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Chronic inflammation has a major impact on the progression of many debilitating disorders such as rheumatoid arthritis, cardiovascular 

ailments and neurodegenerative conditions, emphasising the urgent identification of novel pharmacological agents with increased potency 

and reduced toxicity. This study focuses on the synthetic preparation, spectral studies and molecular modeling analysis and biological 

assessment of N-(4-Methyl-2-pyridyl)acetamide (4MPA), a nitrogen-containing heterocyclic compound with potential anti-inflammatory 

activity. Structural integrity was confirmed through FT-IR and Raman spectroscopic analyses. Computational investigations employing 

DFT demonstrated favourable electronic features including optimised geometries and well-distributed electrostatic potential surfaces. In 

silico pharmacological profiling indicated high oral bioavailability, excellent intestinal absorption (95.19%) and low skin permeability, 

affirming the drug-like nature of compound. Molecular docking studies showed stable interactions of 4MPA with inflammatory targets 

5F19, with binding energy of -5.78 kcal/mol, respectively, corresponding inhibition constants suggesting moderate to strong affinity. 

These complexes were stabilised by key hydrogen bonds and hydrophobic interactions, indicative of potential pathway modulation. The 

compound also demonstrated acceptable pharmacokinetic properties, supporting its suitability as a drug candidate. These findings identify 

4MPA as a promising anti-inflammatory agent with potential supplementary antimicrobial properties, warranting further mechanistic and 

optimisation studies. 
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INTRODUCTION 

 Inflammation is an essential physiological response that 

protects the body against pathogens, tissue injury and harm-

ful stimuli. However, persistent or dysregulated inflammation 

contributes to the development of numerous chronic diseases, 

including rheumatoid arthritis, inflammatory bowel disease, 

asthma, psoriasis, cardiovascular disorders, neurodegenerative 

diseases and cancer [1,2]. Chronic inflammatory disorders 

represent a major global health burden, with non-communi-

cable diseases accounting for over 70% of worldwide deaths 

annually, including approximately 17.9 million deaths from 

cardiovascular diseases [3]. Rheumatoid arthritis affects more 

than 1% of the global population [4], while IBD impacts over 

6.8 million individuals worldwide [5]. In addition, neuro-

inflammation plays a central role in Alzheimer’s disease, which 
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currently affects approximately 55 million people globally and 

is projected to increase substantially by 2050 [6]. Although 

corticosteroids, non-steroidal anti-inflammatory drugs (NSAIDs) 

and biologics remain the cornerstone of anti-inflammatory 

therapy, their long-term use is frequently associated with 

gastrointestinal, cardiovascular and renal toxicity, immuno-

suppression, limited efficacy and high treatment costs [7,8]. 

Consequently, the development of safer and more selective 

anti-inflammatory agents remains a significant therapeutic 

challenge. 

 Nitrogen-containing heterocyclic compounds, particularly 

pyridine derivatives, have attracted considerable attention due 

to their broad pharmacological activities and favourable 

pharmacokinetic properties. N-(4-Methyl-2-pyridyl)acetamide 

(4MPA) contains a pyridine ring substituted with an aceta-

mide group and a methyl substituent, providing an electron-
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rich aromatic framework capable of hydrogen bonding and 

productive interactions with biological targets involved in 

inflammation [9]. Previously structure-activity relationship 

(SAR) studies have demonstrated that 2-aminopyridine and 

pyridylacetamide derivatives exhibit enhanced affinity toward 

cyclo-oxygenase (COX) enzymes through hydrogen-bond inter-

actions involving the carbonyl functionality [10,11]. Pharma-

cophore studies have further identified hydrogen-bond donor, 

hydrogen-bond acceptor and hydrophobic aromatic features 

as essential requirements for effective COX-2 inhibition, all 

of which are present in 4MPA [12]. Furthermore, acyl-subs-

tituted aminopyridines and para-methyl substituted pyridine 

derivatives have shown improved anti-inflammatory activity, 

lipophilicity and membrane permeability, while maintaining 

favourable drug-like properties [13]. These structural character-

istics provide a strong rationale for selecting 4MPA as a lead 

scaffold for anti-inflammatory drug discovery. 

 Pyridine-based compounds are widely recognised as 

privileged scaffolds in medicinal chemistry due to their diverse 

biological activities including anti-inflammatory, analgesic, 

antimicrobial, anticancer and central nervous system effects 

[14,15]. Despite significant advances in computational drug 

design and quantum chemical methods, there remains a need 

to identify structurally simple, selective small molecules with 

improved safety profiles for inflammatory disorders [16-18]. 

Compared with clinically used COX-2 inhibitors, whose long-

term administration has been associated with cardiovascular 

adverse effects, 4MPA offers a synthetically accessible and 

minimally functionalised framework that satisfies Lipinski's 

drug-likeness criteria while possessing structural features 

favourable for selective COX-2 binding. 

 Since chronic inflammatory diseases are frequently acco-

mpanied by microbial infections and oxidative stress, evalua-

tion of the antimicrobial and antioxidant potential of 4MPA 

provides additional pharmacological relevance. Reactive oxygen 

species generated during inflammation further enhance COX-

2 expression, making antioxidant activity a complementary 

property for anti-inflammatory drug candidates. Therefore, 

the present study investigates 4MPA through an integrated 

approach combining spectroscopic characterisation, density 

functional theory (DFT) calculations, molecular docking, 

pharmacokinetic prediction and biological evaluation to assess 

its potential as a promising anti-inflammatory lead molecule. 

EXPERIMENTAL 

 The spectroscopic characteristics of N-(4-methyl-2-

pyridyl)acetamide (4MPA) were thoroughly examined using 

a Bruker Alpha Platinum FT-IR spectrophotometer operating 

in the 4000-400 cm–1 range and a BRUKER RFS 27 FT-Raman 

spectrometer equipped with an Nd:YAG laser, covering the 

4000-100 cm–1 range. 

 Computational methods: All theoretical investigations 

in this research were carried out using DFT with suitable 

quantum-chemical software Gaussian 09W [19]. The struct-

ural features, vibrational behaviour and electrostatic potential 

distribution of 4ABP were investigated through geometry 

optimisation, frequency calculations and MEP surface anal-

ysis at the B3LYP/6-311++G(d,p) level of theory [20-22]. 

The MEP surfaces, along with HOMO and LUMO energy 

levels, were obtained and visualised using GaussView soft-

ware [23]. Optimised molecular geometries were displayed 

with Chemcraft [24], while vibrational assignments and poten-

tial energy distribution (PED) analysis were performed using 

the VEDA program [25]. The electronic properties of the 

compound were examined in the gas phase. Two-dimensional 

plots of the electron localisation function (ELF) and the 

localised orbital locator (LOL) and reduced density gradient 

(RDG) were generated using the Multiwfn package [26]. 

Drug-likeness characteristics were evaluated through the 

SwissADME web tool [27]. Protein structures related to the 

compound were verified using the PDBsum database and 

visualisation platform [28]. Furthermore, the pharmacokinetic 

and toxicity profiles (ADMET) of 4ABP were estimated 

using the pkCSM web server [29]. 

 Molecular docking: The inhibitory potential of 4MPA 

against a cyclooxygenase-2 target was evaluated through mole-

cular docking simulations, offering insights into its binding 

affinity and molecular interactions. The spatial configuration 

of the target protein (PDB code: 5F19) accessed via the PDB 

[30] and prepared for analysis by removing non-essential 

residues and water molecules using PyMOL [31], thereby 

improving structural clarity for molecular docking studies. 

