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Diabetic foot ulcers (DFUs) represent a major clinical challenge due to their high infection risk, long-
term severe infections and limb amputations. In the current study, multifunctional platelet-derived
growth factor (PDGF)-impregnated eugenol microemulsion (EuME)-based silver nanocomposites (PDGF/
EuME-AgNPs/CSNs) embedded within a PVA/chitosan base matrix have been fabricated. The synergistic
effects of PVA/chitosan accelerate wound closure while exhibiting broad-spectrum antimicrobial and
anti-inflammatory properties. The polymeric matrix facilitates proliferation and migration of keratino-
cytes and fibroblasts, promoting tissue regeneration. The electrospun nanofibrous mats exhibited
homogenous surface morphology with a uniform pore size distribution of 100-250 nm, a water uptake
and absorption percentage of 96%, an optimal porosity of 94.7, a mass loss capacity of 60.36%, a water
contact angle of 68° and a tensile strength of 1.2 MPa, facilitating mechanical flexibility and providing
an optimal moist wound environment. The PDGF/EuME—-AgNPs/CSNs scaffolds demonstrated 95% anti-
microbial inhibitory activity against S. aureus and P. aeruginosa. In vivo studies showed significantly
accelerated wound contraction by the 9th day, achieving maintenance of 98% glycemic levels when
compared to control groups, which exhibited 20% wound contraction (p < 0.01). The nanofibers reduce
inflammation and promote fibroblast production, collagen deposition, and fibrin regeneration. Increased
levels of CD-31, IL-1, and TGF-B confirmed improved re-epithelialization, vascularization, and skin
regeneration. The findings suggested that PDGF/EuME—-AgNPs/CSNs accelerate diabetic wound healing,
re-epithelialization,
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enable sustained growth factor delivery, and promote vascularization and

rsc.li/materials-advances demonstrating their potential in improving DFU treatment outcomes.

cause severe periwound damage to the areas of the body prone
to friction and infections and still exhibit many limitations.?
Silver ion based wound dressing bandages procured from

1. Introduction

An impaired wound healing response is a devastating compli-

cation in diabetes mellitus (DM) patients, which is caused
by the release of free radicals resulting in the destruction
of cellular constituents, namely, proteins, lipids and DNA."
Diabetic wounds occur due to decreased vascular recovery,
exhilarated apoptosis and abnormal inflammatory behavior,
accompanied by prolonged hospitalization and limb amputa-
tions. Wound treatment is quite challenging, and the recur-
rence rate of diabetic wounds is high. In order to overcome
the recurrence and exacerbation, the vascularization potential,
skin re-epithelialization, biofilm inhibition, deposition of fibro-
blasts with collagen production, and proper supply of blood
flow should be well addressed. Commercially available wound
dressings, namely, hydrocolloids, foams, alginates and gauzes,
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conventional platforms contain polyamides and silver sulfadia-
zine, which help in efficient antimicrobial activity and control
wound exudate at the site of injury. Although silver bandages
protect the wound site from bacterial infections and aid in both
acute and chronic wound healing applications, the toxicity
response to simulated human wound fluids is dominant and
a quantitative amount of silver ions released into the biological
environment is instant and connected with in vitro toxicity.>
Eugenol, a volatile phenolic monoterpene generated from
the guaiacol component, is typically found in nutmeg, cinna-
mon, pepper, and clove. It is a rich source of flavonoids that
enhance the rate of epithelialization, modulate inflammatory
cytokines, and promote vascularization in chronic wounds.*
The combined effect of PVA/chitosan facilitates diabetic wound
healing by rendering good biocompatibility, cellular bioactivity,
cell and tissue penetration efficiency, mechanical stability and
rigidity, an ideal moist environment for wound healing and
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efficient water uptake and exhibits excellent anti-microbial and
anti-inflammatory properties. The wound dressings made up of
PVA/chitosan as a base polymeric matrix enhance fibroblast
and collagen differentiation and migration, and reduce inflam-
mation and reactive oxygen species, resulting in accelerated
wound closure and contraction.” Platelet derived growth factor
(PDGF) is a potent dimeric glycoprotein that stimulates prolif-
eration, vascularization, and skin and tissue repair applica-
tions. Intracellular administration of PDGF into nanomaterials
augments the influx of fibroblasts and collagen formation,
which could accelerate extracellular matrix restoration and
enhance wound healing.® In the case of diabetic wounds, PDGF
promotes macrophage activity, attracts fibroblasts and collagen
into the wound space, and increases neovascularization and
epithelialization at the chronic wound site.” The impregnation
of drug/bioactive molecules into thin nanofibrous structures
remains challenging, and the nature of scaffold properties
should not be adversely affected. Hence, in drug delivery
paradigms, a defined core-sheath design using co-axial electro-
spinning is essential to impregnate active agents or drugs into
the core part of the nanomaterial in order to avoid disruption/
damage to the drugs.®

In this study, we fabricated a core-sheath structured PDGF
based eugenol impregnated nanofibrous mat for the modulation
of inflammation, proliferation, skin remodelling and vasculariza-
tion potential in diabetic wounds (Fig. 1). Upon application to the
wound, the PDGF/EuME-AgNPs/CSNs effectively disrupt the for-
mation of bacterial biofilms, and the embedded eugenol micro-
emulsion eradicates the underlying bacteria, which were hardly
affectedby the antimicrobial drugs. Eugenol - an allyl chain-
substituted guaiacol extracted from clove possessing excellent
anti-inflammatory and antioxidant properties - present within
the core part of the nanofibrous mat releases phenolic compounds
in a sustained manner. Engrailed-1 (En1) is a gene that plays a
crucial role in collagen and fibroblast deposition during wound
healing; however, excessive collagen deposition is not recom-
mended as it may result in thickened scar formation during the
healing process. In order to reduce this thickened scar formation,
the released eugenol inhibits En1, preventing the overproduction
of scar tissue and promoting an efficient skin regeneration cycle.’
Meanwhile, the exposed core PDGF initiated the regulation of the
immune microenvironment by adhering to and neutralizing
inflammatory factors to induce polarization of macrophages from
M1 to M2 phenotype, fostering the phase transition from inflam-
mation to remodeling.’ In this design, effective vascularization,
faster wound healing, restoration of native extracellular matrix
(nECM), accelerated fibroblast and collagen deposition and scar-
less wound healing were achieved in treating diabetic wound
infections in streptozotocin induced Wistar albino rat models.

2. Experimental section

2.1. Materials

Eugenol (an aromatic essential oil), Tween 80 (surfactant),
chitosan (degree of deacetylation > 75.00%), polyvinyl alcohol

9438 | Mater. Adv., 2025, 6, 9437-9464

View Article Online

Materials Advances

(PVA) (Mw 89 000-98 000, 99% hydrolyzed), nutrient broth (NB),
nutrient agar (NA), Muller-Hinton broth (MHB), Muller-Hinton
agar (MHA), streptozotocin (STZ) (N-(methylnitrosocarbamoyl)-
a-p-glucosamine > 98.00%), citric acid (C¢HgO,), sodium
citrate tribasic dihydrate and acetic acid (CH;COOH, 99.7%)
were procured from HiMedia Laboratories, LBS Marg, Mumbeai,
India. Silver nitrate (AgNO;) (ACS reagent, 299.0%), platelet
derived growth factor (PDGF-BB, recombinant, expressed in
E. coli), potassium chloride, sodium chloride, calcium chloride,
bovine serum albumin and sodium bicarbonate were obtained
from Sigma-Aldrich. S. aureus (ATCC 6538P™) and P. aeruginosa
(ATCC 27853™) were obtained from Microbiologics, USA.
Ethanol-D was obtained from Gladwin, Poland.

2.2. Optimization and formulation of colloidal nanomaterials

The oil-in-water (O/W) microemulsion was prepared by varying
the oil : surfactant ratio using a magnetic stirrer by standardiz-
ing the temperature at 37 °C and stirring at 400 rpm for
10 minutes."* The silver nanoparticles were formulated using
a eugenol microemulsion (EuME-AgNPs). Briefly, 1 mM of
AgNO; was added drop by drop to EuME (1%, 3%, 5%, 7%
and 9%) by optimizing time and temperature at 1-40 hours and
37 °C, respectively, at 300 rpm."> Response surface methodo-
logy (RSM) was used as the experimental design in order to
quantitatively optimize the synthesis parameters and assess
their combined impact on nanoparticle properties. In order to
identify the best conditions for minimizing particle size and
polydispersity index while maximizing zeta potential and col-
loidal stability, RSM was used due to its effectiveness in
modelling and analyzing multivariable systems. The mean
hydrodynamic droplet/particle size, polydispersity index and
zeta potential of the synthesized nanocolloids were deter-
mined. Also, in order to assess long-term kinetic stability, the
prepared formulations (EuME & EuME-AgNPs) were stored in
amber airtight glass containers ranging from —20 °C to 4 °C
and analyzed at specific time intervals (0, 2, 4 and 6 months)
using dynamic light scattering in order to observe the droplet/
particle size and polydispersity index (pDI). In addition, the
formulated EUME and EuME-AgNPs were monitored for any
phase separation or particle aggregation.

2.3. Preparation of core-sheath nanofibers using co-axial
electrospinning

Initially, 10% w/v PVA was dissolved in a 2% acetic acid
solution (CH;COOH) and stirred for a couple of hours at
90 °C. To a desired volume of PVA, different concentrations
of EuME (1%, 3%, 7%, and 9%) and EuME-AgNPs (1%, 3%,
7%, and 9%) were added and blended, followed by agitation for
2 hours (700 rpm) at 37 °C. After the blending process, the
EuME and EuME-AgNPs impregnated PVA solutions were
maintained under static conditions for 24 hours at room
temperature in order to prevent structural instability. In order
to enhance fibroblast proliferation and intraepithelial collagen
deposition in the chronic wound model, varying concentrations
of PDGF (1%, 3%, 7%, and 9%) were impregnated with EUME-
AgNPs and PVA solution and blended for 20 minutes (300 rpm)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Surface morphology (FESEM) (a—t) and elemental composition (EDAX) (u-x) of core—sheath nanofibrous mats (CSNs) (before and after the
crosslinking process): (a and b) 10% PVA matrix before crosslinking, (c and d) 10% PVA matrix after crosslinking, (e and f) chitosan:PVA/CSNs before
crosslinking, (g and h) chitosan:PVA/CSNs after crosslinking, (i and j) EUME/CSNs before crosslinking, (k and 1) EUME/CSNs after crosslinking, (m and n)
EuME-AgNPs/CSNs before crosslinking, (o and p) EUME-AgNPs/CSNs after crosslinking, (g and r) PDGF/EuME-AgNPs/CSNs before crosslinking, (s and t)
PDGF/EuME—-AgNPs/CSNs after crosslinking, (u and v) EUME—-AgNPs/CSNs before and after crosslinking, and (w and x) PDGF/EuUME—-AgNPs/CSNs before
and after crosslinking.
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at room temperature. After impregnation of PDGF with EuME-
AgNPs, the encapsulation efficiency (%) of PDGF was calculated
as follows: the free (unencapsulated) PDGF added was subtracted
from the total PDGF added divided by the total PDGF impreg-
nated, giving the total encapsulation efficiency (%) of PDGF/
EuME-AgNPs. Furthermore, the blended PDGF-impregnated
eugenol microemulsion-based silver nanoparticles (PDGF/EuME-
AgNPs) serve as the core layer solution in the co-axial electrospin-
ning process for the fabrication of CSNs. Secondly, 3% (w/v) of
deacetylated chitosan (C¢H;1NO4)n was dissolved in 2% acetic acid
and agitated for 24-48 hours at 37 °C, and the resulting solution
serves as the sheath layer solution in the co-axial electrospinning
process for the fabrication of CSNs.

The blended solutions (PVA, chitosan:PVA, EUME, EuUME-AgNPs,
and PDGF-impregnated EUME-AgNPs) were prepared. The spinning
parameters were optimized by varying the flow rate which ranges
between 0.1-1 mL h™'; the applied electric field which ranges
between 15-30 kV; the tip-rotor interspace which ranges
between 10-30 cmj; the translation speed between ranges
65-70; and the drum speed which ranges between 500-800 rpm.
The temperature and percentage of humidity were kept constant.
Apart from the electrospinning parameters optimized for nano-
fabrication, the needle diameter, solvent selection, collector type
and configuration, collector surface area, polymer solution mix-
ing and homogenization were parallelly optimized to fabricate
homogenous and bead-free nanofibrous mats. The fabricated
CSNs were termed chitosan:PVA/CSNs, EuUME/CSNs, EuME-
AgNPs/CSNs, and PDGF/EuME-AgNPs/CSNs. The CSNs were
kept under high vacuum conditions at 37 °C for 24 hours to
maintain the structural integrity of the nanofibers. Post-
fabrication, chemical crosslinking of nanofibers was performed
using 50% glutaraldehyde in a sealed high vacuum desiccator for
2 hours at 37 °C. After 2 1 hours, the chemically crosslinked
nanofibers were allowed to vaporize dry for 24 hours at 60 °C.

2.4. Microstructural characterization of nanofibers

The surface morphology of PVA, chitosan:PVA/CSNs, EUME/CSNs,
EuME-AgNPs/CSNs, and PDGF/EuME-AgNPs/CSNs was analyzed
at a voltage of 20 kV using a Quanta 250 FEG FESEM. The
elemental composition of CSNs, namely EUME-AgNPs/CSNs and
PDGF/EuME-AgNPs/CSNs, was determined using energy disper-
sive X-ray spectroscopy (EDAX) to calculate the quantitative
amounts of chemical elements. The internal morphology of
CSNs (EuME/CSNs, EUME-AgNPs/CSNs, and PDGF/EuME-AgNPs/
CSNs) was examined using high-resolution transmission electron
microscopy (HR-TEM) and selected area electron diffraction
(SAED; JEM-2100 Plus, JEOL, Japan). The presence of functional
groups in CSNs (PVA, chitosan:PVA/CSNs, EUME/CSNs, EuME-
AgNPs/CSNs, and PDGF/EuME-AgNPs/CSNs) was analyzed using
Fourier transform infrared spectroscopy (FTIR). FTIR measure-
ments were conducted using a PerkinElmer Spectrum Instrument
(Waltham, USA) at a resolution of 4 cm ™. The crystalline nature
of CSNs (PVA, chitosan:PVA/CSNs, EuUME/CSNs, EuME-AgNPs/
CSNs, and PDGF/EUME-AgNPs/CSNs) was investigated using
X-ray powder diffraction (D8 Advance, Bruker, Germany) with a
2.2 kW Cu-anode ceramic tube source.
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2.5. Mechanical and physico-chemical testing

A load cell rated at 2 N operating at a defined cross speed
(10 mm mm ™" min~") was used to analyze the tensile strength
of nanofibers on an Instron 5567 uniaxial-tensile testing
machine. The stress-strain curve models were used to
determine the tensile strength (MPa) of CSNs. Each sample
specimen (n = 2) was obtained in triplicate."® The hydrophi-
licity of CSNs was assessed by measuring the water droplet
contact angle (WDCA) at 37 °C using a sessile drop technique.
After five seconds, the CSNs were positioned and scaled on the
nanofiber surface with six independent point variables. The
contact angle (°) was determined. The liquid displacement
technique was used to measure the porosity of CSNs.'*
The nanofibers were placed in a known volume of ethanol
(V1) measured with a graduated cylinder for nearly 30 minutes.
The volume of ethanol after incorporation into nanofibrous
mats was recorded as V,. After the incorporated nanofibrous
mats were removed, the remaining volume of ethanol (V;) was
calculated. The porosity of nanofibers (%) was measured
using eqn (1):

Porosity (%) = (V1 — V3)/(V2 — V3)) x 100 (1)

The water uptake of CSNs was determined by weighing each
dry nanofibrous mat and immersing it in deionized water at
room temperature for 1 hour."® The weight of each nanofibrous
mat was calculated after removing excess water using filter
paper. The percentage of water uptake (%) was measured using

eqn (2):
Water uptake (%) = (W — W;)/(W;)) x 100 (2)

where W; corresponds to the initial weight of CSNs and W
corresponds to the final weight of CSNs (g) after immersing in
deionized water for 1 hour. The percentage of water uptake was
calculated from triplicate measurements. The mass loss of
CSNs was measured in phosphate buffered saline (PBS) at 37 °C
with pH 7.4 by mimicking the natural body environment.'®
Briefly, each CSN was uniformly soaked in PBS solution, followed
by extraction at the required time points (1, 2, 3, 7, 14, 21, and
28 hours) and the residual water present on the specimen was
removed using filter paper. The percentage of mass loss can be
calculated using eqn (3):

Mass loss (%) = (Wi — Wp/(Wj)) x 100 (3)

where W; and W; correspond to the initial and final masses of
core-sheath nanofibers (g), respectively. The percentage of
mass loss was determined from triplicate measurements.

