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Diclofenac (DCF) is a widely used nonsteroidal anti-inflammatory drug (NSAID), and its clinical application is

limited by gastrointestinal, metabolic, and cardiovascular complications. In the present study, DCF and eight

newly designed analogues (DCF1-DCF8) were studied by means of integrated in silico techniques from the

physicochemical, electronic, spectral, pharmacokinetic, and toxicological perspectives using DFT/B3LYP/

6-31G+(d,p) basis set. All the structural modifications led to an overall decrease in electronic energy with
respect to DCF; nevertheless, DCF2, DCF3, and DCF7 were thermodynamically stabilized to a great
extent. Frontier orbital analysis unveiled smaller gaps with greater softness, especially for the cases of

DCF3 and DCF6, which implies an increase in charge transfer tendency. The binding affinities for all the

analogues were greater (from —6.9 to —7.5 kcal mol™) than that of DCF (—6.6 kcal mol™), and it was

confirmed by the number of H-bonds, m-m stacking, and hydrophobic interactions with the key

residues. The results of 100 ns molecular dynamics simulations revealed that DCF, DCF2, DCF4, and

DCF6 can form tight-binding complexes with 5IKR, which carries the optimal binding affinity and

structural stability. ADMET projections indicated elevated intestinal absorption, permeability across the

blood-brain barrier, effective renal excretion, favorable biodegradability, and reduced acute oral toxicity

for many analogues, particularly DCF4-DCF6. PASS prediction validated the retention of fundamental
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antipyretic, anti-inflammatory, and analgesic properties, while indicating a tendency for reduced

ulcerogenic and hepatotoxic risks in certain derivatives. This study highlights DCF2, DCF4, and DCF6 as

DOI: 10.1039/d6ra01053a

rsc.li/rsc-advances more effective NSAIDs.

1. Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) continue to be
the cornerstone of pain and inflammation therapy in primary
care, surgery, sports medicine, rheumatology, dentistry, and
ophthalmology.* Diclofenac (DCF) is a phenylacetic acid deriv-
ative that has become incredibly popular all over the world due
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promising DCF-based candidates for further optimization and experimental validation as part of safe and

to its anti-inflammatory and analgesic effects, as well as its wide
variety of formulations and rapid onset of action.” DCF has, for
many years, been employed with proven substantial pain relief
and functional improvement in various inflammatory and acute
pain conditions.? Also, it's generally taken in lower doses than
other NSAIDs.! Since its introduction in 1973, numerous DCF-
containing formulations have been developed to enhance
therapeutic efficacy, improve tolerability, and increase patient
convenience.* Its therapeutic benefit is mainly mediated
through reversible inhibition of cyclo-oxygenase (COX-1 and
COX-2), which inhibits prostaglandin synthesis, which in turn
mediates peripheral inflammation and sensitizes pain.® A single
dose of DCF provides effective antipyresis in pediatric patients.®
Novel preparations, containing DCF-potassium, have been
developed for more rapid absorption and onset of analgesia.
These include immediate-release tablets, liquid-filled soft
gelatin capsules, and powder formulations intended for oral
solution.* It is often called “cox-2-selective”, but its selectivity
depends on the tissue and dose.” Pharmacokinetically, DCF is
bound to a high degree of plasma protein, going through
extensive first-pass hepatic clearing and generally has a short

© 2026 The Author(s). Published by the Royal Society of Chemistry
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half-life in the circulation (~1-2 hours).® However, its thera-
peutic duration can be prolonged through tissue distribution
and the use of sustained-release (SR) or topical delivery
systems.® Clinicians prescribe DCF for a variety of conditions
characterized by inflammation and nociception mediated by
prostaglandins.’® These conditions are musculoskeletal pain,
osteoarthritis, rheumatoid arthritis, ankylosing spondylitis,
dysmenorrhea, and pain post-surgery or dental extraction from
clinical trials, acute gout (from a trial in some plans), and
inflammation of the eye after (such as after cataract)." Topical
3% DCEF gel for actinic keratosis is approved as a dermatologic
indication in many countries.” It is generally contraindicated in
the third trimester and towards the end of pregnancy, due to the
risk it poses to a baby's health, including premature closure of
the ductus arteriosus.'” DCF is associated with many deleterious
side effects despite its widespread use in humans and veterinary
medicine (a yearly global consumption of approximately 940
tons).”® Despite the lack of symptoms, DCF significantly
increases the likelihood of harming the mucosal lining,
wounds, ulcers, and perforation within the gastrointestinal
tract.™ Patients with preexisting cardiovascular disease or risk
factors should exercise caution when using DCF because of the
boxed warning of an increased risk of myocardial infarction,
stroke, and other thrombotic events, especially when using
large dosages or for long periods of time.' Several adverse
effects of DCF are clinically significant in different organ
systems. An extensive cohort study found that compared to
ibuprofen or naproxen, DCF significantly increases the possi-
bility of serious heart attacks, such as cardiac arrest and cere-
brovascular accident.’® Renal complications of acute kidney
injury, decreased renal perfusion, and interstitial nephritis are
also well reported, especially in dehydrated or CKD patients."”
Therapeutic doses of amantadine have been reported to cause
hepatotoxicity ranging from mild transaminase increase to
severe hepatotoxicity induced by the drug.*® Vulture pop-
ulations in Nepal, India, Bangladesh, and Pakistan have drop-
ped dramatically, and it's all because people eat dead animals
that were treated with DCF.'*** India was the first to ban both
the veterinary use and manufacture of DCF in 2006 to address
the environmental catastrophe. Later bans were then rolled out
in Nepal and Pakistan in 2008, and Bangladesh followed suit in
2010.>* Mechanistic pharmacology and modern drug-
development pipelines increasingly rely on computational
tools that capture complex pharmacological behavior beyond
simple target binding.**** Newer alternatives to DCF are in high
demand so that the unwanted effects can be reduced, and the
available alternative must possess maximum therapeutic effi-
ciency. It is in this context that it would be interesting to search
for other alternative compounds with selective therapeutic
effects and possessing greater safety. Our aim with this study is
to identify alternative compounds by structure modification
that may have a selective therapeutic mechanism of action and
safer profiles. Structural variation is a useful approach to
discover new lead compounds for drug development. It provides
the possibility to design compounds with better selectivity for
the target and fewer side effects, thus establishing a safer
treatment for both human as well as environmental health.* In
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Fig. 1 Structural details of DCF with Ry and R, positions.

the present study, quantum-chemical computations, thermo-
chemical profiling, spectral analysis, ADMET profile prediction,
PASS-based bioactivity estimation, and molecular docking and
dynamics simulations are employed to provide comprehensive
computational ligand fingerprinting for DCF. This unified in
silico framework enhances mechanistic understanding and
supports the translational relevance of DCF and its potential
analogs. A variety of functional groups were included in the core
structure at R; and R, in order to develop novel, improved drug
candidates that exhibit higher therapeutic efficacy with lower
side effects (Fig. S1 and Table S1). A total of 8 derivatives with
relatively better performance are mentioned here (Fig. 1).
Computational modelling suggests that such heterocyclic rings
modify the electronic distribution and steric assembly of the
DCF core. Incorporating heteroatoms (O, S, and N) enhances H-
bonding and molecular interactions with the COX enzyme,
potentially enhancing anti-inflammatory effects. In silico dock-
ing and ADMET prediction also suggest that such substitutions
can enhance lipophilicity, absorption, and metabolic stability.
Additionally, changes to R; and R, could prevent the generation
of toxic metabolites known for DCF toxicity. Thus, computa-
tionally designed DCF analogues that incorporate these
heterocycles may show enhanced binding affinity and better
pharmacokinetic properties, as well as potentially reduce the
toxicity.