Docking studies were conducted employing AutoDock version 

4.2.6 [32]. Each ligand was docked with 100 runs and a 

population size of 150 employing the LGA parameter settings. 

The most favourable binding conformation for each protein 

was determined to be the most energetically favourable pose 

within the most populated cluster, representing the optimal 

binding mode [33]. Binding conformations were examined 

through detailed visual analysis and molecular representat-

ions generated using Discovery Studio Visualizer, offering 

valuable insights into protein–ligand interactions [34]. 

 MD simulation protocol: MD simulations were per-

formed with GROMACS 2024.3 to study the COX2_4MPA 

complexes [35]. The protein topology was created using the 

CHARMM36 force field and was solvated in a water box [36]. 

Ligand parameters were obtained from SwissParam [37] and 

ions were added to neutralise the system. After energy mini-

misation, we conducted a 100 ns simulation. The trajectory 

was analysed to examine the behaviour and interactions of 

complex. We used the gmx_mmpbsa package to predict the 

binding free energy of the ligand–protein interaction, compo-

nents and evaluated parameters such as Rg, RMSD, SASA and 

RMSF to assess stability. The MM/PBSA calculations emp-

loyed 1,000 frames from the last 100 ns, solving the Poisson-

Boltzmann equation with the internal PBSA solver [38].  

 Antimicrobial and antioxidant activities: The anti-

microbial activity of 4MPA was evaluated against selected 

bacterial strains viz. Klebsiella, Pseudomonas aeruginosa, 

Escherichia coli, Streptococcus and Klebsiella spp., as well 

as fungal strains (Aspergillus niger, Mucor and Rhizopus 

spp.) using the disc diffusion method. Sterile filter paper discs 

impregnated with the test compound were placed on inocu-

lated agar plates, and antimicrobial activity was assessed by 

measuring the diameter of the inhibition zones. 

 The antioxidant activity of 4MPA was determined by the 

DPPH free radical scavenging assay using UV-visible spectro-
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photometry. Briefly, 333 L of 0.1 mM DPPH solution in 

methanol was mixed with 1 mL of 4MPA dissolved in DMSO 

at different concentrations and incubated at room temperature 

for 30 min. The absorbance was measured at 513 nm, where 

a decrease in absorbance indicated increased radical scaven-

ging activity. L-Ascorbic acid (10-50 g/mL) served as the 

positive control [39]. 

RESULTS AND DISCUSSION 

 Molecular geometry: A molecule attains its highest 

stability when it adopts the minimum-energy configuration. 

Therefore, structural optimisation was performed to obtain 

the most energetically favourable geometry by minimizing the 

total molecular energy [40]. In the present study, the geo-

metry of 4MPA was optimised using DFT.  

 The optimised structure of 4MPA (Fig. 1) consists of  

C–C, C–O, C–H, C–N and N–H bonds. Among the homo-

nuclear C–C bonds, C1–C3 exhibited the longest bond length 

(1.521 Å), whereas C8–C9 showed the shortest bond length 

(1.389 Å), reflecting differences in the local bonding environ-

ment. For the heteronuclear bonds, the N5–C5 bond displayed 

the maximum bond length of 1.413 Å, while the N4–H15 

bond exhibited the minimum value of 1.008 Å. 

 

 
Fig. 1. Optimised molecular structure of the compound 4MPA 

 The calculated bond angles indicate that the molecular 

framework is geometrically well-defined with only minor 

variations. Bond angles of approximately 124º were obtained 

for C8–C9–N10 and O2–C1–N4, while C5–C6–H16 and C9–

C8–H17 exhibited values close to 120.1º. In addition, bond 

angles around 108.1º were observed for C1–C3–H12, C1–

C3–H14, H19–C11–H21, H12–C3–H14 and H13–C3–H14 

(Table-1). These optimised structural parameters provide a 

reliable basis for subsequent electronic structure calculations 

and molecular interaction studies. 

 Vibration analysis: The theoretical framework predicts 

57 vibrational modes for the 21-atom non-linear system based 

on the 3N-6 rule. Applying a 0.961 scaling factor to the DFT-

calculated frequencies resulted in refined vibrational assign-

ments [41]. Comprehensive frequency data comparing calcu-

lated and experimental values are shown in Table-2, while 

the experimental spectroscopic results are shown through FT-

Raman and FT-IR spectra in Figs. 2 and 3. 

 The vibrational signature of N–H bonds in heterocyclic 

structures is well-known within the 3500–3000 cm–1 range 

[42,43]. Spectroscopic analysis of the target compound dete-

cted the N–H stretching mode at 3412 cm–1 via FT-IR analysis. 

This experimental frequency aligns well with computational 

predictions of 3490 cm–1, with potential energy distribution 

analysis confirming exclusive N–H stretching character (100% 

PED). The presence of methyl groups introduces two asym-

metric and one symmetric C-H stretching vibrations into mole-

cular spectra. In 4MPA, the two CH3 substituents experience 

significant electronic coupling with neighbouring carbonyl 

groups, profoundly altering the electronic structure of com-

pound and thus affecting vibrational properties and spectral 

intensities [44,45]. DFT calculations predicted asymmetric 

stretching at 3015, 2987, 2977 and 2961 cm–1, experimentally 

confirmed at 3010 cm–1 through FT-Raman spectroscopy. 

The symmetric stretching modes were calculated at 2918 and 

2911 cm–1, with experimental verification at 2927 cm–1 (FT-

IR) and 2928 cm–1 (FT-Raman). The vibrational signature of 

aromatic C-H bonds is well-documented within the 3100-3000  

 
TABLE-1 

BOND LENGTHS AND BOND ANGLES OF 4MPA 

Bond length (Å) Values Bond length (Å) Values Bond angle (º) Values Bond angle (º) Values 

C1-O2 1.209 C6-H16 1.085 O2-C1-C3 122.4 C5-N10-C9 117.0 

C1-C3 1.521 C7-C8 1.401 O2-C1-N4 124.0 C7-C6-H16 120.5 

C1-N4 1.392 C7-C11 1.507 C3-C1-N4 113.6 C6-C7-C8 117.1 

C3-H12 1.089 C8-C9 1.389 C1-C3-H12 108.8 C6-C7-C11 121.6 

C3-H13 1.093 C8-H17 1.084 C1-C3-H13 113.6 C8-C7-C11 121.3 

C3-H14 1.094 C9-N10 1.337 C1-C3-H14 108.5 C7-C8-C9 118.9 

N4-C5 1.413 C9-H18 1.086 C1-N4-C5 127.0 C7-C8-H17 120.9 

N4-H15 1.008 C11-H19 1.093 C1-N4-H15 116.5 C7-C11-H19 111.0 

C5-C6 1.403 C11-H20 1.095 H12-C3-H13 109.6 C7-C11-H20 110.7 

C5-N10 1.328 C11-H21 1.092 H12-C3-H14 108.1 C7-C11-H21 111.6 

C6-C7 1.391   H13-C3-H14 108.1 C9-C8-H17 120.1 

    C5-N4-H15 115.9 C8-C9-N10 124.1 

    N4-C5-C6 118.7 C8-C9-H18 120.3 

    N4-C5-N10 117.9 N10-C9-H18 115.6 

    C6-C5-N10 123.4 H19-C11-H20 107.2 

    C5-C6-C7 119.4 H19-C11-H21 108.2 

    C5-C6-H16 120.1 H20-C11-H21 107.9 
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 TABLE-2 