2.6. Antimicrobial efficacy

The antimicrobial activity of chitosan:PVA, EUME, EUME-AgNPs,
PDGF/EUME-AgNPs, and SBD-AgNPs was determined. The micro-
bial strains used for antimicrobial activity were S. aureus and
P. aeruginosa. Aliquots were proportionately mixed with bacterial
cultures comprising 10° to 10’ CFU. After growing the bacteria for
24 hours, the concentration of bacteria was determined to be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1 x 10° CFU mL™" and serially diluted with MHB (0.1 OD).
Different working concentrations of chitosan:PVA, EuME,
EuME-AgNPs, PDGF/EUME-AgNPs, and SBD-AgNPs were inter-
acted with the appropriate bacterial cultures. After 24 hours of
incubation at 37 °C, MHB and gentamicin were utilized as the
negative and positive controls, respectively. In order to observe
the color change, 10 pL of resazurin dye suspension was further
added to each well.® Using the well diffusion process, the
antibacterial activity of chitosan:PVA, EuME, EuME-AgNPs,
PDGF/EuUME-AgNPs, and SBD-AgNPs was assessed. Diffusion
wells were punched and uniformly swabbed with bacterial
cultures. Solutions of chitosan:PVA, EuME, EuME-AgNPs,
PDGF/EuUME-AgNPs, and SBD-AgNPs were introduced to diffu-
sion wells at various concentrations, and samples were allowed
to diffuse. Gentamicin (an antibiotic) solution was introduced in
an equal ratio to the control well. After diffusion, the agar plates
were allowed to incubate at 37 °C for 18 hours. Furthermore, the
plates were examined to visually measure the zone of inhibition
against S. aureus and P. aeruginosa. Under exposure to light, a
transparent ruler or caliper was used to measure the zone of
inhibition in the Petri dish from one end to the other end of the
clear zone. The zone of inhibition was measured in millimetres
against S. aureus and P. aeruginosa.

2.7. Hemocompatibility studies

2.7.1. Percentage of cell viability (WBCs). To extract the
pure white buffy coats, human white blood cells were extracted
and combined with Ficoll hypaque gradient (FHG).'”'® The
isolated lymphocytes were subcultured in 50% Roswell Park
Memorial Institute-1640 (RPMI) medium with 10% fetal calf
serum (FCS) and allowed to reach a predetermined density of
10° cells per mL. They were then added in 2 mM of r-glutamine
and streptomycin and maintained at 37 °C with 5% CO,. The
interaction of the freshly isolated lymphocytes took place
within 24 hours, which is referred to as time 0 (7°). Each
individual flask was filled with 15 x 10° lymphocytes and
treated with eugenol-based nanomaterials, namely chito-
san:PVA, EuUME, EuUME-AgNPs, PDGF/EUME-AgNPs and SBD-
AgNPs, via culture media. Cell viability was calculated using the
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
(MTT) assay.

2.7.2. Percentage of hemolysis (RBC breakdown). Healthy
people’s red blood cells (RBCs) were isolated, and the process
was carried out with minor alterations."® Briefly, 18 mL of
1x PBS solution was added to 2 mL of RBC suspension, and
the mixture was centrifuged at 1500 rpm for 15 minutes.
Following centrifugation, 100 pL of nanomaterial formula-
tions, namely chitosan:PVA, EuME, EuME-AgNPs, PDGF/
EuME-AgNPs and SBD-AgNPs, were added to 900 puL of RBC
suspension, which was then centrifuged at 8000 rpm for
4 minutes. This mixture was kept under 5% CO, for 1 hour.
For each sample (chitosan:PVA, EUME, EuME-AgNPs, PDGF/
EuME-AgNPs and SBD——AgNPs), the maximum dose concen-
tration was maintained constant. Milli-Q water and PBS,
which serve as positive and negative controls, respectively,
were added to the freshly isolated RBCs. The absorbance levels
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were measured at 540 nm. The percentage of hemolysis was
calculated®”*" using eqn (4):

Percentage of hemolysis (%) = ((sample absorbance
— negative control absorbance)/(positive absorbance

— negative control absorbance)) x 100 (4)

2.8. In vitro cytotoxicity assay

For cytotoxicity studies, the nanofiber samples (2 cm x 1 cm)
were prepared in triplicate for each group, namely, control
(chitosan:PVA) and experimental groups (EuME, EUME-AgNPs,
PDGF/EuME-AgNPs and SBD-AgNPs) impregnated into nano-
fibrous mats based on the lower MIC value obtained. Primarily,
in order to provide stability under water-based conditions, the
nanofibrous mats were incubated for two hours at 80 °C in a
pressurized and sealed oven. For the purposes of acetic acid
neutralization and sample disinfection, the samples were cut
into rectangular shapes measuring 2 cm x 1 cm and sub-
merged in 70% ethanol for thirty minutes. The samples were
washed with phosphate buffered saline (PBS) three times.
Using the MTT assay, the potential cytotoxicity of the fabricated
nanofibrous mats was studied. The 3T3 mouse fibroblast cell
lines were used to determine the tissue biocompatibility of the
nanofibrous mats. A sample of about 4 cm? was placed in 3 mL
of serum-free medium and cultured at 37 °C for 1, 3 and 6 days.
The control group consists of serum free culture medium
without nanofibrous mats and incubated at 37 °C. Fibroblast
cells were cultured in 50% DMEM supplemented with 10% FBS
and 1% penicillin-streptomycin placed in an incubator at
approximately 37 °C and 5% CO,. Fibroblast cells were culti-
vated at a density of 1 x 10* cells per well in a 96-well plate.
Then, 100 pL of 50% RPMI medium was added and the sample
was incubated for 24 hours.*

To the incubated wells, 100 pL. MTT was added and allowed
to react for 2 hours. After 2 hours, the MTT reagent was then
pipetted out, and the resultant violet formazan product was
solubilized in 0.2 mL dimethyl sulfoxide for approximately
15 minutes at room temperature. The OD at 570 nm was read
using a microplate reader. The percentage of cell viability of the
control medium was defined as 100% and the percentage of cell
viability of the samples was calculated with respect to the
control value.

2.9. Release kinetics studies

Although various bioactive substances have been infused into
nanofibrous mats,>® due to their solubility, the controlled and
sustained release of biopolymers still poses significant chal-
lenges. A strong binding capacity is conferred by the bio-
polymers linked to emulsions and particles, which ultimately
leads to superior nanofiber encapsulation. The beaker method,
which was conducted at 37 °C with a specific concentration of
AgNP encapsulated nanofibers (EuME-AgNPs/CSNs and PDGF/
EuME-AgNPs/CSNs) (0.35 g L~ Ag), was used to perform
dialysis in order to evaluate the behavior of silver ion release
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kinetics on simulated wound fluids (SWF). The dialysis bag
ideally used for release kinetics studies possesses the following
specifications based on the specified product: dialysis
membrane-70 with a molecular weight cut-off of approximately
14 000 Da and a pore size of 2.5 nm. Approximately 1 cm X 1 cm
pieces of the fabricated CSNs were placed inside the dialysis
bag membrane and treated with SWF solutions at 7.4 (pH).
Proteins such as bovine serum albumin (BSA) make up the majority
of the chemical composition of SWF.>* The dialysis procedure
involved steady magnetic stirring at constant room temperature
for specific intervals.>® At predetermined intervals, the cumulative
percentage of silver ion release was calculated at 400 nm.

2.10. In vivo diabetic wound healing

2.10.1. Experimental design and the wound model. The
diabetic excision wound healing was carried out in STZ-induced
Wistar albino rats (250-350 g). The male Wistar rats were
procured with formal approval from the Institutional Animal
Ethical Committee (IAEC) (VIT/IAEC/20/DEC2021/01). Three
Wistar rats were housed in each polypropylene cage and provided
with normal laboratory food (Lipton Feed, India) and water. Eight
groups of three rats each (n = 3) were categorized for the excisional
diabetic wound healing procedure: group I - control (no treat-
ment); group II - vehicle control (citrate buffer); group III -
chitosan:PVA/CSNs; group IV - EuME/CSNs; group V - EuME-
AgNPs/CSNs; group VI - PDGF/CSNs; group VII - PDGF/EuUME-
AgNPs/CSNs; and group VIII - SBD-AgNPs/CSNs. According to
several reports,”**’ different compositions of STZ injections were
administered along with normal chow or a high-fat diet. Type I
diabetes was induced using a single high-dose intraperitoneal STZ
injection (60 mg kg ') dissolved in 0.1 M citrate buffer, adjusted
to pH 4. Prior to the STZ injection, the rats were allowed to fast
overnight but were given access to water in order to prevent
dehydration. STZ was injected the following morning with a
standard amount of recovery diet.>®*® At 72 hours after the STZ
injection, a small incision was made on the rat tail using a sterile
surgical blade. The required amount of blood was collected and
absorbed onto blood glucose test strips using a glucometer to
monitor the level of blood glucose. Upon diagnosis, if the level of
blood glucose is greater than 250 mg dL ', the STZ-injected
Wistar rat model is considered diabetic.

The diabetic rats were systematically anesthetized using
chloroform prior to the excisional wound procedure.’®*" At a
distance of 4 cm from the ear area and 1.75 cm from the
vertebral column, a distinct and clear excision wound area
of 2 ecm x 2 cm was made on the dorsal region of the body
part. With the aid of transparent polyethene graph paper, the
wound area was traced and measured as the initial day wound
area. The treatment includes topical application of CSNs
(i.e., chitosan:PVA/CSNs, EuME/CSNs, EuME-AgNPs/CSNs,
PDGF/CSNs, PDGF/EuME-AgNPs/CSNs and SBD-AgNPs/CSNs)
on the excisional wound area. The percentage of wound con-
traction was monitored using graph paper on pre-determined
days, i.e., Oth, 3rd, 6th, 9th, 13th, 17th, 21st, 25th, and 30th
days. Simultaneously, the level of blood glucose in STZ-induced
Wistar rats was estimated post-wounding (Oth, 20th, and
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30th days) in order to determine the insulin level during the
process. The percentage of wound contraction was calculated
using the following equation:

% of wound contraction = ((initial day wound area — specific
day wound area)/(initial day wound area)) x 100

()

The zeroth day wound area was assigned as 100%, and the
percentage of wound contraction (%) was calculated.

2.10.2. Histopathological analysis. The tissue samples col-
lected from seven individual groups were fixed onto blank
slides on specified days (7th, 14th, and 25th) for further
staining. The skin samples with a diameter of 8 mm were
removed using a punch biopsy and placed on Whatman No. 1
filter paper soaked in 10% (V/V) formalin solution for the
purpose of tissue fixation. After a period of 24 hours, the tissues
were dehydrated and embedded with paraffin. 5 pm thick
sections of tissues were cut using a microtome. Hematoxylin
and eosin staining was performed based on the staining protocol.

Masson’s trichrome is a histochemical stain that detects the
maturation of connective tissues in the respective groups. Blue
corresponds to collagen, dark brown (or black) corresponds to cell
nuclei, red corresponds to muscle fibers and keratin, and light pink
corresponds to the cytoplasm. The organization and depth of the
blue color differentiate the maturation of collagen fibers. Masson’s
trichrome staining was performed based on the staining protocol.

Immunohistochemical (IHC) slides for transforming growth
factor beta (TGF-B) and neovascularization were prepared. For
the expression of neovascularization, the tissue sections were
incubated with anti-CD31 polyclonal antibody at a 1:100 PBS
dilution, followed by incubation at 37 °C for 1 hour. The
staining was performed based on the manufacturer’s guide-
lines. For TGF-B staining, the tissue samples were incubated
with the respective TGF-B1 antibody at a 1:100 PBS dilution
following the same staining procedures. In order to effectively
quantify the blood vessels and the number of stained cells for
each individual sample, 10 high-power field (HPF) 400x mag-
nifications on the sample sections were randomly viewed, and
the cells were counted quantitatively. The TGF-B expression,
inflammatory levels, and angiogenesis were evaluated. Image]
software was used to obtain the proportion of blue color area in
HPF representing the formation of collagen deposition.

2.11. Statistical analysis

Triplicate data were analyzed using Microsoft Excel and
expressed as mean =+ standard error. The statistical data were
analyzed using analysis of variance (ANOVA). GraphPad Prism
(GPD) V4.03 (San Diego, CA, USA) was used for the analysis.

3. Results and discussion

3.1. Synthesis and formation of PDGF-impregnated
EuME-AgNPs systems

Microemulsions are pseudo-homogeneous, transparent,
and thermodynamically stable dynamic structures comprising
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lipophilic (essential oil) and hydrophilic (aqueous) phases.*?
These formulations possess the capacity to carry active bio-
logical molecules or agents to the targeted delivery site
and exhibit longer shelf life, high surface area, definite droplet
size, optical transparency and greater drug mobility charac-
teristics.®® The current work focuses on the formation of
eugenol-based silver nanomaterials using Tween 80 as the
surfactant, which possess non-toxic nature and biocompatible
characteristics suitable for biomedical applications. Stable
eugenol-based microemulsions were prepared using a range
of surfactant ratios. Clear and transparent microemulsions
were obtained. The transparent appearance of microemulsion
formation at 1:5 determines a defined droplet size (nm) and a
stable zeta potential (mV). EuME exhibited a hydrodynamic
droplet size of 28.4 nm at pH 7 with a polydispersity index of
0.457. Zeta potential was determined to be —1.4 mV, and even
after six months, the microemulsions proved to be kinetically
stable. Using centrifugation, freeze-thaw, and heating-cooling
cycles, the formulated EuUME was put through a series of tests to
determine its stability. The experimental results prove that the
absence of phase separation and creaming confirms the stable
formation of EUME formulations under different temperature
variations. The formulated microemulsions were stored for a
long time (roughly six months) in order to determine the
kinetic stability of EuME. “An increase in the concentration
of surfactant gradually decreases the hydrodynamic droplet size
of microemulsions”. The size and intensity of droplets are
influenced by surfactants’ chemical and steric structures. The
probability of droplet coalescence is decreased by the formation
of microemulsion at an appropriate low surfactant concen-
tration, which is found to be acceptable for drug delivery
applications.>® The observed results proved to be consistent
with the other research outcomes.*>3® Hence, it has been
observed that eugenol essential oil and Tween 80 work syner-
gistically and are found to be more suitable for optimizing
stable microemulsions.

