Well-being, hostility, hope, helplessness, personality, 

psychopathy, and, in the case of psychiatric disorders, 

anxiety and depression, were the studied dimensions. A 
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second study with 150 subjects followed. There were two 

groups in the sample: a control group of 65 people and a 

group of 85 people who took a 10- day vipassna course. 

Anomie, attitude toward the law, personality, and 

psychiatric illness were the investigated dimensions. 
According to Vipassana Research Institute (1990), the 

subjects reported feeling less helpless and less hostile 

toward their surroundings immediately following the 

course. 

Quantitative evaluation of the positive effects of vipassana 
in Tihar Jail inmates was the primary goal of another 

study. With the assistance of two experts, a structured 

questionnaire was created: Dr. Adarsh Sharma of NIPCID 

and Prof. Purnima Mathur of IIT. A week before the camp, 

they were given the questionnaire to find out about their 

personal and family history, the kind of crime they 
committed, how they felt about other people, how their 

imprisonment affected them, and other things. After the 

camp, a second questionnaire was given to see how the 

meditation had affected them. Seventy-four of the 

ninety-six inmates completed both questionnaires, and 

their responses form the basis of the analysis provided 

below. The majority of prisoners suffer from tension, as 
expected; 73% of respondents stated that they were overly 

concerned about the future; 39% stated that they were 

frequently reflecting on the past; and 47% said that their 

thoughts were not at all peaceful. In fact, 16% of 

respondents admitted that they constantly considered 

taking vengeance on the people who were to blame for 

their imprisonment. The most missed area was family 
(61%) This study did not employ a rigorous scientific 

methodology or standard questionnaires. Additionally, the 

volunteers who collected the data were primarily 

vipassana trainees. 

Vipassana meditation (VM) was studied by Khurana and 
Dhar (2000) to see how it affected the criminal propensity 

(CP), subjective well-being (SWB), and quality of life (QOL) 

of Tihar Jail, Delhi, inmates. 262 inmates (232 males and 

30 females) were the subjects of five studies that utilised 

both pre- and post- and control-group experimental 

designs. Meditation through vipassana was the 
independent variable. These were the dependent 

variables: subjective well-being (SWB), quality of life 

(QOL), and criminal propensity (CP). The variables were 

measured using the Life Satisfaction Scale, Subjective 

Well-Being Scale (Nagpal and Sell, 1985), and Criminal 

Propensity Scale (Sanyal and Kathpalia, 1999). According 
to the findings, vipassana meditation significantly reduced 

criminal propensity and improved subjective well-being. 

Due to improper methodology, these studies have 

numerous flaws. In addition, the majority of prisoners lack 

the integrity necessary to withstand the rigorous 

procedures of vipassana meditation, so practising only this 

form of meditation could have many negative effects on 
them. 

Long-term studies on the effects of Yoga on inmates in jail 

are uncommon, despite the fact that numerous studies 

have been carried out to ascertain the effects of Yogic 

practice on the mental health of populations of various 

ages, genders, occupations, health and disease categories. 

In light of this background, the purpose of the current 

study was to determine how six months of yoga training 

affected the mental health of inmates at Tihar Jail, Delhi. 
The study was part of a project called "Sanjeevan" that 

Morarji Desai National Institute of Yoga, New Delhi, and 

Prison Headquarters, Central Jail, Tihar, New Delhi, were 

working on to train inmates of Tihar Jail to teach yoga. 

Aggression, anxiety, depression, stress, physical health, 

psychological health, and general well-being were all used 

in this study to determine how yoga training affected the 
mental health of jail inmates. Mental health is linked to 

every parameter. Negative correlations exist between 

aggression, anxiety, depression, and stress, whereas 

positive correlations exist between mental health and 

physical, psychological, and general well-being. The 

hypothesis that regular yoga practice will lessen 

aggression, anxiety, depression, and stress was the basis 
for the study. and improve the mental, physical, and 

overall well-being of inmates in jail. As a result, the jail 

inmates' aggression, anxiety, depression, stress, 

psychological health, and general well- being will all 

improve as a result of the yogic practices. 

YOGA, MEDITATION, AND BREATHING 

TECHNIQUE 

The union of one's own self and the divine is the definition 
of yoga, an ancient Indian practice. It is a mind-body 

system that incorporates spiritual, mental, and physical 

practices. Yoga has been practised as a healthy way to live 

since ancient times and has also been used in alternative 

medicine. Pranayama, a type of breathing exercise that 
improves respiratory function, deep relaxation techniques 

that cultivate the ability to physically and mentally release 

tension and stress, and meditation to enhance mind–body 

awareness and improve attention and emotional 

regulation skills are all common components of yoga. The 

spine, muscles, and joints become healthy and flexible 

through asana practice. It is hypothesised that practising 
breathing exercises helps to maintain the equilibrium of 

the autonomic nervous system, which has an impact on 

psychological and stress-related disorders and helps to 

prevent the negative effects of stress. Sudarshan Kriya 

Yoga (SKY) is one of the many breathing exercises out 

there. The mind-body system benefits from this particular 

type of breathing exercise. The Art of Living Foundation 
teaches this renowned method. Millions of people in 155 

nations have benefited from it. 67% and 71% of study 

participants experienced relief from depression and 

anxiety following regular use of SKY. It improved 

hormones related to well-being and deep sleep, as well as 

decreased cortisol production in response to stress. It was 
discovered that the impact of SKY on youth in the United 

States significantly reduced impulsive behaviour and 

enhanced mental health. There is increasing evidence to 

suggest that SKY can be a useful, low-risk, and inexpensive 

addition to the treatment of stress, anxiety, post-traumatic 

stress disorder, depression, and other stress-related 
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medical conditions. As a result, it can help criminal 

offenders get back on their feet. 

Although SKY's efficacy in a variety of medical conditions 
and population subsets has been demonstrated, little is 

known about its effects on people who exhibit aggression 

and violence. As a result, the purpose of this study was to 

add to the existing body of research on the effects of SKY 

and meditation on the behaviour and well-being of people 

who have spread extreme violence and aggression or 

participated in it. The United Liberation Front of Assam 
(ULFA) militants' aggression, life satisfaction, and quality 

of life after surrendering their arms were specifically 

measured in this study. 

COMPREHENSIVE YOGA WORKSHOP 

The Art of Living International Centre in Bengaluru, India, 

served as the venue for the intensive 40-day workshop, 

which was led by certified instructors. The sessions 

(morning hatha yoga, seva/service sessions after 
breakfast, meditation, seva/service sessions after lunch, 

meditation, nature walk to connect with nature, 

satsang/singing songs together, and knowledge sessions 

after dinner) were held all day from 06:00 a.m. to 10:00 

p.m. The Art of Living Happily Program taught everyone 

the SKY, and then an advanced a program of deep 
meditation, personal transformation, and empowerment 

followed. Participants in this specialised program were 

given the tools they needed to become community leaders, 

allowing them to be agents of change once they reached 

their communities. All participants attended evening 

"satsangs" and participated in daily SKY and meditation 

practices for 40 days. 

YOGA AND DE- ADDICTION 

One of the best yoga poses for treating addiction is the 
yoga butterfly pose, also known as Baddha Konasana. 