EXPERIMENTAL AND COMPUTATIONAL VIBRATIONAL ASSIGNMENTS 

Mode 
Expt. frequency Theoretical frequency IR intensity Raman activity 

dPED assignment (%) 
IR Raman Unscaled Scaleda Relative Absoluteb Relative Absolutec 

57 3412  3632 3490 24 8 87 35 ν NH 100 

56 3058 3059 3178 3054 15 5 181 72 ν CH 99 

55   3163 3039 11 4 86 34 ν CH 99 

54   3149 3027 17 6 91 36 ν CH 100 

53  3010 3137 3015 8 3 83 33 ν CH 91 

52   3108 2987 16 6 57 23 ν CH 93 

51   3097 2977 14 5 63 25 ν CH 99 

50   3081 2961 12 4 91 36 ν CH 93 

49 2927 2928 3037 2918 9 3 204 81 ν CH 92 

48   3029 2911 21 7 251 100 ν CH 97 

47 1760 1683 1788 1718 258 92 27 11 ν OC 70 

46 1569 1570 1639 1575 202 72 28 11 β HNC 23 + ν CC 51 

45 1549  1612 1549 23 8 25 10 ν CC 64 

44   1536 1476 124 44 35 14 β HNC 55 

43   1497 1438 282 100 9 4 β HNC 51 

42   1490 1431 55 19 18 7 β HCH 70 

41   1488 1430 74 26 6 2 β HCH 68 

40   1485 1427 10 3 9 4 β HCH 90 

39 1413 1410 1468 1410 49 17 12 5 β HCH 84 

38 1378 1378 1414 1359 3 1 11 4 β HCC 90 

37   1408 1353 13 5 4 2 β HNC 37 + ν CC 11 

36  1300 1396 1341 34 12 4 2 β HCH 74 

35 1280 1284 1334 1282 64 23 33 13 ν NC 58 

34 1264  1316 1264 23 8 37 15 ν CC 45 + β HCC 20 

33 1238 1242 1277 1228 2 1 5 2 ν CC 63 

32 1162 1164 1223 1175 241 86 10 4 ν CC 46 

31 1112 1117 1187 1141 16 6 1 1 ν CC 31 + β HCC 36 

30   1133 1089 0 0 4 1 β HNC 27 + ν CC 38 

29 1033  1060 1018 4 1 0 0 β HCC 81 

28   1049 1008 15 5 0 0 β HCC 65 

27  996 1038 998 16 6 6 2 β HCC 48 

26   1009 970 26 9 5 2 τ HCCO 41 

25 966  1005 966 2 1 37 15 ν CC 16 + β HCC 47 

24   986 947 1 0 0 0 τ HCCN 72 

23   974 936 6 2 5 2 ν CC 48 

22 881  917 882 5 2 1 0 ν CC 25 

21 826  873 839 3 1 0 0 τ HCCN 69 

20   831 799 29 10 1 0 τ HCCN 71 

19 771 773 805 773 3 1 6 2 β HCC 27 + ν CC 39 

18  744 757 728 3 1 4 2 τ HNCC 79 

17 683 687 701 673 1 0 6 2 β HNC 13 + ν CC 14 + β CNC 16 

16 617  616 592 6 2 3 1 τ HCCO 12 + τ HCCN 68 

15 553 557 581 558 4 1 1 0 τ HCCO 62 

14 520 521 552 530 23 8 8 3 β CCO 51 

13   521 501 4 1 6 2 β HCC 65 

12 450  459 441 67 24 2 1 τ HCCN 15 + τ HCCO 23 

11   455 437 30 11 6 2 τ HNCC 71 

10 405  424 408 2 1 1 0 β CCN 67 

9  356 344 330 0 0 1 1 ν CC 13 + β CCN 60 

8  262 280 269 2 1 1 0 β HNC 14 + β CNC 28 

7  228 244 234 2 1 1 1 β HNC 19 + τ HCCN 58 

6   207 199 0 0 2 1 τ HCCC 78 

5  107 118 113 5 2 1 1 β HNC 42 + τ HCCO 11 + τ HNCC 12 

4  71 79 76 2 1 2 1 τ HCCO 76 

3   67 64 3 1 1 0 τ HCCO 88 

2   35 33 2 1 3 1 τ HNCC 71 

1     33 32 1 0 0 0 τ HCCC 81 
aScaling factor: 0.961 for B3LYP/6-311++G(d,p); bRelative IR absorption normality intensities with highest peak absorption equal to 100; 
cRelative raman intensities normalised to 100; dν-stretching, β-Bending, τ-Torsion 
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Fig. 2. Experimental FT-IR spectrum of 4MPA in 4000-400 cm–1 region 

 

 

Fig. 3. Experimental FT-Raman spectrum of 4MPA in 4000-100 cm–1 region 
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cm–1 spectral region [46]. For the 4MPA compound, DFT 

calculations identified aromatic C-H stretching vibrations at 

3054, 3039 and 3027 cm–1. These theoretical predictions closely 

match experimental results, showing frequencies of 3059 cm–1 

in FT-Raman and 3058 cm–1 in FT-IR analysis, confirming 

the accuracy of the computational assignments. Carbonyl groups 

show distinctive vibrational behaviour, producing strong, clear 

stretching modes that appear as prominent bands between 

1800-1600 cm–1 region in infrared spectroscopy [47]. The 

computational analysis of 4MPA predicted the C=O stretch-

ing vibration at 1718 cm–1, matching experimental frequencies 

of 1760 cm–1 (FT-IR) and 1683 cm–1 (FT-Raman). The C–C 

stretching vibrations in aromatic compounds usually occur 

within the 1650-1100 cm–1 spectral range, with exact frequen-

cies affected by the type of ring substituents [48]. In this study, 

theoretical calculations predicted C–C vibrational modes at 

1549, 1228, 1175, 936 and 832 cm–1. The experimental results 

confirmed frequencies at 1549, 1238, 1162 and 881 cm–1 in 

FT-IR analysis, with additional bands at 1242 and 1164 cm–1 

detected in FT-Raman spectroscopy. The 1350-1280 cm–1 

region is characteristic of C–N vibrational modes; however, 

vibrational coupling within this region makes the unambig-

uous assignment of C–N stretching in the target compound 

challenging [49,50]. Theoretical calculations predict the C–N 

vibration at 1282 cm–1 with a 58% potential energy distri-

bution (PED) contribution, aligning with experimental obser-

vations at 1280 cm–1 (FT-IR) and 1284 cm–1 (FT-Raman). 

 MESP: GaussView 6.0 were utilised to generate the 

4MPA MEP map. The molecular electrostatic potential (MEP) 

describes the electrostatic potential generated by the mole-

cular charge distribution at a given point surrounding the 

molecule [51]. In the MEP map, different colours represent 

variations in electrostatic potential, with red indicating regions 

of the most negative potential, blue representing the most 

positive potential and green corresponding to regions of near-

neutral potential. As shown in Fig. 4, the oxygen atom is located 

in the red region, indicating an electron-rich site susceptible to 

electrophilic attack, whereas the nitrogen atom appears in the 

blue region, representing an electron-deficient site which is 

more prone to nucleophilic attack. 

