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ular modelling, and evaluation of
new mono- and bis-isoxazolines as antibacterial
agents: in vitro and in silico analysis
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This study aimed to design, synthesize, and evaluate a novel series of isoxazoline-thiosemicarbazone

derivatives as potential antibacterial agents, supported by computational investigations. Compounds

were synthesized and characterized using 1H and 13C NMR and HRMS. Compounds 4a–d and 6 were

evaluated for their in vitro antibacterial activity against Gram-positive and Gram-negative bacterial strains

by determining their minimum inhibitory concentrations (MICs). Molecular docking studies were

conducted to assess binding interactions with the PTGS2 protein, followed by molecular dynamics

simulations to evaluate the stability of the ligand–protein complexes. MM-GBSA calculations were

performed to estimate binding free energies, and in silico ADMET predictions were carried out to assess

drug-likeness. Compounds 4a–d and 6 exhibited potent antibacterial activity, with MIC values ranging

from 0.31 to 0.5 mg mL−1. Molecular docking results revealed strong binding affinities of compound 4a

toward the active site of PTGS2. Molecular dynamics confirmed the structural stability of the PTGS2-4a

complex. MM-GBSA analysis demonstrated that PTGS2-4a displayed the most favorable binding free

energy, showing superior or comparable performance to the reference inhibitor Resatorvid. In silico

ADME-T analysis indicated acceptable pharmacokinetic properties. These results highlight compounds

4a–d as promising antibacterial candidates, providing a strong rationale for the development of novel

isoxazoline-thiosemicarbazone-based antibacterial agents.
1 Introduction

Infectious diseases, predominantly caused by pathogenic
bacteria, continue to pose a critical threat to global public
health.1 Although antibiotic therapy remains the cornerstone of
bacterial infection management, the widespread emergence of
multidrug-resistant (MDR) strains arising from spontaneous
genetic mutations or the misuse and overuse of antimicrobial
agents has signicantly compromised treatment efficacy.2,3 This
growing resistance not only limits the therapeutic arsenal but
also contributes to elevated morbidity and mortality rates
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worldwide.4,5 Consequently, the urgent need for the discovery
and development of novel antibacterial agents, particularly
those with innovative mechanisms of action capable of cir-
cumventing existing resistance pathways, is increasingly
recognized by the scientic community.

In recent decades, heterocyclic scaffolds have gained
considerable attention as promising frameworks in the search
for novel therapeutic agents to combat the growing challenge of
antibiotic resistance.6 Among them, oxygen- and nitrogen-
containing heterocycles are of particular interest due to their
widespread occurrence in natural products and pharmacologi-
cally active compounds.7 Importantly, these heterocyclic motifs
are frequently embedded in the chemical structures of
numerous antimicrobial agents currently used in clinical
practice.8

In this context, isoxazolines represent a signicant class of
heterocyclic compounds commonly encountered in a diverse
array of both naturally occurring and synthetically derived
substances, with applications spanning multiple scientic
domains.9 The isoxazoline core represents a crucial pharmaco-
phoric element found in numerous bioactive agents (Fig. 1-A).10

Isoxazolines have been reported to exhibit a wide spectrum of
pharmacological activities, including anti-inammatory,11

anticancer,12 antifungal,13 antibacterial,14 antioxidant,15 and
RSC Adv., 2026, 16, 26399–26420 | 26399

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra09902a&domain=pdf&date_stamp=2026-05-16
http://orcid.org/0000-0002-7835-8999
http://orcid.org/0000-0003-0678-593X
http://orcid.org/0009-0002-7822-3477
http://orcid.org/0000-0003-1876-7544
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09902a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016029


Fig. 1 Representative bioactive compounds incorporating the isoxazoline and thiosemicarbazone scaffold. (A) Inhibitors containing iso-
oxazolines moiety; (B) thiosemicarbazone fused isatin moiety – methisazone.
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hypoglycemic effects.16 The inherent structural versatility of this
scaffold renders it highly valuable for the rational design and
optimization of novel therapeutic candidates.

Thiosemicarbazone derivatives incorporating an isatin
moiety exhibit a broad spectrum of biological activities,
including antiviral, antibacterial, anticancer, anticonvulsant,
and antidepressant properties.17,18 Among these, thio-
semicarbazones have been widely explored for their potent
antiviral activity, particularly their inhibitory effects on the
replication of poxviruses.19,20 A prominent example is
methisazone, which has been employed prophylactically since
at least 1965.21 Methisazone (Fig. 1-B), recognized as one of the
earliest synthetic antiviral agents used in clinical settings for
the treatment of smallpox,22 exerts its activity by suppressing
mRNA and protein synthesis in poxviruses. Additionally, it has
demonstrated efficacy against other viral families, including
adenoviruses, herpesviruses, picornaviruses, reoviruses, arbo-
viruses, myxoviruses, paramyxoviruses, and retroviruses.23

Moreover, certain isatin-based compounds have also been re-
ported to possess antifungal and anti-mycotoxin activities.24

The rational design of the synthesized compounds is foun-
ded on the molecular hybridization strategy, an established
approach in medicinal chemistry that involves the covalent
integration of two or more distinct pharmacophores into
a single molecular framework. This design aims to achieve
synergistic biological effects, enhance binding affinity, and
potentially circumvent existing resistance mechanisms by tar-
geting multiple pathways simultaneously. Specically, the iso-
xazoline ring was selected as a core scaffold due to its rigidity
and its proven ability to establish key hydrogen-bonding and
hydrophobic interactions within bacterial targets.

Given the favorable pharmacological proles of both
thiosemicarbazone and isoxazoline scaffolds, their incorpora-
tion into a single molecular framework is anticipated to
26400 | RSC Adv., 2026, 16, 26399–26420
generate new heterocyclic entities with enhanced biological
potential. In line with our ongoing efforts to develop of thera-
peutically relevant heterocyclic systems,25 the present study
describes the synthesis and comprehensive structural charac-
terization of novel hybrid molecules featuring both
thiosemicarbazone and isoxazoline moieties. These conjugates
were obtained via a 1,3-dipolar cycloaddition (1,3-DC) strategy.
The antibacterial properties were subsequently evaluated in
vitro against a panel of Gram-positive and Gram-negative
bacterial strains. To rationalize the observed biological activi-
ties, complementary in silico studies were performed, including
molecular docking analyses, molecular dynamics (MD) simu-
lations, and ADME-T predictions.
2 Materials and methods

All reagents and solvents employed in this investigation were
purchased from commercial suppliers (Sigma-Aldrich) and
used as received, without additional purication. TLC was
performed on silica gel 60 F254 pre-coated plates (0.25 mm
thickness, Merck) to monitor reaction progress. Melting points
were determined using a Cintex apparatus and are presented
uncorrected. Nuclear magnetic resonance (NMR) spectra were
recorded on a 300 MHz spectrometer for 1H and 75 MHz for 13C
nuclei, using CDCl3 as both solvent. High-resolution mass
spectrometry (HRMS) data were acquired on a JEOL JMC-300
instrument operating in electrospray ionization (ESI) mode at
70 eV. It is important to note that intermediate 3 was previously
synthesized and fully characterized using spectroscopic tech-
niques, as detailed in our earlier publication.26
2.1 Synthesis of mono-isoxazoline 4

Compounds 4a–d were synthesized via a condensation reaction
between equimolar amounts (1 mmol) of thiosemicarbazide
© 2026 The Author(s). Published by the Royal Society of Chemistry
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and the previously obtained intermediates 3a–d in 30 mL of
ethanol. A catalytic amount of concentrated sulfuric acid was
added to promote the reaction, and the mixture was reuxed at
90 °C for 6 h. Aer completion, the reaction mixture was cooled
to room temperature, subjected to aqueous workup, and the
crude product was puried by column chromatography using
hexane/ethyl acetate (82 : 18, v/v) as the eluent.

2.1.1 2-(2-Methyl-5-(5-methyl-3-phenyl-4,5-
dihydroisoxazol-5-yl)cyclohex-2-en-1-ylidene)hydrazine-1-
carbothioamide 4a. Yield = 80%; solid, mp. = 127± °C; 1H-
NMR: 1.4 (s, 3H, CH3), 1.8 (s, 3H, CH3), 1.9 (m, 1H, CH), 3.00–
2.89 (m, 4H, CH2), 3.01–3.40 (2d J = 16.7, 2H, CH2oxazole), 6.20
(m, 1H, ]CH), 6.5 (s, 2H, NH2), 7.4 (m, 3H, Ar–H), 7.6 (m, 2H,
Ar–H), 8.9 (s, 1H, NH); 13C-NMR: 17.8 (CH3), 23.5 (CH3), 25.7
(CH2), 26.2 (CH2), 41.8 (CH), 43.6 (CH2), 88.4 (C]), 126.6, 128.8,
129.7, 130.2 (CAr), 132.3 (CH), 134.5 (C), 149.1 (C), 155.8 (C),
179.1 (C); HRMS [M + H]+, found 343.1592 and calculated
343.1593 (Fig. 1s–4s).

2.1.2 2-(2-Methyl-5-[5-methyl-3-(p-tolyl)-4,5-dihydro-
isoxazol-5-yl]cyclohex-2-en-1-ylidene)hydrazine-1-carbothio-
amide 4b. Yield 78%; solid; m.p. 121 °C; 1H-NMR: 1.44 (3H, s,
CH3); 1.85 (3H, s, CH3); 1.90–2.40 (4H, m, 2 × CH2); 2.37 (3H, s,
CH3); 2.75–2.90 (1H, m, CH); 3.00–3.30 (2H, 2d J = 16.75 Hz,
CH2); 6.20 (1H, m, =C); 6.44 (2H, s, 2NH); 7.20–7.52 (4H, m,
HCAr); 8.90 (1H, s, SH). 13C-NMR: 17.8 (CH3); 21.5 (CH3); 23.4
(CH3); 25.67 (CH2); 26.3 (CH2); 41.90 (CH); 43.8 (CH2); 88.1 (C);
126.5 (HCAr); 126.9 (C); 129.5 (HCAr); 132.3 and 132.4 (C); 134.8
(HC]); 140.4 (C); 149.1 (C); 155.8 (C); 179.1 (C). HRMS [M + H]+,
found 357.1749, calculated 357.1749 (Fig. 5s–8s).