Learning this pose will teach you how to deal with cravings 

while relaxing and having a clear mind. Yoga is a mindful 

exercise that helps people deal with stress and is especially 

important for addicts and people in recovery. Yoga helps 

curb drug cravings by employing mental and physical 
techniques that target the brain region affected by 

substance abuse. For those in recovery from addiction or 

alcoholism, yoga can be a powerful tool. The practice of 

yoga aids in the healing and reconnection of the mind, 

body, and soul due to its emphasis on mindfulness, slow 

movements, and deep breathing. 

The incorporation of meditation and breathing into yoga 
can contribute to an improvement in mental health. 

Mindfulness and tranquillity are cultivated through regular 

yoga practice; enhances body consciousness; reduces 

patterns of long-term stress; sooths the mind; focuses on 
one thing; Yoga is a great active recovery workout for the 

body and mind, improves concentration, and can help you 

become a better athlete. You are not the only one who 

considers yoga to be stretching; in fact, some fitness 

professionals and athletes share your opinion. 

Low-intensity yoga's gentle movements aid in blood flow. 

The body has an easier time getting nutrients to muscle 

cells because of this. Better muscle damage repair is 

possible with the help of these nutrients. The amount of 

soreness you may experience is also affected by this. 

Because of the positive effects it has on the nervous 

system, restorative yoga can be used to help trauma 
survivors heal. Five or six poses are common in sequences. 

It gives you the chance to feel and accept every sensation 

when combined with stillness, deep breathing, and 

meditation. Physical and behavioural addictions of all 

kinds can be effectively treated by professionals. Addicts 

can manage withdrawal and learn to live without their 

addictions thanks to individualised treatment plans. 

CONCLUSION 

The current study demonstrates that a comprehensive 
yoga program, which includes SKY and meditation, can 

transform a person in a short amount of time by reducing 

aggression and enhancing life satisfaction and quality of 

life. All of these are necessary for harmony and peace. A 

calm mind is better able to respond to and deal with life's 

challenges in a productive way. Techniques like SKY and 
meditation make people happier, less aggressive, and more 

at ease. When they have more awareness, they are better 

able to make decisions about how to get through difficult 

situations. It is a potent instrument for enhancing mental 

and physical well-being and may be useful as a 

rehabilitation measure for people who want to reintegrate 

into society. 

Policymaking is also affected by the findings. Psychological 

and psychosocial treatments have dominated prior 

research and policy on mental health interventions in 

prisons. An effective option is yoga-based interventions 
like SKY and meditation, which merit further investigation. 

This research has some limitations. During their 40-day 

stay at the Art of Living International Centre, participants 

not only participated in daily SKY and meditation 

practices, but they also attended evening satsangs (singing 

and knowledge sessions) and followed a predetermined 

routine in a serene setting. The participants' alterations 
may also have been influenced by these variables. As a 

result, determining which aspects of the intervention 

contributed to the change is challenging. Second, the study 

did not include a control group, despite the fact that the 

feasibility of such a study may make it challenging. Thirdly, 

whether or not the Yoga program actually helped these 
surrendered militants integrate back into the community 

will be revealed by their lack of follow-up. 
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ABSTRACT : 

Since the second half of the last century, 

academics and governments in various parts of the 

world, particularly in the Less Developed Countries 

(LDCs), have developed and implemented numerous 

strategies for regional development. The degree and 

nature of the success or failure of various strategies 

varies from nation to nation. 
 

KEYWORDS : Industrialization, Tourism Planning , 

Regional Development , Less Developed Countries 

(LDCs). 

 
INTRODUCTION : 

Industrialization, mineral resource 

exploration, primary product exportation, and the 

concentration of investments in major urban centers 

at the expense of the regions were some of these 

strategies. The "Growth pole theory," developed by 

Perroux in 1950, was modified by Myrdal (1957), 

Hirschmann (1958), and Bouldeville (1966) into the 

"Growth Centre Theory" that serves as the 

foundation for these kinds of development strategies. 

The search for an alternative development 

paradigm was fueled by the growing disparity in 

development levels and the growth center models' 

inability to achieve the desired equitable balance. In 

contrast to the growth center model, which is referred 

to as the "Center-down approach," researchers have 

developed the "Bottom-up Theory" of regional 

development over the past three decades. 

The modernization approach was one of 

several strategies associated with the bottom-up 

approach; fundamentals of strategy; unified strategy 

for rural development; agribusiness strategy and 

agropolitan strategy, to name a few (see Adeyinka et 

al., 2002). The various bottom-up paradigm 

strategies typically concentrate on distinct aspects of 

regional development. 

Regional development, as defined by the 

World Bank in 1975, is a process of growth, 

transformation, and progress. The ability to retain 

and absorb a young, progressive, and productive 

population demonstrates the growth. It also implies 

reorganizing the economy to meet the material 

requirements and aspirations of the populace, 

particularly the rural masses, who make up the 

majority of the population. 

It must also encourage incentives for 

individuals and groups to participate in development. 

The transformation of rural residents' monotonous 

and stale existence into a dynamic and exciting one 

is the "progress" aspect of regional development. 

According to Lele (1979), development is 

defined as raising the standard of living of the 

majority of low-income rural residents and making 

their development self-sustaining. She says that this 

straightforward definition has three important 

characteristics that have significant repercussions for 

the design and implementation of regional 

development programs: namely- 

1. Mobilization and the creation of conditions that 

encourage people to increase their income- 

generating capabilities are necessary for raising 

the standard of living of the subsistence 

population, 

2. People must be involved in the formulation and 

design of developmental programs in order for 

mass participation to occur, and 

3. Thus, self-sufficiency entails involving the 

populace in the implementation and 

administration of development programs with 

the ultimate objective of enhancing the 

populace's social and economic well-being. 

Given the circumstances described above, 

various governments in LDCs have taken a sectoral 

approach to regional development, focusing on 

various economic facets, in order to fulfill these three 

requirements. Tourism is a neglected part of the 

economy in many LDCs, especially in sub-Saharan 

Africa. Cole (1981) asserts that a nation's level of 

technology and its endowment of natural resources 

are among the factors that influence development. 

The potential for rapid socio- economic 

development, as well as the ability to generate 

foreign exchange, reduce unemployment, and raise 

people's standard of living, was not fully appreciated 

by many less developed nations. 

As a result, the various characteristics of 

tourism resources and their adaptation as a strategy 

for regional planning are examined in this paper. 

http://www.ijcams.com/
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There are sections to the paper. The definition of 

tourism, as well as its potential and benefits, follow 

immediately after the introduction; The treasures for 

tourism development came next; ecotourism as a 

strategy for growing tourism; criteria for the growth 

of eco-tourism; a few instances from Nigeria; 

Ecotourism treasures in Ethiopia's Amhara region 

and conclusion. 

 
1.0 TOURISM: -DEFINITION, POTENTIALS 

AND BENEFITS 

The leisure industry, according to the 

definition, "operates within capabilities for 

regeneration and future productivity of natural 

resources," is referred to as tourism. recognizes the 

role that costumes, communities, and lifestyles play 

in the tourism experience; accept that these 

individuals must receive an equitable share of the 

tourism industry's economic benefits and be guided 

by the wishes of the host community As a result, the 

tourism environment consists of both physical and 

human components. 

The physical part includes things like 

weather and climate, water, and natural plant and 

animal biodiversity; Even though the history, culture, 

and tradition of the people make up the human 

component, all of these things provide people with 

challenges and adventures. 

