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ABSTRACT:

Introduction: Wound healing is a dynamic biological process responsible for repairing tissue damage
and maintaining physiological balance. Modern wound dressings increasingly focus on multifunctional
nanofibrous systems that are capable of delivering therapeutic strategies for accelerating tissue
regeneration. Incorporating bioactive molecules such as small metabolites, lipid mediators, and amino
acids into these polymeric nanofibers has emerged as a promising strategy to enhance angiogenesis,
cell proliferation, and matrix remodeling key determinants of efficient wound regeneration.

Objective: The present study aims to evaluate, through in silico molecular docking, the potential of
various small metabolites, lipid mediators, and amino acid derivatives incorporated into polymeric
nanofibers composed of polyvinyl alcohol (PVA), pectin, and sodium carboxymethyl cellulose (Na-
CMC), crosslinked with fumaric acid.

Methods: Polymeric nanofibers prepared using distilled water were treated as binding “targets” for
molecular docking. Selected ligands included small metabolites (lactic acid, uric acid, polyamines—
putrescine, spermidine, spermine) Lipid mediators (PGE2, PGF2a, LTB4, LTC4, LPC, S1P) Amino
acids/metabolites (arginine, glutamine, glycine). Docking simulations were performed using AutoDock
Vina and AGFR to evaluate ligand—nanofiber interactions.

Results: Docking analysis indicated that polyamines and sphingosine-1-phosphate (S1P) demonstrated
the most favorable binding affinities with the nanocomposite. Their strong interactions suggest
enhanced potential for influencing angiogenesis, fibroblast proliferation, and matrix remodeling when
delivered via nanofibers.

Conclusion: These computational findings provide a theoretical foundation for developing
multifunctional nanofiber wound dressings that combine structural support with biochemical signaling
and antimicrobial capabilities, facilitating more effective wound repair.

1. Introduction:

Wound healing is a complex cascade of cellular,
molecular and extracellular matrix events that proceed
through ordered phases: hemostasis, inflammation,
proliferation (granulation,
epithelization), and remodeling [1, 2]. Key challenges in
chronic wounds, burns, or infected lesions are prolonged
inflammation,  impaired microbial
colonization, and aberrant matrix deposition [3]. This
motivates the development of advanced wound dressings
capable of providing structural support, promoting cell
migration, and delivering bioactive molecules, while also

angiogenesis, re-

angiogenesis,
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controlling infection. Electrospun nanofibers have

attracted considerable attention in  wound-care
applications because they mimic the architecture of the
extracellular matrix (ECM), provide high surface area
and porosity, and allow for incorporation of therapeutic
agents [4-6]. For example, polymer blends of polyvinyl
alcohol (PVA) and various natural polymers have been
used to fabricate nanofiber wound dressings with
favorable
properties [7, 8]. In particular, PVA is a synthetic
polymer widely used for biomedical scaffolds for its
hydrophilicity, and film-forming

ability. Pectin and Na-CMC are natural polysaccharides

cell-adhesion and  moisture-retention

biocompatibility,
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offering biodegradability, swelling capacity, and
biocompatibility  [9-11]. The combination of
PVA/pectin/Na-CMC has been shown to improve
mechanical, swelling, and moisture-management
characteristics of wound dressing [12, 13]. Crosslinking
with fumaric acid (a dicarboxylic acid) is used to
stabilize the polymer network by esterification or ionic
cross-links and reduce rapid dissolution in physiological
fluids [14]. Beyond scaffold structure, the incorporation
of nanoscale functional material can add further
capabilities.