Different volumetric concentrations of EUME (reducing or
stabilizing agent) (1%, 3%, 5%, 7%, and 9%) were formulated
with AgNO; in order to avoid aggregation of AgNPs. The
statistical analysis using Box-Behnken design (BBD) demon-
strated that polynomial models were found to be highly sig-
nificant, indicating model reliability. R* values exceeding 0.95
indicate that over 95% shows variability in the SPR peak,
particle size and yield efficiency (%). Significant effects were
monitored not only for individual factors such as EuME
concentration, temperature and reaction time, but also for
interactions emphasizing relationships over nanoparticle
synthesis. Table S1 shows the optimization process of nano-
particle synthesis using Box-Behnken design. Stable yellowish
AgNPs were formed using 9% EuME after the suspension was
incubated at 400 rpm for 40 hours as shown in Fig. S1(a). The
reduction of silver ions (Ag") from AgNO; precursor to silver
atoms (Ag°) undergoing nucleation through eugenol, which
serves as a bio-based reducing and stabilizing agent due to
phenolic -OH groups, involves a chemical reaction, changing
their surface charge from +1 to 0, leading to the formation of
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AgNPs. The homogenous micelle formation enhances particle
stabilization, thereby preventing chemical aggregation by ren-
dering surface capping properties and steric hindrance to
AgNPs. The surface plasmon resonance (SPR) peak of EuME-
AgNPs was observed at 412 nm as shown in Fig. S1(b). AgNPs’
conversion efficiency demonstrates that the practical and the-
oretical yields of AgNPs (>99% and >96%) are equal. The
presence of eugenol interacts with the surface of AgNPs
through the phenolic hydroxyl group forming strong dipolar
bonds with silver atoms. Under some conditions at higher pH,
the partial ionization at the hydroxyl side imparts negative
surface interactions, resulting in electrostatic repulsion
between the particles. Thus, the combined effect of physical
and chemical binding between eugenol and AgNPs prevents
aggregation or further growth of particles, resulting in
enhanced stability and longer shelf-life of AgNPs.>’” EuME-
AgNPs possess a particle size of 38.5 nm, a zeta potential of
—1.4 mV, and a polydispersity index of 0.342. The droplet size
and polydispersity index of EUME-AgNPs were measured using
the dynamic light scattering technique and the size distribution
is graphically shown in Fig. S1(c). EUME and EuME-AgNPs
possess equivalent zeta potential stability due to similar surface
chemistry properties resulting in analogous electrostatic inter-
actions in dispersion. Eugenol containing various functional
groups such as methoxy (-OCH;) and hydroxyl (-OH) interacts
with the aqueous phase through partial ionization and hydro-
gen bonding, leading to the formation of surface charge. In the
case of EUME, the surfactant containing the polar head groups
interact at the oil-water interface, forming an electrical double
layer stabilizing the droplets through electrostatic repulsion.
During EuME-AgNP synthesis, silver ions get reduced and bind
to the surface through various chemical mechanisms, such as
hydrogen bonding, hydrophobic interactions and Ag-O coordi-
nation, where the lone pair electrons on the oxygen atom
donate electron density to the vacant orbitals of silver atoms
on the nanoparticle surface. Due to this, the synthesized AgNPs
acquire a charge distribution and surface composition similar
to EuME droplets. This similarity in surface interfacial chem-
istry leads to stable zeta potentials, reflecting the strength of
electrostatic repulsion between the particles. As a result, both
EuME and EuME-AgNPs exhibit equivalent colloidal stability.
Usually, the zeta potential values of the synthesized AgNPs
would be relatively as high as +30 mV due to their electrostatic
stability as reported in some studies. In the current case, the
zeta potential value was measured to be —1.4 mV, which may be
due to steric hindrance provided by the co-surfactants and
surfactants used in the microemulsion formulation, thereby
preventing particle aggregation independent of strong electro-
static repulsion. Numerous studies reported that microemul-
sion/nanoemulsion based systems possess low zeta potential
values (typically less than +10 mV), resulting in stable colloids
due to steric hindrance.*® Nanoparticles are distributed uni-
formly throughout the chemical formulation system when the
polydispersity index value is less than 0.5. As observed using
TEM, EuME-AgNPs possess a particle size of 25.2 + 0.1 nm,
which is smaller than the hydrodynamic particle diameter.
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Using AAS analysis, it was found that the total mass concen-
tration was 25.36 mg L™ and the optimal pH for EUME-AgNPs
was 7.4. After storing the synthesized nanoparticles for a long
time, the stability of EUME-AgNPs was examined. The synthe-
sized nanoparticles were found to be stable even after a storage
period of 6 months. No visible creaming, phase separation,
turbidity or sedimentation was observed during the storage
period. Furthermore, the distribution of droplet size, polydis-
persity index and zeta potential remained unchanged, confirm-
ing that, despite the low zeta potential value, the prepared
formulations possess effective kinetic stability with respect to
time duration. Some reports show that EUME-AgNPs using
1 mM AgNO; have a particle size between 10 and 20 nm, which
demonstrates the toxicity and heterogeneity of nanoparticles in
drug delivery due to their smaller particle size.>* Hence, in the
current study, the particle size of EUME-AgNPs was optimized
between 35 and 40 nm, demonstrating the non-toxicity and
homogeneity of nanoparticles. In order to support these find-
ings, the percentage of cell viability of EUME-AgNPs using 3T3
fibroblast cell lines was determined to be approximately 98%
with respect to the 6th day when compared to SBD-AgNPs, for
which the value was only around 68% with respect to the 6th
day as shown in Fig. 4(c). Although the particle size of SBD-
AgNPs was comparatively less than that of EUME-AgNPs, the
cytotoxicity experiments using 3T3 fibroblast cell lines proved
their toxicity towards SBD-AgNPs. The results confirm that the
cytotoxicity of AgNPs is solely size dependent, which has been
well optimized for effective drug delivery applications. The
susceptible microbial strains used for antimicrobial activity in
earlier reports were E. coli, S. aureus, P. aeruginosa and
C. albicans.*® The mean particle size, thermodynamic stability,
and yield efficiency of EUME-AgNPs were found to be efficient
when compared with other studies.** Furthermore, in order to
blend PDGF with the synthesized EuUME-AgNPs in an equiva-
lent proportion, varying concentrations (1%, 3%, 7%, and 9%)
of platelet derived growth factor (PDGF) were impregnated with
EuME-AgNPs at 500 rpm for 20 minutes in a magnetic stirrer to
form a homogenous blended PDGF-impregnated EUME-AgNPs
combination. Post impregnation, the encapsulation efficiency
(%) of PDGF impregnated EuME-AgNPs was calculated to be
95%. The results suggest that there is effective encapsulation
and loading of PDGF within EUME-AgNPs, indicating minimal
loss of PDGF degradation during the encapsulation process. In
addition, the percentage of encapsulation accelerates the oral
bioavailability of PDGF and exhibits therapeutic action towards
targeted drug delivery paradigms. Furthermore, the blended
PDGF-impregnated EUME-AgNPs combination was fabricated
along with the biopolymeric matrix (chitosan:PVA) using the co-
axial electrospinning technique to form high-efficacy CSN by
optimizing the concentration, flow rate, applied electric field,
and tip-rotor interspace.

3.2. Effect of electrospinning parameters on core-sheath
nanofibrous mats (CSNs)

Electrospun nanofibers possess long polymeric filaments
that exhibit high surface area, controllable morphology, high
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porosity, high encapsulation efficiency, and high thermal and
chemical stability.*>** Different concentrations of PVA (2%,
4%, 6%, 8%, and 10%, w/v), chitosan (1%, 3%, 5%, and 7%, w/
v): PVA (2%, 4%, 6%, 8%, and 10%, w/v) (chitosan:PVA/CSNs),
EuME/CSNs (1%, 3%, 7%, and 9%, v/v), EUME-AgNPs/CSNs
(1%, 3%, 7%, and 9%, v/v) and PDGF/EuME-AgNPs/CSNs
(1%, 3%, 7%, and 9%, v/v) were obtained. The rationale for
the selection of different concentrations of PVA, chitosan:PVA,
EuME/CSNs, EuME-AgNPs/CSNs and PDGF/EuME-AgNPs/
CSNs depends on the following criteria: studies prove that
9-10% w/v of PVA is found to be optimal for fabricating bead-
free homogeneous nanofibrous mats with desired physico-
chemical properties.** In order to facilitate sustained release
of polymers in diabetic wounds, a desired concentration of
chitosan was proportionally optimized with PVA. 2-4% w/v of
chitosan is considered, as these typical concentrations of
chitosan balance the processability, viscosity, and thermal
and mechanical properties, resulting in stable biobased nano-
fibrous mats.*> Higher concentrations ranging between 5 and
9% v/v are potentially used for the nanofabrication process,
which may be due to the antioxidant and antimicrobial proper-
ties of eugenol present in the nanofibrous mats. The concen-
tration range fixed for EuME balances biological efficacy
aligning with the studies ensuring therapeutic levels without
disturbing the mechanical properties of nanofibrous mats.*®
The varying higher concentrations of EUME-AgNPs and PDGF/
EuME-AgNPs ranging from 5 to 9% v/v were chosen for their
sustained release of PDGF and EUME-AgNPs onto core-sheath
nanofibrous mats by examining their threshold levels at higher
concentrations without affecting the surface morphological
structure of nanofibrous mats or causing any cytotoxicity.*”*®
The higher concentrations of growth factors enhance tissue
regeneration and antimicrobial activity, thereby helping in
stabilizing the bioactive agents present in the nanofibrous
mats. Bead-free and homogeneous nanofibers were produced.
Electrospinning parameters such as the flow rate, tip-rotor
interspace, and applied electric field for different concentra-
tions of PVA, chitosan:PVA/CSNs, EUME/CSNs, EUME-AgNPs/
CSNs, and PDGF/EuME-AgNPs/CSNs, respectively, were propor-
tionally optimized. According to the observed outcomes, the
elemental weight percentage and fiber diameter gradually
increase as the nanomaterial’s concentration increases. These
findings matched those of previous studies.** Among the
different concentrations (2%, 4%, 6%, 8%, and 10%, w/v) of
PVA, only 10% w/v showed homogeneous and bead-free nano-
fibrous mats (Fig. 1a).

PVA nanofibers are considered to be non-toxic, hydrophilic,
and biocompatible semicrystalline biopolymers that possess
excellent physicochemical properties such as water solubility,
mechanical strength, and thermal characteristics.”® Among the
various proportionate ratios of chitosan:PVA/CSNs, only 3% w/v
of chitosan and 10% w/v of PVA exhibited smooth nanofibrous
mats with less clogging characteristics and bead-free nano-
structures (Fig. 1e). PVA and chitosan impregnated electrospun
nanofibers possess unique physicochemical characteristics
such as high porosity, high surface area to volume ratio, pore
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size within the nanorange and high flexibility for physical and
chemical functionalization.® Among the different concentra-
tions (1%, 3%, 7%, and 9%, v/v) of EuME, consistent and
homogeneous nanofiber distribution was observed using 9%
v/v of EUME, suggesting the impregnation of eugenol phenolic
molecules with the surfactant incorporated on the biopoly-
meric matrix to produce EuME/CSNs. Morphological analysis
was determined using SEM (Fig. 1i). Among the different
concentrations (1%, 3%, 7%, and 9%, v/v) of EUME-AgNPs,
uniform and blister-free nanofiber distribution was observed
using 9% v/v of EuUME-AgNPs, suggesting that the eugenol
compound and silver complex were effectively encapsulated
and integrated on the biopolymeric matrix to produce EuME-
AgNPs/CSNs (Fig. 1m). Among various concentrations (1%, 3%,
7%, and 9%, v/v) of PDGF/EUME-AgNPs/CSNs, only 9% v/v
exhibited smooth and homogenous nanofibrous mats, which
suggested effective encapsulation and impregnation of PDGF as
a surface capping agent in the fabrication of EUME-AgNPs as a
core compound embedded on a biopolymeric matrix, and the
morphological structure was determined using SEM (Fig. 1q).

Blended solutions of 10% w/v PVA, 3% w/v chitosan:10% w/v
PVA, 9% v/v EUME, 9% v/v EUME-AgNPs, and 9% v/v PDGF/
EuME-AgNPs were electrospun using the co-axial electrospin-
ning technique. The translation speed, drum speed and tem-
perature were kept constant at 65, 700 rpm and 37 °C,
respectively. While maintaining the tip-rotor interspace
(10 cm) and flow rate (0.25 mL h™") for pump 1 and the flow
rate (0.2 mL h™") for pump 2, the applied electric field was
increased from 15 kV to 25 kV. When an electric field of 15 kv
was applied, a heterogeneous and constrictive distribution of
nanofibers was observed; however, as the electric field was
gradually increased to 25 kV, a homogenous and wider disper-
sion of nanofibers was observed. At an electric field of 25 kV,
bead-free nanofibrous membranes were implanted on a bio-
polymeric complex to generate the electrospun nanofibers. The
repulsive force created on the fluid jet during co-axial electro-
spinning unquestionably increases as the electrical field is
increased, which results in a uniform distribution of nanofi-
bers. The experimental observations show that the nanofibers
are greatly influenced by electric fields, which have little impact
on their structure and morphology. In several studies, similar
observations have been reported.>

The tip-rotor interspace was varied between 5 and 25 cm.
The applied electric field and flow rates for pumps 1 and 2 were
maintained constant at 25 kV, 0.25 mL h™*, and 0.2 mL h™*,
respectively. The translation speed, drum speed and tempera-
ture were kept constant at 65, 700 rpm and 37 °C, respectively.
At an interspace of 5 cm, the nanofibrous mats were damaged,
resulting in a heterogeneous distribution. The amount of
beaded structure decreased as the interspace increased to
15 cm, resulting in a transparent nanofiber distribution. When
the interspace was increased beyond 20 cm or up to 25 cm,
slightly invisible and heterogeneous structures were observed.
To construct efficacious nanofibrous structures, a tip-rotor
interspace of 15 cm is sufficient for effective fabrication. The
tip-rotor interspace and applied electric field were maintained
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constant by varying the flow rate in the range of 0.1 mL h™' to
0.7 mL h™" for both pumps 1 and 2. The flow rate in the
electrospinning process greatly influences the structural mor-
phology of nanofibrous mats.>” In a typical co-axial electrospin-
ning technique, the flow rate of the outer layer or fluid is always
higher than the flow rate of the inner layer or fluid in order to
play a wrapping role. In pump 1 (the core layer), the flow rate of
the inner fluid was optimized at 0.13 mL h™ ", resulting in
homogeneous and bead-free nanofibrous mats. Similarly, in
pump 2 (the sheath layer), the flow rate of the outer fluid was
optimized at 0.2 mL h™', which results in the formation of a
smooth sheath layer. A wuniform nanofiber distribution
was observed at 0.13 and 0.2 mL h™' (for pumps 1 and 2,
respectively), which leads to improved quality of the nanofi-
bers. The experimental findings show that 0.13 mL h™" (flow
rate — pump 1 - core layer) and 0.2 mL h™" (flow rate - pump
2 - sheath layer) were observed to be optimal values to fabricate
efficacious nanofibrous mats. In tissue engineering systems,
nanofibers made from diverse synthetic and biological poly-
mers combined with wound-healing agents serve as ideal
scaffolds. In order to achieve a wider and more uniform
dispersion of the core-sheath nanofibrous matrix, the applied
electric field, tip-rotor interspace, and flow rates for pumps 1
and 2 were optimized at 25 kV, 15 ¢cm, 0.13 mL h™', and
0.2 mL h™", respectively. Apart from optimization of the flow
rate, applied voltage and needle tip-to-collector distance, the
needle diameter plays a crucial role in the uniformity and size
distribution of nanofibrous mats. A desired needle diameter of
0.5 mm was used to produce uniform and bead-free core-
sheath nanofibrous mats. The solvent of choice used for the
electrospinning process affects the solution’s viscosity and
fiber morphology. A combination of acetic acid was used to
prepare chitosan-based solutions which could influence the
evaporation rate, volatility and fiber formation in order to
ensure smooth and continuous nanofibrous mats. The type of
collector employed for the electrospinning technique was a
rotating drum collector, which influences fiber deposition and
alignment. The rotating speed was adjusted to around 700 rpm
in order to balance the nanofiber distribution and fiber align-
ment. A larger collector surface area creates a denser nano-
fibrous mat accommodating a higher deposition rate of fibers.
For a final product to be fabricated, the collector surface area is
dependent on the desired nanofiber density. Prior to the fabri-
cation process, the blended solutions of PVA, chitosan:PVA,
EuME, EuME-AgNPs and PDGF/EuUME-AgNPs were magneti-
cally stirred to facilitate uniform distribution of nanofibers,
preventing aggregation affecting the distribution of nanofibers.