Less Developed Countries (LDCs) in dire 

need of an alternative source of foreign exchange 

earnings have turned to tourism as an appealing and 

sustainable strategy for economic development. 

Tourism is the global net foreign exchange earner, 

second only to oil. It is the largest and second-largest 

employer of labor in the tertiary sector of the global 

economy, after agriculture. The transportation, 

manufacturing, food processing and packaging, 

construction, trade and commerce, and other 

ancillary services sectors are just a few of the many 

areas where tourism could have an impact on the 

economy. Because it is a commodity that is sold all 

over the world, it has a global market from which it 

gets its customers and no age limit for them. 

Numerous advantages of tourism have been 

identified by the United Nations Environmental 

Programme (UNEP, 2000). Among these are the 

following: 

• It engenders the development of public 

infrastructures (transport, electricity, water, 
and health), 

• It engenders the generation of foreign 

exchange and income for the government 

and individuals, 

• It engenders the generation of direct and 

indirect employment opportunities with greater 

multiplier effects, 

• It encourages people to participate at all levels, 

• It has the potential to increase public 

appreciation of the environment and to spread 

awareness of environmental problems when it 

brings people into closer contact with nature. 

• It contributes significantly to environmental 

protection, the conservation and restoration of 

biological diversity (including plant and animal 

species), and the sustainable use of natural 

resources. This confrontation may make people 

more aware of how important nature is and 

inspire environmentally conscious actions and 

behaviors to protect the fragile environment. 

 
2.0 THE TREASURE FOR TOURISM 

DEVELOPMENT 

There is nothing on Earth that does not have 

one or more things that draw tourists there. The way 

tourist facilities are packaged for local and 

international consumption is what sets them apart. 

Despite the fact that there are resorts and recreation 

centers in cities, any nation's greatest tourist potential 

is found in its countryside. There are three types of 

tourism development treasure: 

1. Geological or topographic features of particular 

interest, rare plants and animals, water bodies 

(oceans, seas, lakes, and waterfalls), ecological 

features that should be preserved, and areas with 

special scenic appeal are all examples of natural 

treasures. 

2. Prehistoric sites (camps, artifacts, etc.), ancient 

monuments (precious stones, monoliths, 

historical buildings and ruins, and memorials), 

and features of industrial archaeological interest 

are examples of man-made treasures. 

3. Places with historical, biographical, artistic, and 

literary treasures, as well as cultural, traditional, 

and lifestyle treasures, are allusive treasures. 

All of these are part of the world's natural 

heritage. The majority of them are in the countryside 

and offer visitors from all over the world great 

challenges and adventures. 

 
2.1 The demand and uses of tourism facilities can 

also be grouped in to five as: 

1. the short-term vacationers' need for peace and 

quiet as well as mental and physical refreshment 

in nature. The stresses of modern life, which can 

be eased by tranquility, necessitate rest and 

recuperation in order to get away from the 

crowd, get back to sanity, and recharge in a quiet 

environment. 

2. traveling to far-flung parts of the countryside to 
take in the unspoiled view of the natural 

http://www.ijcams.com/
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environment and engaging in exercise to find 

contentment and relaxation. 

3. Engaging in permissible rural outdoor activities 

like hunting, shooting, fishing, sailing or 

canoeing, swimming, mountain climbing, etc. 

Most of these are sports in rural areas with both 

natural and artificial facilities on which people 

are willing to spend their leisure time and extra 

money. 

4. Educational use: tourist facilities serve as both a 

research tool and an object of study in and of 

themselves. 

5. The use of the countryside as a "second home," 

either permanently or for a short period of time, 
with country home cottages apart. 

 

3.0 ECO-TOURISM AS AN APPROACH TO TOURISM DEVELOPMENT 

The adaptation of tourism as a strategy in regional planning and development was given a new boost by the 

concept of "eco-tourism," which was developed a few decades ago. This had a noticeable multiplier effect. As shown 

in figure 1, eco-tourism is a holistic approach to tourism development because it incorporates the three fundamental 

development goals of economic goals, social goals, and environmental goals into its operations. 

Figure 1 Integrated Goals of Ecotourism. 

Ecotourism outlines management strategies 

and introduces the environment as a resource for 

tourism and recreation. Because of its connection to 

conservation, sustainability, and biological diversity, 

it is particularly intriguing. Ecotourism has the 

potential to advance the following three fundamental 

objectives as a development tool: 

➢ Enhance the value of healthy ecosystems and 

strengthen public or private protected area 

management systems to preserve biological and 

cultural diversity. 

➢ Create income, jobs, and business opportunities 

in eco-tourism and related business networks to 

support the sustainable use of biodiversity. 

➢ Obtain the informed consent and full 

participation of indigenous communities and 

local communities in the planning and 

management of ecotourism businesses to fairly 

share the benefits of ecotourism developments. 

Ecotourism examines negative cultural and 

environmental impacts, outlines strategies for 

managing recreational pressures on the 

environment, and introduces new economies 

based on leisure resources. 

 
4.0 ECO-TOURISM ENCOMPASSES THE 

FOLLOWING FIVE CRITERIA: 

4.1 Conservation: Private reserves, native tree 

reforestation, or supporting established reserve 

areas are all examples of conservation practices. 

It is essential to understand that the purpose of a 

protected area is to preserve habitat for flora and 

fauna, allowing species to exist and thrive without 

human interference, despite the fact that protected 

areas are extremely appealing to tourists. It is best 

to make your visit to a protected area as minimally 

disruptive as possible. 

4.2 Green and low-impact efforts: Ecotourism—

also known as "green hotels" or "Ecotels"— 

follows ecofriendly management practices like 

water recycling, composting, and energy 

conservation. 

4.3 Sustainability: A well-balanced lifestyle that can 

be easily maintained in the future is considered 

sustainable. This is especially critical when 

traveling to environmentally sensitive locations. 

Sustainable practices include building with local 

materials and techniques and growing food in 

organic gardens. 

4.4 Community Participation: Community 

involvement is one of ecotourism's most crucial 

components. Whether or not the establishment is 

sensitive to its impact on the community and 

whether or not tourism is benefiting the region are 

two of the considerations taken into account. 

http://www.ijcams.com/
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Tourism must benefit the local culture and 

population. In an ideal world, the business would 

be owned by the community; however, in the 

event that this is not the case, the locals who work 

there should have jobs that aren't mundane. The 

community ought to reap the benefits of the 

resources it is willing to share with visitors. 

4.5 Interpretation and environmental education: 

As a result of environmental education and 

interpretation, guests can return to the Eco-

Facility with new recycling techniques or 

knowledge of the local culture. Clear and 

pertinent dissemination of information is critical. 

Education programs that assist the community in 

preserving their environment and growing as a 

whole are also very important. 

 
4.6 Growth of Sustainable Tourism 

Tourism and recreation ought to be 

sustainable, just like other land and water resources. 

Linking ecological principles to economic processes 

to reduce environmental stress and meet the needs of 

the populace is necessary for the long-term integrity 

of ecosystems and preservation of the environment's 

regenerative capacity (sustainable 

development). 

While the idea of sustainable tourism varies from country to country, it is still a development strategy for 

tourism

. However, it does not limit the availability 

of natural capital or prevent visitors from enjoying 

the same experiences. Ecological, sociocultural, and 

economic sustainability capabilities are the three 

components that make up sustainable tourism. 