2. Materials and methods

2.1. Geometry optimization

Computational approaches are increasingly utilized in the
pharmaceutical sector to enhance the understanding of inno-
vative drug features. As a result of computational approaches’
improved ability to predict the behavior of previously unknown
molecules, their adoption has skyrocketed in the pharmaceu-
tical industry. The drug development process often makes use
of computational techniques to predict the medicinal potential
of new chemicals. The source of DCF was PubChem (https://
pubchem.ncbi.nlm.nih.gov/), a web-based database of chem-
ical structures (PubChem CID: 3033). The optimization of DCF's
geometry and structural alteration, together with all quantum
chemical computations of the newly created analogs, were
carried out using Gaussian 16. Optimizing the geometry and
structural alteration of DCF and performing all computational
calculations of the newly discovered analogs were both
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accomplished using Gaussian 16. The Gabedit software was
utilized to analyze molecular dynamics and structural alter-
ations to ascertain a relatively robust and energetically favorable
conformation by employing the projected assisted model
building with energy refinement (AMBER) estimated value.
Molecular geometry optimization in the gas phase was accom-
plished by means of density functional theory (DFT), B3LYP,
and 6-31G+(d,p) as basis set. Through the use of time-
dependent density functional theory (TD-DFT), the electronic
transitions of these molecules were examined. The properties of
the frontier molecular orbitals were determined by calculating
the HOMO and LUMO, or the highest occupied and lowest
unoccupied molecular orbitals, respectively. The recognized
equations were used to determine the HOMO-LUMO energy
gap, hardness (1), softness (S), potentiality (u), electronegativity
(x), and electrophilicity (w).**

2.2. Molecular docking and interactions calculation

The crystal
cyclooxygenase-2 (prostaglandin-endoperoxide synthase-2, PDB
ID: 5IKR) was obtained from the RCSB Protein Data Bank
(https://www.rcsb.org/). Before docking, the crystallographic
water molecules, heteroatoms, co-crystallized ligands, and
superfluous chains were removed from the protein by employing
PyMOL (v1.7.4) and BIOVIA Discovery Studio 2021. By adding
missing hydrogen atoms and energy minimizing the structure
with Swiss-PdbViewer (v4.1.0), steric conflicts were eliminated
and geometry optimized. COX-2's active site was determined by
the binding pocket of DCF and other inhibitors, the co-
crystallized ligand coordinates, and previously published struc-
tural data. AutoDock Vina was used to dock geometry-optimized
DCF analogues into the improved COX-2 binding site, utilizing
the PyRx (v0.8) virtual screening interface. Flexible ligands were
allowed because the protein was a stiff macromolecule. A three-
dimensional grid box centered on the catalytic pocket encom-
passed the empirically identified active site (Fig. S5). The binding
cavity was covered with computationally efficient grid dimen-
sions. Multiple binding poses were generated for every single
ligand, and the conformation exhibiting the minimal predicted

three-dimensional structure of human

Table 1 ADMET prediction of some selected DCF analogs”
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interacting free energy (optimal Vina score) and appropriate
active site orientation was chosen for analysis. BIOVIA Discovery
Studio 2021 and PyMOL (v3.1) visualized COX-2's non-covalent
interactions with docked ligands. Hydrogen bonds, hydro-
phobic contacts, pi-pi stacking, cation-pi interactions, and other
intermolecular forces were examined in two-dimensional inter-
action diagrams and three-dimensional structural views to
determine binding determinants. The docking profiles were
cross-checked and visually evaluated to ensure that the ligands
occupied the canonical COX-2 channel and maintained chemi-
cally acceptable interactions. Docking and interaction profiles
were employed to compare DCF and its developed derivatives'
COX-2 active site binding.

2.3. Molecular dynamics (MD) simulation

Molecular dynamics (MD) simulations were performed for the
three primary analogues (DCF2, DCF4, and DCF6) alongside the
progenitor DCF, each in association with the protein structure
(PDB ID: 5IKR), utilizing YASARA Dynamics with the AMBER14
force field.** MD simulation has been performed for only 3 top
docking analogues (DCF2, DCF4, and DCF6), as well as the parent
DCF, which were selected based on their best docking score with
active-site key residues (Fig. 6 and Table S6) and reasonable
ADMET predicted data (Table 1). All these compounds showed
low docking scores during the docking study, which indicates
a higher probability for stable complex formation with the target
protein. A thorough cleaning and optimization of the docked
complexes was performed before simulation, ensuring that the H-
bonds were correctly oriented. The complexes were solubilized
utilizing the TIP3P water model through periodic boundary
conditions. The temperature was adjusted to 298 K, the pH to 7.4,
and the concentration of NaCl was adjusted to 0.9%. The steepest
gradient method was used to perform primary energy minimi-
zations in 5000 cycles using the simulated annealing tech-
niques.” The estimation of electrostatic interactions over long
distances was assessed using the Particle Mesh Ewald (PME)
method and a threshold radius of 8.0 A and a time period of 2 fs.?”
Over the course of 100 ns, the Berendsen thermostat maintained
a steady temperature and pressure for the simulations. Each

Absorption Distribution Metabolism Toxicity

Name BBB HIA C2P P-Gpl ROCT BBB P-GpI CYP2C9 inhibitor HER GI AMEST NC BD AOT

DCF 0.954 0.954 0.886 0.825 0.908 0.650 0.258 0.694 0.951 0.913 0.671 0.972 0.760
DCF1 0.975 0.990 0.681 0.894 0.889 0.484 0.660 0.876 0.981 0.899 0.735 1.000 0.631
DCF2 0.954 0.992 0.655 0.781 0.903 0.522 0.648 0.669 0.967 0.896 0.694 0.981 0.551
DCF3 0.957 0.989 0.677 0.815 0.908 0.522 0.648 0.709 0.989 0.833 0.702 0.991 0.669
DCF4 0.948 0.987 0.537 0.927 0.945 0.480 0.511 0.000 0.993 0.907 0.784 1.000 0.528
DCF5 0.994 0.975 0.574 0.655 0.665 0.750 0.640 0.949 0.881 0.636 0.786 1.000 0.609
DCF6 0.994 0.994 0.711 0.546 0.771 0.846 0.559 0.932 0.893 0.544 0.481 0.964 0.540
DCF7 0.992 0.992 0.669 0.739 0.746 0.831 0.668 0.866 0.928 0.735 0.732 0.978 0.507
DCF8 0.996 0.995 0.610 0.787 0.815 0.816 0.368 0.896 0.931 0.827 0.807 1.000 0.627