We explore the in silico docking of selected ligands
representing wound-healing related small metabolites,
lipid mediators, amino acid and other metabolites (lactic
acid, uric acid, putrescine, spermidine, spermine,
prostaglandins (PGE2/PGF2a),
(LTB4/LTC4), lysophosphophatidylcholine,
sphingosine-1-phosphate (S1P), arginine, glutamine,
glycine) towards the nanofiber target systems. Each
ligand contributes uniquely to wound-healing
physiology. Lactic acid promotes angiogenesis and
recruits endothelial progenitor cells, accelerating
vascularization and repair [15]. Uric acid functions as an
antioxidant and a damage-associated signal that
modulates inflammation and recruits reparative cells
[16]. Putrescine supports fibroblast proliferation and
tissue regeneration, enhancing scaffold-mediated cell
growth [17]. Spermidine accelerates re-epithelialization
by promoting keratinocyte migration through uPA/uPAR
pathway activation [18], while spermine aids
keratinocyte proliferation and migration, facilitating
epithelial closure [19]. Prostaglandins (PGE/PGF:0)
regulate inflammation and angiogenesis, and their
scaffold interaction may modulate healing dynamics
[20]. Leukotrienes (LTB4/LTC.) influence leukocyte
recruitment and vascular permeability, meaning their
binding could regulate inflammation at the wound site
[21]. Lysophosphatidylcholine (LPC) affects endothelial
activation and inflammatory signaling, impacting local
vascular responses [22]. Sphingosine-1-phosphate (S1P)
promotes angiogenesis and keratinocyte migration, thus
enhancing vascularized wound healing [23]. Arginine
contributes to collagen synthesis and nitric oxide
signaling, supporting fibroblast activity [24]. Glutamine
provides nitrogen for proliferating immune and repair
cells, sustaining the proliferative phase [25], while
glycine serves as a collagen precursor aiding

leukotrienes
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extracellular matrix formation and tissue strength
[26].While typical docking analyses the ligand binding
to protein, target, here the approach treats the prepared
nanoparticle-polymer composite as a binding target,
modelling how these wound healing-associated molecule
might interact or be retained within the scaffold matrix
as a theorized mechanism of delivery or binding.
Docking was performed using AutoDock Vina and
AGFR [27]. Such computational insights may inform
which ligands are most compatible and strongly binding
to the scaffold, thereby guiding selection for
incorporation and expected release or retention behavior.

In this article we propose in silico docking simulation
studies of the proposed nanocomposite with the ligands
responsible for accelerating wound healing process. The
proposed polymer composite was designed to combine
the mechanical stability of synthetic polymers with the
biocompatibility and hydrophilic nature of natural
polysaccharides, creating a structure that supports cell
adhesion, proliferation, and moisture balance.

2. Materials and Method:
2.1 Materials:

Polyvinyl  alcohol with Mw  89000-98000,
Carboxymethyl Cellulose sodium purchased from
Polychem Ltd. Mumbai. Pectin with Mw 30000-100000
was purchased from Bangalore Fine Chemicals,
Bangalore. Fumaric acid with Mw 116.07 was purchased
CDH fine chemicals Ltd. New Delhi. New Delhi, India.
Double distilled water, magnetic stirrer, Electrospinning
machine ESPIN-NANO, PECO, Chennai, India (JNU,
New Delhi).

2.2 Synthesis of nanopolymer blend:

A polymeric blend of PVA, pectin and Na-CMC was
prepared by mixing 3.5-4 gm PVA, 0.3-0.4 gm, 0.3 gm
Na-CMC, and 0.5 gm fumaric acid dissolving in distilled
water to a final volume of 50 ml. The solution was stirred
around 3-4 hours continuously on magnetic stirrer.
Initially, the PVA is continuously stirred and allowed to
dissolve for about 30 min. at 60 to 70°C. The PVA
solution was then incorporated with 0.4g of pectin and
stirred for 20 min. at the same temperature. After the
pectin has been dissolved, 0.2 gm Na-CMC is added to
the PVA and pectin solution at the same temperature for
around 20 min. Finally, fumaric acid was added to
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crosslink the polymers for 60 to 80 min. at the same
temperature. The finalized all-polymeric solutions were
kept undisturbed for 24 hours for stabilization. All
polymeric solutions were run to electrospun using an
electrospinning apparatus under optimized parameters
specific to each formulation. The applied voltage, flow
rate, and tip-to-collector distance were varied for the
sample to obtain uniform nanofiber morphology. In
general, the operating ranges were 18-20 kV for voltage,
0.1-0.4 mL/h for flow rate, and 810 c¢cm for tip-to-
collector distance. After electrospinning, the obtained
nanofiber mats were stored under ambient conditions for
further in silico docking and modeling studies.