Ecological sustainability, according to Puczko 

(1998), ensures that the development is compatible 

with the site's environmental process, economic 

sustainability emphasizes continuous benefit for all 

generations, and socio-cultural sustainability ensures 

that tourism development preserves community 

identity. Therefore, eco-tourism is relevant to 

tourism advancements and falls under the umbrella 

of sustainable development. Traditional cultures and 

wilderness environments face pressure from 

population growth, resource exploitation, poor 

management, debt, and issues with recreation 

development (external development pressures) in 

many developing countries. 

The environment has a limited capacity to 

withstand the effects of human activity without 

losing the characteristics that initially attracted 

tourists and recreationists to it. 

 
CONCLUSION 

Since the 1950s, academics and 

governments in various parts of the world have 

developed and implemented regional development 

strategies. Industrialization, mineral resource 

exploration, primary product exportation, and the 

concentration of investments in major urban centers 

were some of these strategies. The degree and nature 

of the success or failure of various strategies varies 

from nation to nation. 
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ABSTRACT:  
Women's sports, according to many sports fans, are less interesting than men's sports. 

Moreover, women's sports are less frequently covered in the media than men's sports. Therefore, by 

not covering women's sports as much, could the media be giving the impression to sports fans that they 

are less desirable? An intervention was created with the help of Agenda-Setting Theory, Framing 

Theory, and the Mere Exposure Effect to promote women's sports to sports fans. Over the course of 

four weeks, half of the participants watched highlight films of women's sports. After three weeks, the 

intervention decreased prejudice against female athletes but did not affect interest in women's sports. 

Instead of using highlight videos, participants should be immersed in live women's sports action in 

future studies. 

In the sport industry, the statement "women are the weaker sex" is not accurate. Women, like 

men, have the ability to be competitive and aggressive without sacrificing their inherent beauty and 

charm. Women's sports participation is, after all, a worthwhile objective. The perception of women's 

sports participation and its correlation with the type and degree of participation are the focus of this 

study. It also determined the moderating variables' contributing factors, such as; the family's income, 

educational attainment, and institutional setting of the father and mother. The study was carried out on 

the 973 female Physical Education students from the three institutions who were selected at random; 

Marawi City, Mindanao State University; Iligan City's Mindanao State University-Iligan Institute of 

Technology; and Capitol University in the city of Cagayan de Oro. The Perception on Women's Sports 

Participation Inventory (PWSPI) served as the primary instrument for data collection in the descriptive-

correlation method of the study. According to the findings, there was a significant correlation between 

the perception of women's sports participation and the variables of father and mother's educational 

attainment and family income, but there was no significant correlation between the variables and the 

location of the institution. In addition, a significant correlation was found between the father's and 

mother's educational attainment and the institution's location with regard to the sports participation type 

variable. However, there was no significant relationship found between the type of sports played and 

family income. It was also discovered that there was no significant correlation between the level of 

sports participation and the mother's educational attainment, family income, or institutional location. 

However, a significant correlation was found between father's level of sports participation and 

educational attainment. It was discovered that perceptions of women's sports participation were 

significantly correlated with the type and level of participation. Further, it was concluded that the 

positive perception of women's sports participation was significantly influenced by the variables' 

relationships. 

KEY WORDS : Gender, perception, sports participation type and level. 

INTRODUCTION : 
Sports participation has largely been male-dominated in most societies. However, advocates for 

women in sports have demonstrated over the past few decades that women are also competent and 

deserve a place in the sporting world. Sportswomen have taken their sports experiences to heart ever 

since the first female ball player circled the bases at Vassar College in 1866 (Sandoz & Winans, 1999). 

Indeed, even areas of strength for without of accomplishments ladies needed to demonstrate that they 

were capable in sports. Nowadays, a lot of women participate in sports that aren't just considered 

"minor" but also "major" in terms of skill and ability. 
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The modern Olympic Games' gradual but persistent expansion of women's events is the best 

indicator of the development of women's sports (Bennette, Howell, and Simri, 1983). Women, on the 

other hand, faced a lot of opposition when they first tried to enter sportsworld. According to Lutter & 

Jaffee (1996), the acceptance of women in sports has not progressed steadily over time; rather, it has 

experienced numerous peaks and valleys, including periods in which female sports figures were 

portrayed as more popular heroines and periods in which women were regarded as unfit mothers. 

According to Klafs & Lyon (1978), the sentimental thesis that women are delicate in nature and dainty 

in appearance has been the foundation for the majority of subjective goals aimed at encouraging women 

to participate in sports over the years. It is also related to the Victorian ideal of femininity, which 

discouraged women from participating in vigorous sports because it was believed that doing so could 

compromise a woman's modesty, put her emotional control in jeopardy, and cause injury that could 

impede or prevent childbearing and mate conflict (Eitzer & Sage, 1978). When it comes to sports, 

women are an exceptional group. Unfortunately, sport has always been seen as a male activity, and 

women's access to sports has been seen as unusual to the point where it is discouraged and, in some 

cases, illegal (Coakley, 2001). The real reason why women's active participation in sports received so 

much attention was the fear of losing one's femininity. Miller & Levy (1996) also came to the 

conclusion that "sports participation by women routinely carries a negative stigma" because traditional 

sports images are viewed as incompatible with traditional female roles (Goldberg & Chandler, 1991). 

Because society is still more comfortable with women who participate in sports that emphasize 

traditional feminine characteristics like grace and beauty, Nixon, Maresca, and Silverman (1979) state 

that women athletes have been hypothesized to experience gender role conflict, particularly if they 

participate in sports that are traditionally regarded as being more masculine. Therefore, it is proposed 

that the dissonance caused by the women athletes' need to identify with two roles is the source of 

gender role conflict: the athletic role for girls and women, which is undervalued and even stigmatized 

(Adler, Kless, 1992). According to Hall (1996), the real reason why an athlete's femininity received so 

much attention was the fear that she might be a lesbian. She went on to say that sports researchers were 

quick to pick up on this idea, and their studies typically revealed that female athletes were more 

androgynous, more masculine, or less of a sex type. On the other hand, the study by Metheny (1965) 

provides a positive perception of women athletes, indicating that they are respected and viewed as 

feminine by men and women, athletes and non-athletes alike, despite the existence of negative 

stereotypes regarding the femininity of women athletes. 
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In addition, according to Fasting (1996), the global women's movement has emphasized that 

women are better human beings when they develop their intellectual and physical abilities over the past 

thirty years. Women of all ages have been inspired to pursue their passions for sports by this idea, 

which has also sparked new interests in people who would never have considered playing sports in the 

past. Coakley (2001) went on to say that the women's movement helped women rethink their roles in 

the workplace and at home, which has given more women the time and resources they need to play 

sports. More women are choosing to participate in sports as a result of the waning of male dominance 

over women's lives and bodies and the growing acceptance of the feminist ideals. The importance of 

determining other impressions and perceptions regarding women's sports participation has been 

underscored by these and other issues. As a result, the students' perceptions of women's sports 

participation may be influenced by their past and current participation in sports and physical activities. 

