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Abstract 

 
Background and purpose: Wound dressings are essential in managing chronic wounds like pressure ulcers, 
which increase healthcare costs and hospital stays. There is a rising demand for advanced dressings that 
effectively promote healing. This study developed electrospun gelatin-hyaluronic acid (Gel/HA) nanofibers 
loaded with silver nanoparticles (Ag NPs) and phenytoin to enhance wound healing. 
Experimental approach: Ag NPs were synthesized via silver nitrate reduction using trisodium citrate and tannic 
acid, and characterized for size, zeta potential, PDI, UV-Vis absorption, and XRD patterns. Drug-free and drug-
loaded Gel/HA nanofibers were fabricated and analyzed using FE-SEM, FTIR, DSC, XRD, swelling behavior, 
drug loading, and release profiles. In vitro antibacterial and in vivo wound healing studies were conducted. 
Findings/Results: Optimized Ag NPs had a size of 41.96 ± 1.2 nm, zeta potential of −23.77 ± 1.31 mV, and 
PDI of 0.35 ± 0.02. The ideal nanofiber formulation (20 g Gel and 0.25 g HA/100 mL) showed drug loading 
efficiencies of 56.02 ± 1.8% (Ag NPs) and 61.02 ± 2.82% (phenytoin), with release times of 22.23 and                   
28.53 h, respectively. The nanofibers demonstrated high swelling (822.2%) and strong antibacterial activity. 
In vivo studies revealed significantly faster wound closure, improved epithelialization, collagen deposition, 
and complete healing within 15 days. These effects reflect the synergy between Ag NPs’ antimicrobial and 
phenytoin’s regenerative properties. 
Conclusion and implications: Gel/HA nanofibers loaded with Ag NPs and phenytoin show great promise as 
advanced wound dressings. Further studies in larger animal models and clinical trials are warranted. 
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INTRODUCTION 

 
The skin, as one of the largest and most 

complex organs in the human body, comprises 
multiple layers, the outermost of which is 
known as the epidermis. The epidermis is 
susceptible to external destructive actions, 

resulting in various types of ulcers and injuries, 
including chronic wounds such as bedsores and 
pressure ulcers (1).  
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These injuries present a challenge in clinical 
settings due to their susceptibility to infection 
and delayed healing. A wound bed, with its 
warm, wet, and nutrient-rich environment, is an 
ideal setting for microbial growth, which 
complicates the healing process and 
necessitates special attention to prevent 
infection and optimize recovery (2,3).  

Wound dressings are crucial in the healing 
process as they provide a barrier against 
microorganisms, protect the wound from 
external contaminants, and create an optimal 
environment for tissue regeneration (4,5). 
However, despite the availability of over 300 
types of wound dressings, choosing the most 
appropriate one remains a critical issue. Not all 
wounds require the same dressing type, and the 
ideal dressing should maintain a moist 
environment while preventing microbial 
invasion and supporting tissue healing (6,7). 
This has prompted the exploration of 
biopolymers such as gelatin (Gel) and 
hyaluronic acid (HA), which offer unique 
properties that can aid in wound healing. 

Gelatin, derived from collagen, is highly 
hydrophilic, making it an excellent candidate 
for maintaining moisture in the wound bed, 
which is essential for promoting healing. Its fast 
degradability allows for easy absorption by the 
body, thus avoiding any negative long-term 
effects. However, its lack of antimicrobial 
properties makes it vulnerable to infections in 
wound sites, necessitating the incorporation of 
additional materials to enhance its functionality 
(8,9).  

On the other hand, HA, a naturally occurring 
polymer, has remarkable biological properties, 
including the ability to promote tissue 
regeneration, reduce inflammation, and 
enhance collagen synthesis. HA’s hemostatic 
properties are also beneficial in wound healing 
(10,11). However, it is not without limitations. 
HA’s high cost and potential instability in 
certain environmental conditions make it 
challenging to use on its own as a wound 
dressing material (12). Together, Gel and HA 
can form a synergistic system that combines 
moisture retention with regenerative 
capabilities, but their efficacy is often enhanced 
when combined with other materials such as 
nanoparticles. 

Silver nanoparticles (Ag NPs) have attracted 
significant attention due to their broad-
spectrum antibacterial properties, which are 
particularly effective in preventing microbial 
infections in wound care (13-15). The unique 
properties of Ag NPs, including their large 
surface area and high reactivity, make them 
effective in disrupting bacterial cell walls and 
inhibiting microbial growth (16,17). However, 
the use of Ag NPs also has some challenges. 
Potential toxicity to human cells, particularly at 
higher concentrations, remains a concern, 
though recent advancements in controlled-
release formulations help mitigate these risks 
(18,19). Moreover, Ag NPs can interact with 
the wound site to release silver ions gradually, 
which aids in promoting faster tissue 
regeneration and reducing infection risk 
(20,21).  

Phenytoin, an anticonvulsant medication, 
has been found to accelerate wound healing by 
promoting collagen synthesis, new vascular 
formation, and tissue regeneration (22). In 
topical formulations, phenytoin has shown 
significant improvement in healing traumatic 
wounds, burns, and bedsores. When applied to 
wounds, it has been observed to enhance tissue 
regeneration by reducing inflammation and 
encouraging faster recovery of the wound site 
(23). However, phenytoin, while beneficial, 
also poses challenges in terms of its controlled 
release and bioavailability, which may require 
effective delivery systems such as nanofibers to 
optimize its therapeutic potential. 

Among the various techniques for 
fabricating wound dressings, electrospinning 
has emerged as one of the most promising 
methods for producing nanofibers (24,25). 
Electrospun nanofibers, with diameters ranging 
from nanometers to microns, exhibit unique 
properties, including high surface area, 
porosity, and the ability to mimic the natural 
extracellular matrix (7). These properties make 
them ideal for use in wound care, as they allow 
for controlled drug release, oxygen 
permeability, and moisture retention, all 
essential qualities for an optimal dressing. 
Additionally, the scalability and ease of 
fabrication of electrospun nanofibers make 
them highly suitable for industrial-scale 
production. However, like all materials, 
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electrospun nanofibers have their limitations. 
The mechanical stability of nanofibers may be 
insufficient for certain applications, and their 
degradability must be carefully controlled to 
avoid premature disintegration in wound 
environments (26). 