2.3 Optimization of prepared nanofibers:

The electrospinning of all the polymeric solutions was
carried out using an ESPIN-NANO consisting of a high-

voltage power supply with a continuous current source,
infusion pump, and a 200 mm in length and 100 mm in
diameter stainless steel rotary collector enclosed in a
grounded and electrically insulated chamber. The initial
step involves setting the electrospinning parameters,
which include the flow rate, applied voltage, and distance
between the collector and the needle. The syringe needle
diameters (0.55 mm) and the distances (9, 10, 11 and 12
cm) between the needle and collector were measured in
preliminary testing. The electrospinning formulations
were fed using a 5 mL plastic syringe and a metallic
needle with a 0.55 mm opening (Table 2). For every
experimental run, the electrospinning parameters
remained the same: 5 mL/hr, a 19 kV electrical field. The
metallic drum collector was static at their position and
the tailor cone was moving around, covered in aluminum
foil. The polymeric solution was run at different flow
rates of 0.1ml /hr, 0.15ml/hr and 0.2ml/hr.

Table 1. Finalize ratio of blended polymeric samples (P) for fibre formation.

Sample PVA(gm) Pectin(gm) NaCMC(gm) Fumaric Material Fibers formation
acid(gm) (ml)
P1 3 0.3 0.4 0.5 50 Spray jet, fibres
form
P2 3.5 0.3 0.3 0.5 50 Fibres formed
with droplets
P3 4 0.3 0.3 0.5 50 Fibers formed

Table 2. Different optimization parameters of polymeric sample (P1-P3 ) for fibre formation.

Distance (cm) b/w Voltage applied
Sample Collector and Syringe Flow rate (ml/hr) (KV) Results
P1 10 0.25 19 Preliminary forma}tlon of
fibres, spray jet
P2 9 0.15 22 Fibres formation with droplets
P3 9 0.2 19 Fibres formed (high yield)

2.3 Characterization:

FTIR uses infrared radiation to analyze the samples and
observe the chemical properties of the same. The FTIR
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spectrum and the peaks give the information about the
molecular structure and chemical bonding. The prepared
nanofibres were directly placed onto the ATR crystal,
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and then different spectrum were obtained of every
sample.

SEM was also carried by using the JSM-IT200 JEOL to
study the morphological studies of the sample. And the
Image J software was used to analyze the size of
electrospun nanofibers.

2.4 In-silico and molecular docking studies:

In-silico molecular docking and modelling analyses were
carried out to predict and characterize the interaction of
the nanofiber constituents with selected biomolecular
relevant targets.

2.5 Nanocomposite composition:

The nanocomposite was modelled using a biopolymer
matrix of polyvinyl alcohol (PVA), pectin, sodium
carboxymethyl cellulose (Na-CMC), and fumaric acid as
a cross-linking agent. The formulation ratios were
selected to mimic an experimentally realistic biopolymer
blend with adequate mechanical stability and
hydrophilicity. All components were considered within a
total solvent volume of 50 ml (Table 1), corresponding
to a PVA-dominant polymer matrix stabilized by
polysaccharide and dicarboxylic components.

Table 3 Compositional mass ratio formulation for nanocomposite.