PURPOSE OF THE STUDY 
The study's objective is to ascertain how the 973 randomly selected female Physical Education 

students at the three institutions feel about women's sports participation; Marawi City, Mindanao State 

University; Iligan City's Mindanao State University-Iligan Institute of Technology; and Capitol 

University in the city of Cagayan de Oro. In addition, it sought to ascertain the relationships between 

the dependent variables of sports participation type and degree and the moderating variables of father 

and mother's educational attainment, family income, and institutional location. 

This study aims to increase women's participation and involvement in sports management, 

administration, and leadership in addition to playing sports. The study is also important for women in 

developing and promoting more sports programs that will improve positive perceptions and influence 

those who have a fair perception of women's sports participation. Women should also be made aware of 

the health benefits, healthy lifestyle, and social benefits of sports in order to encourage them to 

participate. 

Additionally, this study's findings provide coaches, administrators, trainers, and sports program 

organizers with empirically based information that can be used to expand opportunities for women to 

participate in sports. Finally, it will serve as a foundation for subsequent studies on women in sports. 

METHODOLOGY 

Research Design 
A descriptive–correlation type of research design was utilized in this particular study to 

ascertain the respondents' perceptions of women's sports participation. The objective was to ascertain 

the connection between the dependent variables of type and degree of sports participation and the 

independent variable of perception regarding sports participation. It also sought to determine whether 

the independent and dependent variables are affected by the selected moderating variables of parents' 

educational attainment, family income, and institutional location. A questionnaire designed by the 

researcher on women's perceptions of sports participation was used to collect and evaluate the data. 

Samples and Sampling Procedures 
The female Physical Education 1 to 4 students from the three universities were the subjects of 

the study: Capitol University (CU) in Cagayan de Oro City, Mindanao State University–Main Campus 

(MSU-Main) in Marawi City, Mindanao State University–Iligan Institute of Technology (MSU-IIT) in 
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Iligan City, and Mindanao State University Using the stratified random sampling method, the following 

distribution was used to determine the number of respondents from each university: MSU-Marawi, 484; 

307 MSU–IIT; and CU, 182 out of 973 total samples. 

Instrumentation 
The review utilized a specialist mentioned survey created in light of objective facts, interviews, 

writing survey and with the assistance of specialists. There are two main parts to the questionnaire: the 

respondents' demographic profile, which includes the following: location of the institution, parents' 

educational attainment, family income, sports participation type and degree. The primary instrument 

used to determine respondents' perceptions of women's sports participation is the Perception on 

Women's Sports Participation Inventory (PWSPI) in the second section. It has fifteen (15) questions, 

including both positive and negative ones; Depending on respondents' perceptions of women's active 

involvement and participation in sports, both have five options to choose from. The research adviser 

and a few experts verified the questionnaire that the researcher created. With a reliability of.703, it was 

pilot tested at the Princess Lawan Bae Hall Dormitory with 50 selected tenants. 

RESULTS AND DISCUSSION 
The five categories of the respondents' parents' educational attainment were shown in the data. 

Both the father and mother had high percentages of 46.8% and 49.7%, respectively, of respondents who 

were able to graduate from college. The respondents' awareness of the significance of sports and other 

related physical activities was significantly influenced by the parents' intellectual capacity. The 

responses ranged from "Below P10,000.00" to "Above P15,000.00" in terms of the family's monthly 

income. 360 of the 973 respondents have a monthly family income between P10,000 and P15,000, 

while 375 of the respondents have a monthly family income below P10,000.00. Only 238 respondents 

reported earning more than P15,000.00 per month as a family. With a frequency distribution of 486, the 

majority of respondents belonged to MSU-Marawi. With a percentage of 54.4 percent (529), the 

majority of respondents participate in individual and dual sports, while 43.4 percent (422) participate in 

team sports. 22 respondents indicated that they had not played at all. The majority of the respondents, 

620, participate in sports occasionally, while 20.6% (200) do so regularly and 15.7% (153) do not 

participate at all. The findings revealed that 919 out of 973 respondents perceive female sports 

participation as "positive" or "strongly positive." 

There was a significant correlation between father and mother's educational attainment and 

family income and perceptions of sports participation, but there was no significant correlation between 

institutional location and perceptions of sports participation. The father and mother's educational 

attainment, institutional location, and sports participation were all found to have significant 

correlations. 

However, there was no significant correlation between the type of sports played and family 

income. The level of sports participation did not significantly correlate with the mother's educational 

attainment, family income, or institutional location. However, a significant relationship was discovered 

between the father's level of sports participation and educational attainment. 

It was discovered that the level and type of sports participation were significantly correlated 

with perceptions of sports participation. Further, it was concluded that the relationships between the 

variables significantly contributed to the favorable perception of women's sports participation. 

CONCLUSION 
Sports participation has largely been reserved for men in most societies. However, advocates 

for women in sport have demonstrated over the past decade that women are also competent and deserve 

a place in sports. It is interesting to note that women who participate in sports are thought to be more 

self-assured and self-aware, to have better leadership skills, and to lead healthier lifestyles. As a result, 

women's active participation in sports does not diminish their femininity but rather enhances them as 

individuals. To encourage more certain discernment on ladies' games cooperation, advocates 

accordingly on ladies in sports ought to proceed and grow the promotion on engaging ladies' value in 

sports. 
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Abstract   

  Being a conventional male centric culture, ladies have been given an optional status which is reflected in 

the monetary, social and political circles. Notwithstanding, ladies uniformity and strengthening has consistently 

stayed a need region and has been taken absolute attention to detail by partners. The paper fundamentally explores 

the Indian status among different nations and attempts to figure out readiness to accomplish Economical 

improvement Objective - 5 of the Unified Countries. The paper creates contention based on auxiliary sources as 

survey of existing writing distributed in diary, books, reports of different, NGOs, Government and worldwide 

associations and sites. The paper fundamentally looks at ladies strengthening in India, different models and 

aspects. The paper talks about protected safe watchmen as well as plans and projects by the public authority and 

their execution, signs of ladies strengthening. Be that as it may, the nation positions low while contrasting and 

different nations. Ladies Strengthening assists with making the general public and world a superior spot to live in 

and walk forward on way to comprehensive support. It implies increment bliss for the family and the associations 

where ladies have an effect. Allow us to move to one more article on Ladies strengthening with 600 words. In any 

case, it is feasible to assist ladies shield themselves against these shameful acts with various types of 

strengthening, like social, financial, instructive, political, and mental.  

Keywords: Ladies Strengthening; Orientation Fairness; Government; Social; Rights  

Introduction  

 Engaging ladies is fundamental for the 

wellbeing and social advancement of families, 

networks and nations. At the point when ladies are 

living protected, satisfied and useful lives, they can 

arrive at their maximum capacity. contributing their 

abilities to the labor force and can bring up more 

joyful and better kids. Engaging ladies assists with 

making an all the more and impartial society for 

everybody. Wellbeing and Prosperity: Ladies' 

strengthening is additionally significant for 

advancing wellbeing and prosperity. At the point 

when ladies approach training and medical services, 

they can all the more likely deal with themselves 

and their families Strengthening of ladies is a critical 

calculate encouraging wellbeing and prosperity, 

which is another justification for why it is essential. 