“ BBB = blood-brain barrier, HIA = human intestinal absorption, C2P = Caco-2 permeability, P-GpI = P-glycoprotein inhibitor, ROCT = renal
organic cation transporter, HERGI = human ether-a-go-go-related gene inhibition, AMEST = AMES toxicity, AOT = acute oral toxicity, NC =
non-carcinogenic, BD = biodegradation, AOT = acute CYP2C9Oral toxicity.
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system (DCF2, DCF4, and DCF6) was solvated in a periodic
simulation box with a minimum distance of 10 A between the
solute and the box boundary, ensuring sufficient solvent coverage
and minimizing artificial interactions across periodic bound-
aries. A single simulation run was conducted for each system.
Trajectories were recorded every 100 ps and subsequently
analyzed to evaluate root mean square deviations (RMSD),
hydrogen bonding, radius of gyration (R,), solvent-accessible
surface area (SASA), and root mean square fluctuations (RMSF).>

2.4. ADMET and PASS prediction

The drug's absorption, distribution, metabolism, excretion, and
toxicity (ADMET) profile has a significant impact on therapeutic
efficacy. ADMET characteristics of a compound are integral to
its pharmacological activity. Drug pharmacokinetics, which
comprises uptake or absorption into the bloodstream, distri-
bution to target tissues, metabolism, excretion or elimination,
and toxicity, all affect the therapeutic outcome. The producing
system used in all cases SMILES with other structured files. The
ADMET study, in particular, has a significant impact on a drug’s
availability and metabolism, its half-life as well as its level of
toxicity, and is therefore key to the optimal therapeutic effect.
The prediction of ADMET information relies on the AdmetSAR
server (https://Immd.ecust.edu.cn/admetsar1).?® The PASS
prediction server (https://www.way2drug.com/passonline/)
offers access to precise measurements concerning the
bioactivity range, aimed at identifying the characteristics of
bioactive compounds.*

3. Result and discussion

3.1. Thermodynamic analysis

Thermodynamic characteristics, including enthalpy, Gibbs free
energy change, and electronic energy of a chemical, are regarded
as dependable indicators of stability, reactivity, and interac-
tion.?** These parameters are a measure of the overall energy
balance for a molecule and indicate whether a chemical change
due to reaction is endothermic or exothermic. Stability, from the
thermodynamic point of view, is affected by structural alterations
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in terms of enthalpy and free energy.”® The enthalpy, dipole
moment, electrostatic potential, and binding energy may vary
significantly with slight structural variations of the molecule.*

Fig. 2a and Table S2 show the calculated Gibbs free energies
(Hartree) of DCF and its analogues. DCF has the maximum
energy (—1665.60 hartree), indicating the least thermodynami-
cally stable moiety. On the other hand, DCF2 (—2217.37 hartree)
and DCF3 (—2217.37 hartree) showed the most negative values
of Gibbs free energies, which are the highest among all calcu-
lated values, indicating them as significantly more stabilized
than DCF. The other analogues, DCF1 (—1874.52 hartree), DCF4
(—1910.45 hartree), DCF5 (—1799.28 hartree), DCF6 (—1819.15
hartree), and DCF8 (—1835.20 hartree), have intermediate
energy compared to that of the respective more stable coun-
terparts and tend to be highly stabilized due to structural
modification (Table S2). This indicates that most chemical
modifications do not seek to destabilize the DCF core, but in
fact, they usually diminish the total energy of the complex and
therefore increase its thermodynamic stability. All the struc-
turally modified DCF analogues exhibit reduced energy than
DCF due to the introduction of selective electron-donating or
withdrawing groups within the analogues, and thus indicate
enhanced chemical reactivity (Table S2).

The polarity and possible interaction profile of DCF and its
derivatives are further illuminated by the dipole moment
(Fig. 2b). The dipole moment of the parent DCF is comparatively
low (2.36 debye), indicating minimal overall polarity. Moderate
dipole moments in NSAIDs and related compounds result in the
desired balance of hydrophobic/electrostatic interactions at the
active site of the enzyme, thus assisting an efficient association
with optimal pharmacokinetic characteristics.*** In particular,
dipole moments of DCF2, DCF4, DCF6, DCF7, and DCF8 are all
larger than that of the parent drug (DCF) (Table S2), meaning
they could potentially interact more strongly with polar residues
in COX-2 or other off-target proteins to cause changes in potency
or selectivity. Moderate increases in polarity may enhance
dipole-dipole or ion-dipole interactions with polar residues in
the COX-2 active site or adjacent binding areas.”**' Simulta-
neously, these values remain within a range that likely maintains
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(a) Free energy, and (b) dipole moment of the DCF and its derivatives.
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sufficient lipophilicity for membrane penetration and systemic
dispersion. As a result, these derivatives may attain an improved
equilibrium among solubility, target affinity, and pharmacoki-
netic properties. On the contrary, the remarkably high dipole
moment of DCF5 (5.31 debye) indicates that it is highly polar.
Although this may improve aqueous solubility and facilitate
robust electrostatic interactions with polar amino acids, exces-
sive polarity could hinder passive diffusion across biological
membranes and consequently elevate metabolic clearance. Such
features may adversely impact bioavailability, despite promising
interaction potential at the protein level.**** DCF1 and DCF3 are
the least polar amongst all other molecules (a dipole moment of
2.15 and 1.68 debye, respectively). Thermochemical investigation
reveals that, when compared with DCF, most of the new deriva-
tives exhibit higher thermodynamic stability and modified
polarity profiles. Reduced polarity may increase membrane
permeability but can diminish electrostatic interactions with
polar residues in protein binding sites. DCF2, DCF7, and DCF8
may be considered for the promising candidates, integrating the
significant energy stabilization, having medium dipole
moments, and thus exhibiting the improved docking score as
well as the ADMET profile.>>*

The total heat content of any molecule is represented by
enthalpy, which is also related to the bond strength and the

View Article Online
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overall stability of any molecule.*® Usually, compounds with
lower enthalpy values correspond to more stable compounds.
DCF (—1665.53 hartree) and all of its derivatives possess nega-
tive enthalpy values, indicating that these compounds release
energy when they combine with others (Table S2). Among the
derivatives, DCF2 and DCF3 possess the lowest enthalpy of
—2217.29 and —2217.30 hartree, respectively. DCF1, DCFS5,
DCF6, and DCF8 have the higher enthalpy values of —1874.45,
—1799.20, —1819.08, and —1835.12 hartree, respectively.
Therefore, DCF2 and DCF3 are thermodynamically favored and
exhibit greater thermodynamic stability with the lowest values
in both Gibbs free energy and enthalpy.