Component Mass (g) Approx. wt% Role / Function
Structural polymer; provides
PVA 4. 0
v 0 80% flexibility, hydrophilicity
. Natural polysaccharide
P . 0
ectin 03 6% backbone; biodegradability
Ionic polysaccharide; adds
Na-CMC 0.3 6% negative charge and dispersion
stability
Fumaric acid 0.5 Q9% Cross-linke?r; improves matrix
integrity

2.6 Oligomer Construction and Polymer Modelling:

Each polymeric component was represented as an
oligomeric chain of defined degree of polymerization
(DP) to balance molecular accuracy and computational
tractability.

PVA (Polyvinyl alcohol): 8 oligomers, each of DP =20
(PVAqo), were built using the repeating unit (—CHz2—
CHOH-). Structures were created in Avogadro (v1.2.0)
and saved as .mol2 and .pdb files after energy
minimization (MMFF94 force field).

Figure 1. PVA oligomer structure.
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Pectin: 3 oligomers of DP = 15, based on methylated galacturonic acid (methyl galacturonate) monomer, were built using
GLYCAM-Web Polymer Builder and optimized in Avogadro.

X

Figure 2. Pectin oligomer structure.

Na-CMC: 3 oligomers of DP = 15, was constructed using cellulose B-D-glucopyranose units with carboxymethyl
substitution at C6 (—CH2—COOQONa) to represent the anionic form. Sodium counter ions were added for charge neutrality.

Figure 3. Na-CMC oligomer structure.

Fumaric acid: 8 molecules were modeled using Avogadro, representing small-molecule cross-linkers capable of forming
hydrogen bonds or ionic bridges with hydroxyl and carboxyl groups.

.

o

Figure 4. Fumaric acid oligomer structure.

All structures were verified for bond connectivity, atom typing, and charge neutrality, and saved as .mol2 or .pdb files for
further assembly.
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2.6 Insilico for blended nanocomposite assembly:

Blended nanocomposite assembly was carried out
computationally by placing all components inside a
spherical boundary of 80 A radius, representing an
approximate nano size range (8-10 nm). The pectin
polymer was positioned at the origin (core). The
remaining components (PVA, Na-CMC, fumaric acid)
were distributed evenly throughout the spherical volume
to form a core—shell arrangement. This approach mimics

realistic interpolymeric entanglement and hydrogen
bonding interactions expected in hybrid polymeric
nanomaterial. The system was energy-minimized using
the Universal Force Field (UFF) implemented in
OpenBabel (v2.4.1) (figure no. 5) until the energy
gradient was below 1073 kcal-mol'-A",

Figure 5. Prepared blended nanocomposite-energy
minimization using OpenBabel UFF.

2.5 Ligand selection and preparation:

Selected ligands included small metabolites (lactic acid,
uric acid, polyamines-putrescine, spermidine, spermine),
lipid mediators (prostaglandins PGE,  PGF»o,
leukotrienes LTB4, LTCj4, lysophosphatidylcholine LPC,
sphingosine-1-phosphate S1P), and amino-
acid/metabolites (arginine, glutamine, glycine). These
ligand structures were retrieved from PubChem, and
energy-minimized using the MMFF94 force field. Each
ligand was protonated to simulate physiological pH (7.4)
conditions. [28].

2.6 Docking preparation and simulation:

The optimized polymer nanocomposite model (receptor)
and ligands were prepared for molecular docking using
MGL Tools (AutoDockTools v1.5.7) [29]. The
molecular structures were converted from .pdb to .pdbqt
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format for compatibility with AutoDock [30]. Gasteiger
charges were assigned to both receptor and ligands to
ensure accurate electrostatic interactions. The rotatable
bonds were defined to provide ligand flexibility during
docking simulations [31]. A spherical grid box with a
radius of 80 A was set to cover the entire nanoparticle
surface, allowing complete exploration of binding sites.
This systematic preparation ensured accuracy and
reproducibility of the docking results.

Docking was carried out on the SwissDock web platform
using the AutoDock Vina algorithm [32]. The docking
parameters were set as follows an exhaustiveness value
of 8 to ensure sufficient search depth, a maximum of 10
binding modes to identify optimal ligand conformations,
and an empirical free energy scoring function (AG,
kcal'mol™) to evaluate binding affinities. These
parameters were chosen to balance computational
efficiency with docking accuracy.