3.3. Characterization of core-sheath nanofibrous mats (CSNs)

3.3.1. Determination of surface morphology and elemental
analysis. The structural surface morphology of CSNs was deter-
mined through field emission scanning electron microscopy
(FESEM), and the elemental composition of CSNs was examined
through energy dispersive X-ray analysis (EDAX). The synthesized
CSNs were chemically crosslinked using 50% v/v glutaraldehyde
vapor for 2 hours at room temperature. The crosslinked CSNs
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were air-dried at 60 °C for a few hours. The surface morphology of
CSNs before and after crosslinking was studied and is shown in
Fig. 1a-t. The experimental results show that the 10% PVA matrix
exhibited smooth and bead-free nanofibrous mats with an average
fiber diameter of 120-150 nm. The fabricated nanofibers were
found to be homogeneous in distribution, and bead-free nanos-
tructures were observed in 10% PVA matrix complexes. The
structural morphology of a 10% PVA matrix and the average
nanofiber diameter (before crosslinking) are shown in Fig. 1a
and b. The experimental results show that chitosan:PVA/CSNs
revealed a monotonous distribution of nanofibers with slight
bead structures and an average diameter of 130-190 nm. Although
chitosan has been proportionately homogenized in the combi-
nation of chitosan:PVA core-sheath nanofibers, there will be a
slight presence of beaded nanostructures, which does not affect
the overall morphological distribution. The structural morphology
of chitosan:PVA/CSNs and the average nanofiber diameter (before
crosslinking) are shown in Fig. 1e and f. The results show that 9%
of EUME/CSNs exhibited a homogeneous and smooth distribution
of nanofibrous mats with an average diameter of 100-150 nm.
The EuME droplets have been homogeneously functionalized on
the biopolymeric matrix. The structural morphology of 9% EuME/
CSNs and the average fiber diameter (before crosslinking) are
shown in Fig. 1i and j. The results show that 9% of EuUME-AgNPs/
CSNs revealed the silver beaded structures of nanofibers
embedded on the biopolymeric matrix and showed homogenous
deposition of silver nanocomposites with an average fiber dia-
meter of 100-180 nm. The synthesized AgNPs have been impreg-
nated with EUME, and the structural morphology revealed that
the silver complex has been functionalized on the nanofibrous
mats and resulted in smooth nanofibrous structures. The struc-
tural morphology of 9% EuME-AgNPs/CSNs and the average fiber
diameter (before crosslinking) are shown in Fig. 1m and n. The
experimental results show that 9% of PDGF/EuME-AgNPs/CSNs
exhibited a smooth and homogeneous distribution of nanofi-
brous mats with an average fiber diameter of 100-200 nm.
Although there is impregnation of the growth factor with silver
nanocomposites embedded in the biopolymeric matrix, there is
uniformity in the distribution of nanofiber diameter. This shows
that the PDGF-impregnated electrospun CSNs are structurally and
morphologically stable, which makes them suitable for further
characterization studies. The structural morphology of 9% PDGF/
EuME-AgNPs/CSNs and the average fiber diameter (before cross-
linking) are shown in Fig. 1q and r.

The structural morphology of electrospun nanofibers has
been determined using FESEM and EDAX after the crosslinking
procedure. The morphological results indicate that the 10%
PVA matrix exhibited smooth and bead-free nanostructures
even after crosslinking with glutaraldehyde solution, with an
average fiber diameter of 130-200 nm. PVA-impregnated core—
sheath electrospun nanofibers exhibited excellent mechanical
strength, porosity, flexibility, rigidity, feasibility, biocompatibil-
ity and biodegradability for further biomedical applications.
The structural morphology of the 10% PVA matrix and the
average fiber diameter (after crosslinking) are shown in Fig. 1c
and d. Chitosan:PVA/CSNs exhibited an equal and smooth
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distribution of nanofibers even after the crosslinking process,
along with greater mechanical strength and porosity with an
average diameter of 150-200 nm. Although there is impregna-
tion of chitosan, the fabricated nanostructures were found to
be uniform, and there is no breakage in the fabrication of core-
sheath nanofibers. The structural morphology of chitosan:PVA/
CSNs and the average fiber diameter (after crosslinking) are
shown in Fig. 1g and h. The morphological images of 9%
EuME/CSNs revealed that the impregnation of the eugenol
compound into the biopolymeric matrix was stable, and the
fabricated core-sheath nanofibers were also uniform and
smooth, which resulted in stable physicochemical properties
and an average diameter of 180-200 nm even after crosslinking.
Crosslinking with glutaraldehyde does not disturb the fabrication
of smooth CSNs, which confirms their mechanical stability. The
structural morphology of 9% EuME/CSNs and the average fiber
diameter (after crosslinking) are shown in Fig. 1k and 1. The
experimental results indicate that 9% of EuME-AgNPs/CSNs
exhibited a monotonous distribution of electrospun bead-free
CSNs, which exhibited greater mechanical strength and biocom-
patibility with an average diameter of 180-220 nm. Although there
is impregnation of silver nanoparticles along with EuME, the
diameter of CSNs does not change, which results in uniform
nanofiber distribution. The presence of the silver complex pre-
vented the breakage of nanofibrous mats, which resulted in a
uniform distribution of nanofibrous mats. The structural mor-
phology of 9% EuME-AgNPs/CSNs and the average fiber diameter
(after crosslinking) are shown in Fig. 10 and p. The experimental
results indicate that 9% PDGF/EuME-AgNPs/CSNs exhibited a
uniform distribution of electrospun nanofibrous mats with bead-
free nanostructures embedded on the chitosan:PVA biopolymeric
matrix with an average nanofiber diameter of 160-210 nm even
after crosslinking with glutaraldehyde solution. Impregnation of
the growth factor into the biopolymeric matrix could inevitably
enhance the morphological structures and porosity of CSNs with-
out any shrinkage in the fabricated nanofibers. The structural
morphology of 9% PDGF/EuME-AgNPs/CSNs and the average
fiber diameter (after crosslinking) are shown in Fig. 1s and t.

The elemental composition of the CSNs (9% EuME-AgNPs/
CSNs and 9% PDGF/EuME-AgNPs/CSNs) was determined using
energy dispersive X-ray analysis (EDAX). Fig. 1u and v show the
elemental composition of 9% EuME-AgNPs/CSNs. The weight
percentage (wt%) was found to be 0.5 for silver (Ag), 65.9 for
carbon, and 33.6 for oxygen before the crosslinking process
(Fig. 1u). Even after crosslinking, the weight percentage (wt%)
of silver was maintained, which was approximately 1.9, and that
of oxygen was found to be 98.1 (Fig. 1v). The elemental
composition of 9% PDGF/EuME-AgNPs/CSNs was determined
(Fig. 1w and x). The weight percentage (wt%) of silver (Ag) was
found to be 2.0 and that of oxygen was found to be 98.0 before
the crosslinking process (Fig. 1w). Even after crosslinking, the
weight percentage (wt%) of silver was maintained, which
was approximately 2.8, and that of oxygen was found to be
97.2 (Fig. 1x).

3.3.2. Determination of internal morphology and crystal-
linity. The internal core-sheath structure of nanofibrous mats

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was evaluated using transmission electron microscopy (TEM),
and the crystallinity of the nanofibrous mats was determined
using selected area electron diffraction (SAED) patterns. Fig. 2
presents the internal morphology and crystallinity of core—
sheath nanofibers. In figure, the flow of the electron beam
passing through different areas of the nanofiber structure
shows dark and light phases, in which the darker areas
represent the core layer and the lighter areas represent the
sheath layer.

Fig. 2a-d present the internal morphology of EUME/CSNs at
different magnifications. Fig. 2a shows the impregnation of
EuME into the internal structure of core-sheath nanofibers,
which is represented by yellow arrows. The fabricated CSNs
were clearly functionalized with EuME, resulting in bead-free
and homogeneous nanofibrous mats. Fig. 2b presents the
distinct core-sheath structure of EUME/CSNs. The lighter area
of the nanofibers shows the sheath layer, and the darker area of
the nanofibers represents the core layer. The deposition of
EuME on the internal structure of CSNs is clearly depicted
(Fig. 2b). Fig. 2c and d show the overall internal microscopic
view of EUME/CSNSs, indicating the impregnation of eugenol-
based functional compounds and a distinct core-sheath nano-
fibrous structure. Fig. 2e presents the crystallinity of EuME/
CSNs determined using SAED patterns. SAED can be used to
measure the lattice constants and crystal orientation of the
sample. The fabricated EuME/CSNs were found to be amor-
phous in structure due to the broader distribution of the
selected area diffraction (Fig. 2e). The EuME-impregnated
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nanofibers possess an indefinite shape and structure, which
may be due to the heterogeneous distribution of the eugenol-
emulsified compounds on the nanofibrous matrix.

Fig. 2f-i present the internal morphology of EUME-AgNPs/
CSNs at different magnifications. Fig. 2f and g show the
homogenous dispersion of EUME-AgNPs on the biopolymeric
matrix. The metallic AgNP complex on the nanofibrous matrix
was found to be uniform and exhibited bead-free distribution,
which could enhance the encapsulation efficiency of the nano-
fibrous scaffold. Fig. 2h and i show the distinct core-sheath
structure, in which the lighter areas denote the sheath layer
impregnated with chitosan and the darker areas denote the
core layer, which is composed of EuME-AgNPs and PVA,
represented by yellow arrows. Fig. 2j presents the crystallinity
of EUME-AgNPs/CSNs determined using SAED patterns. The
fabricated EUME-AgNPs/CSNs were found to be crystalline in
structure due to the narrow distribution of the selected area
diffraction (Fig. 2j). The nanofibers impregnated with EuME-
AgNPs possess a definite shape and structure coupled with a
biopolymeric matrix, which may be due to the uniform dis-
tribution of AgNPs in the nanofibrous mats. Fig. 2k-n present
the internal morphology of PDGF/EuME-AgNPs/CSNs at differ-
ent magnifications. Fig. 2k shows the clear and distinct encap-
sulated PDGF/EuME-AgNPs as the core layer, surrounded by
the sheath layer, which is composed of chitosan, represented by
yellow arrows. The experimental findings proved to be consistent
with other research studies.®® Fig. 21 and m show the overall
internal microscopic view of PDGF/EuME-AgNPs. Fig. 2n presents

Fig. 2

Internal morphology (HRTEM) and crystallinity (SAED pattern) of core—sheath nanofibrous mats (CSNs). (a—d) Internal nanofibrous structure of

EuME/CSNs using HRTEM at different magnifications, (e) determination of the crystallinity of EUME/CSNs using the SAED pattern, (f-i) internal
nanofibrous structure of EUME—-AgNPs/CSNs using HRTEM at different magnifications, (j) determination of the crystallinity of EUME-AgNPs/CSNs using
the SAED pattern, (k—n) internal nanofibrous structure of PDGF/EUME—-AgNPs/CSNs using HRTEM at different magnifications, and (o) determination of
the crystallinity of PDGF/EUME-AgNPs/CSNs using the SAED pattern.
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the homogeneous distribution of the PDGF-impregnated core-
sheath nanofibrous structure with clear internal structural
morphology, which helps to enhance the efficiency of the impreg-
nated growth factor, resulting in sustained or controlled release
of PDGF/EUME-AgNPs/CSNs in the biological system. Fig. 20
presents the crystalline nature of PDGF/EuME-AgNPs/CSNs deter-
mined using SAED patterns. The fabricated PDGF/EuME-AgNPs/
CSNs were found to be crystalline in structure due to the narrow
and clear distribution of the selected area diffraction (Fig. 20). The
PDGF-impregnated EuUME-AgNPs possess a definite crystal size,
shape, and structure coupled with a biopolymeric matrix, which
may be due to the smooth and bead-free structure of the core
complex that could enhance the sustained or controlled release of
the encapsulated growth factor and the efficiency of the nano-
fibrous scaffold in the biological system.

3.3.3. Identification of functional groups using FTIR ana-
lysis. FTIR is an analytical technique used to identify the
conformational functional groups coupled with the molecular
bonds present in the respective chemical compounds of the
fabricated nanomaterial.* The FTIR spectrum of the fabricated
CSNs is shown in Fig. S2(i).

Fig. S2(i)a displays the FTIR spectrum of the fabricated PVA
matrix, which shows predominant peaks at 3314.07 cm ™' due
to O-H stretching and 1725.97 cm ™' due to -C=—0 bonding that
represent the definite characteristic peaks of the entire PVA
polymeric blend. The prominent peaks of the PVA matrix were
observed at 1439.60 cm ™ * and 1377.88 cm ™!, which were due to
the bending of O-H bonds, and 2943.80 cm™ ' due to C-H
stretching; minor peaks observed at 950.73 cm ™', 848.52 cm ™"
and 615. 18 cm ™" were due to C-H bending. The characteristic
peaks observed at 1258.32 cm ' and 1097 cm™ ' were due to
C-O stretching in PVA nanofibers. The characteristic peaks
indicate the presence of carboxylic acid and hydroxyl groups
in the fabricated PVA-loaded nanofibrous scaffolds, which
were found to be similar to other research outcomes.>®>°
Fig. S2(i)b displays the characteristic peaks of chitosan:PVA/
CSNs observed using the FTIR spectrum. The spectra of chit-
osan showed predominant characteristic peaks at 523.57 cm™"
(out-of-plane C-O bending), (out-of-plane NH bending)
and 3315.03 cm™' (OH stretching). The band observed at
1599.66 cm™ " is assigned to NH bending (NH,) (amide II),
and a minor peak observed at 1663.60 cm ' is assigned to
C=0 stretching (amide I) O—C-NHR. The band observed at
2945.73 cm ™', 1433.81 cm™ ' and 1252.53 cm™ * was attributed
to CH, bending due to the presence of the pyranose ring. The
peak observed at 1376.92 cm ™' was strongly assigned to the
presence of CH; wagging. As shown in Fig. S2(i)b, the increase
in PVA concentration in the blended chitosan:PVA/CSNs caused
a decrease in the band intensity from (amide II) NH bending at
1599.66 cm " of chitosan. Additionally, an increase in the CH
group was observed at 2945.73 cm ' as the content of PVA
increases. A remarkable shift for the characteristic peak at
1095.36 cm™ ' to the highest wave number confirmed the
efficient fabrication of combined chitosan:PVA/CSNs. The out-
comes turned out to be consistent with earlier research
findings.””*® For the FTIR spectrum of EUME/CSNs shown in
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Fig. S2(i)c, eugenol shows signature peaks between 850.45 cm ™
and 1258.32 cm ™' that correspond to the C=C region. Addi-
tionally, sharp characteristic peaks at 1652.69 cm ' and
1551.45 cm ™' were observed due to C=C stretching of the
aromatic moiety. The obtained FTIR spectrum was found to be
in similar agreement with the reported eugenol spectrum. In
the case of EuME, the impregnation of Tween 80 exhibited
significant peaks at around 3680.47 cm ' (OH-stretching),
2931.26 cm~ ' (CH,-stretching), 1735.62 cm™ ' (C—O-stretching),
and 1652.69 cm ™' (HOH-bending). The obtained eugenol-based
FTIR spectrum was found to be similar to the reported spectrum
of eugenol.>>*® This confirms the formation of EUME using
Tween 80 as an emulsifying agent to form stable microemulsions.
The synthesized microemulsions have been electrospun into
efficacious CSNs, and functionalization was confirmed by FTIR.
In the case of EUME-AgNPs/CSNs, the hydroxyl bond observed at
3310.21 cm ™" and 3748.93 cm™ ' is due to O-H stretching; a strong
band observed at 2365.26 cm ™" contributes to C=N=0 asym-
metric stretching vibration; a band at 1378.85 cm ™ * revealed C-H
deformation, confirming the presence of the eugenol-methyl
organic compound; the vibration observed at 1653.66 cm ™" con-
tributes to the formation of aromatic bonds and C—C stretching;
1732.72 cm™ ' signifies the formation of carboxylic acid and C=0
stretching; and 1264.11 cm ™' corresponds to the formation of
phenolic hydroxyl and C-O stretching, as depicted in Fig. S2(i)d.
These findings matched those of earlier reports. In addition,
a stretching vibration observed at 1436.70 cm™ " is attributed to
CH, bending due to the occurrence of the pyranose ring, and
1099.22 em™" contributes to a remarkable shift and confirms the
presence of chitosan and PVA in EUME-AgNPs/CSNs. The FTIR
spectrum of PDGF/EUME-AgNPs/CSNs is shown in Fig. S2(i)e.
PDGF-BB peaks were observed at 1540.84 cm ™' due to primary
amine groups (-NH,-) and the spectrum displayed absorption
bands at 832.13 cm ™", 928.55 cm ™" and 1025.94 cm ™" that mainly
represent characteristic peaks of greater intensity due to repeated
pyranose rings interferes with the ethereal bond C-O-C.®' The
hydroxyl bond observed at 3747.97 cm™ " is due to O-H stretching;
a strong vibration observed at 2365.26 cm™' contributes to
C—=N=0 asymmetric stretching; and 1732.72 cm ™' signifies the
formation of carboxylic acid and C=O stretching, which confirms
EuME-AgNPs/CSNs in the fabricated PDGF-BB impregnated
EUME-AgNPs/CSNs. The band observed at 1540.84 cm ' is
assigned to NH bending (NH,) (amide II), and characteristic
peaks at 1025.94 cm ' are due to C-O stretching formation,
which confirms chitosan:PVA/CSNs as a base biopolymeric matrix
in the fabrication of PDGF/EuUME-AgNPs/CSNs. Thus, effective
fabrication of PDGF/EuME-AgNPs/CSNs confirms the presence of
the functional groups of chitosan:PVA/CSNs and EUME-AgNPs in
the nanofibrous scaffold matrix.