2.1.3 2-(5-[3-(4-Chlorophenyl)-5-methyl-
-4,5-dihydroisoxazol-5-yl]-2-methylcyclohex-2-en-1-ylid ene)
hydrazine-1-carbothioamide 4c. Yield 76%; solid; m.p. 134 °C;
1H-NMR: 1.45 (3H, s, CH3); 1.85 (3H, s, CH3); 1.90–2.12 (2H, m,
CH2); 2.30–2.90 (2H, m, CH2); 2.15–2.25 (1H, m, CH); 3.95–3.30
(2H, 2d J = 16.70 Hz, CH2); 6.20 (1H, m, HC]); 6.50 (2H, s,
2NH); 7.37–7.58 (4H, m, HCAr); 8.95 (1H, s, SH). 13C-NMR: 17.83
(CH3); 23.5 (CH3); 25.7 (CH2); 26.3 (CH2); 41.8 (CH); 43.7 (CH2);
88.8 (C); 127.8 (HCAr); 128.2 (C); 129.1 (HCAr); 132.4 (C); 134.4
(HC]); 136.1 (C); 149.0 (C); 154.9 (C); 179.1 (C). HRMS [M + H]+,
found 377.1203, calculated 377.1203 (Fig. 9s–12s).

2.1.4 2-(5-[3-(4-Nitrophenyl)-5-methyl-
-4,5-dihydroisoxazol-5-yl]-2-methylcyclohex-2-en-1-ylidene)
hydr azine-1-carbothioamide 4d. Yield 79%; solid; m.p. 114 °C;
1H-NMR: 1.46 (3H, 2s, CH3); 1.84 (3H, s, CH3); 1.90–2.12 (2H, m,
CH2); 2.30–2.90 (2H, m, CH2); 2.15–2.25 (1H, m, CH); 3.10–3.50
(2H, 2d J = 16.28 Hz, CH2); 6.20 (1H, m, HC]); 6.57 (2H, s,
2NH); 6.95–7.80 (4H, m, HCAr); 8.93 (1H, s, SH). 13C-NMR: 17.8
(CH3); 23.5 (CH3); 25.7 (CH2); 26.3 (CH2); 41.6 (CH); 43.4 (CH2);
88.8 (C); 127.5 (HCAr); 128.2 (C); 129.1 (HCAr); 132.4 (C); 134.4
(HC]); 136.1 (C); 149.0 (C); 154.9 (C); 179.1 (C). HRMS [M + H]+,
found 373.1705, calculated 373.1698 (Fig. 3s–15s).
2.2 Synthesis of bis-isoxazoline 5

Compound 5 was synthesized via a [3 + 2] cycloaddition reaction
between the oxime-derived dipole 2 (2 mmol) and the previously
obtained intermediate 3 (1 mmol). The reactants were dissolved
© 2026 The Author(s). Published by the Royal Society of Chemistry
in 25 mL of dichloromethane and cooled to 0 °C. A solution of
sodium hypochlorite (NaOCl, 25 mL) was then added dropwise
over 30 min with continuous stirring. Aer completion, the
reaction mixture was subjected to a standard aqueous workup,
and the crude product was puried by column chromatography
using hexane/ethyl acetate (80 : 20, v/v) as the eluent.

2.2.1 7a-Methyl-5-(5-methyl-3-phenyl-4,5dihydroisoxazol-5-
yl)3-phenyl-3a,5,6,7a-tetrahydrobenzo[d]is oxazol-7(4H)-one 5.
Yield = 31%; solid, mp. = 101 ± 2 °C; 1H-NMR: 1.3 (s, 3H, CH3),
1.4 (s, 3H, CH3), 1.5 (m, 1H, CH), 1.9–2.2 (2m, 2H, CH2carv), (m,
1H), 2.4–2,6 (2m, 2H, CH2carv), 2.8–3.1 (m, 2H, CH2oxazole), 3.8
(m, 1H, CH2oxazole), 7.25–7.55 (m, 6H, Ar–H), 7.56 (m, 2H, Ar–H),
7.69 (m, 2H, Ar–H). 13C-NMR: 20.0 (CH3), 24.4 (CH3), 25.5 (CH2),
38.9 (CH), 39.2 (CH2), 43.3 (CH2), 55.5 (CH), 87.7 (C–O), 88.1 (C),
126.5, 127.3, 127.7, 128.8, 129.2, 129.5, 130.2, 136.7 (CAr), 155.6
(C]N), 158.9 (C]N), 205.0 (C]O). (HRMS [M + H]+), found
389.1859 and calculated 389.1853 (Fig. 16s–18s).

2.3 Synthesis of semicarbazone 6

Compound 6 was prepared via condensation synthesized reac-
tion involving equimolar amounts (1 mmol) of thio-
semicarbazide and the previously intermediate 5 in 30 mL of
ethanol. A catalytic quantity of concentrated sulfuric acid was
added to promote the reaction. The mixture was reuxed at 90 °
C for 6 h, and the reaction progress was monitored by TLC.
Upon completion, the reaction mixture was cooled to room
temperature, subjected to aqueous workup, and the crude
product was subsequently puried by column chromatography
using a hexane/ethyl acetate (73 : 27, v/v) as the eluent.

2.3.1 2-((7a-Methyl-5-(5-methyl-3-phenyl-4,5-di-
hydroisoxazol-5-yl)-3-phenyl-3a,5,6,7a-tetrahydroben zo[d]iso-
xazol-7(4H)-ylidene)hydrazine-1-carbothioamide) 6. Yield =

78%; solid, mp. = 115 ± 2 °C; 1H-NMR: 1.2 (s, 3H, CH3), 1.5 (s,
3H, CH3), 1.5–1.75 (m, 8H, CH2carv and CH2oxazole), 6.5 (s, 2H,
NH2), 7.2–8.5 (m, 10H, Ar–H), 9.2 (s, 1H, NH); 13C-NMR: 22.3
(CH3), 23.3 (CH3), 25.8 (CH2), 36.9 (CH), 37.9 (C H2), 43.2 (CH2),
53.3 (CH), 87.2 (C–O), 88.0 (C), 126.4, 126.5, 127.0, 127.9, 128.4,
128.7, 129.1, 129.5, 130.1, 130.5 (CAr), 148.4 (C]N), 155.7 (C]
N)), 178.1 (C]S); (HRMS [M + H]+), found 462.1905 and calcu-
lated 462.1996 (Fig. 19s–21s).

2.4 Antibacterial activity

2.4.1 Preparation of the inoculum. Bacterial growth was
carried out on Müller–Hinton Agar (MHA) medium, and the
cultures were incubated at 37 °C for 24 hours, following the
procedure described by Celiktas et al.27 Aer incubation, the cell
density was adjusted to 106 cells per mL, including a specic
positive control (antibiotic) for each bacterial strain (Table 1).

2.4.2 Microdilution tests: minimum inhibitory concentra-
tion (MIC).Determination of theMIC is essential to evaluate the
antimicrobial potential of our synthetic products. The assay was
performed in a 96-well microplate using the liquid micro-
dilution method described by Pellegrini et al.,28 with some
modications. The products were dissolved in 2% (v/v) DMSO to
obtain an initial concentration of 20 mmol mL−1. Aliquots of 10
mL of microbial inoculum, previously adjusted to 106 cells per
RSC Adv., 2026, 16, 26399–26420 | 26401
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Table 1 The bacteria used in the study of antibacterial activity and the antibiotics used

Name of the bacteria Gram ATCC Pathogenic effect Control + (antibiotic)

Pectobacterium carotovorum Negative B1158T So rot of various plants and black leg of potato Ciprooxacine
Escherichia coli Negative 8739 Diarrhea, gastroenteritis, urinary tract infections, meningitis, septicemia Ciprooxacine
Pseudomonas aeruginosa Negative 15 442 Nosocomial infections Renewable energy
Staphylococcus aureus Positive 6538 Skin and so tissue infections, pneumonia, endocarditis and osteomyelitis (Co-trimoxazole)
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mL, were added to each well containing 100 mL of serial dilu-
tions of the products. Well 11 (positive control) contained 10 mL
of the culture medium and 100 mL of microbial suspension,
while well 12 (negative control) contained 100 mL of broth with
2% DMSO and 10 mL of microbial suspension. Aer prepara-
tion, the microplate was incubated at 37 °C for 20 hours.
Subsequently, 20 mL of 0.7% aqueous 2,3,5-triphenyl tetrazo-
lium chloride (MTT) was added to each well, and then the plate
was incubated again for 4 hours. The MIC was dened as the
lowest concentration of product that does not induce any
microbial growth, which is reected by the absence of color
change.
3 In silico studies
3.1 Network pharmacology

3.1.1 Target screening for designed isoxazole-fused thio-
semicarbazide scaffold 4a and 6. To investigate the antibacterial
properties of the isoxazole-fused thiosemicarbazide scaffold 4a
and 6, a network pharmacology-based approach was employed
to identify their potential molecular targets and associated
biological pathways. The analysis began by submitting the
SMILES representations of these new molecules to the Swis-
sTarget Prediction tool to estimate possible human protein
targets. These initial predictions were rened using gene rele-
vance scoring to prioritize the most likely targets. To focus the
study on antibacterial mechanisms, disease-associated gene
data were retrieved from the GeneCards database, and only
genes with high relevance scores were selected for further
analysis. The intersection between the predicted protein targets
and infection-related genes was then computed, and the over-
lapping set was visualized with a Venn diagram to highlight
shared targets.29–31