The lowest binding energy conformation for each ligand
was recorded as the predicted binding affinity. The
overall binding free energy was estimated using the
AutoDock Vina scoring function [33]:

AGbinding = AGvdw + AGHbond + AGelectrost‘atics +
AGtorsional + AGdesolvat (1)

where the total AGuyinding represents the sum of van der
Waals, hydrogen bond, electrostatic, torsional, and
desolvation energies.

2.7 Post-Docking  Visualization and Interaction
Analysis:

Docked complexes were analyzed using ChimeraX
(v1.9) to identify hydrogen bonds and hydrophobic
interactions, spatial distribution of ligands within the
nanoparticle surface, and orientation of functional
groups relative to polymer chains.

Binding constants (K) were estimated using the
thermodynamic equation:

K= e—AG/RT (2 )

where R = 1.987 cal-mol K™ and 7= 298 K. [34]
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2.8 Computational Environment:

All simulations were performed on a Windows 10 (64-
bit) workstation with an Intel Core i5-1035G1 CPU (1.00
GHz) with 8 GB RAM.

Table 4 Docking simulation tools

Versi
Software / Tool Purpose ersion /
Source
Polymer/ligand
buildi d
Avogadro ulicing an v1.2.0
energy
minimization
Pectin and Na-
GLYCAM-Web CMC oligomer vl
construction
Energy
minimization,
OpenBabel charge v2.4.1
assignment, file
conversion
AutoDockTool L. o
(AutoDockTools) definition
SwissDock / Docking and . Web
AutoDock Vina scorin interface,
£ 2024 build
UCSF Chimera .Corr?ple'x v1.9
visualization

2.8 Quality Assurance:

All generated 3D structures were verified for correct
bond connectivity, charge neutrality, absence of steric
clashes after minimization, and consistency in binding
energy trends across replicate docking runs.

The average binding affinities were compiled in Table 5
(see Results section), and models with stable
convergence were selected for detailed interpretation
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3. Results and Discussion:

3.1 Preparation and optimization of polymeric
nanofibers:

Different parameters have been varied to optimize the
stable formation of nanofibers using polymeric samples
of various ratios as shown in Table No. 1 and 2. In the
initial trials, P1 spray jets with preliminary formation
were observed, indicating unstable fiber formation at
higher flow rates and voltages. Stable nanofiber
formation was obtained in P3 at 19 kV and 0.2 mL/h flow
rate with a 9 cm distance between the needle and
collector. The improved fiber uniformity and surface
smoothness generate continuous fibers with diameters in
the range of 150—-500 nm under optimized conditions.

3.2 Characterization of polymeric nanofibers:

The identification of surface functionalities of blended
polymer were characterized FTIR analysis, discussed in
our previous paper [35, Hans, R., Talukdar, S., & Tyagi,
P. (2025). Blended polymeric nanofibres for
antimicrobial activity. Journal of Chemical Health Risks,
15(4), 2661-2668.].

The FTIR spectrum of the PVA/Pectin/Na-CMC
nanofiber blend crosslinked with fumaric acid shows a
broad band at 3289 cm™ corresponding to —OH
stretching, confirming hydrogen bonding among
polymers. The peak at 1666 cm™ represents C=0O
stretching of ester groups, indicating crosslinking
between fumaric acid and hydroxyl groups of PVA.
Peaks at 1424-1274 cm™ correspond to C—H bending
and C-O-C stretching, while bands at 1074—-1015 cm™
indicate C-O stretching vibrations.