Recent studies have highlighted the 
advantages of incorporating metal 
nanoparticles into electrospun nanofibers. 
These particles enhance the antibacterial 
activity of the nanofibers while also 
contributing to wound-healing processes. 
Recent research has explored the development 
of bioactive nanofibrous matrices capable of 
sustained drug release, providing enhanced 
antimicrobial and healing effects in wound 
environments. Incorporating agents like Ag 
NPs and phenytoin into these matrices can 
significantly improve antibacterial activity and 
promote faster wound healing, making 
electrospun nanofibers a promising avenue for 
future wound care solutions (4,27,28). 

This study explores the potential of 
electrospun nanofibers as advanced wound 
dressings by incorporating Ag NPs and 
phenytoin, aiming to enhance their antibacterial 
properties and promote more effective wound 
healing. We propose that the integration of 
these biopolymers and nanoparticles will 
enhance wound closure efficiency, accelerate 
tissue regeneration, and decrease the risk of 
infection, presenting a viable alternative to 
traditional wound care solutions. This study 
will assess the mechanical characteristics, 
biodegradability, and controlled release profiles 
of the developed dressings to confirm their 
appropriateness for practical applications. 
 

MATERIALS AND METHODS 
  
Materials 

Bovine gel type A from Kanto, Japan; HA 
(average molecular weight =  250 kDa), from 
Solarbio, China; from Alhavi, Iran; glyoxal and 
trisodium citrate dihydrate from Samsung, 
Korea. Silver nitrate (AgNO₃; 99%) from 
Junsei, Japan; tannic acid from Alfa Aesar, UK; 
acetic acid glacial 100%, nitric acid 65%, 
Mueller Hinton agar, and Mueller Hinton broth 
media from Merck, Germany. The Pasteur 
Institute of Iran (Tehran) provided 

Staphylococcus aureus and Pseudomonas 
aeruginosa. The remainder of the chemical 
compounds employed in this investigation were 
analytical grade. 
 
Ag NPs preparation 

The trisodium citrate reduction technique 
was employed to fabricate Ag NPs. First, 85 mg 
of AgNO3, 129 mg of trisodium citrate, and 
21.25 mg of tannic acid were dissolved in                  
90 mL, 5 mL, and 5 mL of deionized water, 
respectively. The AgNO3 solution was heated 
until it began to boil. Once boiling, the 
trisodium citrate and tannic acid solutions were 
combined and added dropwise to the boiling 
AgNO3 solution. The heating was continued 
until a dark brown color appeared, indicating 
the reduction of Ag+ ions. The solution was 
then heated for an additional 15 min before 
being cooled to room temperature using an ice-
water bath (29,30). Finally, the mixture was 
thoroughly suspended and centrifuged for                  
10 min at 12,000 rpm to separate the dry 
material. A Zeta Sizer was used to determine 
the particle size (PS), zeta potential (ZP), and 
polydispersity index (PDI). UV-visible 
spectroscopy was employed as one of the most 
effective analytical methods for identifying the 
structure of the Ag NPs. Field-emission 
scanning electron microscopy (FE-SEM) was 
used to examine the morphology of the Ag NPs. 
 
Electrospinning process 

Gel/HA nanofibers and Gel/HA nanofibers 
loaded with phenytoin and Ag NPs were 
produced using an electrospinning process. 
Initially, 2 g of pure Gel was dissolved in a                
10 mL mixture of acetic acid and water (7:3) 
with moderate stirring at 40 °C for 40 min. 
Subsequently, 0.015 g, 0.025 g, and 0.035 g of 
HA were individually dissolved in three 
separate 10 mL volumes of the Gel solution, 
respectively (31). The chemical production of 
phenytoin-Ag NPs-loaded nanofibers utilized 
passive loading of phenytoin and Ag 
nanoparticles. This method involved the 
incorporation of 0.5% w/v produced Ag NPs 
and 0.5% w/v phenytoin into the Gel/HA 
solution, which had previously been 
disseminated or dissolved in acetic acid. The 
mixture was stirred in obscurity at 40 °C for a 
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minimum duration of 5 h. Glyoxal, a non-toxic 
and fluorine-free cross-linking agent, was 
employed for in-situ cross-linking during 
electrospinning. Before the electrospinning 
process, 0.0917% w/w glyoxal (estimated from 
the weight of the Gel powder) was integrated 
into the optimum solution (32). 

The electrospinning procedure was 
subsequently done to produce the nanofibers. A 
counter electrode was positioned 20 cm from the 
capillary tip, and a voltage of 25 kV was applied. 
The polymer solution was fed into the 
electrospinning apparatus using a syringe pump 
set at a flow rate of 0.66 mL/h. All studies were 
performed at ambient temperature, and the 
nanofibers were gathered on aluminum foil (33).  
 
Characterization of electrospinning wound 
dressing 

FE-SEM was employed to examine the 
morphological properties of the electrospun 
nanofibers. A minor portion of the fibers was 
sputter-coated with platinum and affixed to an 
SEM sample holder. Imaging was performed at 
an accelerating voltage of 20 kV. The mean 
fiber diameter was ascertained by analyzing a 
minimum of one hundred individual fibers with 
ImageJ software, a well-established image 
analysis tool (34).  

Fourier-transform infrared (FTIR) spectra of 
the nanofibers were recorded to evaluate the 
chemical structural alterations in the Gel/HA 
matrix after adding Ag NPs and phenytoin. To 
prepare the samples, the fibers underwent a 
grinding process to reduce them to small 
fragments. These fragments were then combined 
with potassium bromide (KBr) to form pellets. 
FTIR measurements were performed in the 
wavenumber range of 4000-800 cm-¹ with a 
resolution of 2 cm-¹. The thermal behavior was 
examined using differential scanning calorimetry 
(DSC). Approximately 3-5 mg of the material 
was heated in a nitrogen environment at a rate of 
10 °C/min, ranging from 30 °C to 300 °C. X-ray 
powder diffraction (XRD) analysis was 
conducted to identify the structural phase of the 
Ag NPs before and after electrospinning. The 
diffraction patterns displayed distinct peaks at 
2θ = 38° and 46°, indicative of the crystalline 
planes of Ag NPs, hence affirming their 
crystalline structure (35). 