To elucidate the biological context of these core genes,
functional enrichment analyses were conducted using the
DAVID (Database for Annotation, Visualization, and Integrated
Discovery) online tool. Gene Ontology (GO) classication
allowed categorisation into three domains: Biological Processes
(BP), Molecular Functions (MF), and Cellular Components (CC).
Concurrently, Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis identied key signalling pathways
modulated by the compounds. Only terms and pathways with
adjusted p-values #0.05 were considered statistically signi-
cant. The top ten genes with the strongest enrichment factor
were selected for further interpretation regarding their role in
antibacterial activity.32

A compound-gene interaction network was constructed
using Cytoscape (version 3.10.0), where nodes represented
26402 | RSC Adv., 2026, 16, 26399–26420
either compounds or genes, and the edges indicated their
interactions. Genes with high connectivity values were regarded
as central to the network's antibacterial action. A protein–
protein interaction (PPI) network was developed using STRING,
and the topological importance of each node was assessed
using the CytoHubba plugin in Cytoscape. Central hub genes
were identied based on parameters such as degree and
betweenness centrality, marking them as potent targets neces-
sary for the antibacterial effects.33,34
3.2 Physicochemical properties

The drug-likeness and oral bioavailability potential of the
synthesized isoxazole-fused thiosemicarbazide derivatives were
evaluated by analyzing their key physicochemical properties.
Parameters such as the octanol–water partition coefficient (log
P), molecular weight, number of hydrogen bond donors (HBD),
number of hydrogen bond acceptors (HBA), and topological
polar surface area (TPSA) were considered. These properties
were interpreted based on Lipinski's Rule of Five, where
compounds are likely to be orally bioavailable if they have a log
P of#5, a molecular weight#500 Da, no more than 5 hydrogen
bond donors, and no more than 10 hydrogen bond acceptors.
Deviations from these criteria were noted, as they may indicate
potential limitations in oral absorption or permeability. The 2D
molecular structures of the synthesised compounds were drawn
using ChemDraw soware. These structures were then uploa-
ded to the Molinspiration tool (https://
www.molinspiration.com) to compute the relevant
physicochemical descriptors required for drug-likeness
evaluation.35
3.3 ADME properties

Analyzing ADME parameters is essential for understanding the
pharmacokinetic and pharmacodynamic behavior of
compounds within the human body. Incorporating ADME
predictions early in the drug development pipeline provides
a strategic advantage by reducing both time and cost, while also
identifying compounds with undesirable properties such as
poor bioavailability or potential toxicity, which oen lead to
late-stage clinical failure. The ADME properties of the new
isoxazole-fused thiosemicarbazide derivatives were evaluated
using SwissADME, an online computational tool developed by
the Swiss Institute of Bioinformatics. This platform applies the
SMILES representations of compounds to predict a broad range
of pharmacokinetic attributes. The key parameters assessed
included lipophilicity (log P), aqueous solubility,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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gastrointestinal (GI) absorption, and blood–brain barrier (BBB)
permeability.36
3.4 Toxicity

Toxicological evaluation is an important aspect of the early-phase
drug development process, aimed at identifying compounds with
potential safety concerns before advancing to clinical studies.
Advances in computational toxicology, particularly through the
application of machine learning and the availability of curated
toxicological datasets, have improved the predictive accuracy of
in silico tools. In the present study, the toxicity proles of the
synthesized isoxazole-fused thiosemicarbazide derivatives were
assessed using ProTox-3.0, an online prediction tool. This tool
employs a combination of machine learning models and struc-
tural similarity assessments to forecast multiple toxicological
endpoints. The SMILES codes of the compounds were submitted,
which generated probabilistic scores indicating the likelihood of
various toxic effects, including hepatotoxicity, carcinogenicity,
immunotoxicity, mutagenicity, and cytotoxicity. The resulting
toxicity predictions provided a broad overview of potential safety
risks, supporting the prioritization of compounds for further
development.37
3.5 Molecular docking

Molecular docking was employed to explore the interaction
potential between the new isoxazole-fused thiosemicarbazide
derivatives and their biological target, using AutoDock 4.2
soware. The ligand structures were initially generated from
SMILES using UCSF Chimera, in three-dimensional conforma-
tions. Energy minimization was then performed to obtain stable
geometries in PDB format, suitable for docking analysis. Based
on prior network pharmacology results, Cyclooxygenase-2 (COX-
2, also known as PTGS2) was selected as the target protein for
docking studies. The crystal structure of human COX-2 (PDB ID:
5IKQ, resolution 2.41 Å) was downloaded from the RCSB Protein
Data Bank. Protein preparation involved standard procedures
such as removal of crystallographic water molecules, addition of
polar hydrogen atoms, and assignment of Kollman charges to
ensure accurate representation of atomic interactions. The
processed protein structure was then saved in PDBQT format
with specied rotatable bonds and torsion parameters.

A docking grid was dened to encompass the active site
region of COX-2, ensuring proper exposure of the binding
pocket. The grid parameter le (.gpf) and docking parameter le
(.dpf) were prepared using AutoDock Tools. Docking simula-
tions were executed via the command-line interface utilizing the
Lamarckian Genetic Algorithm, which generated docking log
les (.dlg) containing binding energy scores and predicted
ligand orientations. Post-docking analyses were conducted
using BIOVIA Discovery Studio Visualizer, enabling analysis of
binding poses and interactions. Both 2/3D molecular interac-
tion diagrams were constructed to interpret key contacts such
as hydrogen bonds, hydrophobic interactions, and p-stacking
within the target binding site.38–42
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.6 Molecular dynamics

To gain insights into the conformational stability and dynamic
behaviour of the protein–ligand complex, molecular dynamics
(MD) simulations were conducted using Desmond v5.9, devel-
oped by Schrodinger and academic liscence provided by D. E.
Shaw Research Group. The prepared complex was positioned
within an orthorhombic simulation box lled with TIP3P water
molecules, ensuring a minimum buffer distance of 10 Å
between the solute and the box edges to achieve proper solva-
tion. The OPLS (Optimised Potentials for Liquid Simulations)
force eld was employed to dene the interactions among
atoms.

System neutrality was achieved by introducing the appro-
priate number of Na+ and Cl− ions. Energy minimisation was
subsequently performed using the OPLS-2005 force eld to
resolve steric clashes and optimise the geometry. Following
minimisation, the system underwent equilibration under the
NVT ensemble at a starting temperature of 10 K, with temper-
ature regulation managed by the Berendsen thermostat. This
was succeeded by a 100-nanosecond production run under NPT
conditions, maintaining the temperature at 300 K and pressure
at 1 atm. Thermal and pressure control during this phase was
ensured using the Nosé–Hoover chain thermostat and the
Martyna–Tobias–Klein barostat, respectively.

Throughout the simulation, relaxation steps were applied at
20-picosecond intervals to maintain equilibrium. The resulting
trajectory data were processed using the Simulation Interaction
Diagram (SID) tools within Desmond. Key analyses included
evaluation of root mean square deviations (RMSD), root mean
square uctuations (RMSF), conformational transitions, and
persistent molecular interactions between the ligand and the
protein. These parameters provided valuable insight into the
binding stability, interaction consistency, and structural
adaptability of the complex over the simulation period.43,44
3.7 MM-GBSA

The Molecular Mechanics Generalized Born Surface Area (MM-
GBSA) approach was utilized to estimate the binding affinity
and energetic stability of the protein–ligand complex. Calcula-
tions were carried out within the Maestro (version 12.3) inter-
face using the OPLS-2005 force eld in conjunction with the
VSGB 2.0 implicit solvation model. Binding free energy (DG-
bind), expressed in kcal mol−1, was determined using the
following equation:

DG-bind = G-complex − (G-protein + G-ligand)

In this formula, G-complex represents the total energy of the
docked complex, incorporating bonded interactions (bond
lengths, bond angles, and torsions) as well as non-bonded
forces such as van der Waals interactions, electrostatic contri-
butions, hydrogen bonding, and solvation effects. The terms G-
protein and G-ligand correspond to the energies of the unbound
receptor and ligand, respectively, evaluated independently in
their optimized conformations. This method offers a detailed
RSC Adv., 2026, 16, 26399–26420 | 26403
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understanding of the binding strength, interaction prole, and
thermodynamic favorability of the ligand within the target's
active site.45–47

3.7.1 Post-dynamic analysis. Following the 100 ns molec-
ular dynamics simulation, the resulting trajectory data were
further analyzed using Python-based tools integrated into the
Desmond analysis suite (v5.9) to gain in-depth insights into the
dynamic properties of the protein–ligand complex. The motion
patterns and internal exibility of the compounds were ana-
lysed by Principal Component Analysis (PCA). This statistical
method relies on the construction of a covariance matrix of
atomic displacements typically for backbone or heavy atoms.
The resulting eigenvectors and eigenvalues captured collective
motions, and the trajectory was projected along the top prin-
cipal components to visualize the major conformational tran-
sitions occurring throughout the simulation.

In addition, Probability Density Function (PDF) analysis was
applied to assess the frequency and distribution of key struc-
tural metrics, providing a statistical view of conformational
exibility. For energetic characterization, a Free Energy Land-
scape (FEL) was generated using the rst two principal
components. Relative free energy states were derived through
the Boltzmann distribution, allowing the identication of low-
energy, thermodynamically stable conformations and the tran-
sition pathways between them. The post-simulation analyses
display a comprehensive view of the complex's conformational
heterogeneity, energy stability, and dynamic behavior, enrich-
ing our understanding of its potential as a biologically active
compound.48,49
4 Results and discussion
4.1 Chemistry

The synthetic pathway initiated with commercially sourced (R)-
carvone 1, a monoterpene selected as the precursor. Initially, (R)-
carvone underwent reaction with an equimolar quantity of oxime
2 at 0 °C in the presence of sodium hypochlorite (NaOCl), which
acted as the chlorinating reagent, the reaction temperature was
Fig. 2 Synthetic route to mono-isoxazole (3a–d) and bis-isoxazole (5).