3.3.4. Determination of crystalline patterns using XRD
analysis. XRD is regarded as an extensive analytical technique
that provides structural information on the crystal structure,
preferred orientation, chemical composition, and layer
thickness.®” The XRD spectrum of the fabricated CSNs is shown
in Fig. S2(ii). Fig. S2(ii)(a) displays the XRD spectrum of the
fabricated pure PVA matrix, which showed predominant peaks
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at 20 =~ 20.1° 38.2° and 45.1°. The significant crystalline peaks of
the fabricated pure PVA matrix were mainly due to the string intra-
and intermolecular bonding.”*®* The XRD spectrum in Fig. S2(ii)(b)
displays the characteristic peaks of chitosan:PVA/CSNs. The XRD
pattern confirmed that chitosan exhibited two predominant peaks
at 20 ~ 18.3° and 22°, which are due to the inclusion of chitosan in
the fabricated chitosan:PVA/CSNs. A significant peak observed for
PVA showed crystallinity peaks at 20 ~ 20.1°, 38.9° and 45°, which
were due to the intermolecular bonding. Collectively, the XRD
pattern reveals the presence of a combination of chitosan and
PVA in the chitosan:PVA/CSNs blended matrix.***

The crystalline patterns characteristic of nanocomposites
and nanofibers can be analyzed using XRD patterns.®® The
peaks observed at 20 =~ 65° and 78° in conjunction with the
mild diffraction peaks at 20 ~ 20° and 38°-45° indicate the
presence of channel-type EUME/CSNs crystals that were suc-
cessfully impregnated on the chitosan:PVA/CSNs biopolymeric
matrix. The presence of eugenol in the matrix was determined
by a variation in the diffraction peak of EUME/CSNs at 20 =
18°-28°. The EuME-fabricated CSNs were observed to lack
crystalline characteristics, yet structural analysis supported
the compounds’ aromatic composition as shown in Fig. S2(ii)(c).
The experimental findings were observed to be similar to those of
the synthesis and characterization of magnetite-functionalized
eugenol composites.> Fig. S2(ii)(d) clearly shows the XRD pat-
terns of EuME-AgNPs/CSNs. The remarkable diffraction peaks
observed at 20 ~ 20°, 39° and 45° reveal the presence and
impregnation of chitosan and PVA in the fabricated EuME-
AgNPs/CSNs nanofibrous mats. The diffraction peaks observed
at 20 ~ 65° and 78° indicate the formation of channel-typed
crystals in eugenol-based nanocomposites. These variant diffrac-
tion peaks were closely associated with five different crystal planes
of metallic silver: (2 0 0), (31 1), (11 1),(220), and (2 2 2). The
experimental results determined that the AgNPs formed were
regarded as elements of the face-centered cubic structure.®”
In addition, the peak associated with Ag,O was primarily not
observed, which indicates the reduction of Ag" to elemental silver
in the preparation process; moreover, no other reactions occurred.
The XRD patterns of PDGF-impregnated EuME-AgNPs show
significant peaks of PDGF at 20 ~ 30° to 40°, which confirms
the impregnation of the growth factor into the fabricated EuME-
AgNPs/CSNs nanofibrous mats as shown in Fig. S2(ii)(e). The
findings were consistent with other research studies.”® The
presence of chitosan:PVA in the synthesized CSNs is determined
by the broad diffraction peaks at 20 ~ 65° and 78° along with
salient diffraction deviations at 26 ~ 20° and the presence of
EuME confirms the presence of aromatic structures in PDGF-
impregnated EUME-AgNPs/CSNs. Additionally, the variant diffrac-
tion peaks indicate the presence and identification of elemental
silver in the face-centered cubic structure of the fabricated mat.
Other diffraction peaks were not observed, which confirms the
complete reduction of Ag" to elemental silver.

3.3.5. Mechanical behaviour of core-sheath nanofibrous
mats (CSNs)

3.3.5.1. Tensile testing. The mechanical testing of nano-
fibrous materials reflects the interrelationship between
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deformation and its dynamic responses to an applied force or
load. Important mechanical properties include tensile strength,
material strength, ductility, hardness, flexibility, contact angle,
stiffness, water uptake, weight loss, and porosity.®® The break-
ing strain (%) was determined to be 120, 110, 121, 105, and 123
for the PVA matrix, chitosan:PVA/CSNs, EUME/CSNs, EuME-
AgNPs/CSNs, and PDGF/EuME-AgNPs/CSNs as shown in
Fig. 3a. The PVA matrix, chitosan:PVA/CSNs, EuME/CSNs,
EuME-AgNPs/CSNs, and PDGF/EuME-AgNPs/CSNs were found
to have ultimate stress values of 0.4, 0.6, 0.75, 0.8, and 1.2 MPa
as shown in Fig. 3a.

When compared to chitosan:PVA/CSNs, the PVA matrix
showed greater strain (%) because of its superior mechanical
strength and flexibility. Lou et al.”® determined that PVA has a
high potential to fabricate fiber-forming properties and
is resistant to solvents. PVA nanofibrous webs possess high
flexibility and tensile strength. The experimental results
obtained for the PVA matrix proved to be consistent with other
study findings.”® Koosha et al.”* found that the tensile strength
decreased for chitosan-impregnated nanofibrous mats, and the
composite material was broken at lower stress and extension.
The breaking strain (%) of chitosan:PVA/CSNs was consistent
with the other research findings.”" Although the addition of
chitosan reduces the extension and elongation of nanofibers,
the impregnation of EUME increases the flexibility and stiffness
of EUME/CSNs, which could eventually accelerate the mechan-
ical strength of the nanocomposite. Ardekani et al.”? reported
that elongation at break (%) values accelerate in the presence of
essential-oil based microemulsions when compared to nano-
fibrous mats in the absence of essential oils. It is observed that
the presence of essential oil-based microemulsions and cross-
linking of nanofibers does not affect the tensile properties of
the composite material. The breaking strain (%) of EUME/CSNs
was found to be consistent with other research findings.””
Upon the addition of PDGF into EuUME-AgNPs/CSNs, the ulti-
mate strain (%) takes a longer time to break when compared to
the PVA matrix, chitosan:PVA/CSNs, EUME/CSNs, and EuME-
AgNPs/CSNs, which proves the mechanical stability and flex-
ibility of PDGF/EuME-AgNPs/CSNs. Asiri et al.”> determined
that growth factors derived from the classification of natural
elastin and fibers enhanced the elasticity and yield strength of
nanofibrous mats, thereby increasing the elongation at break
(%). It was found that the breaking strain (%) of PDGF/EuME-
AgNPs/CSNs was consistent with other research findings.”
Tensile testing provides information about the yield strength,
force or stress required to break a composite material and the
ductility of the nanofiber composite. Due to the natural poly-
mer chitosan’s ability to endure pressure, when it was impreg-
nated with a synthetic polymeric matrix, it was found that the
ultimate stress (MPa) of the resulting chitosan:PVA/CSNs was
higher than that of the PVA matrix. Upon impregnation of
growth factor (PDGF) into EuME-AgNPs/CSNs, the ultimate
stress (MPa) of PDGF/EuME-AgNPs/CSNs was comparatively
low when compared to the other fabricated nanofibers. This
indicates the flexibility and mechanical stability of PDGF/
EuME-AgNPs/CSNs when ultimate force or load is applied.
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Fig. 3 Determination of the mechanical properties of core—sheath nanofibrous mats (CSNs): (a) strain vs. stress curves (tensile testing) of core—sheath
nanofibrous mats (CSNs), (b) measurement of the contact angle (°) of core—sheath nanofibrous mats (CSNs), (c) determination of the porosity (%) of
core—sheath nanofibrous mats (CSNs), (d) determination of the water uptake (%) of core—sheath nanofibrous mats (CSNs), and (e) determination of the

mass loss percentage (%) of core—sheath nanofibrous mats (CSNs).

3.3.5.2. Water contact angle. Contact angle measurements
play a vital role in nanofibrous membranes as they determine
the hydrophilicity and fouling tendency of nanofibers. Studies
have proven that membrane properties such as porosity, pure
water permeation (PWP), and pore size of a nanofibrous
membrane affect the contact angle. In a biological environment,

9450 | Mater. Adv,, 2025, 6, 9437-9464

the presence of hydrophilic amino acids in the cell membrane or
the cell wall exhibits a strong affinity between cell wall proteins
and hydrophilic surfaces.” Fig. 3b shows the water contact angle
of the nanofibers. Hydrophilic functional groups are present in
PVA-impregnated nanofibers, which have a contact angle of 83°.
Chitosan:PVA/CSNs are physicochemically different from the other
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materials because of the increase of water contact angle to 95°
and the decrease in hydrophilicity that occur after chitosan
impregnation of PVA nanofibers. The impregnation of natural
polymers like chitosan with PVA-impregnated nanofibers
reduces the hydrophilicity of composite materials due to the
stiffness and ductility of the natural polymer. The findings were
consistent with other research findings.”> Fig. 3b shows the
water contact angle measurement of EuUME/CSNs and EuME-
AgNPs/CSNs at 85° and 80°, respectively. The impregnation of
EuME and EuME-based AgNPs along with chitosan:PVA/CSNs
increases the wettability and hydrophilicity of nanofibrous
mats, thereby decreasing the water contact angle. In the biolo-
gical milieu, the wettability of nanocomposites is crucial for
promoting cell adhesion and proliferation. Findings from pre-
vious studies were consistent with the reported results.”® The
incorporation of PDGF causes the nanofibrous mats to become
more hydrophilic by reducing the water contact angle to 68°
(Fig. 3b), which was accompanied by the presence of amine and
hydroxyl groups in the GFs, eventually tailored by PDGF/EuME-
AgNPs/CSNs focusing on greater wettability. These results were
found to be similar to the contact angle measurements in the
previous studies.”

3.3.5.3. Porosity. CSNs exhibit greater porosity by facilitating
gaseous and nutrient exchange, which results in sustained drug
delivery. The porosity of core-sheath nanofibrous materials,
namely the PVA matrix, chitosan:PVA/CSNs, EuME/CSNs,
EuME-AgNPs/CSNs, and PDGF/EuME-AgNPs/CSNs, was
observed to be 95.8, 80.2, 93.2, 92.1, and 94.7, respectively.
The porosity of the fabricated nanofibers lies in the range of
85-95%, which favors easy permeability and absorption capa-
city. As shown in Fig. 3c, the porosity of the PVA matrix
increases due to its unique hydrophilic nature and wettability.
The porosity of chitosan:PVA/CSNs decreases due to the addi-
tion of a natural polymer like chitosan, which exhibits defined
physicochemical properties. Although the porosity of chito-
san:PVA/CSNs decreases slightly when compared to the PVA
matrix, the fabricated chitosan:PVA/CSNs are advantageous for
cell proliferation and adherence. The porous nature may be due
to the meso-structural combination of nanofibers.”” From
Fig. 3c, it can be concluded that EuME/CSNs, EUME-AgNPs/
CSNs, and PDGF/EuME-AgNPs/CSNs are equally porous and
efficient in gaseous and nutrient exchange. Similarly, the
mesoporous structure of EuUME-AgNPs/CSNs makes them an
ideal vehicle for delivering growth factors.”® Hence, the fabri-
cated core-sheath nanofibers were found to have high porosity.

3.3.5.4. Water uptake. Appropriate water absorption plays a
dynamic role in the wound healing process. The presence of
moisture content in the wound bed stimulates cell migration
and secretes cytokines, which in turn increase the cell attach-
ment and adhesion, eventually resulting in the formation of
native extracellular matrix (ECM). Fig. 3d shows the percentage
of water uptake of the PVA matrix, chitosan:PVA/CSNs, EuME/
CSNs, EuME-AgNPs/CSNs, and PDGF/EuME-AgNPs/CSNs.
The percentages of water absorption and water uptake were
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observed to be 98%, 90%, 92.3%, 93.3%, and 96%, respectively.
The percentage of water uptake in the PVA matrix was greater
due to the amine and hydroxyl groups present in the synthetic
polymeric matrix when compared to chitosan:PVA/CSNs, which
may be due to the presence of hydrophobic groups. The
impregnation of EuME/EuME-AgNPs into a biopolymeric
matrix provides an excellent platform for cell proliferation
and growth because the nutrients and bioactive components
present in the essential oil can flow up easily and reach the cells
when they are in need of nutrients and oxygen. On the other
side, appropriate water uptake promotes slow degradation
of the scaffold under wet conditions, which is a vital factor
in tissue engineering.”® Impregnation of PDGF with EuME-
AgNPs/CSNs results in high water uptake ability, which may be
due to the hydrophilic nature of PVA and the interconnected
porous structure of core-sheath nanofibers. Nanofibrous mem-
branes containing growth factors facilitate the absorption of
wound exudate from the respective wound sites, resulting in
easy permeability of nutrients and oxygen to the living cells.
These findings were in line with other research publications.®°

3.3.5.5. Mass loss. The percentage of mass loss of the PVA
matrix, chitosan:PVA/CSNs, EuME/CSNs, EuME-AgNPs/CSNs,
and PDGF/EuME-AgNPs/CSNs is shown in Fig. 3e. The percen-
tage of mass loss was monitored at different time intervals,
namely 0, 1, 2, 3, 7, 14, 21, and 28 hours. During 28-hour
immersion in PBS solution, the PVA matrix, chitosan:PVA/
CSNs, EuME/CSNs, EuME-AgNPs/CSNs, and PDGF/EuME-
AgNPs/CSNs showed mass loss values of 21.22%, 40.94%,
45.92%, 56.8%, and 60.36%, respectively. The experimental
results reveal that the impregnation of chitosan into the PVA
matrix results in a mass loss due to the hydrophobicity of the
natural polymer when compared to the pure PVA matrix. This
may be due to the degradation of the oxygen-containing func-
tional groups on the biopolymeric matrix. The experimental
findings show that, with respect to time, the percentage of mass
loss of PDGF/EUME-AgNPs increases in comparison to EUME
and EuME-AgNPs. This may be due to the presence of the
growth factor in the nanocomposite, which facilitates faster
permeability, absorption capacity, and wettability, eventually
resulting in an increase in the percentage of mass loss, which
was similar to other findings.®"