Further SEM analysis exhibited morphology and size of
the as-synthesized nanofibres which examined after the
formation of polymeric electrospun nanofibres
composition shown in Table 3. The polymeric solutions
having of 3-4 g of PVA sample (P1-P3) showed
formation of nanofibres. The SEM results of electrospun
nanofibres were analyzed by the image J analysis. From
this software it was observed that the average size range
of the nanofibre was approximately 150 nm- 500 nm.
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Table 5. SEM images of polymeric solution samples (P1-P3) with their fabricated nanofibers.

samples Sem result

P1

P2

P3

Fabricated Nanofiber
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3.3 Blended Polymer Modeling and Energy
Minimization:

A nanocomposite consisting of pectin, PVA, Na-CMC,
and fumaric acid was successfully constructed and
energy-minimized to obtain a stable configuration. The
model was designed using a spherical geometry of 80 A
radius, with pectin positioned at the core, surrounded by
the other polymeric components. The inclusion of PVA
imparted mechanical flexibility and hydrophilicity, while
Na-CMC modified at the C6 position with sodium
carboxymethyl substitution introduced electrostatic
stability and increased potential for hydrogen-bond
formation. Fumaric acid acted as a cross-linking and
stabilizing agent, enhancing the compactness of the
matrix through interaction between its carboxylic groups
and polymeric hydroxyl sites.

The energy minimization using the Universal Force Field
(UFF) in OpenBabel confirmed the thermodynamic
stability of the assembled nanoparticle model by
removing steric clashes and optimizing bond geometries.
The minimized structure was converted into the pdbqt
format using MGL Tools for molecular docking
simulations in SwissDock (AutoDock Vina engine) [36].

3.4 Molecular Docking Analysis:

The blended polymer model was docked with a series of
biologically relevant small molecules including lactic
acid, leukotrienes (LTBa4, LTC.),
lysophosphatidylcholine, prostaglandins (PGE:, PGF:a),
polyamines (putrescine, spermidine, spermine), and uric
acid to evaluate the binding interactions and potential
functional relevance of the nanocomposites. The docking
structures of the subjected ligands are shown in Table 6.

Table 6. Estimate the theoretical structure and Autodock tool structures of interaction molecules—ligands responsible for

wound healing.

Ligand name

Ligand theoretical structure

Autodock tool structure

Lactic acid 0

LTB,
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LTCy

Lysophosphatidylcholine

PEG;
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PGF2a

Putrescine

Spermidine

Spermine
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Uric acid H

Y /
H \gn\H

The binding affinities of respective ligands towards the
blended polymer as shown in Table 7 varied between
—3.042 and —5.753 kcal-mol™, indicating spontaneous

yet  non-covalent  interactions  between  the

Table 7: Binding affinities of various ligands with nanofiber.

nanocomposite surface and the ligands. The negative free
energy values suggest thermodynamically favorable
complex formation, dominated by hydrogen bonding,
electrostatic forces, and van der Waals interactions.

Ligand Binding Affinity (kcal-mol™) Interaction Characteristics
Lactic acid 3318 Weak hydrogen bonding, limited polar
contact
LTB. 5026 Moderate blndl.ng; hyd.rophoblc and
polar interactions
LTC, 5959 Stronger binding; il.lvolvement of sulfur
and peptide groups
Lysophosphatidylcholine —4.250 Amphiphilic surface compatibility
PGE, 4031 Moderate hyd.rogen-bond—based
binding
PGFa 4535 Enhanced binding through carboxylic
groups
Putrescine —3.042 Weak ionic interaction
Spermidine —3.453 Moderate electrostatic attraction
Spermine —3.568 Similar reversible ionic binding
Uric acid 5753 Strongest binding; multiple H-bond
donors/acceptors
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3.5 Binding interactions:

Among all tested ligands, uric acid exhibited the
strongest affinity (—5.753 kcal-mol™), reflecting its
ability to form multiple hydrogen bonds with the
hydroxyl and carboxyl groups of pectin and Na-CMC.
These results align with computational and experimental
findings reported for uric acid—polymer complexes,
where interaction stability arises from hydrogen bond
networks [37].