26404 | RSC Adv., 2026, 16, 26399–26420
carefully controlled to inhibit oxime dimerization. This proce-
dure was subsequently replicated under the same conditions but
with an excess of oxime 2, resulting in the generation of 5.

It should be noted that the low yield observed for compound
5 can be explained as follows: the rst 1,3-dipolar cycloaddition
of dipole 2 onto compound 1 occurs at a sterically unhindered
vinylic double bond. In contrast, the second addition takes
place at a double bond that is highly congested due to its fused
position within the carvone ring system. Consequently, the
reactivity of this site is signicantly diminished, leading to the
observed decrease in yield (Fig. 2).

The isoxazoline-carvone intermediates 3a–d and bis-
isoxazoline 5 served as key intermediates for condensation
with thiosemicarbazide under acidic catalysis by H2SO4. The
reactions were carried out in ethanol under reux for 5 h. This
process afforded the target isoxazoline-thiosemicarbazones 4a–
d and bis-isoxazoline-thiosemicarbazone 6 derivatives in satis-
factory yields, as depicted in Scheme 1.

In an attempt to improve the low yield of compound 5 (31%),
the number of equivalents of dipole 2 was increased. The
resulting data are summarized in Table 2.

Table 2 shows the increase in the yield of bis-isoxazoline 5 as
the amount of dipole 2 is increased. The yield of 5 improved
from 38% to 54% when 3.5 equivalents of 2 were employed.
However, increasing the amount to 4 equivalents had no
signicant impact on the nal yield. Consequently, to achieve
the highest yield of bis-isoxazoline 5, it is recommended to
conduct the reaction using 3.5 to 4 equivalents of 2.

The structural elucidation of 4a–d and 6 was denitively
established using HRMS alongside NMR spectroscopy. The
HRMS spectra revealed pseudomolecular ion peaks at m/z =

343.1592 ([M + H]+) for 4a and m/z = 462.1996 ([M + H]+) for 6,
which closely matched the theoretical molecular formulas
C18H22N4OS and C25H27N5O2S, respectively, thereby conrming
the proposed molecular structures. Analysis of the 1H-NMR
spectrum of 6 disclosed two distinctive doublet resonances at
6.67 and 9.19 ppm, corresponding to the NH protons of the
thiocarbamoyl moiety (–NH–C(S)]NH). Moreover, two
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Stepwise synthesis of mono- and bis-isoxazoline-thiosemicarbazone analogues 4a–d and 6.

Table 2 Yield optimization for compound 5

Equivalent number of 2 2 2.5 3 3.5 4

Yield of compound 5 31 36 45 51 53
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proximate singlet peaks observed at approximately 1.21 and
1.57 ppm were attributed to the methyl groups CH3 on the
carvone hexene ring. Integration of the aromatic proton region
accounted for ten protons, consistent with the presence of two
aromatic rings within the structure. The 13C-NMR spectra
provided conclusive evidence of the condensation reaction
between thiosemicarbazide and the carbonyl group of inter-
mediate 5, as indicated by the absence of the characteristic
carbonyl resonance near 205 ppm, which was initially present in
compounds 3a and 5. In compound 6, two novel carbon reso-
nances appeared at 179 ppm and 159 ppm, assigned to the
thiocarbonyl (C]S) and imine (C]N) carbons, respectively.
4.2 Antibacterial activity

The antibacterial potential of the synthesized compounds 4a–
d and 6 was evaluated against various bacterial strains. These
derivatives show promising prospects for applications such as
food preservation or as economical complements to existing
© 2026 The Author(s). Published by the Royal Society of Chemistry
antibiotic treatments. Overall, the series exhibited moderate
antibacterial activity across all tested Gram-negative microor-
ganisms at a concentration of 20 mmoL ml−1 (Table 3).

Against P. aeruginosa, the new derivatives 4b–d showed
a slight improvement in activity compared to the parent
compounds 4a (9.1 ± 0.10 mm) and 6 (9.5 ± 0.12 mm). Notably,
compound 4b displayed the highest inhibition zone of the
series with 11.5 ± 0.10 mm. In contrast, compounds 4c and 4d
showed more modest activities (8.3 ± 0.6 mm and 9.1 ± 0.9
mm, respectively). While these results indicate a positive trend
in the 4-series, these values remain considerably lower than
those of Ciprooxacin (32± 0.01 mm) and Co-trimoxazole (31±
0.01 mm). Regarding E. coli, a similar trend was observed. The
new derivative 4b again proved to be the most potent of the
group with an inhibition zone of 13.1± 0.74 mm, followed by 4c
(11.8 ± 0.3 mm) and 4d (11.5 ± 0.5 mm). All three new deriv-
atives outperformed the original compounds 4a (10.4 ± 0.13
mm) and 6 (9.8 ± 0.12 mm). This suggests that the structural
modications in the 4b–d sub-series enhance the antibacterial
prole against E. coli, although they do not yet reach the potency
of Ciprooxacin (37 ± 0.01 mm). The highest sensitivities were
recorded against P. carotovorum. Compound 4b exhibited the
strongest activity of the entire study with an inhibition zone of
15.4 ± 0.1 mm, slightly surpassing 4a (14.6 ± 0.12 mm).
RSC Adv., 2026, 16, 26399–26420 | 26405
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Table 3 Zone of inhibition of bacterial growth in mm at the concentration of 20 mmoL ml−1 of each product

Product 4a 4b 4c 4d 6

Antibiotic

Ciprooxacine Co-trimoxazole Ampicilline Bacitracine

Pseudomonas aeruginosa 9.1 � 0.10 11.5 � 0.10 8.3 � 0.6 9.1 � 0.9 9.5 � 0.12 32 � 0.01 31 � 0.01 0 14 � 0.05
Escherichia coli 10.4 � 0.13 13.1 � 0.74 11.8 � 0.3 11.5 � 0.5 9.8 � 0.12 37 � 0.01 35 � 0.01 0 0
Pectobacterium carotovorum 14.6 � 0.12 15.4 � 0.1 14.2 � 0.7 13.6 � 0.1 9 � 0.10 45 � 0.01 37 � 0.01 0 8 � 0.08
Staphelococcus 0 0 0 0 0 31 � 0.01 43 � 0.01 0 11 � 0.09
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Compounds 4c (14.2 ± 0.7 mm) and 4d (13.6 ± 0.1 mm) also
demonstrated signicant activity, markedly superior to
compound 6 (9 ± 0.10 mm). These values are noteworthy, as all
derivatives of the 4-series signicantly outperformed the anti-
biotic Bacitracin (8 ± 0.08 mm) against this specic strain,
although they remain below Ciprooxacin (45 ± 0.01 mm).
Finally, all tested compounds (4a–d and 6) showed no activity
against Staphylococcus (0 mm), mirroring the result of Ampi-
cillin (0 mm). This total lack of inhibition, in contrast to the
effects of Bacitracin (11 ± 0.09 mm) and Ciprooxacin (31 ±

0.01 mm), clearly indicates that these derivatives are ineffective
against this Gram-positive bacterium under the tested
conditions.

The Minimum Inhibitory Concentration (MIC) assessment
further conrmed the superior antibacterial potential of the 4a–
d series compared to compound 6, particularly against Gram-
negative strains (Fig. 3). Compounds 4a–d were highly effec-
tive against Pseudomonas aeruginosa and Escherichia coli,
achieving low MIC values ranging from 0.29 to 0.33 mmol mL−1.
Specically, derivative 4c (bearing the para-chloro group)
showed the most potent prole against P. aeruginosa with an
MIC of 0.29 mmol mL−1, while 4b and 4d maintained robust
activity at 0.312 mmol mL−1. Against Pectobacterium car-
otovorum, the 4a–d series exhibited even more remarkable effi-
cacy, with MIC values signicantly lower than those observed
for other strains. Compound 4c stood out as the most active
agent with a remarkably low MIC of 0.14 mmol mL−1, closely
Fig. 3 Minimum inhibitory concentration (MIC) of bacterial growth in mm

26406 | RSC Adv., 2026, 16, 26399–26420
followed by 4a (0.15 mmol mL−1) and 4b (0.17 mmol mL−1). In
comparison, compound 6 demonstrated a much higher MIC of
0.5 mmol mL−1 against this same strain, suggesting a lower
efficacy and highlighting the structural advantage of the 4-series
scaffold in inhibiting P. carotovorum growth. In stark contrast,
all derivatives (4a–d and 6) demonstrated notably high MIC
values of 40 mmol mL−1 when tested against Staphylococcus.
These elevated values signify a lack of signicant inhibitory
action at therapeutic concentrations against this Gram-positive
bacterium. Taken together, these ndings reinforce the
conclusion that these heterocyclic derivatives are highly selec-
tive antibacterial agents, showing potent activity specically
against Gram-negative strains while remaining largely ineffec-
tive against Gram-positive organisms.
4.3 Structure–activity relationship (SAR) analysis

The comparative analysis of the antibacterial potency within the
4a–d series demonstrates that the nature of the para-substituent
on the aryl moiety signicantly modulates the biological
activity, following a trend closely linked to electronic and lipo-
philic properties. Compound 4b, bearing a para-methyl group,
consistently emerged as the most potent derivative across all
sensitive Gram-negative strains (P. aeruginosa, E. coli, and P.
carotovorum), suggesting that the presence of an electron-
donating group (+I) increases the electron density of the
aromatic system and optimizes interactions with bacterial
targets. Furthermore, the slight increase in lipophilicity
ol ml−1.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Disease and designed compound overlapping targets.
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provided by the methyl group likely enhances membrane
permeability. In contrast, the introduction of electron-
withdrawing groups, such as the chlorine atom in 4c (−I >
+M) or the nitro group in 4d (−I, −M), resulted in a general
decrease in activity compared to 4b, indicating that deactivating
the aryl ring is unfavorable for the antibacterial prole of these
heterocyclic derivatives. The baseline activity of the unsub-
stituted compound 4a (phenyl) conrms that a moderately
activating and lipophilic substituent in the para position is key
to maximizing inhibition zones, leading to an overall SAR trend
of CH3 (4b) > H(4a) > Cl (4c) z NO2 (4d).
4.4 In silico studies

4.4.1 Network pharmacology
4.4.1.1. Target identication and overlap analysis. A total of

158 potential target genes associated with the new isoxazole-
fused thiosemicarbazide 4a and 6 scaffolds were identied
using the SwissTargetPrediction database. In parallel, 1123
antibacterial (AB)-related genes were retrieved from the Gene-
Cards database. A Venn diagram was then constructed to
determine the overlap between 4a and 6 associated targets and
AB-related genes. This analysis yielded 39 common genes,
which were considered as key antibacterial targets.