Ladies are better ready to deal with themselves as 

well as their youngsters when they approach 

schooling and medical care. Advancing female 

strengthening is profoundly vital to lay out equity in 

the public arena. Ladies comprise approx half of the 

absolute populace. Subsequently, to engage them 

means to foster society in different ways, for 

example, financially, socially, strategically, and so 

on. There are valid justifications to accept that 

enabling ladies helps monetary turn of events. 

Diminishing segregation in admittance to schooling 

and the work market would utilize ladies' abilities 

and capacities. Ladies' strengthening has five parts: 

ladies' healthy identity worth; their entitlement to 

have and to decide decisions; their entitlement to 

approach open doors and assets; their entitlement to 

have ability to control their own lives, both inside 

and outside the home; also, their capacity to impact 

the heading of social  

Women's Empowerment in India and its 

Importance  

 Ladies strengthening alludes to 

empowering ladies to have command over their 

lives, decide and choices, and have equivalent 

admittance to assets and amazing open doors. It 

includes establishing a climate where ladies can 

partake in the public eye and the economy on 

neutral ground with men, and where their voices are 

heard and their privileges are safeguarded. Ladies' 

strengthening can take many structures, including 

schooling, monetary, political, and social. 

http://www.ijaar.co.in/
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Eventually, ladies' strengthening means to make a 

reality where ladies have the power and opportunity 

to carry on with their lives, without segregation or 

impediments in view of orientation. Types of 

Women's Empowerment:  

There are various ways of arranging ladies' 

strengthening, however the following are five 

normal sorts:  

 Monetary Strengthening: This alludes to ladies' 

capacity to partake in financial exercises on an 

equivalent premise with men. It incorporates 

admittance to schooling, preparing, business, 

and business open doors, as well as fair wages, 

equivalent compensation, and admittance to 

credit and monetary administrations.  

 Social Strengthening: This kind of 

strengthening alludes to ladies' capacity to 

partake completely in friendly and social life, 

liberated from separation and viciousness. It 

incorporates admittance to training, medical 

care, and lawful administrations, as well as the 

capacity to practice their privileges and 

opportunities.  

 Political Strengthening: This sort of 

strengthening alludes to ladies' capacity to take 

part in political life and dynamic on an 

equivalent premise with men. It incorporates the 

capacity to cast a ballot and campaign for 

office, as well as admittance to administrative 

roles and support in strategy making processes.  

 Instructive Strengthening: This alludes to ladies' 

capacity to get to schooling and foster abilities 

and information that empower them to go with 

informed choices, seek after their objectives, 

and add to society. It incorporates admittance to 

quality training at all levels and amazing open 

doors for deep rooted learning.  

 Wellbeing Strengthening: This alludes to ladies' 

capacity to get to medical services and arrive at 

conclusions about their wellbeing and 

prosperity. It incorporates admittance to data, 

administrations, and assets that advance 

conceptive wellbeing, maternal wellbeing, and 

generally prosperity.  

In general, these kinds of strengthening are 

interconnected and corresponding, and enabling 

ladies in a single region can have positive gradually 

expanding influences in different regions.  

Importance of Women's Empowerment:  

Ladies' strengthening is significant because of 

multiple factors, including  

 Orientation Fairness: Ladies' strengthening is 

fundamental for accomplishing orientation 

correspondence, which is a basic common 

liberty. Orientation equity implies that ladies 

and men have equivalent freedoms, open doors, 

and assets, and can take part similarly in all 

parts of life.  

 Monetary Development: Ladies' strengthening 

is likewise significant for financial development 

and improvement. At the point when ladies 

have equivalent admittance to instruction, 

business, and different open doors, they are 

better ready to add to the economy and society 

all in all.  

 Civil rights: Ladies' strengthening is likewise 

fundamental for accomplishing civil rights. 

Ladies and young ladies are in many cases 

subject to segregation, savagery, and different 

types of mistreatment just as a result of their 

orientation. Engaging ladies assists with making 

an all the more and impartial society for 

everybody.  

 Wellbeing and Prosperity: Ladies' strengthening 

is additionally significant for advancing 

wellbeing and prosperity. At the point when 

ladies approach training and medical services, 

they can more readily deal with themselves and 

their families.  

 Manageable Turn of events: Ladies' 

strengthening is basic for accomplishing 

practical turn of events. At the point when 

ladies are engaged, they are better ready to add 

to endeavors to address natural difficulties, 

decrease destitution, and advance civil rights.  

To put it plainly, ladies' strengthening is critical for 

accomplishing a fair, impartial, and maintainable 

world.  

Women’s Empowerment through education  

 Ladies strengthening through training 

alludes to the most common way of furnishing 

young ladies and ladies with the information, 

abilities, and certainty to take part completely in the 

public eye and settle on informed conclusions about 

their lives. Schooling is one of the most incredible 

assets for enabling ladies, as it can assist them with 

acquiring information, abilities, and certainty that 

can assist them with working on their daily routines 

and the existences of their families and networks. 

Monetary strengthening, Wellbeing and prosperity, 

Political interest, and Social strengthening are a few 

different ways that training can assist with enabling 

ladies. Generally speaking, ladies' schooling is 
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fundamental for accomplishing orientation balance 

and enabling ladies to understand their maximum 

capacity. By putting resources into young ladies' 

schooling, we can make an all the more and 

evenhanded world for all.  

The Women empowerment in India and its 

Importance  

 Ladies strengthening in India is the best 

apparatus for advancement as nowadays; ladies 

across the world are effectively functioning as a 

pioneer and outperforming others in every one of the 

circles of life. As the whole world is fastening its 

breath and imploring each and every day for an 

extraordinary departure from the Coronavirus 

Pandemic, it is the ladies lead representatives and 

countries directed by these astounding figures who 

are assuming control over the obligation and 

walking ahead in the fight alone any place required. 

Ladies strengthening in India is reliant up by and 

large on various factors that envelop geological 

setting (metropolitan/country), economic wellbeing 

(standing and class), instructive status, and age 

factor. Activities on the ladies strengthening exist at 

the state, nearby (panchayat), and public levels. 

Notwithstanding, ladies experience separation in 

many areas like training, monetary open doors, 

wellbeing and clinical help, and political support, 

which exhibits that there are significant holes 

between methodology progressions and genuine 

activity at the local area level.  

Women Empowerment in India: An Introduction  

 The term ladies strengthening is about 

power, or the power set out on ladies sharing unclear 

privileges. The term alludes to the freedom of ladies 

from financial restrictions of dependence. Ladies 

involve around half of the nation's populace, and a 

heft of them remains monetarily subject to one 

another without business. In the time of woman's 

rights, a little part of ladies in India are liberated and 

can utilize their freedom of thought and are allowed 

to cut out their lives the manner in which they need. 

Be that as it may, there is a significant division of 

the ladies in this country who need hopeful help. In 

most Indian towns and semi-metropolitan urban 

communities, ladies are as yet denied principal 

schooling and are never approved to proceed with 

advanced education regardless of hoarding the 

comprehension required. Ladies are known for 

conveying various jobs easily each day, and in this 

manner, they are viewed as the foundation of each 

and every general public. Living in male-

overwhelming social orders, ladies play a large 

number of jobs, like caring moms, cherishing little 

girls, and able partners. Best of all, they fit the bill 

totally in each job. In any case, they've likewise 

remained as an ignored bundle of society in various 

regions of the planet. Thusly, it has brought about 

ladies enduring the brunt of lopsidedness, monetary 

reliability, mistreatment, and particular social 

wrongs. Ladies have been living under the shackles 

of subjugation throughout recent centuries that 

obstructs them from achieving proficient as well as 

private highs. Being a NGO for ladies strengthening 

in India, Hindrise Establishment has planned our 

dynamic and change situated programs in such a 

way that the preparing of ruined little kids will 

elevate the state of the country.   