Ag NP's and phenytoin's entrapment efficiency 
The entrapment efficiency of Ag NPs in 

nanofibers is measured by the digestion of six 
nanofiber mats (1.5 × 1.5 cm2) in water-nitric 
acid (7:3). Atomic absorption spectroscopy was 
used to determine the Ag concentration. The 
following equation was used to compute the 
entrapment efficiency (36): 

Entrapment efficiency of silver ሺ%ሻ

ൌ
Mass  silver ሺ1.5 cmଶ ሻ ൈ total mat area

Mass of total silver initially added
                  ሺ1ሻ 

The entrapment efficiency of phenytoin in 
nanofibers was determined by the digestion of 
six nanofiber mats (1.5 × 1.5 cm2) in water-
ethanol (1:9). The concentration of phenytoin 
was determined using a UV spectrophotometer 
set to 218 nm. The following equation is used 
to compute the entrapment efficiency (37): 

Entrapment efficiency of phenytoin sodium

ൌ
Mass of phenytoin in ሺ1.5 cmଶ  matሻ ൈ total mat area

Mass of total phenytoin initially added
   ሺ2ሻ 

Degree of swelling 
The following equation was used to compute 

the degrees of swelling of the manufactured 
nanofiber wound dressing: 

Degree of swelling ൌ
୑ି ୑ౚ

୑ౚ
                                           (3) 

where M is the weight of a swelled nanofibers 
sample that has been wiped dry with filter 
paper, and Md is the sample's starting weight. 
For periods of 2, 4, 8, 24, and 48 h, the test was 
carried out in phosphate-buffered saline (PBS), 
pH 7.4, at 37 °C (38). 
 
In-vitro release studies of phenytoin 

A known amount of phenytoin-loaded 
nanofiber was placed in a dialysis bag to 
determine the concentration of phenytoin 
released from the electrospun HA/Gel 
nanofibers. The dialysis bag was then 
submerged in 20 mL of PBS (pH 7.4) 
containing 10% ethanol. The experiment was 
conducted on a heated stirrer at 37 °C and 100 
RPM. Samples were withdrawn at specified 
intervals (0, 1, 2, 3, 4, 8, 24, 48, and 72 h). The 
released phenytoin concentration was analyzed 
using a UV-Vis spectrophotometer set to 234 
nm. The release experiment was performed in 
triplicate, and the average data are presented as 
percentage release (37). 
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To evaluate the colloidal stability of the Ag 
NPs, the prepared suspensions were stored at 
ambient temperature and monitored over four 
weeks. No visible aggregation or sedimentation 
was detected, and the UV-Vis absorption peak 
at ~423 nm showed no significant shift, 
confirming the stability of the nanoparticles 
during the storage period. 
 
In-vitro release studies of Ag NPs  

To determine the concentration of Ag ions 
released from Ag NPs-loaded HA/Gel 
nanofibers, a known quantity of the nanofibers 
was immersed in 20 mL of PBS (pH 7.4). The 
release experiments were performed in a 
thermostatically controlled shaking water bath 
at 37 °C and 100 rpm. At predetermined time 
intervals (0, 1, 2, 3, 4, 8, 24, 48, and 72 h), 1 mL 
samples were withdrawn. After adding 300 µL 
of nitric acid to each sample and vortexing, the 
samples were incubated in a thermostatically 
controlled shaking incubator at 40 °C for 24 h. 
An equivalent volume of fresh medium was 
added to maintain the sink condition. The 
release experiment was repeated three times, 
and the average data are presented as the 
percentage of release (17). 
 
Antibacterial assay 
Anti-bacterial effect of Ag NPs  

The antibacterial efficacy of Ag NPs against 
S. aureus and P. aeruginosa was assessed in the 
Mueller-Hinton broth medium. Ag NPs, within 
their concentration range (3-283 µg/mL), were 
systematically tested in the microplate wells. 
The microplate also included three wells with 
bacterial suspension (1.5 × 105 CFU/mL) 
without treatment (growth control) and three 
wells containing only the medium (background 
control). Optical densities (ODs) were 
measured using a microplate reader at 540 nm 
for 24 h at 37 °C. The minimum inhibitory 
concentration (MIC) of Ag NPs was 
determined by calculating the growth 
percentage for each treatment, using the 
equation below. Optical density readings were 
calculated by subtracting the background ODs 
from bacterial cell-free wells and evaluating % 
bacteria growth according to the following 
equation:  

 

Growth ሺ%ሻ ൌ 

ODହଽହ of wells containing the test
ODହଽହ of the drug െ free well

ൈ 100                  ሺ4ሻ 

All experiments were conducted in 
triplicate, and the results are presented as mean 
values (39). 
 
Antibacterial efficacy of Gel/HA nanofibers 
containing Ag NPs and phenytoin using the 
colony-counting method 

The colony-counting method was employed 
to evaluate the antibacterial activity of Gel/HA 
nanofibers loaded with Ag NPs and phenytoin 
against S. aureus and P. aeruginosa. Different 
weights of Gel/HA nanofibers were thoroughly 
dissolved in 1 mL of sterile water. To this, 8 mL 
of Minton Hinton Broth and 1 mL of bacterial 
suspension (1.5 × 105 CFU/mL) were added, 
and the mixture was vortexed well. The 
resulting solution was incubated for 24 h at               
37 °C in a shaking incubator. Following 
incubation, 100 µL of bacterial culture was 
spread onto Muller-Hinton agar plates using a 
surface-spreading method. The plates were then 
incubated at 37 °C for 24 h. Each experiment 
was performed in triplicate (40). 
 
Antibacterial assay of Gel/HA nanofibers 
containing Ag NPs and phenytoin using the disc 
diffusion method 

The antibacterial activity of Gel/HA 
nanofibers loaded with Ag NPs and phenytoin 
was assessed qualitatively using the disc 
diffusion method to determine the zone of 
inhibition against S. aureus and P. aeruginosa. 
Bacterial suspensions (1.5 × 105 CFU/mL)       
were cultured on Muller-Hinton agar plates. 
Ciprofloxacin discs were used as a positive 
control, while Gel/HA nanofibers without 
additives served as a negative control. Gel/HA 
nanofibers containing Ag NPs and phenytoin 
were tested as the experimental samples.                   
The culture plates were incubated at 37 °C for 
24 h. After incubation, the zone of                   
inhibition around each disc was measured.             
Each experiment was conducted in triplicate, 
and the results are presented as mean                   
values (41). 
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Antibacterial assay of Gel/HA nanofibers 
containing Ag NPs and phenytoin using the 
plate well method 

The antibacterial activity of Gel/HA 
nanofibers stabilized with Ag NPs and 
phenytoin against S. aureus and P. aeruginosa 
was evaluated using the plate well method. 
Wells were created in the agar medium by 
forming indentations with the broad end of a 
Pasteur pipette tip and removing the agar plug. 
After the medium solidified, the bacterial 
suspension (1.5 × 105 CFU/mL) was spread 
evenly on the surface of the agar, and the wells 
were formed. A single drop of the Gel/HA-
stabilized Ag NPs solution was added to each 
well. The plates were then incubated at 37 °C 
for 24 h. Ag NPs alone were used as a positive 
control. All experiments were performed in 
triplicate, and the results are expressed as mean 
values (42). 
 