3.2. Frontier molecular orbital analysis

The frontier molecular orbitals (FMOs) indicate the reactivity
and kinetic stability of any molecule based on the energy
difference between HOMO and LUMO, which reveals the charge
transfer, excitation, and intermolecular interaction.** Koop-
man's theorem and the concept of conceptual DFT imply that
the energy level of HOMO is approximately relevant to the
ionization potential (affinity for removing electrons) and LUMO
with electron affinity (affinity for absorbing electrons). The
minor energy gap correlates with significant chemical reactivity
and elevated kinetic stability, or hardness, which typically
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(@) HOMO-LUMO energy gap, (b) softness, and (c) DOS plot of DCF and its derivatives.
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associates with a greater energy gap when overlapping with
a higher energy gap.’” DCF has HOMO and LUMO values of
—5.94 eV and —1.09 eV, with a bandgap energy of 4.85 eV,
respectively (Fig. 3a, S2 and Table S3). On the other hand, DCF3
possesses a much smaller energy gap of around 2.51 eV (LUMO
= —3.25 eV, HOMO = -5.76 €V), demonstrating that the
stability state predicted for its LUMO is possibly a result of
further m-conjugation and powerful electron-donating substit-
uents. The energy gaps of the derivatives (DCF6 = 3.51 eV and
DCF7 = 3.94 eV) have significantly lower values compared to
DCF, indicating enhanced softness and polarizability. Under
ideal structural and stereochemical conditions, DCF3, DCF6,
and DCF7 are expected to exhibit improved reactivity or target
engagement due to the mechanistic relationship between
a narrower HOMO-LUMO gap and increased chemical reac-
tivity, as well as the possibility of intermolecular charge trans-
fer. On the other hand, for larger energy gap derivatives (DCF1 =
4.51 eV, DCF4 = 4.47 eV, and DCF5 = 4.77 eV), better kinetic
stability or less off-target reactivity could be offered.

Chemical softness denotes the facilitation of charge transfer
within a molecule and acts as an indicator of molecular reac-
tivity and polarizability; more softness correlates with a greater
propensity for the molecule to modify its electronic cloud in
response to external disturbances.®® The chemical softness
values of DCF and its derivatives vary significantly, ranging from
approximately 0.20 eV to 0.40 eV, which is a result of electronic
changes in the modified structures (Fig. 3b). The softness value
of the DCF is approximately 0.20 eV, which indicates that it is
moderately reactive, chemically and thermodynamically stable.
Among all the derivatives, DCF3 exhibits the most chemical
softness, with a value of around 0.40 eV, which is in line with its
lowest HOMO-LUMO energy gap of 2.51 eV. DCF3 exhibits
superior polarizability and reactivity, and is effective for inter-
molecular charge transfer as well as increased biological
activity. Due to structural modification, DCF3 may insert strong
substituent groups or remove electrons, which results in
enhanced softness and reduced energy gaps.** DCF4 and DCF5,
on the other hand, are comparably slightly less soft (0.22 eV and
0.21 eV), which is in line with their wider energy gaps (4.47 and
4.77 eV). This is indicative of higher chemical hardness and,
thereby, greater molecular stability. In addition, DCF6 is very

DCF (£ 5.843 e2)

Fig. 4 MEP map of DCF and some of its derivatives.
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soft (0.28 eV) and has a further lower-lying gap of 3.51 €V,
balancing reactivity and stability. DCF3 and DCF6 are more
flexible than others, suggesting that they would have a corre-
sponding better ability to transfer electronelectrons, which
should make stronger binding between them and biological
macromolecules such as the COX-2 binding pocket. Such
a result is consistent with other computer-aided drug design
(CADD) studies on the DCF derivatives.>*?” The DOS plot illus-
trates the distribution of electronic states at different energies
and is plotted near the Fermi level (Fig. 3c). DCF, DCF3, and
DCF5 demonstrate the direct influence of the other orbital
contributions on electronic transitions and charge mobilities in
these molecules. With reduced electrical mobility and a smaller
DOS in the low-energy region, DCF5 exhibits decreased reac-
tivity. The similarity of the density of states between DCF and
DCF5 also emphasizes their similar electronic hardness, which
ensures long-term stability.

3.3. Molecular electrostatic potential

Charge distribution changes caused by various functional
groups and substituents have been shown using molecular
electrostatic potential (MEP) maps of DCF and its derivatives,
thereby predicting how electron-donating and electron-
withdrawing groups could modify reactivity and potential
interactions with biological targets (Fig. 4 and S3).

DCF has a charge density of +5.843 x 10 > and has both
a carboxyl group (-COOH) and an amine group (-NH,). The
carboxyl group pulls all the electrons in the molecule toward
itself because it attracts them. This makes the region around
the oxygen atoms exceedingly negative. Because this structure
has a negative charge, DCF is a nucleophile and a good
hydrogen bond acceptor. The amine group sends out electrons,
which generates a positive potential around the hydrogen
atoms. The electron density around the DCF1, DCF2, DCF5, and
DCF6 molecules varies a lot based on the groups that are
attached to them (Fig. 4 and S3).

There are halogen atoms (CI) or sulfonyl groups (-NH,) in
DCF5 and DCF6. The molecule gives electrons to both groups.
These substituents also make the MEP map show more negative
potential values by reducing the electron density around the

I t+ Ve

DCF6 (£ 4.412e2)
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carboxyl group. The MEP map reveals that DCF1 and DCF2,
which have groups that give electrons like methoxy or alkyl,
have a less negative potential. These groups provide the mole-
cule electrons, which makes it more stable by making the area
around the amine and hydroxyl groups more dense with elec-
trons. They also add more sections that are neutral or slightly
negative to the DCF, which makes it less lacking in electrons.

3.4. FT-IR spectral analysis

This study conducted spectral characterization, which was
subsequently compared with the experimental data of the
parent drug DCF (Table S4). In this study, the FT-IR spectral
vibrational frequencies are computed within the 500-4000 cm !
range to validate the presence of the desired functional groups
for DCF and its analogues (Fig. 5a and S4). The data were
subsequently corrected by applying a scale factor of 0.9688 to
enhance accuracy (Table S4). Asymmetrical stretching of
aromatic C-H bonds is detected from 3065 cm ™! to 3098 cm ™%,
whereas from 3000 cm ™" to 3100 cm " in experimental FT-IR. In
experimental FT-IR, the N-H bond was shown to stretch at
3346 cm™ ' to 3584 cm ', and in experimental FT-IR, it was
3300-3500 cm ™. Furthermore, stretching of aromatic C=C is
observed at 1550 cm ™ * to 1597 cm ', whereas 1450 cm ™ to
1600 cm ! in experimental data and 1653 cm ™ * to 1762 cm ™ *
frequency is indicated for C=0, which is in good agreement
with real data 1690 cm ™" to 1720 cm™ ' as shown in Fig. 5a. The
difference in the stretching frequency position for each was
discovered regarding the structural modification of the DCF at
different sites employing distinct functional groups in addition,
the aromatic C=C stretching is detected between 1550 and
1597 cm ™', whereas the experimental data shows a range of
1450 to 1600 cm ™" and a range of 1653 to 1762 cm™ ' for C=0,
which roughly corresponds to the range of 1690 to 1720 cm ™"
shown in Fig. 5a. Various functional groups were used to modify
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the DCF structurally at different places, and it was found that
the stretching frequency position varied for each case.