Need for Women Empowerment  

 For days of yore ladies overall been 

compelled to possess an optional spot corresponding 

to men. Ladies have been consigned to the edges 

notwithstanding the way that they are 

mathematically 50% of the total populace. This has 

brought about ladies being not able to have a spot of 

human nobility as free and autonomous elements 

related with men on a scholarly and proficient 

equivalent frequency. In the antiquated period ladies 

were known to participate in numerous useful 

exercises yet throughout the time proliferation and 

difficulties of pregnancy and labor bit by bit made 

her ward on people for security and food. When 

humankind arrived at more settled presence man 

controlled society was completely settled. The men 

were to compose the codes of the general public and 

administration where ladies were given subordinate 

job. The men extended the prevailing perspective as 

well known fact. However even in the periods of 

severe predominance by guys society has hurled 

ladies of type who could match even outperform the 

abilities of men. The noticeable accomplishments of 

ladies as instructors, specialists, pilots, lawmakers 

and wayfarers and so forth. have crushed the male 

centric ideas of binding ladies' job to home and 

hearth. However, these accomplishments have been 

made generally at individual levels now and again 

when ladies confronted separation and analysis at all 

levels. It is more straightforward to perceive how 

inconvenient to advance it is to confine ladies to 

determined jobs and subordinate them to men. 

Indeed, even to bring youngsters up in the present 

climate to make them fit to confront the difficulties 

of a cutthroat future a lady should be completely 

mindful of her decisions and direction.  
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 The requirement for ladies' strengthening is 

felt in view of the status they have in the public 

arena starting from the start. There is a need to 

rethink the situation with ladies in the general 

public. A change can be brought through the 

constitution and steady regulations. The Constitution 

of India gives a ladies status equivalent to men. 

There have been endeavors to hold seats for ladies 

in political bodies. This is no question a positive 

development. Ladies can decide for them and take 

right choices. Anyway only considering reservation 

of ladies in Panchayat and administrative bodies 

without engaging ladies separately misses the mark 

concerning genuine liberation. Ladies have been 

prohibited from focuses of force because of precise 

connivance by man centric idea most normal in 

India Khap Panchayat that has consigned ladies to 

an assigned and restricted space. A reorientation of 

our perspectives towards ladies must be 

painstakingly directed for their genuine liberation 

from the man centric mastery. The ruined and 

unskilled status of most ladies in the public eye is 

because of their failure to achieve adequate degrees 

of monetary power. To support any degree of 

strengthening ladies must be taught to know about 

their freedoms and honors in a cutting edge society. 

It is just when they become mindful of their status in 

the public eye that they will actually want to make 

the most of the concessions proposed to them as a 

remedial measure. Ladies strengthening needs 

regardless ladies' dynamic support. Except if ladies 

lose the shackles that overlook their ability, 

expertise and soul ladies through schooling and 

monetary independence, can't be engaged. Except if 

they are engaged to take a definitive part in the 

social, political and monetary existence of the 

country the actual improvement of the nation will be 

trim sided.  

Women Empowerment: Need, Steps , And 

Impact  

 Ladies' freedoms backing, orientation 

correspondence, and assurance that ladies have 

equivalent open door in all parts of life are the 

objectives of the overall development known as 

Ladies strengthening. It incorporates the method 

involved with giving ladies the instruments, data, 

and organization they need to assume responsibility 

for their own lives and use sound judgment. Ladies' 

strengthening is fundamental for social headway and 

harmless to the ecosystem improvement as well as 

being an issue of equity and common freedoms. In 

this article, we will look at the possibility of ladies' 

strengthening, consider its significance, discuss the 

hardships ladies experience, and feature the main 

plans and projects for advancing ladies' 

strengthening across the globe.  

Understanding Women Empowerment   

  The most common way of fortifying ladies' 

ability to completely participate in the public eye, 

practice their freedoms, as well as access amazing 

open doors on an equivalent premise with men is 

known as "ladies strengthening." It involves going 

up against and adjusting the accepted practices, 

social practices, and power structures that help 

orientation disparity and segregation. Ladies' 

strengthening recognizes the innate worth and 

capability of ladies, including attempting to 

eliminate the deterrents that substitute the approach 

to accomplishing their objectives and making a 

positive commitment to society. It covers points 

including schooling, business, prosperity, savagery 

against ladies, and partaking in dynamic activities, 

as well as monetary, political, social, and individual 

parts.  

Need for Women Empowerment  

  Ladies' strengthening isn't just a stylish 

thought; it is fundamental in the present society. In 

spite of impressive progressions in ladies' privileges 

as well as orientation correspondence, there are as 

yet numerous snags and issues that keep ladies from 

contributing completely to society and arriving at 

their maximum capacity. Coming up next are a few 

in number contentions for ladies' strengthening:  

Gender Equality: The strengthening of ladies is 

important to accomplish orientation correspondence. 

Social shows, social practices, as well as biased 

mentalities that confine ladies' possibilities and 

undermined their privileges are at the core of 

orientation difference. By enabling ladies, we 

question these assumptions and attempt to make a 

general public where people are managed the cost of 

similar freedoms, potential open doors, and 

commitments.  

Economic Development: Monetary development 

and the strengthening of ladies are personally 

related. A big part of the total populace is comprised 

of ladies, and financial maintainability relies upon 

their dynamic commitment. Whenever ladies have a 

similar chance for schooling, work, and business, 

they make a significant commitment to financial 

creation, the destruction of destitution, and general 

turn of events.  

Education and Knowledge: A strong technique for 

changing civilizations is instructing and engaging 
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ladies. Ladies who have gotten a schooling are more 

taught, more skilled, and more confident, which 

enables them to address orientation standards and 

effectively take part in friendly, financial, and 

political domains. Training builds a lady's penchant 

to make interests in her family's government 

assistance, particularly the wellbeing and schooling 

of her youngsters, which helps people in the future 

and breaks the pattern of neediness.  

Health and Well-being: Ladies' prosperity and 

actual wellbeing are personally connected with 

ladies' strengthening. Ladies' strengthening requires 

approaching great medical services, the right to an 

early termination, and command over one's own 

body. Ladies who are engaged are better ready to 

take satisfactory consideration of their wellbeing, 

look for clinical consideration when essential, and 

settle on choices that will further develop their 

prosperity.  

Violence and Discrimination: To conquer brutality 

and bias against ladies, ladies should be enabled. 

Homegrown maltreatment, lewd behavior, as well as 

illegal exploitation are only a couple of the fierce 

wrongdoings against ladies that they actually need 

to manage. Difficulties to these unsafe practices, 

more secure settings, and the progression of a 

culture of equity and regard are made conceivable 

by the strengthening of ladies by means of training, 

mindfulness, and lawful insurance.  

Leadership and Decision-making: To make 

powerful approaches, methodologies, as well as 

dynamic cycles, ladies' voices and perspectives are 

essential. For comprehensive administration to be 

elevated and to satisfy the many requests and targets 

of society, orientation equality in positions of 

authority should be achieved in the private as well 

as open areas. Ladies' strengthening guarantees that 

they have an equivalent voice in choices that 

influence their networks and lifestyle.  