3.4. Invitro antibacterial activity

Eugenol is regarded as the major organic compound that has
greater antibacterial activity and diabetic wound healing
efficacy.®” The zone of inhibition of nanomaterials was deter-
mined using well diffusion assays against S. aureus and
P. aeruginosa as shown in Fig. S3(i), Fig. S3(ii) and Fig. S4 and
tabulated in Table S2. When compared to the other groups,
PDGF-impregnated eugenol-based nanomaterials exhibited
greater antimicrobial efficacy. Hence, growth factors play an
important role in enhancing the antibacterial efficacy of sus-
ceptible strains. In treatment against S. aureus, uncapped
AgNPs exhibited a minimal zone of inhibition of 5 mm, which
was due to the uncapping properties of the silver nanomaterial.
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Chitosan:PVA showed a value of 3 mm, which was even less
than that of uncapped AgNPs due to the absence of the core
compound. Various concentrations of EUME (1%, 3%, 7%, and
9%) were treated against S. aureus, and the zone of inhibition
(mm) was 2 mm, 4 mm, 6.5 mm and 7.5 mm as shown in
Fig. S3(i)(b). Inclusion of the eugenol compound in the eugenol
composite material enhanced EuME’s efficiency, comparable to
that of uncapped AgNPs. Varying concentrations of EuME-
AgNPs (1%, 3%, 7%, and 9%) were treated against S. aureus,
and the zone of inhibition (mm) was 7 mm, 9 mm, 13 mm, and
16 mm, respectively, as shown in Fig. S3(i)(c), which was
comparatively greater than that of EuME due to the presence
of eugenol-based AgNPs associated with the biopolymeric
matrix. PDGF was tested against S. aureus at varying concentra-
tions of 1%, 3%, 7%, and 9% and the zone of inhibition (mm)
was 3 mm, 7 mm, 11 mm, and 13 mm, respectively, as shown in
Fig. S3(i)(d). Varying concentrations of PDGF/EuME-AgNPs
(1%, 3%, 7%, and 9%) were tested, and the zone of inhibition
(mm) was 14 mm, 18 mm, 19 mm, and 21 mm, respectively, as
shown in Fig. S3(i)(e), which shows that PDGF-impregnated
EuME-AgNPs were comparatively highly efficient when com-
pared to the other nanomaterials. This may be due to the fact
that the presence of PDGF could enhance the antibacterial
efficacy of S. aureus, which could be comparatively more
efficient than EuUME-AgNPs and EuME.®® In addition, SBD-
AgNPs was tested against S. aureus, and the zone of inhibition
(mm) was 6 mm, which was not comparatively efficient when
compared to PDGF/EuME-AgNPs as shown in Table S2. This
shows that SBD-AgNPs were found to be significantly less
efficient than PDGF/EuME-AgNPs. Therefore, the antibacterial
activity of PDGF/EUME-AgNPs was comparatively more effi-
cient than that of EUME, EUME-AgNPs and SBD-AgNPs.%

In treatment against P. aeruginosa, the uncapped AgNPs
showed a minimum zone of inhibition of 5 mm, which was
due to the uncapping properties of the silver nanomaterial.
Chitosan:PVA showed a value of 2 mm, which was even less
than that of uncapped AgNPs due to the absence of the core
compound. Various concentrations of EUME (1%, 3%, 7%, and
9%) were treated against P. aeruginosa, and the zone of inhibi-
tion was 3 mm, 5 mm, 7 mm, and 8.5 mm as shown in
Fig. S3(ii)(b). Inclusion of the eugenol compound in the euge-
nol composite material improved EuME’s efficiency to a level
comparable to that of uncapped AgNPs. Varying concentrations
of EUME-AgNPs (1%, 3%, 7%, and 9%) were treated against
P. aeruginosa, and the zone of inhibition (mm) was 4 mm,
9.5 mm, 14.5 mm and 17 mm, respectively, as shown in
Fig. S3(ii)(c), which was comparatively greater than that of
EuME. This may be due to the presence of a silver complex
associated with the biopolymeric complex. PDGF was tested
against P. aeruginosa at varying concentrations of 1%, 3%, 7%,
and 9% and the zone of inhibition (mm) was 2 mm, 6 mm,
8 mm, and 9 mm, respectively, as shown in Fig. S3(ii)(d).
Varying concentrations of PDGF/EuME-AgNPs (1%, 3%, 7%,
and 9%) were tested, and the zone of inhibition (mm) was
10 mm, 19 mm, 21 mm, and 23 mm, respectively, as shown
in Fig. S3(ii)(e), which shows that PDGF-impregnated
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EuME-AgNPs were comparatively highly efficient when com-
pared to the other nanomaterials. This may be due to the
presence of PDGF associated with the EuME-AgNPs, which
show the highest antibacterial susceptibility when compared
with EuUME-AgNPs and EuME. In addition, SBD-AgNPs were
tested against P. aeruginosa, and the zone of inhibition (mm)
was 6 mm, which was comparatively less efficient than PDGF/
EuME-AgNPs as shown in Table S2. This shows that SBD-AgNPs
were found to be significantly less efficient than PDGF/EuME-
AgNPs. Therefore, in comparison to EuUME, EuME-AgNPs, and
SBD-AgNPs, the antibacterial activity of PDGF/EUME-AgNPs was
more effective against P. aeruginosa.®

3.5. Biosafety evaluation

3.5.1. Determination of cell viability. The viability of
eugenol-based nanomaterials, namely, EuME, EuME-AgNPs,
PDGF/EuME-AgNPs and SBD-AgNPs, was determined at vary-
ing concentrations of 20 ug mL ™", 10 pg mL ™", and 1 ug mL ™",
The percentage of viability of PDGF/EUME-AgNPs increases to
76.7% at 20 g mL " and upon decreasing the concentration to
10 pg mL ™" and 1 ug mL™" the percentage of viability decreases
to 69.1% and 58.9%, respectively. Similarly, the percentage of
viability of EUME-AgNPs increases to 60.7% at 20 pg mL " and
upon decreasing the concentration to 10 ug mL™ " and 1 pg mL ™"
the percentage of viability decreases to 53.2% and 45.7%, respec-
tively. The percentage of viability of EUME increases to 52.8% at
20 ug mL ™" and upon decreasing the concentration to 10 ug mL ™"
and 1 pg mL ™" the percentage of viability decreases to 44.4% and
39.8%, respectively. The percentage of viability of SBD-AgNPs
increases to 9.3% at 20 pg mL ' and upon decreasing the
concentration to 10 pg mL ™' and 1 pg mL ' the percentage of
viability decreases to 6.3% and 3.3%, respectively, as shown
in Fig. 4a.

An increase in concentration increases the percentage of
viability in lymphocytes. The percentage of viability of PDGF/
EuME-AgNPs at 20 ug mL~ " was 76.7%, which was greater than
that of the eugenol-based nanomaterials EUME, EUME-AgNPs,
and SBD-AgNPs, for which the values were 52.8%, 60.7% and
9.3%, respectively. The percentage of viability of PDGF/EuME-
AgNPs at 10 pg mL ™" was 69.1%, which was greater than that of
the eugenol-based nanomaterials EuME, EuME-AgNPs, and
SBD-AgNPs, for which the values were 44.4%, 53.2% and
6.3%, respectively. The percentage of viability of PDGF/EuME-
AgNPs at 1 pg mL~"' was 58.9%, which was greater than that of
the eugenol-based nanomaterials EuME, EuME-AgNPs, and
SBD-AgNPs, for which the values were 39.8%, 45.7%, and
3.3%, respectively, as shown in Fig. 4a. Hence, the percentage
of viability of the eugenol-based nanomaterials EUME, EUME-
AgNPs, and PDGF/EuME-AgNPs was higher than that of SBD-
AgNPs upon interaction with the lymphocytes. This may be due
to the fact that eugenol-based growth factor impregnated
nanofibrous mats contain phenylpropanoid compounds (allyl
chain substituted hydroxyl groups), which could interact with
the lymphocytes and be less cytotoxic to the biological system,
thereby enhancing the percentage of cell viability when com-
pared to SBD-AgNPs. Hence, eugenol-based nanomaterials
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percentage of hemolysis (%) caused by silver nanomaterials interacting with red blood cells (human erythrocytes), (c) determination of cytotoxicity using
3T3 mouse fibroblast cell lines, (d) determination of silver ion release kinetics of eugenol microemulsion (EuME)-based silver core—sheath nanofibrous

mats (CSNs).

were thermodynamically stable and possessed drug loading
capacity, thus exhibiting antimicrobial and anti-inflammatory
properties.®® The statistical analysis showed that the viability of
PDGF/EuME-AgNPs was significantly different from that of
SBD-AgNPs but less significantly different from that of EuME
and EuME-AgNPs. The results showed that SBD-AgNPs were
cytotoxic to lymphocytes, thereby damaging the cell wall,
affecting cell membrane integrity and reducing viability.
Although EuME and EuME-AgNPs possess anti-inflammatory
and antibacterial properties, PDGF/EuME-AgNPs possess the
maximum healing and regenerative potential upon interaction
with human lymphocytes, showing an increase in the percen-
tage of cell viability.®” Hence, the results clearly reveal that
PDGF/EuME-AgNPs showing greater viability were more hemo-
compatible than SBD-AgNPs.

3.5.2. Determination of cell hemolysis. The hemolysis of
the eugenol-based nanomaterials EUME, EUME-AgNPs, PDGF/
EuME-AgNPs, and SBD-AgNPs was tested by interacting them
with red blood cells (human erythrocytes) at different concen-
trations, namely 20 pug mL~', 10 pg mL ™" and 1 pg mL ™%, as
shown in Fig. 4b. The hemolysis (%) of PDGF/EuME-AgNPs at
20 ug mL ™" was 8.33% and upon decreasing the concentration
to 10 pg mL™ "' and 1 pg mL ™", the hemolysis was 5.55% and
2.77%, respectively. Similarly, the hemolysis (%) of EuUME at
20 pg mL~* was 26.11% and upon decreasing the concentration
to 10 pg mL~ " and 1 pg mL ", the hemolysis was 19.77% and
16.66%, respectively. The hemolysis (%) of EuUME-AgNPs at
20 pg mL~" was 20% and upon decreasing the concentration to
10 pg mL™' and 1 pg mL™ ', the hemolysis was 15.44%
and 11.11%, respectively. The hemolysis (%) of SBD-AgNPs at

© 2025 The Author(s). Published by the Royal Society of Chemistry

20 pg mL ™" was 66.66% and upon decreasing the concentration
to 10 pg mL " and 1 ug mL™", the hemolysis was 58.33% and
52.77%, respectively, as shown in Fig. 4b. Hence, a slight
decrease in the concentration of the nanomaterial reduces
the percentage of cell hemolysis. The percentage of cell hemo-
lysis of PDGF/EUME-AgNPs at 20 pg mL~"' was 8.33%, which
was less than that of the eugenol-based nanomaterials EUME,
EuME-AgNPs, and SBD-AgNPs, for which the values were
26.11%, 20%, and 66.66%, respectively. Similarly, the percen-
tage of cell hemolysis of PDGF/EuUME-AgNPs at 10 ug mL ™' was
5.55%, which was less than that of the eugenol-based nano-
materials EUME, EUME-AgNPs, and SBD-AgNPs, for which the
values were 19.77%, 15.44%, and 58.33%, respectively.
The percentage of cell hemolysis of PDGF/EUME-AgNPs at
1 pug mL~" was 2.77%, which was less than that of the
eugenol-based nanomaterials EUME, EUME-AgNPs, and SBD-
AgNPs, for which the values were 16.66%, 11.11%, and 52.77%,
respectively, as shown in Fig. 4b. Hence, the percentage of
hemolysis of PDGF/EuME-AgNPs was statistically more signifi-
cant than that of eugenol-based nanomaterials (EuME, EUME-
AgNPs, and SBD-AgNPs).

Eugenol-based growth factor-impregnated nanomaterials
contain phenolic compounds, namely flavonoids, which play
a vital role in anti-inflammatory and angiogenic properties.
Eugenol-impregnated nanomaterials were found to be less
cytotoxic to the biological system and possess excellent hemo-
compatibility properties.®® The statistical analysis showed that
the hemolysis of PDGF/EUME-AgNPs was significantly different
from that of SBD-AgNPs but less significantly different from
that of EUME and EuME-AgNPs. SBD-AgNPs were found to be
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cytotoxic to erythrocytes, thereby damaging the integrity of red
blood cells and increasing hemolysis. Although EuME
and EuME-AgNPs possess anti-inflammatory and angiogenic
properties, PDGF/EUME-AgNPs possess the maximum wound
healing potential upon interaction with human erythrocytes,
showing a reduction in the percentage of cell hemolysis.®*
Hence, PDGF/EUME-AgNPs showing greater efficiency were
comparatively more hemocompatible than SBD-AgNPs.

3.6. Determination of cytotoxicity

The percentage of cell viability of mouse fibroblast cell lines
(313 fibroblast cells) was used to examine the cytotoxicity of the
nanomaterials. The PDGF/EUME-AgNPs are considered for
diabetic wound healing applications as well as skin tissue
engineering. The fibroblast cells play a critical role in support-
ing wound healing processes, being involved in fragmenting
fibrin clots, creating extracellular matrix components, and
forming collagen structures to support the cells associated with
efficient wound healing, wound contraction, and angiogenesis.
Hence, we chose 3T3 fibroblast cell lines for the study. The
fibroblast cells are mouse-derived and have a good proliferation
rate. The percentage of cell viability using the MTT assay was
determined by culturing and harvesting the fibroblast cells with
the extraction media of the nanomaterials after three incuba-
tion intervals (1, 3, and 6 days), as shown in Fig. 4c.

The figure confirms that the percentage of cell viability of
chitosan:PVA, EuME, EuME-AgNPs, and PDGF/EuME-AgNPs
was found to be comparatively higher than that of SBD-AgNPs
during the three consecutive incubation time intervals (1, 3,
and 6 days). As per the statistical analysis, the percentage of cell
viability does not show any significant changes in comparison
to the control group. The experimental results confirmed that
the nanomaterials showed no adverse cytotoxic effects upon
interaction with 3T3 mouse fibroblast cells.

The percentage of cell viability of chitosan:PVA, EuME,
EuME-AgNPs, and PDGF/EuME-AgNPs was found to be com-
paratively higher than that of SBD-AgNPs during the three
consecutive incubation time intervals (1, 3, and 6 days).
All the samples showed a greater percentage of cell viability above
90% in accordance with the control extraction medium. This may
be due to the fact that nanomaterials showed no cytotoxic effects
upon interaction with fibroblast cells, thereby promoting cell
viability and cell proliferation. The PDGF/EuUME-AgNPs possess
the highest percentage of cell viability when compared with the
other nanomaterials. This may be due to the fact that PDGF-BB
enhances fibroblast growth and promotes fibrogenesis. Numerous
studies have shown that PDGF-BB accelerates cell proliferation and
migration under different pathological conditions and thus
enhances tissue remodeling and wound healing in diabetic
patients.”” Hence, PDGF plays an important role in enhancing
fibroblast growth and proliferation, which could be a crucial factor
in diabetic wound healing.

3.7. Release kinetics

The growth factor-impregnated nanomaterials exhibit sus-
tained dissolution behavior in wound healing applications.
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Electrospun nanofibrous mats offer major advantages due to
their release and sorption properties. The important charac-
teristics of nanofibrous mats, such as small pores and high
surface area, are very favorable for liquid adsorption, sustained
release, and protecting the target site from bacterial penetra-
tion, thus providing a suitable microenvironment for wound
healing.”" Although there are an enormous number of concepts
in wound healing applications, the release kinetics of CSNs in
simulated wound fluids remains unexplored. The study mainly
focuses on the release kinetics of CSNs in SWF, which could be
correlated with the toxicological behavior of nanomaterials.
Fig. 4d shows the release kinetics of CSNs (PDGF/EuME-
AgNPs/CSNs, EUME-AgNPs/CSNs, and SBD-AgNPs/CSNs).