3.5. UV-visible spectral analysis

Fig. 5b shows the UV-visible spectra of DCF and its derivatives,
which enable us to comprehend the electronic transitions and
conjugation effects in the surrounding molecular orbitals. The
DCF also exhibits a strong absorption band at 284 nm (excita-
tion energy = 4.35 eV), originating from 7 — 7* transitions of
its aromatic ring system and n — 7* transitions localized on
the carbonylic carbonyl group (Table S5). This peak at 284 nm is
a signature feature of DCF, and the change from the ground
state (So) to the first stimulated state (S,) is reflected in it,
associated with the HOMO — LUMO (H — L) transition,
contributing 82.90% to the transition with an oscillator
strength of 0.0499.

The intensity of the molecular interaction driving the tran-
sition is reflected in this percentage of configuration. This H
— L transition clearly demonstrates that DCF has a robust
electronic structure capable of readily absorbing UV light at
284 nm, which is significant for its UV-Vis characterization,
since it occurs frequently. Derivatives' shifting absorption
maxima reveal how their electrical properties are impacted by
structural alterations.*® For the H — L transition, DCF1 exhibits
a configuration percentage of 90.14%, a redshift of 795 nm, and
an excitation energy of 1.56 eV (Table S5). But compared to DCF,
its oscillator strength is smaller at 0.0173. Similarly, for the H
— L transition, DCF2 (472 nm) and DCF3 (342 nm) exhibit
configuration percentages of 97.35% and 97.31%, respectively,
with oscillator strengths of 0.0038 and 0.4817, respectively.
Because of its structural alteration, DCF3 exhibits the strongest
electronic excitation of the derivatives, as evidenced by its high
intensity. Substituents that remove electrons or give them
resonance cause the red-shifted readings in DCF1 (795 nm) and
DCF2 (472 nm) to indicate that m-conjugation persists for
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Fig. 5 (a) FT-IR and (b) UV-Vis spectra of DCF and its derivatives.
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a longer period and that the HOMO-LUMO energy gaps
decrease. In addition, DCF4 (329 nm), DCF5 (411 nm), and
DCF6 (428 nm) all exhibit robust H — L transitions associated
with varying excitation energies and oscillator intensities.
Despite having smaller oscillator strengths, DCF4, DCF5, and
DCF6 all show robust H — L transitions with configuration
percentages of 96.87%, 88.36%, and 97.79%, respectively.
Despite the weaker oscillator powers, all of these exhibit
significant H — L transitions. DCF3 and DCF4 only show
modest red shifts in comparison to the DCF, indicating weaker
substituent effects or a limited conjugation extension. Relative
intensities and peak broadening across the sequence also show
variations in electron cloud movement and oscillator strength.
DCF7, with a contribution of 94.42%, also exhibits a strong H
— L transition, but the slight decrease compared to DCF8
indicates that its structural modifications may have caused
a less favorable electronic configuration or a more localized
transition. The oscillator strength of DCF7 (0.0816) is higher
than that of DCF8 (0.0004), further suggesting that while the
electronic excitation is strong in DCF7, the efficiency of the
transition in DCF8 is more pronounced due to a larger contri-
bution of the H — L transition.

3.6. Molecular docking: binding affinity and analysis of
nonbonding interactions

Molecular docking constitutes a fundamental technique within
the discipline of CADD, facilitating the prediction of binding
preference and the chemical interactions occurring between
a ligand (drug) and its corresponding receptor proteins.*** This
structure-based technique facilitates the computational inves-
tigation of compounds and is instrumental in defining the
spatial positioning, orientations, and conformations of ligand
three-dimensional structures within macromolecules.”® In
molecular docking, the greater negative value signifies stronger
binding between proteins and receptors.”® In our study, DCF
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Fig. 6 Binding affinity of DCF and its derivatives with COX2a. (PDB ID:
5KIR), representing potential for targeted inhibition.

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

and all of its analogues have shown strong binding with 5IKR
(Fig. 6 and Table S7). Although all of the analogues exhibited
higher binding affinities, DCF's is —6.6 kcal mol . DCF3 shows
the most significant at —7.5 kcal mol ', followed by DCF2 at
—7.3 kecal mol™*, DCF1 at —7.1 kcal mol™', DCF2 at
—7.3 kecal mol™, DCF7 at —7.3 kcal mol™, and DCF8 at
—7.2 kecal mol™'. DCF4 and DCF5 had a slightly reduced
binding affinity of —7.0 keal mol~" and 6.9 kcal mol . Although
the highest binding score was reported by DCF3, which is
—7.5 keal mol ™%, its binding site was different compared to DCF
and its other derivatives. Comparing DCF3, it appears that
structural and physicochemical modifications resulted in
a distinct binding pocket. Steric strain from bulkier substitu-
ents may prevent the molecule from fitting into the narrow COX
catalytic channel, where DCF generally interacts. Moreover,
larger molecular sizes or extra functional groups may introduce
more H-bonds or hydrophobic interactions in the protein's
alternate cavities. Additionally, polarity or electronic distribu-
tion alterations may increase affinity for residues outside the
conventional active site. There may be limits to molecular
docking, such as the rigid protein assumption, which might
lead to larger or different ligands being steered to energetically
favorable non-catalytic locations. All of these considerations
can explain why DCF3 may have a lower docking score, even if it
binds in a different pocket.

Both the H-bond donor (shown by pink) and the H-bond
acceptor (represented by green) rely on the H-bond in
nonbonding interactions (Fig. 7). H-bonds formation, as well as
C-H bonds, and hydrophobic bonds stabilize the docking
structure, and these non-covalent interactions influence the
binding affinity and overall drug effectiveness.”® The dimen-
sions (Angstrom) of the grid box for site-specific docking in
PyRx are X: 76.15, Y: 60.46, and Z: 64.03, respectively (Fig. S5).
An increase in the binding affinity of ligands and receptors may
be caused by H-bonding at a position less than 2.3 A.”” Common
amino acid residues that interact with most of the variants are
ARG120, TYR115, VAL89, ILE112, and LEU93.