Social and Cultural Change: To challenge cultural 

and social shows that help orientation disparity, 

ladies' strengthening is critical. By engaging ladies, 

we dissipate bias, eliminate obstructions, and 

advance a culture that distinctions as well as regards 

ladies' commitments beyond the bounds of 

traditional orientation jobs. This outcomes in social 

change and fabricates a really inviting and enhanced 

society that is useful to everyone.  

 Today both young fellows and young women go to 

classes. Today guidance is the right of both young 

fellows and young women; no matter what that, 50 

% of young women get tutoring. India has 

measurements as expected which includes the 

quantity of occupants in the country. This 

information is used to measure things like schooling, 

sex extent, etc. Numerous SC and ST kids leave 

school at an early age. The 2014 insights even show 

the expense of preparing and the uninterested 

attitude of instructors and gatekeepers are liable for 

the imprudence of guidance.  

Women Empowerment in India  

 India is an extremely confounded country. 

Throughout the span of numerous hundreds of years, 

we have gathered a wide range of practices, 

customs, and customs. These ceremonies and 

practices, both the positive and negative parts of 

them, are currently imbued in the aggregate mind of 

our general public. We honor female divinities as 

gods deserving of love, and we likewise put a high 

worth on the connections we have with our own 

moms, little girls, sisters, life partners, and some 

other female family members or companions. Then 

again, Indian men are infamous for their unfortunate 

treatment of their spouses and lady friends, both 

inside and beyond the house. There are people in 

Indian culture who stick to pretty much every 

possible sort of strict conviction. In all of the world's 

religions, ladies are given a remarkable position, and 

we are told to treat them with the highest level of 

love and responsiveness. Be that as it may, for 

reasons unknown, the improvement of civilization 

has prompted it being satisfactory for different 

destructive practices, both physical and mental, to 

be completed against ladies. This has been the 

situation for a really long time. For example, the sati 

pratha, the custom of endowment, the Parda pratha, 

female child murder, spouse burning, sexual 

mischief, lewd behavior at the area of work, 

aggressive behavior at home, as well as different 

kinds of segregating rehearses all have both a 

psychological and an actual part. Moreover, there is 

a huge issue with abusive behavior at home in India. 

Since the guys accept that ladies are their property, 

they treat their spouses harmfully and beat them. 

Considerably more so since most ladies are 

excessively tentative to communicate their psyches. 

Along these lines, ladies who take care of business 

are paid not exactly their male partners who do 

similar errands. At the point when somebody gets 

compensated less for a similar measure of work due 

to their orientation, this conduct must be depicted as 

chauvinist and totally unreasonable. Subsequently, 

obviously engaging ladies is an unquestionable 

necessity nowadays. We have an obligation to give 
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these ladies the instruments they need to advocate 

for them and guarantee that they are never the 

survivors of shamefulness.  

Steps For Women Empowerment  

  Strengthening of ladies should be possible 

in different ways, through both government plans 

and individual levels. The public authority has 

thought of different plans like Beti Bachao Beti 

Padhao Yojana, Mahila-E-Haat, Sukanya Samriddhi 

Yojana, and so on., to engage ladies. Aside from 

this, exclusively, we can work by nullifying social 

wrongs like share and youngster marriage. 

Regarding ladies and giving equivalent open doors 

should be possible independently.  

Women’s Movements  

 Ladies have only and, with everything 

taken into account, endeavored to accomplish 

changes is known as the Ladies' Development. 

Different systems have been used to spread care, 

fight partition, and search for value. These 

advancements are associated with fighting, 

uncovering issues, contradicting, and showing 

strength. Individuals in the public eye are seen as 

playing unequivocal direction occupations. Ladies 

have been standing up to inconsistencies at each step 

since the times from past times. Apparently, their 

circumstance and status have improved with the 

distinction in time; in any case, they wait behind 

men in basically every field.  

Breaking Stereotypes and Developments  

 In this male-managed society, they 

disregard to benefit identical distinctions and 

entryways. It has additionally been seen that a few 

callings are viewed as more fitting for men than for 

ladies. It implies ladies are reasonable just for a 

couple of occupations. Numerous people 

acknowledge that women further develop chaperons 

since they are all the more tranquil and sensitive. It 

is similarly acknowledged that women don't bear 

particular personalities, and along these lines, they 

are not prepared to oversee specific things. Thusly, 

they have been summed up as extraordinary 

specialists, incredible teachers, etc. They are never 

seen as equipped power authorities, pilots, railroad 

engine drivers, etc. A bigger piece of Indians 

confides in these speculations. It is, thus, that young 

women don't get the very support that young fellows 

do to study and plan to become subject matter 

experts and modelers. Ladies are planned to abuse 

these generalizations by succeeding in fields that 

were assumed male jam till now. We presently have 

ladies pilots, engineers, cops, researchers, etc. Bit by 

bit there came a steadily expanding number of 

positive changes. The social class that never gotten 

examining and making started sending their children 

to school. Before all else, there was a lot of 

protection from showing young women.  

Nonetheless, there were also women and men who 

set forth endeavors to open schools for young 

women.  

Some Examples of Women’s Empowerment   

 Ladies endeavored to sort out some way to 

seek after work and make. Here, the experience of 

Rashsundari Devi (1800-1890) merits zeroing in on. 

She was a housewife of a rich landowner's friends 

and family. Around then, at that point, it was trusted 

that assuming a woman sorted out some way to 

scrutinize and form, she would transform into a 

widow. Despite this, she told herself the best way to 

seek after and compose clandestinely after her 

marriage. She thought about her self-representation 

in Bangla named Amar Jiban. Rokeya Sakhawat 

Hossain was another model who did an incredible 

arrangement for women's tutoring. She knew how to 

examine and make Urdu, yet she was stopped from 

learning Bangla and English. Back then, simply 

young fellows were taught in English. Anyway, she 

sorted out some way to parse and make Bangla and 

English. From there on, she transformed into a 

writer and formed an uncommon story named 

Sultana's Fantasy in 1905. She did an incredible 

arrangement to help different young women with 

going to class and building their own dreams. In 

1910, she began a school for young women in 

Kolkata which is yet to work.  

  In all likelihood, an always expanding 

number of young women have begun going to class, 

yet, they drop behind young fellows. As per the 

most recent measurements of 2001, 76% of young 

fellows and men are taught, yet the figure is 

generally outstandingly low in case of young 

women. Only 54% of young women and women are 

taught in India. As needs be, the level of the male 

social event is higher than the female get-together. 

Young ladies who are from Dalit and Adivasi 

establishments are less disposed to remain in school. 

One of the many reasons is that couple of families 

are unnecessarily poor and unequipped for bearing 

the cost of showing all of their young people. Young 

fellows get tendencies in such circumstances. The 

position and status of women have, beyond 

question, further fostered a ton which is a result of 

the total undertakings of the women of the country. 

The Ladies' Development similarly gets the 
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assistance of men. They used different techniques to 

spread care, fight partition, and search for value. For 

example, they coordinate missions to fight isolation 

and brutality against women. They furthermore 

challenge women to happen. The women's 

Development moreover shows courage with various 

women and causes.  
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