 Fukui analysis: Fukui functions are widely used local 

density functional descriptors for predicting chemical reactivity 

and identifying molecular sites susceptible to changes in elec-

tron density during electron transfer [52,53]. The sign of Δf(r)  

 

Fig. 4. Molecular electrostatic potential (MEP) map of 4MPA 

 

distinguishes the type of reactive site: f(r) > 0 indicates regions 

prone to nucleophilic attack, whereas f(r) < 0 denotes sites 

susceptible to electrophilic attack. As summarised in Table-3, 

the nucleophilic centers of 4MPA are located at C3, C6 and C11, 

while the electrophilic centers are C1, O2, N4, C5, C7, C8, 

C9 and N10. These reactive sites provide valuable insight into 

the chemical behaviour of 4MPA during molecular inter-

actions. 

 NBO analysis: Significant stabilisation energies derived 

from this analysis are indicative of robust chemical reactions 

between electron donors and acceptors [54]. Table-4 details 

the hyperconjugative interactions and their associated stabili-

sation energies. Strong → interactions are observed for the 

transitions C5–N10 ()→C6–C7 () and C5–N10 ()→C8–

C9 (), with exceptionally high second-order stabilisation 

energies of 192.760 and 195.440 kcal/mol, respectively. These 

values indicate pronounced electron delocalisation and conj-

ugative effects within the molecular framework. Such inter-

actions are indicative of significant stabilisation arising from 

extended -conjugation, which likely enhances the resonance 

stability and facilitates electron delocalisation across the con-

jugated system. Significant lone pair (LP)→ interactions are 

observed for N4 (LP(1))→C5–N10 () and O2 (LP(2)) 

→C1–C3 (), with stabilisation energies of 26.400 and 

19.780 kcal/mol, respectively. These interactions highlight 

the involvement of non-bonding electron pairs in electron 

delocalisation suggesting significant n→ charge transfer 

contributions. This delocalisation promotes a more uniform 

 

TABLE-3 

DUAL DESCRIPTOR (FUKUI) ANALYSIS OF 4MPA 

Atoms (0,1) (1,2) (-1,2) f0 f+ f– Δf(r) 

C1 0.191 0.231 0.166 -0.032 -0.040 -0.025 -0.015 

O2 -0.301 -0.187 -0.336 -0.075 -0.115 -0.034 -0.081 

C3 0.049 0.139 -0.191 -0.165 -0.090 -0.240 0.150 

N4 0.016 0.169 -0.105 -0.137 -0.153 -0.121 -0.032 

C5 0.115 0.168 0.091 -0.039 -0.053 -0.025 -0.028 

C6 -0.024 0.088 -0.154 -0.121 -0.112 -0.130 0.018 

C7 0.018 0.054 -0.004 -0.029 -0.036 -0.022 -0.015 

C8 -0.013 0.145 -0.090 -0.117 -0.158 -0.077 -0.080 

C9 0.086 0.204 0.036 -0.084 -0.117 -0.051 -0.067 

N10 -0.185 -0.141 -0.204 -0.032 -0.044 -0.019 -0.026 

C11 0.047 0.129 -0.210 -0.170 -0.083 -0.257 0.175 
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electronic distribution, leading to enhanced molecular stabili-

sation. Hyperconjugative stabilisation is also observed from 

→∗ interactions, notably C5–N10 ()→C1–N4 (∗) and 

from →∗ transitions, including C3–H14→O2–C3 (∗) and 

C6–H16→C5–N10 (∗). Despite their relatively modest 

stabilisation energies (E(2) ≈ 5-6 kcal/mol), these interactions 

signify crucial donor-acceptor orbital overlap, contributing to 

the molecule’s overall stability. The increased E(2) values 

observed in conjugated regions suggest a high degree of elec-

tron density, rendering these sites potentially susceptible to 

electrophilic attack. In addition, regions exhibiting LP→ 

interactions are likely to function as nucleophilic centers, 

thereby enhancing the understanding of the chemical reacti-

vity profile of molecule. 

 FMO analysis: The computed HOMO and LUMO 

values are -6.683 eV and -1.033 eV, respectively, giving rise to 

an energy gap (E) of 5.650 eV (Fig. 5). This relatively wide 

HOMO-LUMO gap indicates that under normal environ-

mental conditions, 4MPA shows substantial kinetic stability 

with low reactivity. The calculated ionisation potential (6.683 

eV) and electron affinity (1.033 eV) indicate the energy requ-

ired for electron removal and addition, supporting the elect-

ronic stability of 4MPA. The molecule exhibits a moderate 

electronegativity (3.858 eV) and a chemical potential of 

-3.858 eV, reflecting a balanced tendency to attract electrons. 

A chemical hardness of 2.825 eV and softness of 0.177 eV–1 

further suggest low polarisability and resistance to electronic 

deformation, reinforcing its structural rigidity. The electro-

philicity index (2.634 eV) denotes moderate electrophilic 

character, indicating potential reactivity toward nucleophilic 

sites (Table-5). Notably, the electron-donating capability (ω– 

= 4.916 eV) exceeds the electron-accepting capability (ω⁺ = 

1.058 eV), suggesting that 4MPA functions predominantly as  

 
Fig. 5. HOMO-LUMO energy level diagram of 4MPA 

 

TABLE-4 

SECOND-ORDER FOCK MATRIX ANALYSIS (NBO) VALUES OF 4MPA 

Donor Type Ed/e Acceptor Type Ed/e E(2)a (kcal/mol) E(j)-E(i)b (a.u.) F(i,j)c (a.u.) 

C5-N10 π* 0.415 C6-C7 π* 0.325 192.760 0.020 0.083 

C5-N10 π* 0.415 C8-C9 π* 0.295 164.740 0.020 0.080 

N4 LP(1) 1.705 C1-O2 π* 0.227 43.430 0.310 0.105 

C6-C7 π 1.672 C5-N10 π* 0.415 28.710 0.270 0.081 

O2 LP(2) 1.855 C1-N4 σ* 0.088 28.310 0.670 0.125 

C5-N10 π 1.715 C8-C9 π* 0.295 27.080 0.330 0.084 

N4 LP(1) 1.705 C5-N10 π* 0.415 26.400 0.270 0.078 

C8-C9 π 1.664 C6-C7 π* 0.325 25.140 0.280 0.076 

O2 LP(2) 1.855 C1-C3 σ* 0.057 19.780 0.610 0.101 

C8-C9 π 1.664 C5-N10 π* 0.415 15.150 0.270 0.058 

C6-C7 π 1.672 C8-C9 π* 0.295 15.110 0.290 0.059 

C5-N10 π 1.715 C6-C7 π* 0.325 11.370 0.330 0.055 

N10 LP(1) 1.907 C5-C6 σ* 0.034 10.250 0.880 0.086 

N10 LP(1) 1.907 C8-C9 σ* 0.025 8.800 0.910 0.081 

C3-H14 σ 1.972 C1-O2 π* 0.227 5.240 0.560 0.051 

N10 LP(1) 1.907 N4-C5 σ* 0.046 5.210 0.740 0.056 

C6-H16 σ 1.979 C5-N10 σ* 0.026 4.950 1.080 0.065 

C9-H18 σ 1.982 C5-N10 σ* 0.026 4.500 1.060 0.062 

C11-H21 σ 1.989 C7-C8 σ* 0.024 4.480 1.080 0.062 

C9-N10 σ 1.983 N4-C5 σ* 0.046 4.420 1.230 0.066 
aE(2) Energy of Hyper-conjugative interaction; bEnergy difference between donor and acceptor I and j NBO orbitals; cF(i,j) Fock matrix element 

between I and j NBO orbitals.  
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TABLE-5 

HOMO-LUMO ENERGY VALUES AND  

GLOBAL DESCRIPTOR VALUES OF 4MPA 

Basis set Gas 

HOMO (eV) -6.683 

LUMO (eV) -1.033 

Ionisation potential 6.683 

Electron affinity 1.033 

Energy gap(eV) 5.650 

Electronegativity 3.858 

Chemical potential -3.858 

Chemical hardness 2.825 

Chemical softness 0.177 

Electrophilicity index 2.634 

electronic charge 1.366 

electron donating capability (ω–) 4.916 

electron accepting capability (ω+) 1.058 

 

an electron donor, a feature relevant for donor–acceptor 

systems in electronic and optoelectronic applications. 