In-vivo evaluation of Gel/HA nanofibers 
containing Ag NPs and phenytoin (wound-
healing study in Wistar rats) 

The in vivo studies were conducted under the 
ethical guidelines set by the Animal Research 
Ethics Committee of Isfahan University of Medical 
Sciences and the National Institutes of Health (NIH) 
Guide for the Care and Use of Laboratory Animals 
(Ethic No. IR.MUI.RESEARCH.REC.1400.493). 
A total of twenty-seven Wistar rats, weighing                
180-220 g, were randomly divided into three 
groups, each containing nine animals. The three 
groups were designated as follows: 

Control: no treatment; Gel/HA nanofibers: 
treatment with Gel/HA nanofibers; Gel/HA 
nanofibers/Ag NPs/phenytoin: treatment with 
Gel/HA nanofibers containing Ag NPs and 
phenytoin. 

The drug-loaded Gel/HA nanofibers 
contained approximately 0.5% w/v Ag NPs and 
0.5% w/v phenytoin, ensuring effective 
localized release at the wound site. To induce 
anesthesia, the animals were intraperitoneally 
administered ketamine (75 mg/kg). Once 
anesthetized, the dorsal skin was shaved to 
remove hair. The animals were then placed in a 
prone position on a sterile surgical table, and a 
full-thickness excisional wound involving both 
dermis and hypodermis was created. A full-
thickness circular excisional wound with a 
diameter of 1.5 cm was created on the dorsal 
skin of each rat under aseptic conditions. 

The respective treatments were applied to 
the wounds, then gently blotted dry using sterile 
gauze. The wounds were not splinted, 
acknowledging that murine wounds 
predominantly heal through contraction rather 
than re-epithelialization. This limitation is 
discussed in the manuscript to provide context 
for the observed healing outcomes. The wound 
healing ratio was assessed by photographing 
each wound on days 0, 5, 10, and 15. The 
wound area was measured using ImageJ 
software, and the percentage of wound closure 
was calculated using the equation below (43):  

 Wound healing ratio ሺ%ሻ ൌ 

Initial wound area െ wound area on day X
Initial wound area

ൈ 100  ሺ5ሻ 

For histological analysis, wound tissue 
samples were harvested on days 5, 10, and 15 
from each of the three groups. The collected 
specimens were fixed in 10% formalin and then 
dehydrated through a graded series of ethanol-
xylene solutions. The samples were then 
paraffin-embedded (40-60%) and sectioned for 
further processing. Hematoxylin and eosin 
(H&E) and Masson’s trichrome staining 
techniques were employed for tissue 
examination. Histological changes were 
evaluated under an optical microscope (44). 

All animal investigations were approved by 
the Animal Research Ethics Committee of 
Isfahan University of Medical Science in Iran 
(Ethical approval ID: 3400908), and performed 
in line with the National Institute of Health 
Guide for the Care and Use of Laboratory 
Animals (NIH Publications No. 80-23 revised 
1996). Possible efforts were made to decrease 
animal numbers and distress. 
 
Statistical analysis 

In this study, all data were analyzed using a 
one-way ANOVA. To assess statistical 
significance among the groups, the Tukey-
Kramer post hoc test was applied using Graph 
Pad Prism Software (V.9). A P-value < 0.05 
was considered statistically significant. 
 

RESULTS 
 
Characterization of Ag NPs  

The synthesis and characterization of Ag NPs 
were validated through morphological and spectral 
analyses. The SEM images (Fig.1A and B) 
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illustrate the formation of spherical Ag NPs 
with uniform morphology. The size measurements 
in Fig.1B revealed that the average diameter of the 
synthesized Ag NPs is approximately 40 nm, 
consistent with the narrow size distribution 
previously calculated (PDI = 0.35 ± 0.02).  

The UV-visible spectroscopy results further 
corroborate these findings. The absorption 
spectrum (Fig. 1C) shows a distinct peak at 423 
nm, characteristic of the surface plasmon 
resonance of spherical Ag NPs. The peak position 
confirms the particle size observed in the SEM 
images, as the surface plasmon resonance 
wavelength correlates with the size and shape of 
metallic nanoparticles. The shift of the absorption 
peak to a longer wavelength also supports the 
formation of well-defined, larger nanoparticles, 
free from significant agglomeration. 
 
Characterization of nanofibers wound dressing 
SEM 

The morphological analysis of the 
electrospun Gel/HA nanofibers was carried out 
using SEM, as illustrated in Fig. 2. The SEM 
images revealed that all formulations produced 
smooth, bead-free nanofibers, with uniform 
morphology across different compositions. As 
seen in Fig. 3, the average fiber diameter was 
significantly influenced by the formulation's 
composition and the presence of a cross-linker. 
Specifically, the average diameters of the Gel/HA 
nanofibers were measured at 364.16 ± 55 nm, 488.97 
± 43 nm, and 635.67 ± 68 nm for formulations 
FG20HA0.15, FG20HA0.25, and FG20HA0.35, 
respectively. Moreover, incorporating a cross-linker 
further enhanced the fiber diameter, as evidenced by 
formulation FG20HA0.25C, which exhibited an 
average diameter of 597.53 ± 61 nm. The presence 

of the cross-linker increased the viscosity of the 
electrospinning solution, leading to thicker 
fibers than the non-cross-linked formulation 
FG20HA0.25. Interestingly, the addition of Ag 
NPs did not result in any significant changes to 
the fiber morphology or shape, as shown in 
Figs. 2 and 3.  
 