4.4.1.2. Compound-target-pathway network construction. The
new molecules, together with the 39 identied key targets and
the top antibacterial pathways based on target gene involve-
ment, were integrated into a compound-target-pathway inter-
action network. This network depicts the interactions between
the compounds and multiple targets, thereby highlighting their
potential for synergistic therapeutic effects. The multi-target
activity of the isoxazole-fused thiosemicarbazide derivatives 4a
Table 4 Top 10 genes ranked by degree score

Rank 1 2 3 3 3

Gene name PTGS2 AKT1 EGFR CASP3 MTO
Degree score 24 22 22 22 21

© 2026 The Author(s). Published by the Royal Society of Chemistry
and 6 further suggests enhanced efficacy in antibacterial
therapy. The overlapping targets within this network are pre-
sented in Fig. 4.

4.4.1.3. Protein–protein interaction (PPI) network analysis. All
overlapping genes were imported into the STRING database to
construct a protein–protein interaction (PPI) network, where
each node represents a protein and edges represent functional
associations. These interactions reect the involvement of
multiple targets in bacterial pathogenesis and progression. To
evaluate the network topology, a network analyser was
employed to assess node connectivity, and the resulting PPI
data were exported and visualised using Cytoscape soware.

The analysis identied key hub genes based on degree
centrality, a measure of how many direct connections a node
has within the network. Genes with higher degree values are
considered more central and potentially more inuential in
biological processes. The top 10 hub genes identied from the
network are listed in Table 4 and visualised in Fig. 5.

The top 10 genes, ranked by degree score, is a measure of
their connectivity within a gene interaction network. This
highlights the regulators of key biological and disease-related
pathways. PTGS2 leads the ranking (degree of 24), high-
lighting its role in catalysing prostaglandin synthesis during
inammatory responses. AKT1 follows with a degree score of 22;
as a central node in cell survival and metabolic signalling, it
modulates pathways essential for growth and proliferation.
EGFR and CASP3 share the same degree score of 22; EGFR
drives mitogenic and oncogenic signalling through receptor
tyrosine kinase activity, while CASP3 functions in the initiation
of apoptosis, coordinating programmed cell death. MTOR, with
a degree of 21, serves as a regulator of cellular growth, nutrient
sensing, and autophagy. MMP9 ranks sixth (degree of 19),
highlighting its involvement in extracellular matrix remodelling
and facilitation of cancer cell invasion. MAPK14 (p38a), with
degree of 14, indicating its role in stress-activated signalling
cascades that inuence inammation, differentiation, and
apoptosis. Finally, PTGS1, CYP3A4, and MAPK8 (JNK1) each
exhibit degree scores of 13; PTGS1 maintains baseline prosta-
glandin production for homeostasis, CYP3A4 stands as a major
cytochrome P450 enzyme responsible for xenobiotic metabo-
lism, and MAPK8 transduces stress and cytokine signals,
affecting apoptosis and immune responses. The hierarchical
ordering of these genes signify their varying degrees of
connectivity and functional impact across pathways related to
inammation, cancer, apoptosis, and metabolism.

4.4.1.4. Network pharmacology analysis of top 10 genes. The
network pharmacology analysis highlighted the top 10 genes
based on their degree of interaction within the constructed
protein–protein interaction (PPI) network. The degree score
3 7 8 8 8

R MMP9 MAPK14 PTGS1 CYP3A4 MAPK8
19 14 13 13 13

RSC Adv., 2026, 16, 26399–26420 | 26407
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Fig. 5 Top 10 ranked genes network diagram.
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reects the number of direct interactions each gene has with
others in the network. These top-ranked genes, along with their
corresponding degree scores, are presented in Table 4.

4.4.1.5. Role of top 10 genes in antibacterial activity. PTGS2
and PTGS1 coordinate prostaglandin synthesis to regulate
inammation and maintain epithelial integrity, preventing
bacterial translocation across mucosal surfaces. AKT1 signal-
ling supports macrophage and neutrophil survival, enhances
phagosome maturation, and promotes reactive oxygen species
generation for intracellular bacterial killing. MTOR regulates
autophagy, directing intracellular bacteria like Salmonella and
Mycobacterium into autophagolysosomes for degradation.
EGFR activation in epithelial cells accelerates wound healing
and induces secretion of defensins and cathelicidins, estab-
lishing antimicrobial barriers. MMP9 facilitates leukocyte
inltration by degrading basement membrane components and
can release cryptic antimicrobial peptides from the extracellular
matrix. MAPK14 (p38a) amplies antibacterial defences by
driving transcription of cytokines (TNF-a, IL-6, IL-1b) and
inducible nitric oxide synthase, enhancing nitric oxide-
mediated bacterial killing. MAPK8 (JNK1) activates c-Jun-
dependent expression of antimicrobial peptides and mediates
apoptosis of infected cells to block bacterial replication. CASP3
executes programmed cell death, ensuring the removal of
intracellular niches exploited by pathogens such as Listeria
monocytogenes. Finally, CYP3A4 modulates the pharmacoki-
netics of broad-spectrum antibiotics (e.g., macrolides, uoro-
quinolones) and metabolises bioactive lipids that inuence
immune cell recruitment, thereby indirectly affecting the effi-
cacy and duration of antibacterial therapy. These genes form
26408 | RSC Adv., 2026, 16, 26399–26420
a synergistic network that balances rapid pathogen eradication
with preservation of host tissue function.

The KEGG pathway enrichment analysis and the overview of
Biological Processes (BP) in Green, Cellular Components (CC) in
Yellow-Green, and Molecular Functions (MF) in Violet are di-
splayed in Fig. 6 and 7, respectively. Based on the KEGG
pathway and Gene Ontology (GO) enrichment analyses, PTGS2
(Prostaglandin-Endoperoxide Synthase 2) appears to play
a multifaceted role in antibacterial defence mechanisms.

4.4.1.6. KEGG enrichment analysis. PTGS2 is enriched in
pathways related to infections and inammation, including
Shigellosis, Human cytomegalovirus infection, and Kaposi
sarcoma-associated herpesvirus infection. These associations
suggest a potential involvement in host–pathogen interactions
and immune responses. Additionally, its role in TNF signaling
and Endocrine resistance indicates a function in immune
regulation and inammatory signaling, which are crucial in the
bacterial infections.

4.4.1.7. Gene Ontology analysis. In the Biological Process
(BP) category, PTGS2 is linked to inammatory response, signal
transduction, oxidative stress, and positive regulation of gene
expression. These functions are vital during bacterial invasion,
where inammation and ROS production are part of the
defence strategy. Under the Cellular Component (CC), PTGS2 is
predominantly associated with the cytoplasm, nucleus, and
plasma membrane, highlighting its accessibility and regulatory
potential in both signalling and transcriptional regulation
during bacterial challenges. In the Molecular Function (MF)
domain, enrichment in protein binding, enzyme binding, and
ATP binding suggests PTGS2 interacts with various biomole-
cules to modulate antibacterial defence pathways.

These ndings potentiates PTGS2's role in modulating
inammation, immune signaling, and oxidative stress
responses that are fundamental to host defense against
Fig. 6 KEGG enrichment pathways.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Overview of biological processes (BP) in green, cellular components (CC) in yellow-green, and molecular functions (MF) in violet.
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bacterial pathogens. Its strong involvement in pathogen-related
KEGG pathways and immune-regulatory GO terms signies its
potential as a valuable antibacterial target.

4.4.2 Physicochemical properties. The physicochemical
properties of the synthesized compounds (4a–4d and 6) indicate
that they fall within acceptable ranges for drug-likeness and
oral bioavailability when compared with the co-crystal ligand
(Table 5). The molecular weights of the compounds range from
342.47 to 461.59 Da, remaining within the preferred limit of
<500 Da, suggesting favorable permeability characteristics. The
lipophilicity (log P) values lie between 2.34 and 4.81, indicating
a balanced hydrophilic–lipophilic prole; compounds 4a, 4b,
and 4c show optimal lipophilicity, while compound 6 is rela-
tively more hydrophobic but still within an acceptable range.
The topological polar surface area (TPSA) varies signicantly,
with compounds such as 4d (149.91 Å2) showing higher polarity,
which may reduce membrane permeability, whereas others like
4a (72.01 Å2) and compound 6 (93.61 Å2) fall within the optimal
Table 5 Physicochemical properties of the designed derivatives

Compound Molecular weight daltons Log P

4a 342.47 3.72
4b 356.49 3.41
4c 376.90 3.62
4d 387.46 2.34
6 461.59 4.81
Co-crystal 296.15 5.63

© 2026 The Author(s). Published by the Royal Society of Chemistry
range (<140 Å2) for good oral absorption. The number of
hydrogen bond acceptors (3–8) and donors (2 for all
compounds) complies with Lipinski's criteria, supporting good
interaction potential with biological targets. Additionally, the
number of rotatable bonds (4–5) suggests moderate molecular
exibility, which is benecial for binding adaptability without
compromising structural rigidity. In comparison, the co-crystal
ligand exhibits lower molecular weight and TPSA but higher
lipophilicity, indicating stronger hydrophobic character. The
synthesized compounds demonstrate favorable physicochem-
ical proles, with compounds 4a, 4b, 4c, and 6 particularly
showing a good balance between lipophilicity, polarity, and
exibility, supporting their potential as drug-like candidates.