The percentage of cumulative release of PDGF/EuME-
AgNPs/CSNs at 1, 2, 3, 4, 5, 6, 12, 16, 18, 20, 24, 28 and 32
hours was measured to be 9.93%, 9.79%, 10.61%, 10.92%,
11.27%, 14.09%, 43.64%, 55.42%, 58.42%, 60.53%, 60.53%,
60.48% and 60.68%, respectively. The percentage of cumulative
release of EUME-AgNPs/CSNs at 1, 2, 3, 4, 5, 6,12, 16, 18, 20, 24,
28 and 32 hours was measured to be 9.61%, 9.33%, 10.61%,
10.87%, 11.10%, 12.87%, 49.83%, 59.42%, 62.42%, 63.42%,
63.42%, 63.54% and 63.42%, respectively. The percentage of
cumulative release of SBD-AgNPs/CSNs at 1, 2, 3, 4, 5, 6, 12, 16,
18, 20, 24, 28 and 32 hours was measured to be 32.11%,
36.65%, 41.43%, 47.42%, 50.34%, 54.98%, 67.36%, 82.43%,
85.18%, 89.54%, 96.54%, 97.47% and 97.53%, respectively.
Fig. 4d shows that the percentage of release of PDGF/EUME-
AgNPs/CSNs that exhibit sustained dissolution behavior was
approximately 60.68% during the 32nd hour, whereas that of
SBD-AgNPs/CSNs was approximately more than 97.53%, which
was observed to be a sudden release of silver ions in the
simulated wound fluid system. Particularly, during the period
of 12-32 hours, PDGF/EuME-AgNPs/CSNs and EuME-AgNPs/
CSNs exhibited a more controlled release of approximately
60.68% and 63.42% when compared to SBD-AgNPs/CSNs,
which exhibited a sudden release of silver ions in the simulated
wound fluid system. Due to impregnation of the growth factor,
PDGF/EuME-AgNPs/CSNs exhibit a progressive change during
the 12th-20th hour, which may be due to the shift in the
systemic release of the bioactive compounds present in the
fabricated nanofibrous mats when compared to EUME-AgNPs/
CSNs. The release of SBD-AgNPs/CSNs resulted in sudden
metallic ion release, which may be due to the fact that SBD-
AgNPs/CSNs consist of aggregated metallic silver ions, which
interfere with the dissolution kinetics behavior. The release of
eugenol-based nanomaterials resulted in a sustained and con-
trolled release of metallic ions coupled with biopolymeric
chains showing less cytotoxicity to living cells. The duration
of release studies was rationally selected ranging from 0 to
32 hours. This is to mimic the scenario that the initial 2 days
post injury are considered very crucial in the wound healing
process. The PDGF impregnated EuME-AgNPs/CSNs exhibit a
sustained gradual release, while the growth factor uncoated
nanofibrous mats exhibit a sudden release in the SWF system.
In addition, the emulsion containing the silver nanocompo-
sites was found to be stable for more than 48 hours, and hence
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the duration of 32 hours for the release kinetics study is
appropriate. Also, the respective study timeline helps under-
stand the interaction of growth factor impregnated nanocom-
posites in the real diabetic wound healing scenario. The
statistical analysis shows that PDGF/EuME-AgNPs/CSNs and
EuME-AgNPs/CSNs possess a greater significant difference
(***) (p value < 0.001) than SBD-AgNPs/CSNs. This may be
due to the sustained dissolution behavior of eugenol-based
metallic silver ions in the wound environment. According to the
literature, the dissolution behavior of nanomaterials depends
on the bioactive components and metallic ions present in the
core-sheath nanofibrous material.”> Hence, eugenol-based
nanomaterials such as PDGF/EuME-AgNPs/CSNs and EuME-
AgNPs/CSNs exhibit sustained release kinetics due to the
presence of flavonoids in the CSNs.

3.8. Invivo diabetic wound healing efficacy

3.8.1. Percentage of wound contraction. Wound healing in
diabetes is impaired by factors that are both intrinsic and
extrinsic to the wounds and their biological implications.
Diabetic wound sites create a breeding ground for many
resistant bacteria due to decreased neovascularization and
re-epithelialization, accelerated high glucose levels, and a
destructive wound healing response.’® Nanofiber-based wound
dressing models protect the wound bed from risk factors and
provide a suitable microenvironment for facilitating the wound
healing cascade. The porous structure and large surface area of
CSNs facilitate the release of various bioactive molecules and
mimic the innate extracellular matrix (ECM), which creates a
suitable environment for cell proliferation, migration, and
differentiation.”® The rate at which bioactive molecules are
released from wound dressing models can be effectively con-
trolled by modifying the size and structure of the nanofiber
pores, thereby promoting the wound healing process. There-
fore, co-axial electrospun nanofibers are regarded as a great
alternative to diabetic wound healing treatment in view of their
exclusive benefits.

An in vivo diabetic wound healing study of the fabricated
CSNs was performed using an excision wound model made
with a thickness of 2 cm x 2 cm in STZ-induced diabetic rats.
The fabricated CSNs were topically placed on the excisional
wound sites, and the percentage of wound contraction was
calculated at different time intervals. To assess the effectiveness
of the CSNs to treat diabetic wounds, the wound area was
imaged on days 0, 3, 6, 9, 14, and 25.

Fig. 5 and Fig. S5 determine the diabetic wound healing
efficiency of the control group (no treatment), vehicle control
(citrate buffer), chitosan:PVA/CSNs, EUME/CSNs, EUME-AgNPs/
CSNs, PDGF/CSNs, PDGF/EuME-AgNPs/CSNs, and SBD-AgNPs/
CSNs in STZ-induced diabetic rats. As shown in Fig. 5, diabetic
wounds treated with PDGF/EuME-AgNPs/CSNs showed a
greater percentage of wound contraction on the 9th day itself
when compared to the control group (no treatment), vehicle
control (citrate buffer), chitosan:PVA/CSNs, EuUME/CSNs, EuME-
AgNPs/CSNs, PDGF/CSNs, and SBD-AgNPs/CSNs. As shown in
Fig. S5, the percentage of wound contraction and in vivo diabetic
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wound healing efficacy in STZ-induced diabetic rats were deter-
mined. From Fig. S5, on the 3rd day, the percentage of wound
contraction in the control group (no treatment), vehicle control
(citrate buffer), chitosan:PVA/CSNs, EUME/CSNs, EuME-AgNPs/
CSNs, PDGF/CSNs, PDGF/EuME-AgNPs/CSNs, and SBD-AgNPs/
CSNs was found to be 5%, 11.17%, 20.35%, 25.62%, 30%, 10.73%,
49%, and 15.36%, respectively. Similarly, on the 6th day, the
percentage of wound contraction in the control group (no treat-
ment), vehicle control (citrate buffer), chitosan:PVA/CSNs, EUME/
CSNs, EuME-AgNPs/CSNs, PDGF/CSNs, PDGF/EuME-AgNPs/
CSNs, and SBD-AgNPs/CSNs was found to be 15%, 30.8%,
54.95%, 61%, 71.87%, 40.52%, 90.62%, and 25.75%, respectively.
On the 9th day, the percentage of wound contraction in the
control group (no treatment), vehicle control (citrate buffer),
chitosan:PVA/CSNs, EuME/CSNs, EuME-AgNPs/CSNs, PDGF/
CSNs, PDGF/EuME-AgNPs/CSNs, and SBD-AgNPs/CSNs was
found to be 20%, 80%, 82%, 91%, 93%, 70.55%, 98%, and
40%, respectively. On the 14th day, the percentage of wound
contraction in the control group (no treatment), vehicle control
(citrate buffer), chitosan:PVA/CSNs, EUME/CSNs, EuME-AgNPs/
CSNs, PDGF/CSNs, PDGF/EuME-AgNPs/CSNs, and SBD-AgNPs/
CSNs was found to be 25%, 82.12%, 96.25%, 97%, 98%, 85.37%,
100%, and 61%, respectively. On the 25th day, the percentage
of wound contraction in the control group (no treatment),
vehicle control (citrate buffer), chitosan:PVA/CSNs, EuUME/CSNs,
EuME-AgNPs/CSNs, PDGF/CSNs, PDGF/EuME-AgNPs/CSNs, and
SBD-AgNPs/CSNs was found to be 40%, 91.25%, 98%, 100%,
100%, 92.12%, 100%, and 91%, respectively. Similarly, on the
30th day, the percentage of wound contraction in the control
group (no treatment), vehicle control (citrate buffer), chito-
san:PVA/CSNs, EuUME/CSNs, EuME-AgNPs/CSNs, PDGF/CSNs,
PDGF/EuME-AgNPs/CSNs, and SBD-AgNPs/CSNs was found to
be 51%, 100%, 100%, 100%, 100%, 100%, 100%, and 95%,
respectively. Although the efficiency of chitosan:PVA/CSNs,
EuME/CSNs, EuME-AgNPs/CSNs, PDGF/CSNs, and SBD-AgNPs/
CSNs was greater than that of the control group, PDGF/EuME-
AgNPs/CSNs exhibited the highest percentage of wound contrac-
tion. The efficiency of PDGF/EUME-AgNPs/CSNs may be due to
the impregnation of the growth factor along with EuME-AgNPs
coupled with the biopolymeric matrix. The diabetic wounds
treated with the PDGF-associated eugenol-based nanofibrous
matrix exhibit a marked increase in the number of inflammatory
cells that enter the wound, which include monocytes, neutrophils,
and fibroblasts. Subsequently, the formation of granulation tissue
was also enhanced. In addition, the PDGF-associated nanofibrous
matrix promotes neovascularization and re-epithelialization
potential. According to the statistical findings, the PDGF/EuME-
AgNPs/CSNs group was observed to be substantially different from
the control (without treatment) group. The experimental results of
PDGF/EuME-AgNPs/CSNs were consistent with other research
findings.”> The percentage of wound contraction of EUME-
AgNPs/CSNs was greater than that of EUME/CSNs, chitosan:PVA/
CSNs, SBD-AgNPs/CSNs, and the control group on all the respec-
tive days (3, 6, 9, 14, 25, and 30), which may be due to the presence
of an eugenol-based silver complex associated with the bio-
polymeric matrix. The eugenol-based silver nanocomposite
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Fig. 5 Determination of the diabetic wound healing efficiency of core—sheath nanofibrous mats (CSNs) in streptozotocin (STZ) induced Wistar rat
models with respect to time duration (days). (a) Excision wound healing during the Oth day, (b) excision wound healing during the 3rd day, (c) excision
wound healing during the 6th day, (d) excision wound healing during the 9th day, (e) excision wound healing during the 14th day, (f) excision wound
healing during the 25th day, and (g) excision wound healing during the 30th day; (la—1g) control group (without treatment), (2a—2g) vehicle control
(citrate buffer), (3a—3g) chitosan:PVA/CSNs, (4a—4g) EUME/CSNSs, (5a—5g) EUME—-AgNPs/CSNs, (6a—6g) PDGF/CSNs, (7a—7g) PDGF/EUME—-AgNPs/CSNs,

and (8a—8g) SBD-AgNPs/CSNs.

fibrous matrix heals the diabetic wound bed faster and protects
the wound from biofilm formation. This could eventually
accelerate wound closure and contraction and speed up the
diabetic wound healing cascade. According to the statistical
findings, EuUME-AgNPs/CSNs were found to be significantly
different (p < 0.001) from the control group. The experimental

9456 | Mater. Adv, 2025, 6, 9437-9464

findings of EUME-AgNPs/CSNs turned out to be in line with the
results of other studies.’® The percentage of wound contraction
of EUME/CSNs was greater than that of chitosan:PVA/CSNs,
SBD-AgNPs/CSNs, and the control group on all the respective
days (3, 6, 9, 14, 25, and 30). This may be due to the presence of
flavonoids, a type of phenolic molecule that plays a crucial role
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in the healing process by accelerating the cascade of wound
contraction. According to the statistical findings, EUME/CSNs
were found to be significantly different (p < 0.001) from the
control group. The experimental findings of EUME/CSNs turned
out to be analogous to those from other studies.’” The percen-
tage of wound contraction of chitosan:PVA/CSNs was greater
than that of SBD-AgNPs/CSNs and the control group on all
respective days (3, 6, 9, 14, 25, and 30), which may be due to the
presence of a potent healing agent, such as chitosan, that plays
a vital role in skin lesions and is effectively used as a wound
dressing model. According to the statistical findings, chito-
san:PVA/CSNs were found to be substantially different (p <
0.001) from the control group. The experimental findings of
chitosan:PVA/CSNs were consistent with those of other studies.’®
The percentage of wound contraction of SBD-AgNPs/CSNs was
found to be significantly less than that of chitosan:PVA/CSNs,
EuME/CSNs, EuME-AgNPs/CSNs, PDGF/CSNs, and PDGF/
EuME-AgNPs/CSNs, which may be due to the cytotoxic behavior
of the polyamides present in the silver band aid suspension,
which leads to decreased efficiency of the healing process
in diabetic wounds. The statistical observations reveal that
SBD-AgNPs/CSNs were found to be less significantly different
(p < 0.5) from the control group and more significantly
different (p < 0.001) from chitosan:PVA/CSNs, EuUME/CSNs,
EuME-AgNPs/CSNs, PDGF/CSNs, and PDGF/EuME-AgNPs/
CSNs. Hence, the in vivo experimental results prove that
PDGF/EuME-AgNPs/CSNs were found to be considerably more
efficient than chitosan:PVA/CSNs, EUME/CSNs, EUME-AgNPs/
CSNs, PDGF/CSNs, SBD-AgNPs/CSNs, and the control group.

3.8.2. Estimation of blood glucose levels during the heal-
ing process. The level of blood glucose was estimated on post-
wounded days 0, 20, and 30 days in STZ-induced Wistar rats, as
shown in Table S3. The measurement of blood glucose levels
during the wound healing process is very essential. From Table
S3, it can be observed that the treatment of diabetic rats with
chitosan:PVA/CSNs resulted in a decrease in the blood glucose
level, which may be due to the multifunctional characteristics
of chitosan. Chitosan plays a crucial role in reducing oxidative
stress and systemic inflammation, eventually neutralizing ROS
production and thereby inhibiting glucose absorption. In addi-
tion, the nanofibrous mats impregnated with chitosan:PVA
exhibit a sustained release of bioactive components, which in
turn also supports glycemic stability in rats.’® Rats treated with
EuME/CSNs maintained steady glycemic levels without any
increase in blood glucose, which favors a suitable microenvir-
onment for efficient diabetic wound healing.

Rats treated with EUME-AgNPs/CSNs resulted in a decrease
in blood glucose levels, which may be due to the presence of a
silver nanocomposite matrix coupled with a biopolymer that
enhanced the percentage of wound contraction, thereby redu-
cing blood glucose levels in diabetic rats. Rats treated with
PDGF/EuME-AgNPs/CSNs showed a reduction in blood glucose
levels, which may be due to the impregnation of growth factors
associated with the eugenol-based biopolymeric matrix.
Growth factors are regarded as polypeptides that exert cellular
functions resulting in cell proliferation, migration, and
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differentiation. Growth factors such as platelet-derived growth
factor (PDGF) play a vital role in diabetic wound healing and
could regulate cell growth and division. Hence, PDGF/EuME-
AgNPs/CSNs resulted in a decrease in glycemic levels due to the
impregnation of the growth factor-associated eugenol-based
biopolymeric matrix. Diabetic rats treated with SBD-AgNPs/
CSNs (commercially procured bandages) maintained a steady
blood glucose level in the range of (400-450) mg dL ™ without
any increase in hyperglycemia, which resulted in nearly 80% of
wound contraction on the 25th day of wound treatment. But the
diabetic rats in the control group (without treatment) exhibited
an increase in the blood glucose level, which may be due to the
fact that no treatment has been administered to diabetic rats,
which could have resulted in increased biofilm formation and
delayed wound closure and contraction. Therefore, treatment
groups with biopolymer-based nanofibrous mats maintained
a steady, and at times decreased, blood glucose level, which could
be an added value for diabetic wound healing applications.

3.8.3. Histopathological study. Histopathological analysis
of STZ-induced diabetic excisional wound rat models in
the control group (without treatment), vehicle control (citrate
buffer), chitosan:PVA/CSNs, EUME/CSNs, EuME-AgNPs/CSNs,
PDGF/CSNs, PDGF/EUME-AgNPs/CSNs, and SBD-AgNPs/CSN’s
observed on the 9th and 14th days was conducted using H&E
staining (Fig. 6) and MT staining (Fig. 7). Table S4 presents the
collagen and fibroblast regeneration potential.