 UV-Vis analysis: The UV-Visible absorption behaviour 

of 4MPA was investigated through both experimental meas-

urements and theoretical TD-DFT calculations in two solvent 

environments gas phase and DMSO (Figs. 6 and 7). The 

experimental maximum absorption wavelength was recorded 

at 281 nm, while theoretical calculations predicted absorption 

at 249.364 nm in the gas phase and 252.977 nm in DMSO, 

corresponding to transition energies of 4.972 eV and 4.901 

eV, respectively. A red shift in the absorption wavelength 

was observed upon solvation in DMSO, indicating stabilisa-

tion of the excited state due to solvent effects. 

 

 
Fig. 6. UV-Vis spectra of 4MPA in gas and DMSO solvents 

 
Fig. 7. Experimental UV-Vis spectrum of 4MPA in DMSO solvent 

 

 The oscillator strength, which reflects the probability of 

electronic transitions, increased from 0.0655 in the gas phase 

to 0.1227 in DMSO (Table-6). This enhancement suggests 

improved transition efficiency in a polar medium [55]. The 

light harvesting efficiency, calculated from the oscillator 

strength, also showed a notable increase from 13.999% to 

24.612% in DMSO, indicating superior photophysical perfo-

rmance in polar environments. The predicted results correlate 

well with the experimental data and indicate the significant 

role of solvent polarity in modulating the electronic absorp-

tion characteristics of the compound [56]. 

 Charge transfer analysis: The charge transfer para-

meters of the molecule in its first three excited states were 

quantitatively investigated using Multiwfn 3.8 and presented 

in Table-7. Key parameters such as excitation energy (E), 

charge transfer length (D index), r index and t index were 

calculated and analysed. This analysis highlighted the nature 

of the electronic excitations and the dynamics of electron-

hole interactions within these excited states (Fig. 8).  

 The excitation energies were 4.64 eV (first excited state), 

4.812 eV (second) and 4.972 eV (third), consistent with 

typical –∗ or n–∗ transitions in conjugated systems [57]. 

The Dindex, measuring electron-hole separation, decreased 

from 2.113 Å in the first excited state to 1.733 Å (second) 

and 1.134 Å (third). This trend suggests a shift from long-

range charge transfer in the lowest state to more localised 

excitations in higher states [58]. Similarly, the r index, also 

quantifying electron-hole spatial separation, decreased from 

2.414 Å (first) to 1.731 Å (second) and 1.344 Å (third), rein-

forcing the interpretation of progressively localised excitations. 

The higher r in the first excited state points to significant 

intramolecular charge transfer (ICT), crucial for photovoltaic 

and optoelectronic applications [59]. The t index, reflecting 

charge transfer overlap and directionality, was positive for  

 

TABLE-6 

UV-VIS WAVELENGTHS, OSCILLATOR STRENGTH AND LHE OF 4MPA 

Solvent Energy (eV) 
Expt.  

wavelength (nm) 

Theoretical 

wavelength (nm) 
Osc. strength LHE (%) Major contribs 

Gas 4.972 281 249.364 0.0655 13.999 

H-1->L+1 (27%), 

HOMO->LUMO (39%), 

 HOMO->L+1 (10%) 

DMSO 4.901 281 252.977 0.1227 24.612 

H-1->LUMO (11%), 

HOMO->LUMO (57%),  

HOMO->L+1 (15%) 
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the first two states (0.257 Å and 0.193 Å), indicating forward 

ICT. A negative t index (-0.53 Å) in the third excited state 

suggests a reversed or back-transfer character, aligning with 

localised excitation behaviour [60]. It can be inferred that the 

first excited state exhibits the most-strong charge transfer 

character, making it the most significant for photophysical 

processes. In contrast, the higher excited states appear to be 

more localised in nature. 

 Nonlinear optical (NLO) properties: The NLO behaviour 

of the compound was evaluated using DFT calculations to 

estimate key NLO descriptors such as dipole moment (), 

polarisability () and first-order hyperpolarisability (). The 

molecule exhibits a total dipole moment () measuring 2.041 

Debye, with vector components for the x, y and z directions 

being -0.967 D, -1.697 D and -0.588 D, respectively [61]. 

This moderate dipole moment, when compared to molecules 

with negligible dipole moments, indicates appreciable charge 

separation, which plays a critical role in enhancing the mole-

cular response to external electric fields. Comparing these 

components, the dipole moment is most significant along the 

y-axis, followed by the x-axis and is smallest along the z-axis. 

This distribution shows that the molecular charge separation 

is irregular across all spatial dimensions; instead, it is prefer-

entially oriented. The molecule exhibits a mean polarisability 

() of 115.372 a.u., which translates to 1.709 × 10–23 esu. 

This value indicates the extent of electronic distortion experi-

enced by the molecule in an external electric field. The aniso-

tropy of polarisability () was calculated to be 283.949 a.u. 

(4.208 × 10–23 esu). The total first hyperpolarisability (tot), 

an important parameter for evaluating second-order NLO pro-

perties, was determined to be 133.462 a.u. (1.153 × 10–30 esu) 

[62]. This value significantly exceeds that of urea (0.3728 × 

10–30 esu), a standard reference material, indicating that the 

compound exhibits a strong NLO response (Table-8). The 

calculated NLO parameters suggest that the title compound 

exhibits substantial polarisability and hyperpolarisability and 

the findings position the compound as a strong candidate for 

potential use in nonlinear optical materials and devices.  

TABLE-8 

NON-LINEAR OPTICAL  

CHARACTERISTIC VALUES OF 4MPA 

Parameter 
B3LYP/ 

6-311++G(d,p) 
Parameter 

B3LYP/ 

6-311++G(d,p) 

βxxx -108.653 αxy -1.488 

βxxy 136.652 αyy 113.974 

βxyy -2.052 αxz -1.934 

βyyy -127.447 αyz 1.523 

βzxx 7.800 αzz 73.761 

βxyz 0.701 α (α.u) 115.372 

βzyy -26.534 α (e.s.u) 1.709 × 10–23 

βxzz -9.068 ∆α (α.u) 283.949 

βyzz -3.350 ∆α (e.s.u) 4.208 × 10–23 

βzzz -39.853 µx -0.967 

βtot (α.u) 133.462 µy -1.699 

βtot (e.s.u) 1.153X10–30 µz -0.588 

αxx 158.380 µ(D) 2.041 

 

 ELF & LOL: As shown in Fig. 9, the ELF map exhibits 

red regions around hydrogen atoms (H16, H17, H21) and 

covalent bond areas, signifying strong electron localisation 

and confirming the presence of bonding electron pairs. 