These interactions mostly demonstrated the existence of
typical H-bonds, m-m T-shaped contacts, and m-alkyl interac-
tions (Table S6). The majority of the analogues established
typical H-bonds with amino acid residues, including ARG120,
TYR355, THR212, GLU465, SER119, and GLY135, with bond
distances ranging between 2.1 and 2.9 A. A typical H-bond
consists of a hydrogen atom covalently bonded to a strongly
electronegative donor atom, accompanied by an electrostatic
interaction with an acceptor atom. They are considered primary
stabilizing forces for protein-ligand complexes with strong
binding affinity.** Almost all analogues formed Pi-alkyl bonds,
and some of them were treated with VAL89, ILE112, VAL291,
PRO153, and LEU93, which contribute to enhancing the
stability and improving the hydrophobic interactions of the
ligand (drug) in the active site of the receptor.*> Additionally,
carbon-hydrogen bonds, m-cations, m-anions, and w-sigma
bonds were observed in some compounds.

Despite DCF3 having quantum-chemical characteristics that
are extremely beneficial in terms of thermodynamic stability,
lower HOMO-LUMO gap, and higher softness, this data does
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Fig. 7 DCF's receptor protein active sites selected by superimposed docked conformers, nonbonding interactions, and H-bond surface area

with receptor protein (5IKR).

not directly imply biological significance. Notably, DCF3
accommodates a non-conventional binding mode, suggesting
that it would not be the best candidate for a classical COX-2
inhibitor. In comparison, DCF2, DCF4, and DCF6 show more
stable binding in the canonical active site with less toxicity as
well as better molecular dynamics behavior and reasonable
ADMET profiles. Therefore, these compounds are considered
more suitable candidates for further development despite the
comparatively superior intrinsic electronic properties of DCF3.
Such non-canonical binding may lead to reduced potency in
relevant functional assays, where the classic active site is an
important aspect for the intended therapeutic effect. DCF3
binds to off-targets or pocket which are discordant with the
canonical enzymatic function, leading to loss of COX-2 inhibi-
tory effect or diminished drug modulation of inflammatory
pathways. Moreover, this binding could potentially enhance the
potential for off-target effects due to DCF3's ability to bind
undesired enzymes or receptors that possess analogous moie-
ties, similar to how antidepressants do. Additionally, binding in
a non-canonical pocket could impact the pharmacokinetic
properties of DCF3, including absorption, distribution, metab-
olism, and excretion (ADME). This altered binding may change
the drug's solubility, bioavailability, and target tissue penetra-
tion. Specifically, changes in binding might impact the metab-
olism of DCF3 or its ability to traverse the BBB, with potential
effects on CNS side effects.

3.7. Molecular dynamics simulation

To validate the docking poses as well as assess the dynamic
stability of the complexes, 100 ns all-atom MD simulations were
conducted with 5IKR involving the parent drug DCF and its top
three analogs (DCF2, DCF4, and DCF6). The trajectories were
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examined using the following metrics: RMSD, RMSF, Ry, total
number of intermolecular H-bonds (Fig. 8a-d) and (SASA)
(Fig. S6).

The RMSD profiles of all four complexes (DCF, DCF2, DCF4,
and DCF6) swiftly converged during the initial few nanosec-
onds, and subsequently oscillated within a limited range
throughout the duration of the simulation (Fig. 8a). The highest
and smallest RMSD values for DCF, DCF2, DCF4, and DCF6 are
2.478 A, 2.907 A, 2.185 A, 2.738 A and 0.408 A, 0.374 A, 0.403 A,
and 0.38 A, respectively. The complexes primarily oscillated
between 1.2 and 2.5 A following initial equilibration, suggesting
that there was no notable structural drift or unfolding of 5IKR
over the 100 ns dynamic simulation period. The mean RMSD
values for the DCF, DCF2, DCF4, and DCF6 complexes were 1.78
+ 0.320, 1.901 + 0.319, 1.573 £ 0.263, and 1.759 + 0.292. For
DCF2, the RMSD slightly increases at approximately 10 ns and
90 ns, while for DCF6, it reaches values close to 3.0 A at
approximately 40 ns and 90 ns. However, this change was
a transitory one and produced no enduring effect on the
molecule’'s conformation. The plateau of RMSD is steady, which
suggests that the four ligands held their initial binding poses in
5IKR. The complexes' RMSF results show the flexibility of the
amino acid residues. The per-residue RMSF was highly
comparable between complexes, and even in the case of the
different types of simulated complexes. The findings indicate
that all four analogs stayed stable in the original binding sites
as no alteration was observed during 100 ns MD simulations.
The residue-specific RMSF (Fig. 8b) demonstrates that most
amino acids deviate only a small fraction, as expected for a well-
folded and stiff protein core. Especially, the RMSF values of
flexible and solvent-exposed loops and terminal segments are
high. The smaller RMSF values of DCF6 compared with DCF
reflect a more stable protein structure in the complex. The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Molecular dynamics simulation of the top four DCF-5IKR
complexes over 100 ns in terms of (a) RMSD, (b) RMSF, (c) Ry, and (d)
total number of H-bonds.

presence of a ligand is manifested in an R, value and the extent
of complex mobility. More conformational stability is suggested
by a lower R, value, whereas more flexibility is indicated by
a higher R, value. DCF showed the minimum R, value, and in
specific amino acid residues, DCF4 and DCF6 also had lower R,
values, suggesting that all of the analogues formed a tight and
stiff complex with 5IKR (Fig. 8c). An additional analysis was

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

conducted utilizing the amount of intermolecular bonds
produced in the complexes to further improve comprehension
of structural stability.

The stability of protein structures is dependent on hydrogen
bonding. The average number of hydrogen bonds detected in
5IKR and its complexes with DCF, DCF2, DCF4, and DCF6 was
437.93, 439.92, 439.88, and 442.38, respectively (Fig. 8d). The
5IKR-DCF complex had the fewest hydrogen bonds, while the
5IKR-DCF2 complex had the maximum number. A change in
the extent of the surface of the protein complexes was measured
using the SASA. Higher SASA values suggest an expansion in
protein volume, whereas lower SASA values correspond to
a truncated protein conformation. (Fig. S6) indicates that all
four complexes had stable SASA profiles, but the higher SASA
values of DCF6 might be the reason behind the expansion of
their surface area, likely resulting from structural folding or
unfolding transitions during the simulation. The MD simula-
tion results demonstrate that DCF and its three selected analogs
form dynamically stable complexes with 5IKR. The limited
RMSD and RMSF values, nearly constant R, and SASA profiles,
and preserved H-bond network collectively indicate that the
ligand interaction does not disrupt the overall conformation of
5IKR, and the docked postures maintain stability across the 100
ns timescale. Among these, the behavior of DCF6 is in good
agreement with its favorable binding free energy, supporting its
designation as a highly prospective option, DCF-based deriva-
tives for further optimization and experimental validation.