FTIR 

FTIR spectroscopy was employed to 
confirm the integration of Ag NPs, Gel, HA, 
and phenytoin within the nanofiber structure, as 
illustrated in Fig. 4. The spectrum of Gel                  
(Fig. 4A) exhibits characteristic peaks 
corresponding to the O-H stretch at 3436 cm-¹, 
the C=O stretch at 1642 cm-¹, the amide                   
II (N-H bend and C-H stretch) peak at 1542 cm-

¹, and the amide III (C-N stretch and N-H bend) 
peak at 1235 cm-¹. These peaks are indicative of 
Gel's functional groups (45). 

The HA spectrum (Fig. 4B) demonstrates 
peaks at 3423 cm-¹ for the O-H stretch,                   
1618 cm-¹ for the C=O stretch, 1413 cm-¹ for the 
symmetric -COO stretch, and 1044 cm-¹ for the 
ether bond. These peaks represent the 
characteristic vibrations of HA. The                   
combined Gel and HA nanofiber spectrum  
(Fig. 4C) shows overlapping peaks, with O-H 
stretch vibrations at 3289 cm-¹ and                   
symmetric and asymmetric -COO stretch 
vibrations at 1535 cm-¹ and 1448 cm-¹, 
respectively. Additionally, the C=O stretch 
peak at 1647 cm-¹ is shifted due to interactions 
between the NH₂ group of Gel and the 
carboxylic group of HA, confirming the 
compatibility of Gel and HA within the 
nanofiber structure (31). 

 
Fig. 1. FE-SEM picture of Ag NPs at magnifications of (A) ×100000 and (B) ×200000, and (C) the UV-visible absorption 
spectrum of Ag NPs with a concentration of 42.5 μg/mL (λmax = 423 nm). Ag NP, Silver nanoparticle; FE-SEM, field-
emission scanning electron microscopy. 
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Fig. 2. FE-SEM images of Gel/HA nanofibers at magnifications of 5000, 10,000, and 20,000 in pre-optimal nanofiber 
formulations FG20HA0.15, FG20HA0.25, and FG20HA0.35. FE-SEM image of nanofibers containing Gel/HA with 5000 
magnifications in formulations (A) FG20HA0.15, (B) FG20HA0.25, and (C) FG20HA0.35. FE-SEM image of nanofibers 
containing Gel/HA with 10000 magnifications in formulations (D) FG20HA0.15, (E) FG20HA0.25, and (F) FG20HA0.35. FE-
SEM image of nanofibers containing Gel/HA with 20000 magnifications in formulations (G) FG20HA0.15, (H) FG20HA0.25, 
and (I) FG20HA0.35. FE-SEM image of nanofibers containing Gel/HA in their (J) optimum formulation (FG20HA0.25), 
crosslinker (FG20HA0.25C), and (K) drug (FG20HA0.25CD) at a magnification of × 10000. Gel, Gelatin; HA, hyaluronic 
acid; FE-SEM, field-emission scanning electron microscopy. 
 

 
Fig. 3. Fiber diameter of nanofibers in pre-optimized formulations of Gel/HA nanofibers. All values are presented as 
mean ± SD, n = 3. *P < 0.05 and ****P < 0.0001 indicate significant differences between designated groups. Gel, Gelatin; 
HA, hyaluronic acid. 
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Fig. 4. FTIR spectra of (A) Gel, (B) HA, (C) Gel and HA film, (D) cross-linked film of Gel and HA by glyoxal, (E) Ag 
NPs, (F) phenytoin, (G) the cross-linked film with glyoxal containing Ag NPs and phenytoin. FTIR, Fourier-transform 
infrared; Gel, gelatin; HA, hyaluronic acid; Ag NP, silver nanoparticle. 
 

When cross-linked with glyoxal, the Gel/HA 
nanofiber spectrum (Fig. 4D) reveals a distinct 
peak at 1451 cm-¹, attributed to the formation of 
aldimine (CH=N) bonds, which result from the 
interaction between glyoxal's aldehyde group 
and Gel's amine groups (46). This peak 
confirms the successful cross-linking of Gel 
and HA. The Ag NPs spectrum (Fig. 4E) 

features a prominent peak at 1714 cm-¹, 
corresponding to the C=O stretch, which 
signifies the oxidation of tannic acid to quinone. 
Furthermore, peaks at 1597 cm-¹ and 1370 cm-¹ 
are associated with asymmetric and symmetric 
C=O stretch vibrations of the -COO group, 
indicating the stabilization of Ag NPs by citrate 
and tannic acid ions during synthesis (47).                 
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The phenytoin spectrum (Fig. 4F) displays 
characteristic peaks at 3282 cm-¹ and 3208 cm-

¹, corresponding to NH stretch vibrations. Peaks 
at 1773 cm-¹ and 1719 cm-¹ are attributed to the 
C=O stretch, while the peak at 1601 cm-¹ 
represents C=C aromatic bending (48). The 
spectrum of the cross-linked Gel/HA 
nanofibers containing Ag NPs and phenytoin 
(Fig. 4G) shows no additional peaks beyond 
those observed in the native nanofiber spectra, 
indicating no significant chemical interactions 
between Gel, HA, Ag NPs, and phenytoin. This 
suggests that the incorporation of Ag NPs and 
phenytoin does not disrupt the structural 
integrity of the Gel/HA nanofibers. 
 
DSC 

The DSC thermograms (Fig. 5A and B) 
provide insights into the thermal stability of the 
Gel/HA nanofibers and the effect of 
incorporating Ag NPs and phenytoin. As shown 
in Fig. 5B, the composite nanofibers exhibited 
a noticeable rightward shift in the endothermic 
peak compared to the plain Gel/HA nanofiber 
film (Fig. 5A). This shift indicates that the 
composite nanofibers possess greater thermal 
stability than the native Gel/HA nanofibers. 
 