Yellow to green regions, particularly near carbon atoms such 

as C1, C6 and C7, indicate localised bonding electron density 

characteristic of -bonds in C–H and C–C interactions. In 

contrast, blue to violet zones represent interstitial spaces with 

low electron localisation. The LOL, illustrated in Fig. 10, 

similarly reflects electron distribution but places greater emp-

hasis on orbital localisation. High LOL values (close to 1.0) 

appear as red regions around hydrogen atoms and along 

bonding axes, consistent with localised -bonding. Yellow to 

green regions near carbon centers suggest partial delocali-

sation, potentially due to -character or conjugated systems, 

while outer blue to violet regions indicate nonbonding electron 

density or spatial voids [63]. 

 RDG: As shown in Figs. 11 and 12, three separate 

interaction regions are clearly identified. The blue region at 

negative sign(2) values reveals the presence of strong  

TABLE-7 

CHARGE TRANSFER (ELECTRON-HOL) ANALYSIS OF 4MPA 

Parameters First excited state Second excited state Third excited state 

Excitation energy E (eV) 4.64 4.812 4.972 

Charge transfer length D index (Å) 2.113 1.733 1.134 

Δr index (Å) 2.414 1.731 1.344 

t index (Å) 0.257 0.193 -0.53 

 

 

Fig. 8. Electron-Hole diagram of the first three consecutive states 
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Fig. 9. Electron localisation function (ELF) of 4MPA 

 

 
Fig. 10. Localised orbital locator (LOL) of 4MPA 

 

 
Fig. 11. RDG-NCI interaction diagram of 4MPA 

 

 
Fig. 12. RDG-2D scatter plot of 4MPA 

attractive forces, likely attributed to intra- or intermolecular 

hydrogen bonding or dipolar interactions between donor and 

acceptor moieties. The green region centered around zero 

indicates weak dispersive interactions, typically arising from 

van der Waals forces and suggestive of non-bonded, spatially 

extended contacts, as often seen in – stacking and organic 

crystal lattices. The red region, found at positive sign(2) 

values, corresponds to repulsive interactions between closely 

situated electron-rich domains, indicative of steric hindrance. 

The pronounced green peak near the origin and the broad red 

spread reflect a molecular system stabilised largely by van der 

Waals interactions while simultaneously experiencing spatial 

congestion in certain areas. The presence of discrete blue 

spikes further confirms the evidence of directional hydrogen 

bonding, leading to enhanced stability of the molecular 

framework [64]. 

 Drug-likeness: As presented in Table-9, the compound 

has a molecular weight of 150.18 g/mol, well within the thre-

shold defined by Lipinski’s rule of five (<500 g/mol), indica-

ting promising pharmacokinetic characteristics such as absorp-

tion and permeation [65]. The presence of two rotatable bonds 

imparts moderate molecular flexibility, facilitating favourable 

conformations for biomolecular binding.  

 
TABLE-9 

DRUG-LIKENESS PARAMETERS OF 4MPA 

Parameters Values 

Molecular weight 150.18 g/mol 

Num. rotatable bonds 2 

Num. H-bond acceptors 2 

Num. H-bond donors 1 

Molar refractivity 43.52 

TPSA 41.99 Å2 

 

 4MPA also possesses two hydrogen bond acceptors and 

one hydrogen bond donor, aligning with Lipinski’s criteria (≤ 

10 acceptors and ≤ 5 donors), which supports its suitability 

as a potential orally active drug candidate. The topological 

polar surface area (TPSA) of 41.99 Å2 is considerably below 

the 140 Å2 threshold, implying efficient intestinal absorption 

and potential to cross the blood–brain barrier. This low TPSA 

value is indicative of enhanced membrane permeability and 

bioavailability. The molar refractivity of 43.52 lies within the 

generally accepted range (40-130), reflecting an appropriate 

balance between molecular size and polarisability-factors 

crucial for drug-receptor interactions and solubility. These 

parameters affirm that 4MPA complies with the established 

criteria for drug-likeness and may function as a promising 

candidate for subsequent pharmacological and preclinical 

investigations. 

 ADMET: The ADMET properties of 4MPA, predicted 

using the pkCSM tool (Table-10), indicate favourable pharma-

cokinetic characteristics for oral drug development. The com-

pound exhibited high human intestinal absorption (95.19%) 

and good Caco-2 permeability (log Papp = 1.64), suggesting 

efficient gastrointestinal uptake, while its low skin permea-

bility (log Kp = -3.133) indicates limited transdermal absor-

ption [66]. 
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 The compound exhibited moderate to low predicted water 

solubility, indicating that formulation optimisation may be 

required to improve bioavailability. It showed moderate distri-

bution (log VDss = -0.25) with a high unbound plasma 

fraction (Fu = 0.577). Low BBB (log BB = -0.25) and CNS 

permeability (log PS = -2.886) suggest limited central nervous 

system exposure, reducing the likelihood of CNS-related 

adverse effects [67]. Metabolic predictions indicated that 4MPA 

is neither a substrate nor an inhibitor of major CYP450 iso-

enzymes, suggesting low potential for drug–drug interactions 

and good metabolic stability [68]. The compound also exhi-

bited moderate total clearance (log CL = 0.565) and no inter-

action with renal OCT2 transporters, indicating elimination 

primarily through hepatic metabolism and passive renal 

filtration [69]. Toxicity assessment predicted negative AMES 

mutagenicity, no hERG I/II inhibition and no skin sensitisa-

tion, although potential hepatotoxicity warrants further in vivo 

investigation. Thus, the favourable ADMET profile supports 

the potential of 4MPA as an oral drug candidate; however, 

experimental validation is required to confirm these in silico 

predictions [70]. 

 Molecular docking: Cyclooxygenase-2 (COX-2; PDB 

ID: 5F19) was selected as the docking target since it is the 

principal inducible enzyme responsible for prostaglandin bio-

synthesis during inflammation, making it an established target 

for anti-inflammatory therapy [71,72]. The crystal structure 

of aspirin-acetylated COX-2 (5F19) was chosen owing to its 

high stereochemical quality, with 90.7% of residues located 

in the Ramachandran favoured region and 9.1% in the allowed 

region (Fig. 13), confirming the suitability of the protein 

model for docking studies [73]. 