As shown in Fig. 6, on the 9th day, using H&E staining,
wounds treated as the control group showed mild atrophy of
the epidermis and slightly dispersed collagen fibers in the
dermis (Fig. 6.1(a)). Wounds treated as the vehicle control
(citrate buffer) showed a normal epidermis (yellow arrow), the
dermis showed mild edema, and scattered chronic inflamma-
tory cells (black arrow) were observed (Fig. 6.1(b)). Wounds
treated with chitosan:PVA/CSNs showed a normal-appearing
epidermis (yellow arrow), the dermis showed mild edema, and
scattered chronic inflammatory cells with normally dispersed
collagen fibers (black arrow) were observed (Fig. 6.1(c)).
Wounds treated with EUME/CSNs showed dense formation of
the normal epidermis (yellow arrow), and the dermis showed
few scattered chronic inflammatory cells with a high amount of
collagen fiber formation (black arrow) (Fig. 6.1(d)) Wounds
treated with EuUME-AgNPs/CSNs showed a highly developed
epidermis (yellow arrow), and the dermis showed maximum
formation of collagen and fibroblasts (black arrow) in the
treated groups (Fig. 6.1(e)). Wounds treated with PDGF/CSNs
showed hyperplastic epidermal layers with a thin keratin layer
(vellow arrow), and the dermis showed granulation tissue
composed of hemorrhagic areas with fibroblast proliferation
and increased fibrin regeneration (black arrow) (Fig. 6.1(f)).
Wounds treated with PDGF/EuME-AgNPs/CSNs showed focal
hyperplasia of the epidermis (yellow arrow) and the dermal
layer expressed increased production of collagen fibers and
fibroblast regeneration in the treated groups (Fig. 6.1(g)).
Wounds treated with SBD-AgNPs/CSNs showed a normal epi-
dermis (yellow arrow) and the dermis showed mild edema
(black arrow) with little formation of collagen and fibroblasts
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Fig. 6 Histopathological observations of wounds treated with core—sheath nanofibrous mats (CSNs) using hematoxylin and eosin (H&E) staining on the
9th and 14th days. (1la—1h) Skin sections stained on the 9th day of wound closure, (2a—2h) skin sections stained on the 14th day of wound closure, (1a and
2a) control group (without treatment), (1b and 2b) vehicle control (citrate buffer), (1c and 2c) chitosan:PVA/CSNs, (1d and 2d) EUME/CSNSs, (le and 2e)
EuME-AgNPs/CSNs, (1f and 2f) PDGF/CSNSs, (1g and 2g) PDGF/EUME—-AgNPs/CSNs, and (1h and 2h) SBD—-AgNPs/CSNs. The yellow arrow indicates the
production of fibroblasts, collagen deposition, and granulation tissue formation in the stained skin sections on the 9th and 14th days.

in the treated groups (Fig. 6.1(h)). The observed results showed
that, on the 9th day, wounds treated with PDGF/EuUME-AgNPs/
CSNs showed the maximum formation of collagen and fibro-
blasts and fibrin regeneration when compared to the other
treatment groups.

As shown in Fig. 6, on the 14th day, using H&E staining,
wounds treated as the control group showed a hyperplastic

9458 | Mater. Adv, 2025, 6, 9437-9464

epidermis (regenerative changes) (yellow arrow), and the der-
mis showed granulation tissue composed of chronic inflam-
matory cells (black arrow) (Fig. 6.2(a)). Wounds treated as the
vehicle control (citrate buffer) showed an atrophied epidermis
(vellow arrow) and normal dermal layers with mild edema
(black arrow) (Fig. 6.2(b)). Wounds treated with chitosan:PVA/
CSNs showed mild atrophy of the epidermis (yellow arrow), and
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the maximum amount of fibroblasts was observed in the
dermis layer (black arrow) (Fig. 6.2(c)). Wounds treated with
EuME/CSNs showed an atrophied epidermis (yellow arrow) and
maximum formation of collagen and fibroblasts in the dermal
layer (black arrow) (Fig. 6.2(d)). Wounds treated with EuME-
AgNPs/CSNs showed regenerative epidermal layers (yellow
arrow) with spongiosis, and the dermis showed prominent
granulation tissue composed of newly formed blood vessels,
hemorrhagic areas, orderly proliferation of fibroblasts, and
inflammation (black arrow) (Fig. 6.2(e)). Wounds treated with
PDGF/CSNs showed a hyperplastic epidermis (yellow arrow)
and normal dermal layers with organized collagen bundles
(black arrow) (Fig. 6.2(f)). Wounds treated with PDGF/EuME-
AgNPs/CSNs showed a normal epidermis with focal hyperplasia
(vellow arrow) and a dermal layer with maximum production of
fibroblasts and collagen and fibrin regeneration (Fig. 6.2(g)).
Wounds treated with SBD-AgNPs/CSNs showed an atrophied
epidermis (yellow arrow), and the dermis showed edema with a
disordered collagen pattern and scattered inflammatory cells
(black arrow) (Fig. 6.2(h)). The observed results show that on
the 14th day, wounds treated with PDGF/EuME-AgNPs/CSNs
showed the maximum amount of granulation tissue formation,
and the dermis showed a dense formation of fibroblasts and
collagen regeneration when compared to the other treatment
groups.

As shown in Fig. 7, on the 9th day using MT staining,
wounds treated as the control group showed normal deposition
of collagen bundles, as shown in Fig. 7.1(a). Wounds treated as
the vehicle control showed a disorganized distribution of
collagen fibers, as shown in Fig. 7.1(b). Wounds treated with
chitosan:PVA/CSNs exhibited an organized arrangement of
normal collagen fibers, resulting in the complete formation
of fibrin and fibroblast cells and tissues as shown in Fig. 7.1(c).
Similarly, wounds treated with EUME/CSNs and EuME-AgNPs/
CSNs showed equal distribution and arrangement of collagen
fibers, and bundle-shaped patterns were observed, as shown in
Fig. 7.1(d) and (e). Wounds treated with PDGF/CSNs and PDGF/
EuME-AgNPs/CSNs showed an abundant number of organized
collagen fibers and fibroblast proliferation, as shown in
Fig. 7.1(f) and (g). Wounds treated with SBD-AgNPs/CSNs
showed a disorganized distribution of collagen fibers, and
irregular bundle-shaped patterns were observed, as shown in
Fig. 7.1(h). The observed results show that wounds treated with
PDGF/EuME-AgNPs/CSNs showed maximum production of
collagen fibers and bundle-shaped regular patterns when com-
pared to the other treatment groups. As shown in Fig. 7, on the
14th day using MT staining, wounds treated as the control
group showed increased collagen fibers in a mildly disorga-
nized pattern and fibroblast proliferation as shown in
Fig. 7.2(a). Wounds treated as the vehicle control showed an
organized distribution of collagen fibers (Fig. 7.2(b)). Wounds
treated with chitosan:PVA/CSNs exhibited an equal and orga-
nized distribution of collagen fibers (Fig. 7.2(c)). Wounds
treated with EuME/CSNs exhibited abundant formation of
collagen proliferation in an organized manner and a bundle-
shaped pattern as shown in Fig. 7.2(d). Wounds treated with

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

EuME-AgNPs/CSNs exhibited abundant collagen proliferation
in an organized pattern (Fig. 7.2(e)). Wounds treated with
PDGF/CSNs exhibited the formation of normal collagen fibers
in an organized pattern (Fig. 7.2(f)). Wounds treated with
PDGF/EuME-AgNPs/CSNs showed abundant formation of col-
lagen fibers, and the maximum amount of fibrin regeneration
was observed (Fig. 7.2(g)). Wounds treated with SBD-AgNPs/
CSNs exhibited mild collagen proliferation and a disorganized
pattern of collagen fibers (Fig. 7.2(h)). The observed results
prove that wounds treated with PDGF/EuME-AgNPs/CSNs
showed maximum proliferation of collagen fibers and deposi-
tion when compared to the other treatment groups.

3.8.4. Immunohistochemical study. Angiogenesis plays a
crucial role in the wound healing cascade. Angiogenesis
enhances the transport of oxygen and nutrients to the injury
sites. CD-31 is one of the most important markers of endothe-
lial cell differentiation, which aids in proliferation, adhesion,
and vascularization. CD-31 is expressed by monocytes, plate-
lets, endothelial cells, and granulocytes.'*® Additionally, CD-31
plays a vital role in cellular migration and the removal of aged
neutrophils in an inflammatory phase.

As shown in Fig. 8(a and b), immunohistochemical staining
has been carried out using CD-31 as the marker for the
treatment groups.

As shown in Fig. 8, wounds treated as the control group
showed CD-31 mild focal positive staining in the dermis (yellow
arrow) and no significant angiogenesis was observed (Fig. 8(1a
and b)), whereas wounds treated with the vehicle control,
chitosan:PVA/CSNs, EuME/CSNs, EuME-AgNPs/CSNs, PDGF/
CSNs, and PDGF/EuME-AgNPs/CSNs exhibited an increased
CD-31-stained area in the dermis layer (yellow arrow), which
confirms vascularization potential in the respective groups.
Significant amounts of angiogenesis are observed in the respec-
tive vehicle controls (Fig. 8(2a and b)), chitosan: PVA/CSNs
(Fig. 8(3a and b)), EuME/CSNs (Fig. 8(4a and b)), EuME-
AgNPs/CSNs (Fig. 8(5a and b)), PDGF/CSNs (Fig. 8(6a and b))
and PDGF/EuME-AgNPs/CSNs (Fig. 8(7a and b)). But wounds
treated with SBD-AgNPs/CSNs showed a moderate amount of
stained area in the dermis layer (yellow arrow), and little
amount of angiogenesis was observed, as shown in Fig. 8(8a
and b). Hence, the observed results reveal that wounds treated
with eugenol-based nanofibrous mats showed an increased CD-
31-stained section and a significant amount of angiogenesis
when compared to the control group and SBD-AgNPs/CSNs.

IL-1 is a pro-inflammatory cytokine and possesses immune-
amplifying effects. IL-1 is predominantly produced by macro-
phages and epithelial cells.'®" IL-1 plays a vital role in acute
inflammation, which results in adaptive anti-tumor responses.
As shown in Fig. 8(c and d), immunohistochemical staining has
been carried out using IL-1 as the potential marker for the
treatment groups. As shown in Fig. 8, wounds treated as the
control group (Fig. 8(1c and d)) and the vehicle control group
(Fig. 8(2c and d)) showed mild focal positivity for IL-1 in the
inflammatory cells in the dermis (yellow arrow). No significant
inflammation is observed similar to the control groups.
Wounds treated with chitosan:PVA/CSNs (Fig. 8(3c and d))
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Fig. 7 Histopathological observations of wounds treated with core—sheath nanofibrous mats (CSNs) using Masson's trichrome (MT) staining on the 9th
and 14th days. (1la—1h) Skin sections stained on the 9th day of wound closure, (2a—2h) skin sections stained on the 14th day of wound closure, (1a and 2a)
control group (without treatment), (1b and 2b) vehicle control (citrate buffer), (1c and 2c) chitosan:PVA/CSNs, (1d and 2d) EUME/CSNSs, (1e and 2e) EUME-
AgNPs/CSNs, (1f and 2f) PDGF/CSNs, (1g and 2g) PDGF/EUME-AgNPs/CSNs, and (Lh and 2h) SBD-AgNPs/CSNs. The yellow arrow denotes the
quantitative determination of collagen deposition in the stained skin sections on the 9th and 14th days.

showed an increase in IL-1 positivity among the inflammatory
cells (yellow arrow). A mild increase in the inflammatory cells
was observed, as shown in the figure. Similarly, wounds treated
with EuME/CSNs (Fig. 8(4c and d)), EuME-AgNPs/CSNs
(Fig. 8(5¢c and d)), PDGF/CSNs (Fig. 8(6c and d)), and PDGF/
EuME-AgNPs/CSNs (Fig. 8(7c and d)) showed an increase in
IL-1 positivity among the inflammatory cells (yellow arrow).

9460 | Mater. Adv, 2025, 6, 9437-9464

In addition, a significant increase in inflammatory cells was
observed, as shown in the figure. But wounds treated with SBD-
AgNPs/CSNs (Fig. 8(8c and d)) showed an increase in IL-1
positivity among the inflammatory cells (yellow arrow). Also, a
mild increase in the inflammatory cells is observed, as shown
in the figure. Hence, the observed results prove that wounds
treated with PDGF/EuME-AgNPs/CSNs possess a high amount
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Immunohistochemical study of wounds treated with core-sheath nanofibrous mats (CSNs) using potential anti-inflammatory markers such as

CD-31, IL-1 and TGF-B during the diabetic wound healing process in streptozotocin (STZ) induced Wistar rat models. (1la—1f) Control group (without
treatment), (2a—2f) vehicle control (citrate buffer), (3a—3f) chitosan:PVA/CSNs, (4a—4f) EUME/CSNSs, (5a—5f) EUME—-AgNPs/CSNs, (6a—-6f) PDGF/CSNS,
(7a-7f) PDGF/EuUME-AgNPs/CSNs, and (8a—8f) SBD-AgNPs/CSNs. The yellow arrow indicates the determination of fibrogenesis and angiogenesis in the
stained skin sections during the diabetic wound healing process using potential anti-inflammatory markers.

of IL-1 positivity among the inflammatory cells, and a signifi-
cant increase in the inflammatory cells is observed when
compared to the other treatment groups.

TGF-p is a potential marker in the replenishment and
retrieval of immune cells and fibroblasts from circulation.
These mechanistic events lead to the formation of granulation
tissue, angiogenesis, and collagen synthesis and production.®?
As shown in Fig. 8(e and f), immunohistochemical staining has
been carried out using TGF-B as the potential anti-inflam-
matory marker for the treatment groups. As shown in Fig. 8,

© 2025 The Author(s). Published by the Royal Society of Chemistry

wounds treated as the control group showed mild TGF-f1
positivity in the dermis layer (yellow arrow). No significant
fibrogenesis was observed (Fig. 8(1e and f)). Wounds treated
with the vehicle control, chitosan:PVA/CSNs, EuME/CSNs,
EuME-AgNPs/CSNs, PDGF/CSNs, PDGF/EuME-AgNPs/CSNs,
and SBD-AgNPs/CSNs exhibited accelerated TGF-B1 positivity
in the dermis layer (yellow arrow). Significant fibrogenesis is
observed as in the respective vehicle control (Fig. 8(2e and f)),
chitosan:PVA/CSNs (Fig. 8(3e and f)), EUME/CSNs (Fig. 8(4e and f)),
EuME-AgNPs/CSNs (Fig. 8(5e and f)), PDGF/CSNs (Fig. 8(6e and f)),
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PDGF/EUME-AgNPs/CSNs (Fig. 8(7e and f)), and SBD-AgNPs/CSNs
(Fig. 8(8e and f)). Hence, the observed results confirm that wounds
treated with PDGF/EUME-AgNPs/CSNs exhibited the maximum
amount of TGF-B1 positivity and a significant increase in fibrogen-
esis is observed when compared to the other treatment groups.

4. Conclusion

Multifunctional PDGF-impregnated eugenol-based CSNs (PDGF/
EuME-AgNPs/CSNs) were efficiently fabricated. The CSNs deter-
mined the essential physico-chemical characteristics that were
found to be major pre-requisites for diabetic wound healing
applications. The surface morphology and internal morphology
of PDGF/EuUME-AgNPs/CSNs nanofibrous mats demonstrated
smooth, bead-free, and web-like nanofibrous structures with a
nanometer size range. The fabricated nanofibrous mats showed
good water uptake, excellent porosity, air permeability, and oxy-
gen exchange, as well as desired mechanical strength and bio-
degradability. Particularly, the water uptake properties indicate
their capacity to withhold moisture, which is essential for efficient
diabetic wound healing applications. The fabricated PDGF/
EuME-AgNPs exhibit greater antimicrobial efficacy against
Gram-positive (S. aureus) and Gram-negative strains (P. aeruginosa).
Furthermore, in vivo experiments confirm that PDGF/EuME-
AgNPs/CSNs demonstrated a higher percentage of wound con-
traction and wound closure on the 9th day itself when com-
pared to the control group and SBD-AgNPs/CSNs in the STZ-
induced diabetic excisional wound rat models. In addition,
histopathological studies (H&E staining and MT staining) reveal
that the maximum amount of collagen deposition, fibroblast
production, and fibrin regeneration is observed in wounds treated
with PDGF/EuME-AgNPs/CSNs when compared to the control
group and SBD-AgNPs/CSNs. Similarly, immunohistochemical
studies prove that wounds treated with PDGF/EuME-AgNPs/CSNs
showed increased production of CD-31, IL-1, and TGF-, which
confirmed re-epithelialization, vascularization, angiogenesis,
expression of pro-inflammatory cytokines, and collagen deposition
in the PDGF/EuME-AgNPs/CSNs-treated group. Therefore, based
on the experimental results, it was confirmed that the fabricated
PDGF/EUME-AgNPs/CSNs possess great potential as effective dia-
betic wound dressing scaffolds, which can further be taken for
clinical trials and commercialization in the future, thereby suggest-
ing their use in diabetic wound healing applications, and further
molecular mechanistic insights are recommended in this direction.
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