4.4.3 ADME studies. The predicted ADME proles of 4a–
d and 6, and the co-crystal are presented in Table 6. Demon-
strates generally favorable pharmacokinetic characteristics with
some distinctions across the series. Most compounds (4a, 4b,
4c, and 6) exhibit high gastrointestinal (GI) absorption,
TPSA (Å2) HBA HBD Rot bonds

72.01 6 2 4
104.09 3 2 4
104.09 3 2 4
149.91 5 2 5
93.61 8 2 5
49.33 3 2 3

RSC Adv., 2026, 16, 26399–26420 | 26409
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Table 6 ADME Properties of the designed compounds

Compound 4a 4b 4c 4d 6 Co-crystal

GI absorption High High High Low High High
BBB No No No No No Yes
P-Glyco protein inhibition Yes Yes Yes Yes Yes No
CaCO2 permeability nm s−1 0.87 0.99 0.97 0.77 0.88 1.3
CYP2C9 No Yes Yes Yes No No
CYP2D6 Yes Yes No No Yes No
CYP3A4 No Yes Yes Yes No Yes
PPB % 79.81 83.93 85.10 82.29 89.64 93.82
Log Kp (skin permeation) cm s−1 4 −6.23 −6.17 −6.80 6 6
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indicating good potential for oral bioavailability, while
compound 4d shows comparatively lower absorption, possibly
due to its higher polarity. None of the synthesized compounds
are predicted to cross the blood–brain barrier (BBB), which is
advantageous for minimizing central nervous system side
effects. The co-crystal ligand is BBB permeable. All synthesized
compounds are predicted to be P-glycoprotein (P-gp) inhibitors,
suggesting they may enhance intracellular retention but could
also inuence drug–drug interactions.

The Caco-2 permeability values (0.77–0.99 nm s−1) indicate
moderate permeability across intestinal epithelial cells, slightly
lower than the co-crystal (1.3 nm s−1), but still within an
acceptable range for absorption. Regarding metabolic interac-
tions, compounds 4b, 4c, and 4d show inhibition of CYP2C9
and CYP3A4, while 4a and 6 do not, suggesting variability in
metabolic stability and potential for enzyme-related interac-
tions. For CYP2D6, compounds 4a, 4b, and 6 are predicted
inhibitors, whereas 4c and 4d are not, highlighting compound-
specic metabolic proles.

The plasma protein binding (PPB) values range from ∼79%
to 89% for the synthesized compounds, indicating moderate to
high binding, which can contribute to sustained systemic
circulation while still allowing free drug availability. The co-
crystal shows higher PPB (∼93.8%), suggesting comparatively
lower free drug fraction. The skin permeation (log Kp) values
indicate generally low transdermal permeability for most
compounds, although compound 6 shows relatively higher
permeability.

The ADME results suggest that the synthesized compounds,
particularly 4a–c, possess a balanced pharmacokinetic prole
Table 7 Toxicity predictions of the synthesised compounds and the co

Compound

Hepatotoxicity Carcinogenicity I

Pred Prob Predic Prob P

4a (−) 0.50 (+) 0.61 (
4b (−) 0.51 (+) 0.58 (
4c (−) 0.50 (+) 0.51 (
4d (−) 0.51 (+) 0.67 (
6 (+) 0.51 (+) 0.61 (
Co-crystal (+) 0.73 (−) 0.61 (

a (−): inactive; (+): active; Predic = prediction; Prob = probability.

26410 | RSC Adv., 2026, 16, 26399–26420
with good oral absorption, controlled distribution (non-BBB
permeable), moderate permeability, and acceptable metabolic
characteristics, supporting their suitability for further drug
development.

4.4.4 Toxicity studies. Toxicological assessments were
performed in silico for 4a–d and 6, and the co-crystal, evaluating
their potential hepatotoxicity, carcinogenicity, immunotoxicity,
mutagenicity, and cytotoxicity. The predicted likelihood (prob-
ability) for each endpoint is shown in Table 7.

Compounds 4a–4d are consistently predicted to be non-
hepatotoxic (−) with probability values around 0.50–0.51, sug-
gesting a low likelihood of liver-related adverse effects. This is
particularly signicant when compared to the co-crystal ligand,
which shows a positive hepatotoxicity prediction with a higher
probability (0.73).

In terms of cytotoxicity, all compounds, including
compound 6 and the co-crystal ligand, are predicted to be
inactive with probability values ranging from 0.61 to 0.82. This
suggests that the compounds are unlikely to cause nonspecic
cellular damage. Similarly, the immunotoxicity predictions are
favourable for compounds 4a–4d, all of which are predicted to
be inactive with relatively high condence. This indicates
a minimal risk of undesirable immune responses, further
supporting their suitability for therapeutic applications.

Regardingmutagenicity, which reects the potential to cause
genetic mutations, compounds 4b and 4c are predicted to be
non-mutagenic, making them particularly attractive candidates
from a genetic safety perspective. Although compounds 4a and
4d show positive predictions, the associated probabilities are
moderate (0.50 and 0.65, respectively), suggesting that these
crystala

mmunotoxicity Mutagenicity Cytotoxicity

redic Prob Predic Prob Predic Prob

−) 0.89 (+) 0.50 (−) 0.69
−) 0.92 (−) 0.50 (−) 0.69
−) 0.61 (−) 0.51 (−) 0.68
−) 0.62 (+) 0.65 (−) 0.61
+) 0.69 (+) 0.55 (−) 0.70
−) 0.99 (−) 0.74 (−) 0.82

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Molecular docking results of the synthesised compounds and the cocrystal

Compound
Docking score
(kcal mol−1)

Number of
interacting residues

Number of
hydrogen bonds

Number of
hydrophobic bonds Type of interaction

4a −10.04 10 3 7 Gln461, Gly45, Cys41 (H-bond), Tyr130,
Pro153, Val46, Cys47, Pro156, His39
(alkyl), Cys36 (pi-sulphur)

4b −9.8 12 3 9 Arg44, Tyr130, Gly45 (H-bond), Pro40,
Cys47, Cys41, Pro153, Cys36, Pro156,
Leu152, Arg469 (Pi-alkyl), Lys137
(unfavorable positive–positive)

4c −9.5 9 0 9 Pro200, Ala199, Leu390, Leu391, (Pi–Pi T
shaped), Ala202, Trp387, Tyr385 (pi-
alkyl), His207, His386 (Pi-cation)

4d −8.32 9 4 5 Arg469, Arg44, Gln461, Pro154 (H-bond),
Pro153, Pro156, His39, Cys47, Cys36 (pi-
alkyl)

6 −9.95 4 0 4 Ala202, Val295, Val447 (alkyl), Leu391 (pi-
sigma)

Co-crystal −7.81 10 2 8 Ser530, Tyr385 (H-bond), Phe518,
Leu352, Val523, Leu531, Ala527 (alkyl),
Val349 (pi-sigma), Met522 (pi-sulphur),
Gly526 (amide-pi stacked)
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risks are not denitive and may be mitigated through structural
optimization. The co-crystal ligand is predicted to be non-
mutagenic.

All synthesized compounds (4a–4d) display a positive result
for carcinogenicity, with probability values ranging from 0.51 to
0.67. However, these probabilities are moderate and do not
indicate a high carcinogenic risk. They require experimental
conrmation. Importantly, compound 6 shows comparatively
Fig. 8 2D/3D representation of the synthesised compounds and the co

© 2026 The Author(s). Published by the Royal Society of Chemistry
higher predicted activity across multiple toxicity endpoints,
including hepatotoxicity, immunotoxicity, and mutagenicity,
suggesting that it may have less favourable safety.

The toxicity analysis highlights that the majority of the
synthesized compounds, exhibit a balanced and favourable
safety prole, characterized by low hepatotoxicity, absence of
cytotoxicity, minimal immunotoxic risk, and no mutagenic
potential. These ndings support the potential of the
-crystal.

RSC Adv., 2026, 16, 26399–26420 | 26411
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Fig. 9 RMSD, protein RMSF and ligand RMSF plots of the compound 4a and the cocrystal.
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synthesized compounds as safe and viable for further optimi-
zation and biological evaluation.

4.4.5 Molecular docking. The molecular docking results of
4a and 6 demonstrated promising binding affinities toward the
target protein, as summarized in Table 8. The corresponding 2D
and 3D interaction diagrams of the docked complexes, along-
side the reference cocrystal structure, are presented in Fig. 8.
The docking results demonstrate that both 4a and 6 exhibit
stronger binding affinities to the target protein compared to the
co-crystallised ligand. Compound 4a achieved the most
favourable docking score of −10.04 kcal mol−1, indicating
a highly stable and energetically favourable interaction.
Compound 6 also showed a good docking score of
−9.95 kcal mol−1, while the co-crystal ligand had a compara-
tively weaker binding score of −7.81 kcal mol−1. These values
suggest that both synthesised compounds bind more effectively
than the reference ligand within the active site of the protein.