Similarly, LTCa (—=5.259 kcal-mol™) and LTB4 (—5.026
kcal-mol ") demonstrated favorable binding, attributed to
hydrophobic and polar interactions involving peptide,
hydroxyl, and lipid moieties. Such interactions are
consistent with the amphiphilic surface of the nanofiber
and suggest potential for adsorbing or modulating
inflammatory mediators [38].

Prostaglandins (PGE:, PGF.a) also displayed moderate
affinity (—4.0 to —4.5 kcal'mol™), indicating the
feasibility of reversible binding through polar contacts.
Conversely, polyamines (putrescine, spermidine, and
spermine) showed weaker affinities (—3.0 to —3.6
kcal-mol™), likely due to their limited hydrogen bonding
potential and steric flexibility. Despite these
observations, their interaction energies imply the
possibility of electrostatic adsorption, a feature
beneficial for controlled drug release or ion exchange
systems [39].

The complete interaction trend suggests that the designed
PVA—Pectin-NaCMC-Fumaric acid nanoparticle can
establish moderate-to-strong, reversible interactions with
a range of small biomolecules. The interaction energies
fall within the biologically compatible range, indicating
that the nanoparticle may adsorb and release
biomolecules under physiological conditions without
irreversible binding. This property is crucial for drug-
delivery systems, where controlled release kinetics and
biodegradability are key performance indicators [40].

The combination of pectin and Na-CMC ensures
biodegradability and aqueous dispersibility, while PVA
confers stability to the overall structure. The inclusion of
fumaric acid likely enhances the cross-link density,
preventing premature disintegration and ensuring
sustained surface interactions. Together, these attributes
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make the modeled nanoparticle system a promising

biopolymeric  platform  for therapeutic, anti-
inflammatory, or  environmental detoxification
applications.

3.6 Comparative Perspective:

These findings are in agreement with prior reports of
polysaccharide-based demonstrating
effective binding to biomolecules and metabolites
through hydrogen bonding and electrostatic forces [41].

nanocarriers

The predicted affinities suggest that the nanocomposite
matrix could act as a bio-scavenger for reactive or pro-
inflammatory compounds such as leukotrienes and
prostaglandins, or as a carrier for uric-acid-like
molecules.

Future studies incorporating molecular dynamics (MD)
simulations could further elucidate the stability and
conformational flexibility of these complexes, while zeta
potential and in vitro release assays would provide
essential experimental validation of the predicted
interaction behavior.

4. Conclusion:

Computational modeling and docking studies confirmed
that the PVA—Pectin-NaCMC—-Fumaric acid
nanocomposite blend exhibits favorable binding
characteristics with multiple bioactive molecules,
especially uric acid and leukotrienes. The interaction
pattern indicates that the PVA—Pectin-NaCMC-Fumaric
acid polymer composite can engage in stable yet
reversible ligand binding, an essential characteristic for
biomolecule adsorption and controlled release. These
outcomes are directly influenced by the cross-linking
density and matrix compactness of the polymer, both
governed by fumaric acid. Increased cross-link density
produces a more cohesive and structurally stable
network, optimizing the spatial arrangement of
functional groups and supporting consistent hydrogen-
bond and dipolar interactions.

Importantly, the balanced surface density of the polymer
provides sufficient free functional groups for ligand
adsorption while maintaining hydrophilicity, enabling
biologically compatible, non-permanent binding. Such
interaction behavior is desirable for therapeutic
platforms, suggesting that the modeled polymeric
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nanocomposite can effectively host, modulate, and
release wound-associated small molecules under
physiological conditions. The complete interaction
profile supports its potential use as a biocompatible
nanocarrier or scavenging agent capable of modulating
inflammatory mediators. The predicted thermodynamic
stability and moderate interaction strength provide a
foundation for future experimental work toward
developing eco-friendly and biodegradable polymeric
nanomaterials for biomedical and environmental
applications.
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