XRD 

The XRD patterns of Ag NPs, phenytoin, 
Gel/HA nanofibers, and Gel/HA nanofibers 

loaded with drugs are presented in Fig. 6. The 
diffraction peaks at 2Ɵ = 29°, 38°, 54°, 64°, and 
77° in the Ag NPs spectrum (Fig. 6A) confirm 
their well-defined crystalline structure. 
Similarly, the phenytoin spectrum (Fig. 6B) 
shows characteristic peaks at 2Ɵ = 11°, 16°, 
21°, 23°, and 26°, indicating its crystalline 
nature (49). The Gel/HA nanofibers (Fig. 6C) 
display a broad amorphous halo, typical of 
polymeric materials (50). In contrast, the 
Gel/HA nanofibers loaded with Ag NPs and 
phenytoin (Fig. 6D) exhibit a weak crystalline 
peak at 2Ɵ = 38°, corresponding to Ag NPs. 
This indicates that Ag NPs are successfully 
incorporated into the polymer matrix, while 
phenytoin is likely molecularly dispersed, 
maintaining the amorphous nature of the 
nanofibers (51). 
 
Degree of swelling 
Figure 7 illustrates the swelling percentages of 
Gel/HA nanofibers in pre-optimized 
formulations with and without Ag NPs and 
phenytoin over a time interval of 2 to 48 h. 

The results reveal that the highest swelling 
percentages were observed for formulations 
FG20HA0.25C and FG20HA0.35C, with 
maximum swelling achieved at 24 h. The 
addition of Ag NPs and phenytoin significantly 
reduced the swelling capacity of Gel/HA 
nanofibers compared to those without drugs.  

 
 
hyaluronic acid; Ag NP, silver nanoparticle. 

 
 
Fig. 5. Differential scanning calorimetry spectra of (A) wound dressing without drugs and (B) wound dressing containing 
Ag NPs and phenytoin. Ag NP, silver nanoparticle. 
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Fig. 6. X-ray powder diffraction spectra of (A) Ag NPs, (B) phenytoin, (C) cross-linked fibers of Gel-HA, (D) Gel-HA 
cross-linked fibers, and Ag NPs and phenytoin. Gel, Gelatin; HA, hyaluronic acid; Ag NP, silver nanoparticle. 
 

 
Fig. 7. Swelling percentage of Gel/HA nanofibers in pre-optimal formulations with and without Ag and phenytoin. All 
values are presented as mean ± SD, n = 3. *P < 0.05 indicates significant differences between designated groups. Gel, 
gelatin; HA, hyaluronic acid; Ag, silver. 
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Table 1. Results of drug loading percentage in pre-optimal formulations. 

Formulation Gel (g/100 mL) HA (g/100 mL) Crosslinker Phenytoin EE (%)  Ag NPs EE (%)  

FG20HA0.15CD 20 0.15 + 82.27 ± 2.76* 75.73 ± 2.48* 

FG20HA0.25CD 20 0.25 + 61.02 ± 2.82# 56.02 ± 1.8# 

FG20HA0.35CD 20 0.35 + 43.09 ± 3.01 38.06 ± 1.76 

FG20HA0.25D 20 0.25 + 62.77 ± 2.57# 57.34 ± 1.21# 

Gel, Gelatin; HA, hyaluronic acid; EE, entrapment efficacy; Ag NP, silver nanoparticle. *P < 0.05 Indicates significant difference greater than other 
formulations; #P < 0.05 significantly greater than the FG20HA0.35CD formulation. 

 

 
Fig. 8. Release profiles of (A) phenytoin and (B) Ag ion from fabricated composite nanofibers. All values are presented 
as mean ± SD, n = 3. Ag, Silver. 
 
The entrapment efficiency of Ag NPs and 
phenytoin 

Table 1 provides a summary of the 
entrapment efficiency of Ag NPs and phenytoin 
in the synthesized GEL/HA nanofibers and 
quantifies the amount of drug loaded into the 
hybrid nanofiber mat. Among the tested 
formulations, FG20HA0.35CD and 
FG20HA0.15CD exhibited the lowest and 
highest drug loadings, respectively. The 
phenytoin entrapment efficiency ranged from 
43.09% to 82.27%, while the Ag NPs 
entrapment efficiency ranged from 38.06% to 
75.73%. Notably, increasing the HA 
concentration significantly reduced the 
entrapment efficiency of phenytoin and Ag NPs 
in the FG20HA0.35CD formulation compared to 
FG20HA0.25CD and FG20HA0.15CD. 
 
In vitro release studies and release kinetics of 
Ag NPs and phenytoin 

Figure 8 illustrates the release profiles of Ag 
NPs and phenytoin from the fabricated 
nanofibers. As illustrated in Fig. 8A, the lowest 
and highest mean release time (MRT) of 
phenytoin correspond to formulations 
FG20HA0.25D and FG20HA0.15CD, with 
MRTs of 10.22 h and 35.19 h, respectively. The 
lowest and highest percentages of phenytoin 
release over 72 h were observed in formulations 

FG20HA0.35CD and FG20HA0.25D, with release 
rates of 89.13% and 100%, respectively. 

As demonstrated in Fig. 8B, the lowest and 
highest MRTs of Ag NPs correspond to the 
formulations FG20HA0.25D and FG20HA0.15CD, 
with MRTs of 9.67 h and 25.75 h, respectively. The 
lowest and highest percentages of Ag NP release 
over 72 h were observed in the formulations 
FG20HA0.15CD and FG20HA0.25D, with values 
of 91.46% and 98.54%, respectively. 
 
In vitro antibacterial activity 

MICs of Ag NPs against S. aureus and P. 
aeruginosa were determined to be 125 µg/mL 
and 53.125 µg/mL, respectively, demonstrating 
the exceptional antimicrobial efficacy of Ag NPs. 
The antimicrobial activity of Ag NPs was further 
investigated using Gel/HA nanofibers containing 
Ag NPs and phenytoin, as depicted in Figs. 9-12. 
Figures 9 and 10 demonstrate the reduction in 
colony numbers for S. aureus and P. 
aeruginosa at nanofiber weights of 4 mg and 5 
mg, indicating a significant antibacterial effect. 
Similarly, Figs. 11 and 12 illustrate the 
suppression of bacterial growth using the plate 
well diffusion method, where the nanofibers 
containing Ag NPs demonstrated effective 
bacterial inhibition. Notably, Table 2 confirms 
that incorporating Ag into the nanofibers did not 
alter its inherent antibacterial properties.  
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Fig. 9. Evaluation of Staphylococcus aureus growth rate by counting the number of colonies. (A) Drug-free film (B-E) 
different weights of Gel/HA nanofibers containing Ag and phenytoin NPs dissolved in water. Gel, Gelatin; HA, 
hyaluronic acid; Ag NP, silver nanoparticle. 
 