Compound 4a exhibited a rich interaction prole involving
10 interacting residues. It formed three hydrogen bonds with
residues Gln461, Gly45, and Cys41, which are key contributors
to binding specicity and stability. It established seven hydro-
phobic interactions, including alkyl bonds with residues such
as Tyr130, Pro153, and His39, and a p-sulphur interaction with
Cys36. This diverse range of interactions reects a strong and
stable association with the target site.

Compound 4b showing the binding affinity
(−9.8 kcal mol−1), followed by 4c (−9.5 kcal mol−1) and 4d
(−8.32 kcal mol−1). Compound 4b forms three hydrogen bonds
with key residues such as Arg44, Tyr130, and Gly45, which
signicantly contribute to binding specicity and stability.
Additionally, it engages in multiple hydrophobic interactions
26412 | RSC Adv., 2026, 16, 26399–26420
with residues including Pro40, Cys47, Cys41, and Leu152, along
with a p-alkyl interaction with Arg469. However, the presence of
an unfavorable positive–positive interaction with Lys137 may
slightly reduce its overall binding efficiency despite the strong
score.

Compound 4c, although slightly lower in binding energy,
demonstrates a hydrophobic-dominated interaction prole
with no hydrogen bonds but strong p–p T-shaped interaction
with aromatic residues (such as Trp387 and Tyr385) and p-
cation interactions involving His207 and His386. These inter-
actions help stabilize the ligand within the binding pocket
through non-polar and aromatic stacking interactions,
compensating for the absence of hydrogen bonds.

Compound 4d shows a comparatively weaker binding
affinity and forms four hydrogen bonds with residues such as
Arg469, Arg44, Gln461, and Pro154, indicating good polar
interactions. However, its overall interaction network is less
extensive, with fewer hydrophobic contacts and moderate p-
alkyl interactions involving residues like Cys47 and Cys36.

Compound 6, showed a simpler interaction pattern,
involving only four residues, all through hydrophobic interac-
tions. These included alkyl bonds with Ala202, Val295, and
Val447, and a p-sigma interaction with Leu391. Importantly, no
hydrogen bonds were detected for compound 6, which could
slightly affect its binding stability despite a good docking score.
The absence of polar interactions may suggest that its binding
relies mainly on hydrophobic complementarity.

The co-crystallised ligand, used as a reference, interacted
with 10 residues, forming two hydrogen bonds with Ser530 and
Tyr385, and eight hydrophobic interactions. It formed speci-
alised contacts like p-sulphur (Met522) and amide-p stacking
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Protein–ligand contacts and the ligand properties of the 4a and the cocrystal.
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(Gly526). While this interaction prole is balanced, the overall
binding energy is weaker than those of the synthesised
compounds.

These ndings indicate that compound 4a exhibits the most
favorable binding prole, characterized by strong binding
energy and a diverse set of molecular interactions. Compound 6
also displayed considerable potential. However, its lack of
hydrogen bonding interactions suggests that further structural
optimization may be required. Overall, the superior docking
performance of both compounds, relative to the co-crystallized
ligand, highlights their potential as promising antibacterial
candidates.

4.4.6 Molecular dynamics. A 100-nanosecond molecular
dynamics (MD) simulation was carried out to evaluate the
conformational dynamics and structural stability of 4a in
complex with PTGS2. The simulation encompassed several key
analyses, including Root Mean Square Deviation (RMSD), Root
Mean Square Fluctuation (RMSF), protein–ligand interaction
proling, and assessment of ligand-specic properties, thereby
providing a comprehensive understanding of the complex's
behavior throughout the simulation period.

4.4.6.1. RMSD. The RMSD plots (Fig. 9) provided insights
into the overall stability of the protein–ligand complexes during
the simulation. For the compound 4-PTGS2 complex, the
protein RMSD started at approximately 1.2 Å and gradually
increased to around 3.2 Å within the rst 20 ns. Following this
initial rise, the RMSD showed a mild uctuation, stabilizing
between 2.4 and 3.2 Å for the remainder of the simulation,
© 2026 The Author(s). Published by the Royal Society of Chemistry
suggesting that the protein maintained structural integrity with
moderate exibility. The ligand RMSD for 4a began at 1.0 Å and
increased steadily to around 4.0 Å by 20 ns. It peaked at
approximately 7.0 Å at 30 ns, indicating conformational rear-
rangements in the ligand. Aer this point, the RMSD showed
slight uctuations, remaining between 6.0 and 7.0 Å until 90 ns,
and nally reduced to 5.0–6.0 Å by the end of the simulation.
These observations suggest that while the ligand underwent
signicant movement within the binding pocket, it remained
engaged with the protein.

The co-crystal-PTGS2 complex exhibited a protein RMSD that
started at 1.6 Å, gradually increased to 2.4 Å by 20 ns, and
reached a maximum of 2.8 Å around 40 ns. For the remaining
simulation period, the RMSD uctuated slightly within the
range of 2.4–2.8 Å, reecting a relatively stable protein confor-
mation. The ligand RMSF initially rises from 0.5 Å to 4.0 Å
within the rst 10 ns, then decreases to a range of 1.5–2.5 Å by
20 ns. It subsequently increases again to 4.0 Å and uctuates
between 2.5–3.2 Å up to 60 ns. In the nal phase of the simu-
lation, the RMSF stabilizes within the range of 2.0–3.0 Å and
remains consistent until 100 ns.

4.4.6.2. RMSF. The Root Mean Square Fluctuation (RMSF)
analysis was conducted to evaluate the exibility of individual
amino acid residues and ligand atoms throughout the simula-
tion period (Fig. 9). For the compound 4a-PTGS2 complex, the
protein RMSF values were predominantly below 1.6 Å, indi-
cating limited uctuations and suggesting that most residues
remained relatively stable. The ligand RMSF values were
RSC Adv., 2026, 16, 26399–26420 | 26413
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generally under 2.0 Å, reecting moderate exibility of the
ligand atoms within the binding site. The co-crystal-PTGS2
complex showed slightly higher protein RMSF values, mostly
below 1.8 Å, while the ligand RMSF values were slightly lower,
staying under 1.5 Å. This suggests that although the protein
exhibited marginally greater exibility, the co-crystal ligand
maintained a more rigid conformation during the simulation.

4.4.6.3. Protein–ligand contacts. Protein–ligand interaction
provided insights into the stabilizing interactions formed
between the ligands and PTGS2, highlighting both the nature
and duration of key contacts throughout the simulation
(Fig. 10). In the compound 4-PTGS2 complex, His122 exhibited
a strong hydrogen bonding interaction with a fraction of up to
0.6 Å, and also participated in a water bridge interaction
reaching an interaction fraction of 0.7 Å. Pro40, Leu152, and
Pro153 were involved in stable hydrophobic interactions, each
showing fractions of up to 0.6 Å. Additionally, Lys468, Gln42,
Asn43, and Asp125 contributed to hydrogen bonding, though
with relatively lower interaction fractions, indicating transient
or weaker contacts.

In the co-crystal-PTGS2 complex, Tyr385 formed a weak
hydrogen bond with an interaction fraction of 0.4 Å, accompa-
nied by hydrophobic interactions and a water bridge of similar
fraction. Ser530 displayed a strong and stable hydrogen bond
(interaction fraction up to 0.3 Å) along with a water bridge
interaction up to 0.4 Å, indicating a signicant role in ligand
stabilization. Phe518 and Val523 were engaged in hydrophobic
interactions with interaction fractions up to 0.4 and 0.3 Å,
respectively. Ser353 also formed a weak hydrogen bond,
contributing to the overall binding stability of the complex.

4.4.6.4. Ligand properties. Ligand-specic properties,
including radius of gyration (rGyr), molecular surface area
(MolSA), solvent-accessible surface area (SASA), and polar
surface area (PSA), were monitored throughout the 100-nano-
second MD simulation to assess the compactness, exposure,
and polarity of the ligands (Fig. 10).

For compound 4a, the radius of gyration (rGyr) began at
approximately 4.35 Å and gradually increased to stabilise within
the range of 4.50 to 4.65 Å, maintaining this conformation for
the remaining time of the simulation, indicating consistent
molecular compactness. The MolSA values remained stable
between 328 and 332 Å2, showing minimal uctuations and
suggesting a relatively constant molecular surface throughout
the simulation. The SASA initially measured around 60 Å2,
peaked at 180 Å2 around the 20 ns, and then declined to a stable
range between 60 and 120 Å2 till the end of the simulation,
indicating changes in solvent exposure. The PSA started
between 104 and 108 Å2 during the rst 20 ns, followed by
a slight reduction and stabilisation within 100 to 104 Å2,
reecting a moderate change in polar exposure.

In comparison, the co-crystal ligand exhibited a rGyr value
that oscillated between 3.20 and 3.28 Å during the rst 20 ns,
decreased to 3.20 Å by 60 ns, and then returned to the earlier
range up to 100 ns, reecting a more compact and slightly
exible structure. The MolSA started at 260 Å2 and remained
within 256 to 260 Å2 during the early simulation period. Then it
dropped slightly to 252–256 Å2 by 60 ns, and returned to 256–
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09902a


Fig. 11 MMGBSA and PCA plots of the 4a and the cocrystal.
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260 Å2 by the end, indicating mild uctuations in molecular
size. The SASA began at nearly 0 Å2 and remained under 15 Å2

for the rst 10 ns. It then increased to 15–30 Å2 until 30 ns,
decreased again below 15 Å2 up to 50 ns, and uctuated between
15 and 30 Å2 until 80 ns before returning to 0–15 Å2, reecting
transient solvent exposure. The PSA initially ranged from 88 to
96 Å2, gradually declined to around 80 Å2, and remained rela-
tively stable until 60 ns, followed by a slight increase to 80–88 Å2

until 100 ns.
The comparative analysis of the compound 4-PTGS2 and co-

crystal-PTGS2 complexes revealed that compound 4a induced
greater ligand mobility and transient uctuations in solvent
exposure, yet maintained stable protein conformation and
compactness. Despite exhibiting higher ligand RMSD and
moderate exibility, compound 4a consistently interacted with
key PTGS2 residues through strong hydrogen bonding and
hydrophobic contacts, indicating sustained binding. In
contrast, the co-crystal ligand demonstrated a more compact
and rigid prole with limited solvent exposure, suggesting
a tighter but less dynamic t. These outcomes suggest,
compound 4a possesses adaptive binding behaviour, preserving
crucial protein–ligand interactions while allowing conforma-
tional exibility, highlighting its potential as a PTGS2-targeting
antibacterial candidate.