3.8. ADMET analysis

A combined in silico evaluation of ADMET properties was per-
formed to predict the pharmacokinetics and safety of DCF and
its selected analogs (DCF1-DCF8) (Table 1). Such computa-
tional estimates prove to be essential during the initial stages of
drug development because they help to determine, before
evaluation of in vitro or in vivo validation on the compound,
whether it has good absorption, metabolic stability, and low
toxicity.*® The potential of oral bioavailability was also quanti-
fied by testing the following aspects of absorption: blood-brain
barrier permeability (BBB), human intestinal absorption (HIA),
Caco-2 permeability (C2P), P-glycoprotein inhibition (P-Gpl),
and renal organic cation Transporter (ROCT). In ADMET
prediction, the threshold is considered to be 1.00 for all the
indices/parameters mentioned in Table 1.

The BBB permeability values (0.948-0.996) of all drugs were
large, and as a result, indicated that they had the potential to
reach the CNS. While this can enhance the therapeutic effect in
treating CNS inflammation, it also raises the risk of central
nervous system adverse effects, such as dizziness, sedation,
cognitive impairment, seizures, or even neurotoxicity. There-
fore, clinical care is essential to monitor and mitigate these
potential risks while maximizing the therapeutic benefits. The
HIA values (0.954-0.995) of all the analogs in the case of oral
dose were extremely high, which implies that they are absorbed
by intestinal epithelia. In the range of C2P (0.537 to 0.886),
moderate to high values of membrane permeability are
observed. C2P of DCF and DCF8 was most effective, and this
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implies that they were transported to the intestinal lumen with
ease. Most of the analogs inhibit P-glycoprotein significantly,
especially in DCF4 and DCF5, as it is shown by 0.546-0.927 of P-
Gpl. The ROCT values varied from 0.665 to 0.945, signifying that
the analogs are effectively excreted by the kidney with minimal
accumulation, which would not result in significant renal
cation transport. The capability to cross the BBB has an impact
on the overall distribution systemically, as well as the possible
central effects. It might also be possible that benzoic acid
analogs (DCF5, DCF6, and DCF8) contain their central as well as
peripheral pharmacological effects, and those with a slightly
lower BBB value (DCF4 and DCF1) have a more balanced
distribution. Toxicity-related measures (HERGI, AMEST, NC,
BD, and AOT) provide insight into the safety and tolerability of
the drugs. The lack of cardiac arrhythmia was proven by the
high safety margins (0.881-0.993) in all the analogs of the HERG
inhibition, which is an indicator of the possible cardiotoxicity
by potassium ion channel blockage. Among the Ames test
probabilities (0.518-0.913), it was discovered that most of the
substances are not mutagenic, suggesting that they are geneti-
cally safe. All analogs had low carcinogenicity possibilities, with
sufficient non-carcinogenic (NC) possibilities (0.481-0.807).

All of the analogs showed promising results in terms of
biodegradability (BD), with values ranging from 0.964 to 1.000.
This suggests they are well metabolized in the body and are
unlikely to persist in the environment. Biodegradability,
a crucial predictor for sustainable pharmacology, is the ability
of such compounds to biodegrade, and thus, they are probably
less likely to accumulate in tissues or ecosystems. The value of
acute oral toxicity (AOT) of 0.507 to 0.760 reveals mild to
moderate toxicity. Compared with the parent drug DCF (0.760),
DCF analogs DCF4 (0.528), DCF5 (0.609), and DCF6 (0.540)
exhibited lower AOT values, indicating improved oral safety and
tolerability.

3.9. PASS prediction and drug likeness

The biological importances of DCF and its structurally modified
derivatives are evaluated probabilistically by the prediction of
activity spectra for substances (PASS) findings. The values of Pa
(probability “to be active”) and Pi (probability “to be inactive”)
reflect the chance that a chemical exhibits a given

Table 2 Prediction of biological activities of DCF using PASS®
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pharmacological or toxicological action.*”** Pa > 0.5 generally
indicates a rather high likelihood of experimentally detecting
the anticipated actions.** DCF showed strong antipyretic
(0.827), anti-inflammatory (0.791), and analgesic (0.501) effects
among its pharmacological endpoints (Table 2). These reflect
the well-documented therapeutic profile of DCF as a powerful
NSAID in clinical trials. Although there were some variations,
the majority of derivatives maintained these fundamental
activities. DCF3 has the strongest anti-inflammatory potential
(0.757) and the highest antipyretic activity (0.868), suggesting
that its structural modification may enhance NSAID-like bio-
logical actions. The anti-inflammatory effects of DCF1, DCF2,
and DCF7 were moderate to high (Pa: 0.665-0.739), indicating
that changes at specific functional groups maintained the
inhibitory action of COX. At the same time, alterations
impacting ligand-protein interactions are likely responsible for
the decrease in antipyretic activity, as indicated by the decrease
in antipyretic predictions for DCF4, DCF5, and DCF6 (Pa: 0.344-
0.387). PASS also predicted a few toxicology endpoints, which
are important for the assessment of the drug safety profile. Pa-
values of DCF were extremely high for GH (0.966), HT (0.841),
UC (0.876), NT (0.650), and HP (0.886). The generation of
reactive metabolites, impaired prostaglandin biosynthesis, and
inactivation of COX-2 have all been described as DCF-related
toxicological threats. The probability of ulceration as well as
hepatotoxicity is higher for DCF2, DCF4, and DCF6, with values
ranging from (Pa = 0.626 to 0.861) and (Pa = 0.347 to 0.773),
implying that these changes may reduce its major dose-limiting
side effects.

However, DCF6 and DCF7 exhibited a modest decrease in
hepatotoxicity and ulcerogenic activity, indicating that specific
structural changes may ameliorate toxicity to some extent.
Toxicological outcomes, including gastrointestinal hemorrhage
(0.669) and ulceration (0.412), were substantially less likely in
DCF8, where multiple actions were not anticipated. It appears
that the toxicity profile could be less hazardous; however, there
are several structural novelty predictions that were not consid-
ered in the PASS preparation.

Drug-likeness is an important indicator for evaluating the
pharmaceutical candidacy of DCF and its analogues.*”»**** Oral
bioavailability, solubility, and permeability of the compounds
are evaluated by several properties, such as Lipinski, Ghose,

Name AP Al ()] AG GH AA AS HT ucC NT HP

DCF 0.827 0.791 0.636 0.559 0.966 0.526 0.501 0.841 0.876 0.650 0.886
DCF1 0.607 0.716 0.344 0.196 0.916 0.457 0.338 0.722 0.715 0.319 0.740
DCF2 0.796 0.739 0.338 0.249 0.883 0.406 0.358 0.773 0.861 0.613 0.799
DCF3 0.868 0.757 0.354 0.394 0.947 0.522 0.483 0.752 0.932 0.613 0.855
DCF4 0.387 0.589 0.257 0.278 0.834 0.612 0.222 0.347 0.779 0.295 0.506
DCF5 0.387 0.589 0.257 0.278 0.834 0.612 0.222 0.347 0.779 — 0.506
DCF6 0.344 0.665 0.296 0.178 0.748 0.243 0.293 0.485 0.626 0.383 0.661
DCF7 0.485 0.677 0.304 0.392 0.846 0.296 0.279 0.717 0.505 0.596 0.845
DCF8 — 0.779 — 0.257 0.669 — 0.568 0.281 0.412 0.394 0.281