 
Fig. 10. Count colonies to determine the growth rate of Pseudomonas aeruginosa. (A) A drug-free film and (B-E) various 
weights of Gel/HA nanofibers containing Ag and phenytoin NPs dissolved in water. Gel, Gelatin; HA, hyaluronic acid; 
Ag NP, silver nanoparticle. 

 

 
 

Fig. 11. (A) Staphylococcus aureus and (B) 
Pseudomonas aeruginosa growth inhibition halo                     
using the disk diffusion technique with 5 mg                        
Gel/HA nanofibers containing Ag and phenytoin NPs. 
Gel, Gelatin; HA, hyaluronic acid; Ag NP, silver 
nanoparticle. 

 
Figure 12. Bacterial growth inhibition halo in the 
presence of nanofibers containing Ag and phenytoin NPs 
and Ag NPs against (A) Staphylococcus aureus and (B) 
Pseudomonas aeruginosa using the plate well technique. 
Gel, Gelatin; HA, hyaluronic acid; Ag NP, silver 
nanoparticle. 

 
Table 2. Antibacterial activity reported as inhibition zone diameter in disc diffusion and plate well method. All values 
are presented as mean ± SD, n = 3. 

Type of sample 
Inhibition zone diameter (mm) 

Staphylococcus aureus Pseudomonas aeruginosa 

Gel/HA nanofiber containing drugs in disc diffusion method 8.10 ± 0.74 10.83 ± 0.76 

Gel/HA nanofiber in disc diffusion method 0.00 0.00 

Gel/HA nanofiber containing drugs in plate well method 7.83 ± 0.19 11.67 ± 0.29 

Ag NPs in plate well method 7.67 ± 0.25 11.50 ± 0.50 

Gel, Gelatin; HA, hyaluronic acid; Ag NP, silver nanoparticle.  

 
In-vivo evaluation of wound dressing 

Figures 13 and 14 depict the physical 
assessment of wound healing in three 
experimental groups: the control group, the 
group treated with drug-free nanofibers, and the 
group treated with drug-loaded nanofibers. The 
healing process varied significantly among 

these groups, with the control group showing 
the slowest rate of recovery. In contrast,                   
the group treated with drug-loaded nanofibers 
demonstrated the most accelerated                   
wound healing, characterized by complete 
epithelial development and enhanced tissue 
regeneration.  
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Ten days post-injury, epithelial development and 
connective tissue formation were evident in both the 
drug-free and drug-loaded nanofiber groups, while 
the control group exhibited delayed healing. By day 
15, the drug-loaded nanofiber group displayed 
complete epithelialization, the formation of 
connective tissue, and the regeneration of blood 
vessels, hair follicles, and sebaceous glands. These 
results suggest comprehensive skin regeneration 
with minimal inflammatory cell infiltration.  

with minimal inflammatory cell infiltration.  
In contrast, the control group showed larger 

wound sizes and lacked the regeneration of 
connective tissue, blood vessels, sebaceous glands, 
or hair follicles on days 10 and 15. This lack of 
regeneration is consistent with findings from 
similar studies that emphasize the necessity of 
incorporating active agents like Ag NPs and 
phenytoin to enhance wound healing outcomes. 

 
Fig. 13. Evaluation of wound healing in rats at 0, 5, 10, and 15-day intervals; in the (A) control group, (B) nanofibers 
without drugs, and (C) nanofibers with drugs. 
 

 
Fig. 14. Quantitative analysis of wound healing ratio (%) during 15 days. All values are presented as mean ± SD, n = 3. 
**P < 0.01 and ****P < 0.0001 indicate significant differences between designated groups.  



Emami et al. / RPS 2025; 20(4): 610-634 
 

624 

 

Figures 15 and 16 illustrate the histological 
analysis of wound healing in rats across three 
experimental groups: the control group, 
recipients of drug-free nanofibers, and 
recipients of drug-containing nanofibers.                  
The evaluation was conducted on days 5, 10, 
and 15 post-injury using hematoxylin-eosin 
(H&E) and Masson’s trichrome staining at                 
10× magnification, respectively. Figure                           
15 reveals distinct differences in wound healing 
progress between the study groups. The control 
group exhibited the slowest healing rate, with 
incomplete epithelialization and minimal 
connective tissue formation observed even by 
day 15. In contrast, the drug-free nanofiber 
group demonstrated improved wound healing, 
with visible epithelial and connective tissue 
formation by day 10. However, the most 
pronounced healing was observed in the group 
receiving drug-loaded nanofibers, which 
showed complete epithelial regeneration and 
connective tissue formation by day 15. 

Figure 16 provides insights into collagen 
deposition and tissue remodeling during the 

deposition and tissue remodeling during the 
healing process. In the control group, minimal 
collagen deposition was observed throughout 
the 15-day period, with poorly organized 
connective tissue. In the drug-free nanofiber 
group, moderate collagen deposition was 
evident by day 10, increasing by day 15, though 
the fibers remained less organized compared to 
the natural skin structure. 

In contrast, the group treated with drug-
loaded nanofibers exhibited significantly 
enhanced collagen deposition. By day 15, 
compact, dense, and mature collagen fibers 
were arranged parallel to the epidermis, closely 
resembling the structure of normal skin. This 
enhanced collagen organization and deposition 
contribute to stronger and more functional skin 
regeneration. Additionally, the wound length in 
this group was significantly reduced compared 
to the control and drug-free nanofiber groups, 
highlighting the effectiveness of the drug-
loaded nanofibers in promoting faster and more 
complete wound closure.  

 

 
 
Fig. 15. Staining using hematoxylin-eosin dye with magnification × 10. Histological analysis of rat wound healing on 
days 5, 10, and 15 in (A) control samples, (B) nanofibers without drugs, and (C) nanofibers with drugs. 
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Fig. 16. Staining using trichrome Masson dye with magnification × 10. Histological analysis of rat wound healing on 
days 5, 10, and 15 in (A) control samples, (B) nanofibers without drugs, and (C) nanofibers with drugs. 
 

DISCUSSION 
 

This uniformity of the synthesized NPs 
indicates the efficiency of the reduction process 
facilitated by trisodium citrate and tannic acid. 
Trisodium citrate not only acted as a reducing 
agent but also as a stabilizer, forming a compact 
surface layer, as suggested by the ZP 
measurement of -23.77 mV, which ensures the 
colloidal stability of the Ag NPs in aqueous 
media (52,53). 