 

 
Fig. 13. Ramachandran plot for COX2 protein 5F19 

TABLE-10 

ADMET PARAMETERS OF 4MPA 

Property Model name Predicted value Unit 

Absorption Water solubility -0.895 Numeric (log mol/L) 

Absorption Caco2 permeability 1.64 Numeric (log Papp in 10–6 cm/s) 

Absorption Intestinal absorption (human) 95.193 Numeric (% Absorbed) 

Absorption Skin Permeability -3.133 Numeric (log Kp) 

Absorption P-glycoprotein substrate No Categorical (Yes/No) 

Absorption P-glycoprotein I inhibitor No Categorical (Yes/No) 

Absorption P-glycoprotein II inhibitor No Categorical (Yes/No) 

Distribution VDss (human) -0.25 Numeric (log L/kg) 

Distribution Fraction unbound 0.577 Numeric (Fu) 

Distribution BBB permeability -0.25 Numeric (log BB) 

Distribution CNS permeability -2.886 Numeric (log PS) 

Metabolism CYP2D6 substrate No Categorical (Yes/No) 

Metabolism CYP3A4 substrate No Categorical (Yes/No) 

Metabolism CYP1A2 inhibitior No Categorical (Yes/No) 

Metabolism CYP2C19 inhibitior No Categorical (Yes/No) 

Metabolism CYP2C9 inhibitior No Categorical (Yes/No) 

Metabolism CYP2D6 inhibitior No Categorical (Yes/No) 

Metabolism CYP3A4 inhibitior No Categorical (Yes/No) 

Excretion Total Clearance 0.565 Numeric (log mL/min/kg) 

Excretion Renal OCT2 substrate No Categorical (Yes/No) 

Toxicity AMES toxicity No Categorical (Yes/No) 

Toxicity Max. tolerated dose (human) 1.195 Numeric (log mg/kg/day) 

Toxicity hERG I inhibitor No Categorical (Yes/No) 

Toxicity hERG II inhibitor No Categorical (Yes/No) 

Toxicity Oral rat acute toxicity (LD50) 2.347 Numeric (mol/kg) 

Toxicity Oral rat chronic toxicity (LOAEL) 2.475 Numeric (log mg/kg_bw/day) 

Toxicity Hepatotoxicity Yes Categorical (Yes/No) 

Toxicity Skin sensitisation No Categorical (Yes/No) 

Toxicity T. pyriformis toxicity -0.277 Numeric (log ug/L) 

Toxicity Minnow toxicity 2.1 Numeric (log mM) 
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 The docking analysis revealed that 4MPA binds favour-

ably within the COX-2 active site (Fig. 14), with a binding 

energy of -5.78 kcal/mol, intermolecular energy of -6.08 

kcal/mol and a predicted inhibition constant (Ki) of 57.85 M 

(Table-11). The ligand was stabilised primarily through conven-

tional hydrogen bonds with HIS193 (2.12 Å) and THR192 

(2.10 Å) involving the carbonyl and amide groups. Additional 

stabilisation was provided by a − interaction between the 

pyridine ring and ALA188 (3.91 Å), together with a hydro-

phobic alkyl interaction involving LEU377 (5.10 Å). These 

hydrogen-bonding, aromatic and hydrophobic interactions 

indicate favourable accommodation of 4MPA within the 

COX-2 binding pocket. 

 For comparison, the reference COX-2 inhibitor celecoxib 

was docked under identical conditions (Fig. 15). Celecoxib exhi-

bited stronger binding, with a binding energy of -8.10 kcal/ 

mol, intermolecular energy of -9.59 kcal/mol and a Ki of 1.16 

M. Its higher affinity resulted from an extensive interaction 

network comprising hydrogen bonds, – stacking, -cation, 

-sulphur and hydrophobic contacts involving residues ASN-

368, HIS372, HIS374, HIS193, TRP373, ALA188, VAL430, 

LEU376 and LEU377. Although 4MPA displayed lower 

binding affinity than celecoxib, it interacted with key active-

site residues, particularly HIS193 and ALA188, confirming 

effective engagement with the COX-2 binding pocket. These 

findings demonstrate that the pyridine–amide scaffold of 4MPA 

 

 

Fig. 14. Molecular docking interaction for 3D and 2D of 4MPA with COX2 receptor 

 
TABLE-11 

PROTEIN-LIGAND BINDING ENERGY, BONDED RESIDUES AND INTERACTION DETAILS 

Protein 

(PDB) 
Ligand 

Binding energy 

(kcal/mol) 

Intermolecular 

energy (kcal/mol) 

Inhibition 

constant (µm) 

Protein 

residues 

Ligand 

groups 
*Type Distance (Å) 

5F19 

4MPA -5.78 -6.08 57.85 

HIS193 CO COHB 2.12 

THR192 NH COHB 2.1 

ALA188 Ring PS 3.91 

LEU377 CH AL 5.1 

Celecoxib 

(standard 

drug) 

-8.1 -9.59 1.16 

ASN368 NH COHB 2.12 

ASN368 NH COHB 2.19 

HIS372 CS PS 3.99 

HIS372 Ring PPS 5.12 

LEU376 CH AL 4.3 

TRP373 CH PAL 4.61 

ALA188 CH AL 3.25 

ALA188 Ring PAL 5.25 

HIS374 Ring PPTS 5.47 

HIS374 CF PAL 5.46 

VAL430 CF AL 5.29 

HIS193 Ring PC 2.27 

LEU377 CF AL 4.44 

*COHB - Conventional hydrogen bond; PS-π-Sigma; AL-Alkyl: PAL - π Alkyl; PS - π Sulfur; PPS - π π Stacked; PPTS - π π T Shaped; PC - π 

Cation 
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possesses the essential pharmacophoric features required for 

COX-2 recognition and represents a promising lead for further 

structural optimisation to enhance anti-inflammatory activity. 

 Molecular dynamics simulation: Molecular dynamics 

(MD) simulations were performed to evaluate the structural 

stability and dynamic behaviour of the COX-2–4MPA comp-

lex under physiological conditions, complementing the mole-

cular docking results. The root means square fluctuation 

(RMSF) profile (Fig. 16) showed that most residues fluctua-

ted below 0.20 nm, indicating minimal structural deviations 

throughout the simulation [74]. Slightly higher fluctuations 

were observed in the N-terminal region (residues 20-100) and 

flexible loop regions (170-200 and 480-520), whereas the 

active-site residues remained stable. The maximum fluctua-

tion (~0.40 nm) occurred near the N-terminus, while the core 

and C-terminal domains exhibited lower fluctuations (0.10-

0.15 nm), demonstrating that 4MPA binding maintained 

overall protein stability with only localised flexibility. 

 

 
Fig. 16. Molecular dynamics simulation of RMSF for 4MPA-COX2 recep-

tor over 100 ns 

 The root mean square deviation (RMSD) trajectory (Fig. 

17) further confirmed complex stability [75]. Following an 

initial equilibration phase during the first 10 ns, the RMSD 

reached approximately 0.25 nm and subsequently remained 

stable between 0.22 and 0.30 nm throughout the 100 ns simu-

lation, indicating that ligand binding did not induce signifi-

cant conformational changes in the COX-2 structure. 

 

 
Fig. 17. Molecular dynamics simulation of RMSD for 4MPA-COX2 recep-

tor over 100 ns 

 

 The solvent-accessible surface area (SASA) profile (Fig. 

18) fluctuated only slightly between 250 and 265 nm2, indica-

ting that the complex retained a compact structure during the 

simulation [76]. Similarly, the radius of gyration (Rg) (Fig. 19) 

remained nearly constant (2.44-2.49 nm) after initial equili-

bration, confirming the preservation of protein compactness 

and folding [77]. The combined RMSF, RMSD, SASA and 

Rg analyses demonstrate that 4MPA forms a stable COX-2 

complex with sustained hydrogen-bonding and hydrophobic 

interactions, supporting its favourable binding mode and con-

formational stability throughout the simulation. 

 

Fig. 15. Molecular docking interaction for 3D and 2D of celecoxib (standard drug) with COX2 receptor 
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Fig. 18. SASA plot of 4MPA with COX2 receptor over 100 ns simulation 

 

 
Fig. 19. Radius of gyration (Rg) of 4MPA with COX2 complex over 100 ns 

simulation 

 

 Binding free energy: The binding affinity of the COX2-

4MPA was estimated using the MM/PBSA approach [78]. 