“ AP = antipyretic, AI = anti-inflammatory, OI = omptin inhibitor, AG = anesthetic general, GH = gastrointestinal hemorrhage, AA = antiarthritic,
AS = analgesic, HT = hepatotoxic, UC = ulceration, NT = nephrotoxic, HP = hepatitis.
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Veber, Egan, and Muegge rules.**>* The bio-availability score
(BAS), number of hydrogen bond donors (NHD), and the
number of hydrogen bond acceptors (NHA) are also used to
assess the overall drug-likeness. With respect to DCF, as shown
in Y (yes) for each of the Lipinski, Ghose, Veber, Egan, and
Muegge rules, a BAS value equal to 0.85 is also reported, indi-
cating CDF has good oral bioavailability (Table S8). NHD and
NHA are 2, which fall within an optimal region, indicating DCF
has a reasonable combined lipophilic/hydrophilic profile for
oral drug absorption. In the analogues, DCF1 and DCF2 have
drug-likeness similar to DCF, having no number of rule viola-
tions according to Lipinski and Ghose indicating that these
obeyed prime rules for the drug-like properties for oral
bioavailability. However, DCF1 and DCF2 have slightly
decreased BAS (0.55) and more HB donors (3), which could
cause their higher hydrophilic nature and potentially lower cell
permeability than those of DCF. In contrast, DCF3, DCF4,
DCF5, and DCF6 break certain rules, especially the Veber,
Ghose, and Egan ruling. The infringements are expressed in the
BAS values 0.55-0.56, thereby suggesting that these derivatives
may have lower bioavailability. Moreover, for some of these
analogs, the hydrogen donor number rises to 3-4, which can
lead to a change in membrane permeation and ability to cross
the lipid bilayer. There may be a correlation between BAS in
DCF5 and its low permeability and poor oral bioavailability
because of the high number of H-bond donors (1). Apart from
that, DCF?7 is part of a different dataset class with a BAS of 0.55,
which goes against Lipinski and Egan's guidelines. This
suggests that DCF7 might have low solubility and permeability,
even while it retains an acceptable amount of hydrogen bond
acceptors (1).

Radar images comparing DCF and its variations based on
their similarity in chemical and physical features are shown in
Fig. S7. These characteristics are summarized as follows in six
important ways: lipophilicity, flexibility, size, polarity,
saturation, and insolubility. The similarities and differences
between these substances, in terms of molecular structure and
medicinal efficacy, are shown by the radar plot. The DCF profile
is well-balanced, and the parameters, particularly LIPO and
polarity, undergo small adjustments. Its ability to enter cells
and interact with their targets may be a result of these charac-
teristics. The similarity in their profiles suggests that DCF1 and
DCF2 likely have similar molecular actions that are not heavily
dependent on their stiffness or hydrophobicity. Differentiating
DCF1 and DCF2 is as simple as looking at the polarity-
dependent peak locations and the lengths of the various
phase areas. There is more FLEX in DCF3 and less LIPO in
DCF4, compared to DCF. Their solubility and ability to cross cell
membranes are both impacted by this, which could make
absorption more of a challenge. Being smaller and having
a much lower LIPO makes DCF5 more hydrophilic. The drug's
distribution and absorption may be affected, making it more
difficult to receive when given orally. Without DCF, none of
them had a higher LIPO. They may disintegrate differently
depending on this property, which in turn affects their ability to
penetrate tissues and interact with biological membranes.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.10. pICs;, studies

For the pICs, studies, QSAR methods are used to estimate key
properties for the biological and pharmacological activity of
new compounds.®*® These procedures rely upon multivariate
quantitative mathematical approaches, where a complex rela-
tionship is established between independent molecular
descriptors and pICs, values (as the dependent variable that
stands for compound biological potency). The independent
descriptors include Chiv5, bcutm1, MRVSA9, MRVSA6,
PEOEVSA5, GATSv4, ] and Diametert.”” These descriptors are
derived from the physicochemical and morphological charac-
teristics of the compound (molecular size, shape, and electronic
distribution), which have been shown to play a critical role in
a compound's biological effectiveness.

pICs, values of DCF and its derivatives are presented in Fig. 9
and Table S9, with the pICs, value of DCF (3.93) much lower
than that of its derivatives. The typical range for pICs, values of
drugs is from 4.0 to 10.0.® The derivatives DCF1-DCF8 show
pICso from 4.24 to 4.35. This suggests that these derivatives have
a stronger binding affinity or activity than DCF.

In conclusion, DCF7 (pICs, = 4.35) has the highest pICs,
value for all its analogs, and the lowest ones are shown for
DCF4, DCF5, and DCF6 with values of 4.24, respectively. Hence,
DCF is the only derivative for which pICs, values do not cover all
of the standard range. This suggests that the structural changes
of DCF derivatives are ascribed to enhanced biological activity,
which may contribute to the potency of this compound.

4. Conclusion

An in-depth in silico analysis of DCF and eight new designed
derivatives, as well as their electronic properties, thermody-
namic stability, binding characteristics, and pharmacokinetic
suitability, is analyzed. The thermodynamic profiles of the
derivatives indicated that most metabolites have total electronic
energies lower than those found for the parent drug (DCF), thus
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indicating improved stability. Derivatives DCF2, DCF3, and
DCF8 showed observing stabilization of atomic charge, while
modest changes in the dipole moments for some analogs
suggest an increased polarity and stronger interactions with
other biological targets. The FMO analysis demonstrated that
both DCF3 and DCF6 possess lower HOMO-LUMO energy gaps,
chemical softness, and sensitivity than the other analogues,
which suggests the former's higher reactivity and polarizability.
These results were further supported by UV-visible absorption
spectral red shifts and DOS analyses, suggesting increased
conjugation length and better ability of charge transfer. All
analogues still had their main groups intact, as verified by FT-IR
analyses. The molecular docking studies with COX-2 demon-
strated that all the analogs compared to DCF showed relatively
good affinity. The binding profile of DCF6 indeed appeared
most favorable, and subsequent 100 ns MD simulations
confirmed stable protein-ligand complexes. ADMET analysis
also exhibited high intestinal absorption, efficient renal elimi-
nation, and promising BBB permeability, together with low
acute oral toxicity by DCF4, DCF5, and to a lesser extent by
DCF6. PASS prediction supported retaining core NSAID prop-
erties and minimizing hepatotoxicity and ulcerogenic risk
profile for specific derivatives. The findings indicate that the
selective structural modification of DCF may enhance stability,
COX-2 affinity, and anticipated safety. Though DCF3 demon-
strates superior intrinsic electronic stability and reactivity, its
alternate binding mode likely prevents it from functioning as
a classical COX-2 inhibitor. Consequently, DCF2, DCF4, and
DCF6 are the most promising analogues requiring further
experimental validation through in vitro, in vivo, and pharma-
cological studies.
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