4.4.7 MM-GBSA analysis. The Molecular Mechanics
Generalized Born Surface Area (MM-GBSA) results provide
a detailed breakdown of the energetic contributions that govern
© 2026 The Author(s). Published by the Royal Society of Chemistry
the binding affinity of the compound PTGS2-4a complex, and
compared against the co-crystal ligand. The results are pre-
sented in Table 9 and Fig. 11.

Both compound 4a and the co-crystal exhibit total binding
free energy (DG-bind) of −74.98 kcal mol−1, suggesting that
their overall binding affinities to PTGS2 are comparable.
However, the individual energy components reveal subtle
differences in stabilising the protein–ligand complex. The van
der Waals (DG-bind VdW) contribution is slightly more
favourable for the co-crystal (−50.16 kcal mol−1) compared to 4a
(−49.92 kcal mol−1), indicating a marginally stronger non-polar
interaction between the co-crystal and the PTGS2 binding site.
Similarly, hydrogen bonding (DG-bind H-bond) and covalent
interaction energies are slightly more negative for the co-crystal
(−1.97 and −5.07 kcal mol−1, respectively) than for 4a (−1.95
and −4.93 kcal mol−1), suggesting that the co-crystal may form
more optimal or stable hydrogen bonds and covalent-like
interactions within the binding pocket. On the other hand,
coulombic interactions (DG-bind Coulomb) are slightly more
favorable for 4a (−20.09 kcal mol−1) than for the co-crystal
(−19.87 kcal mol−1), indicating a stronger electrostatic inter-
action between 4a and PTGS2. The lipophilic contribution (DG-
bind Lipophilic) of 4a and standard are similar in range
(−30 kcal mol−1). This suggests that compound 4a experiences
favorable lipophilic interactions that similar to standard
enhance its overall binding stability. These results reveal that
compound 4a benets from a more favorable lipophilic
RSC Adv., 2026, 16, 26399–26420 | 26415
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interaction prole and better electrostatics, potentially making
it a more pharmacodynamically robust ligand compared to the
co-crystal.

4.4.7.1. Principal component analysis (PCA) of molecular
dynamics trajectories. Principal Component Analysis (PCA) was
conducted to investigate and compare the conformational
dynamics of the compound PTGS2-4a complex and the co-
crystal-PTGS2 complex over a 100 ns molecular dynamics
(MD) simulation (Fig. 11). For the compound PTGS2-4a
complex, the trajectory initially exhibited scattered movements
within the positive regions of both PC1 and PC2. As the simu-
lation progressed, particularly by around 40 ns, the complex
transitioned toward the central region of the principal compo-
nent space and began to dri into the negative region of PC3.
From 40 to 60 ns, a stable conformational cluster emerged in
the negative region of PC1, followed by a gradual shi toward
a second cluster located further along the negative PC1 axis,
which persisted until the end of the 100 ns simulation. This
progression suggests a transition between two dominant
conformational states during the simulation period. The co-
crystal-PTGS2 complex displayed a different pattern of confor-
mational movement. Initially, the complex showed scattered
dynamics within the PC2 range of −40 to +40, while remaining
Fig. 12 PDF and FEL plots for the 4a and the cocrystal.

26416 | RSC Adv., 2026, 16, 26399–26420
in the negative region of PC1 during the rst 20 ns. Between 20
and 40 ns, the system moved toward the positive side of PC1,
reecting a shi in dominant motion. Aer this transition, the
complex gradually settled toward the centre of the PCA space,
eventually forming a single stable conformational cluster that
persisted until the end of the 100 ns simulation. PCA revealed
that while both complexes undergo conformational transitions,
compound 4a displayed a more dynamic behavior with distinct
state transitions, whereas the co-crystal complex stabilized
earlier, suggesting relatively less structural uctuation over
time.

4.4.7.2. Probability density function (PDF) analysis. The
Probability Density Function (PDF) analysis of the principal
components (PC1 and PC2), obtained from the molecular
dynamics simulation trajectories, explains the conformational
stability and dominant structural states of the protein–ligand
complexes (Fig. 12). For the compound 4a-PTGS2 complex, the
PDF plot of PC1 reveals a broad distribution spanning from
−100 to +100 along the PC1 axis. This wide spread indicates
greater conformational exibility, with relatively mild density
peaks around 0.005, suggesting the absence of a single domi-
nant conformational state. The PC2 exhibits a more dened
distribution within the −50 to +50 range, with two distinct
© 2026 The Author(s). Published by the Royal Society of Chemistry
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peaks observed at densities of 0.011 and 0.014. These peaks
point to two moderately preferred structural states along this
component.

For the co-crystal-PTGS2 complex, the PDF of PC1 displays
two blunt peaks located at approximately −50 and +25, with
corresponding density values of 0.005 and 0.020, respectively.
This bimodal distribution suggests the existence of two
preferred conformations. The PDF of PC2 shows a broader
range extending up to +40, with a prominent peak at −20 and
a maximum density of 0.020, indicating a relatively stable and
dominant structural state along this component. From these
ndings, compound 4a exhibits broader conformational
sampling and dened conformational preferences compared to
the cocrystal, reecting greater stability during the simulation.

4.4.7.3. Free energy landscape (FEL) analysis. The Free
Energy Landscape (FEL) analysis offers a visual representation
of the conformational diversity and thermodynamic stability of
protein–ligand complexes over the course of molecular
dynamics simulations. Constructed using the rst two principal
components (PC1 and PC2) derived from PCA, the FEL plot
highlights regions of low and high free energy, reecting stable
and unstable structural states, respectively. In this plot, deep
blue areas correspond to low-energy, highly stable conforma-
tions, while green, yellow, and red regions represent progres-
sively higher energy and less stable or transient states (Fig. 12).

For the compound PTGS2-4a complex, the FEL plot reveals
multiple deep blue basins, indicating stable conformational
states. These basins are distributed across a range of −100 to
+50 along PC1 and −20 to +80 along PC2, with corresponding
energy values between 19 and 21 kJ mol−1. These regions are
surrounded by blue to green zones, representing moderately
stable conformations with energy values ranging from 21 to
24 kJ mol−1. The area from 0 to +50 along PC1 displays clustered
high-energy peaks, shown in yellow to red, corresponding to
free energy values of 25 to 27 kJ mol−1. These peaks indicate less
favorable and more transient conformations.

The FEL plot of the co-crystal-PTGS2 complex features
a broad and moderately rugged energy surface. The most stable
conformational states are visualized as deep blue and cyan
basins located predominantly within the −80 to −40 range of
PC1 and extending toward neutral to slightly negative values
along PC2. These low-energy basins represent free energy values
in the range of 12–15 kJ mol−1, signifying high structural
stability. Surrounding these areas, the landscape transitions to
yellow and orange regions, with energy values between 18 and
21 kJ mol−1, suggesting moderately stable conformations
frequently visited during the simulation. Additionally, scattered
red patches, especially between −20 to +40 along PC1 and 0 to
+40 along PC2, indicate high-energy conformations reaching up
to 22–23 kJ mol−1, which are likely associated with unstable or
short-lived states of the complex. These outcomes of the FEL
plot state that compound 4a exhibits broader energy uctua-
tions and more low-energy transitions, whereas the co-crystal
complex demonstrates deeper and more concentrated high-
energy minima. This low-energy conformational preference by
the compound 4a indicates greater conformational stability
within the binding pocket.
© 2026 The Author(s). Published by the Royal Society of Chemistry
5 Conclusion

In the present study, novel thiosemicarbazone derivatives were
synthesized and thoroughly characterized by 1H- and 13C-NMR
spectroscopy as well as mass spectrometry. The obtained spec-
troscopic data conrmed the successful synthesis of these
compounds in high yields. The antibacterial activity of the
derivatives was evaluated in vitro against both Gram-positive
and Gram-negative bacterial strains using the well diffusion
method. Compounds 4a–d and 6 exhibited notable antibacterial
potency, with minimum inhibitory concentration (MIC) values
ranging from 0.31 to 0.5 mg mL−1. Following these antibacterial
results, in silico studies were performed on compounds 4a–
d and 6, which consistently demonstrated stable binding
interactions with key residues within the active site (PTGS2).
Molecular dynamics simulations of PTGS2-4a complexes
further indicated substantial structural stability throughout the
simulation period. Additionally, the MM-GBSA, PCA, PDF, and
FEL analyses consistently highlight compound 4a's superior or
comparable performance relative to the reference inhibitor,
Resatorvid. Specically, MM-GBSA calculations revealed slightly
more favorable binding free energy for 4a. PCA and PDF anal-
yses indicated its more rapid and stable conformational stabi-
lization, and FEL analysis demonstrated a more dominant and
energetically favorable binding landscape. These promising
ndings warrant further investigation, including the synthesis
of metal complexes derived from the selected compounds and
their subsequent in vivo evaluation as antimicrobial, antiviral,
and anticancer agents in future studies.
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