The binding free energy components obtained from the MM/ 

GBSA analysis are presented in Table-12. The total binding 

free energy (ΔGtotal) of -17.64 kcal/mol indicates a spontan-

eous and energetically favourable ligand–receptor interaction. 

The van der Waals energy (ΔVDWAALS = -20.15 kcal/mol) was 

the major stabilizing factor, reflecting the importance of hydro-

phobic and dispersion forces in complex stabilisation.  

 The electrostatic interaction energy (ΔEEL = -13.63 kcal/ 

mol) contributed favourably, emphasizing the role of electro-

static attractions between the ligand and active-site residues. 

Together, these terms yield a gas-phase energy (ΔGGAS) of 

-33.78 kcal/mol, representing the principal driving force for 

binding. In contrast, the solvation free energy (ΔGSOLV = 16.14 

kcal/mol), comprising polar (ΔEGB = 19.50 kcal/mol) and non-

polar (ΔESURF = -3.36 kcal/mol) components, partially counter-

acted these interactions. The negative Gtotal demonstrates that 

favourable van der Waals and electrostatic interactions over-

come the desolvation penalty, resulting in a stable protein–

ligand complex. 

 Antimicrobial activity: Given that oxidative stress and 

microbial infections can aggravate inflammation through 

NF-B activation and COX-2 upregulation, the antimicrobial 

activity of 4MPA was evaluated using the disc diffusion method 

[79]. Against four clinically relevant bacterial strains, 4MPA 

exhibited moderate antibacterial activity, with inhibition zones 

of 16 ± 0.5 mm for Klebsiella, 13 ± 0.5 mm for Escherichia 

coli, 12 ± 0.5 mm for Streptococcus and 10 ± 0.5 mm for 

Pseudomonas aeruginosa (Table-13). Although ciprofloxacin 

produced larger inhibition zones (14-18 ± 0.5 mm) [80], the 

activity of 4MPA, particularly against Klebsiella and E. coli, 

highlights its potential as a lead antibacterial scaffold. The 

comparatively lower activity against P. aeruginosa is likely due 

to its intrinsic resistance and low outer-membrane permea-

bility. 

 In contrast, 4MPA displayed negligible antifungal activity 

against Aspergillus niger, Mucor and Rhizopus, with inhibi-

tion zones of 0.7 ± 0.1, 0.5 ± 0.2 and 0.3 ± 0.2 mm, respect-

ively, whereas amphotericin B produced inhibition zones of 

18-19 ± 0.5 mm [81]. These findings indicate that 4MPA poss-

esses moderate antibacterial but poor antifungal activity, 

suggesting that structural optimisation is required to broaden 

its antimicrobial spectrum while preserving its antibacterial 

potential. 

 Antioxidant activity: The antioxidant activity of 4MPA 

was evaluated using the DPPH radical scavenging assay and 

the results are presented in Table-14. Both 4MPA and the 

reference standard (L-ascorbic acid) exhibited concentration-

dependent scavenging activity over the range of 20-100 g/mL. 

At 100 g/mL, L-ascorbic acid achieved approximately 80% 

inhibition, whereas 4MPA showed 42% scavenging activity, 

indicating moderate antioxidant potential. The increasing 

scavenging activity with concentration suggests that 4MPA 

can donate hydrogen atoms or electrons to neutralize DPPH  

 

TABLE-12 

MM/PBSA BINDING ENERGY VALUES OF 4MPA-COX2 COMPLEX THROUGH MD SIMULATION 

van der Waals 

interaction energy 

(∆VDWAALS) 

(kcal/mol) 

Electrostatic 

interaction 

energy (∆EEL) 

(kcal/mol) 

Polar solvation 

energy (∆EGB) 

(kcal/mol) 

Non-polar 

solvation energy 

(∆ESURF) 

(kcal/mol) 

Gas-phase 

energy 

(ΔGGAS) 

(kcal/mol) 

Solvation energy 

(ΔGSOLV) 

(kcal/mol) 

Total binding 

free energy 

(ΔGTOTAL) 

(kcal/mol) 

-20.15 -13.63 19.5 -3.36 -33.78 16.14 -17.64 

 
TABLE-13 

ANTIMICROBIAL VALUES OF 4MPA WITH DIFFERENT SPECIES 

Multi drug resistant 4MPA Amphotericin B Bacteria 4MPA Ciproflaxin 

Aspergillus niger 0.7 ± 0.1 18 ± 0.5 Streptococcus 12 ± 0.5 16 ± 0.5 

Mucor 0.5 ± 0.2 19 ± 0.5 Klebsiella 16 ± 0.5 18 ± 0.5 

Rhizopus 0.3 ± 0.2 15 ± 0.5 E. coli 13 ± 0.5 14 ± 0.5 
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TABLE-14 

DPPH ANTIOXIDANT ASSAY OF  

4MPA WITH VARIOUS CONCENTRATIONS 

Concentration 

(µg) 

DPPH 

IC50 Standard 

(ascorbic acid) 
4MPA 

20 17.532 43.126 

36.1 

40 23.737 51.664 

60 30.159 62.301 

80 36.075 72.576 

100 42.929 80.680 

 

radicals, thereby reducing the absorbance at 513 nm. Although 

less potent than the standard, the results demonstrate that 

4MPA possesses concentration-dependent antioxidant activity, 

supporting its potential as an antioxidant lead compound 

[82]. 

Conclusion 

 This multidisciplinary study comprehensively character-

ised the novel compound N-(4-methyl-2-pyridyl)acetamide 

(4MPA) using spectroscopic, computational and biological 

methods, demonstrating its potential as an anti-inflammatory 

agent. Spectroscopic analyses confirmed its structural integrity, 

while DFT calculations revealed favourable electronic prop-

erties that support its molecular stability and chemical reac-

tivity. The optimised electronic structure, appropriate excitation 

energies and charge-transfer characteristics indicate efficient 

electronic transitions, which may facilitate interactions with 

biological targets. Furthermore, the moderate dipole moment 

and favourable molecular polarisability suggest desirable 

solubility and membrane permeability, supporting the drug-

like nature of the compound. In silico pharmacokinetic analysis 

predicted high oral bioavailability, excellent intestinal absor-

ption, and a low likelihood of off-target effects, indicating 

favourable ADMET characteristics. Molecular docking and 

molecular dynamics simulations further demonstrated stable 

binding of 4MPA within the COX-2 (5F19) active site through 

hydrogen-bonding and hydrophobic interactions, confirming 

the stability of the protein–ligand complex and supporting its 

potential to modulate inflammatory pathways. In addition to 

its anti-inflammatory potential, 4MPA exhibited moderate 

antibacterial activity, particularly against Klebsiella and E. 

coli, along with concentration-dependent antioxidant activity, 

achieving 42% DPPH radical scavenging at 100 g/mL. Since 

oxidative stress is known to enhance COX-2 expression during 

inflammation, the antioxidant activity of 4MPA comple-

ments its predicted anti-inflammatory mechanism, highligh-

ting its multifunctional pharmacological potential. Thus, the 

favourable structural, pharmacokinetic and biological prop-

erties of 4MPA identify it as a promising lead scaffold for 

further mechanistic studies, structural optimisation and in vivo 

evaluation toward the development of safe and effective anti-

inflammatory therapeutics. 
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