The role of tannic acid in this synthesis 
cannot be understated. Its dual function as a 
reducing and stabilizing agent not only 
accelerated the formation of Ag NPs but also 
controlled their size distribution. This is evident 
from the consistent spherical morphology and 
narrow size distribution in the SEM images. 
Additionally, the uniform particle size and 
compact citrate layer suggest that this synthesis 
method is highly efficient and suitable for 
reproducible nanoparticle production (54,55). 

Overall, the data confirm the successful 
synthesis of Ag NPs with excellent 
morphological and size uniformity, high 
stability, and reproducibility. These properties 

make the synthesized Ag NPs suitable for 
various biomedical and industrial applications, 
including their integration into Gel/HA 
nanofibers for antibacterial and wound-healing 
studies. Future studies could explore 
optimizing the synthesis parameters to further 
improve the scalability while maintaining 
uniformity in particle size and morphology. 

The morphological analysis of the 
electrospun Gel/HA nanofibers revealed that 
increasing the HA content in the formulations 
led to a significant increase in fiber diameter, 
particularly in FG20HA0.35, where the average 
diameter was 635.67 ± 68 nm. This finding 
aligns with previous studies, such as those 
conducted by Lian et al. (56), and can be 
attributed to the increased viscosity of the 
electrospinning solution with higher HA 
concentrations. Higher solution viscosity 
generally results in larger fiber diameters, as the 
electrospinning process is more resistant to 
stretching forces. These results underscore the 
critical role of HA concentration in modulating 
the physical properties of Gel/HA nanofibers.  

The observed enhancement in nanofiber 
diameter due to the presence of cross-linkers 
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aligns with recent research. Studies have 
indicated that cross-linking agents contribute to 
increased fiber diameter by influencing both 
solution viscosity and polymer chain 
interactions (46,57). This suggests that the 
cross-linkers promote a more robust and 
interconnected network, ultimately leading to 
the formation of thicker fibers. 

However, the morphology of the fibers 
loaded with Ag NPs remained stable, which can 
be attributed to the protective role of Gel, which 
likely prevented any structural disruption 
during the incorporation of Ag NPs. The 
uniform distribution of Ag NPs within the 
fibers ensures their consistent integration 
without compromising the nanofibers' 
structural integrity (58). 

Overall, the findings highlight the tunability of 
Gel/HA nanofiber characteristics by modifying 
the HA concentration and incorporating cross-
linkers. The ability to control fiber diameter and 
morphology is critical for optimizing nanofiber-
based materials for specific biomedical 
applications, such as wound dressings. Larger 
fiber diameters, influenced by higher viscosity, 
may improve the mechanical properties and drug-
loading capacity of the fibers, while maintaining 
smooth and uniform morphology, ensuring 
consistency in application (59). These results 
further validate the potential of Gel/HA 
nanofibers as an adaptable platform for 
advanced wound-healing materials. 

All the peaks corresponding to Ag NPs, 
along with the peaks related to phenytoin, are 
visible in the spectrum of the film cross-linked 
by glyoxal and containing both Ag NPs and 
phenytoin. Additionally, all characteristic 
peaks of HA and gelatin were observed in the 
following films: the Gel/HA film, the glyoxal-
cross-linked Gel/HA film, and the glyoxal-
cross-linked film containing Ag NPs and 
phenytoin. This confirms the presence of both 
polymers in the aforementioned films. By 
analyzing these spectra, it can be concluded that 
no molecular interactions occurred that would 
alter the chemical structure of the drugs. In the 
spectrum of the glyoxal-cross-linked film 
containing Ag NPs and phenytoin, the intensity 
of the peaks is significantly lower compared to 
the pure drugs due to the low drug content in 
the samples. 

DSC thermogram analysis indicates that 
composite nanofibers exhibit enhanced thermal 
stability compared to native Gel/HA 
nanofibers. This increased thermal stability can 
be attributed to the electrostatic interactions 
between Gel and Ag NPs, which enhance the 
structural integrity of the nanofibers. These 
interactions prevent the breakdown of the 
polymer matrix under elevated temperatures. 
Additionally, the adsorption of Gel onto the 
surface of Ag NPs due to its protective 
properties further stabilizes the nanoparticles 
within the composite nanofiber matrix. This 
stabilization prevents nanoparticle aggregation 
and contributes to the improved thermal 
performance of the composite. Moreover, the 
semiconductor properties of Ag NPs play a 
crucial role in enhancing the heat conductivity 
of the composite nanofibers. This increased 
heat transfer capability allows the composite 
structure to dissipate heat more efficiently, 
further contributing to its thermal stability 
(60,61). 

The XRD findings demonstrate that the 
incorporation of Ag NPs and phenytoin not 
only enhances the functional properties of the 
nanofibers but also improves their thermal 
robustness, making them suitable for 
applications requiring sustained performance 
under various conditions. 

These results demonstrate the structural 
compatibility of Ag NPs and phenytoin with the 
Gel/HA matrix, ensuring stable integration 
without disrupting the polymer's flexibility. 
The crystalline integrity of Ag NPs supports 
their sustained antimicrobial activity, while the 
amorphous dispersion of phenytoin likely 
enhances its bioavailability and controlled 
release. Together, these findings highlight the 
potential of Gel/HA nanofibers as 
multifunctional wound dressings with 
enhanced thermal stability, antimicrobial 
activity, and therapeutic efficacy. 

The swelling capacity of polymeric 
nanofibers plays a critical role in controlling the 
release of therapeutic compounds from the 
nanofiber matrix (62).  

The incorporation of Ag NPs and phenytoin 
into Gel/HA nanofibers resulted in a notable 
decrease in swelling capacity relative to drug-
free nanofibers. This reduction can be attributed 
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to several factors, including a higher polymer 
content in nanofibers without drugs, which 
allows for greater water uptake, the formation 
of hydrogen bonds within the polymer network, 
and the restricted swelling capacity due to the 
presence of Ag NPs and phenytoin, which may 
interact with the polymer chains and limit their 
expansion (63). 

These findings are consistent with 
observations reported by Rath et al., who 
demonstrated that the swelling behavior of 
polymer nanofibers is a critical factor 
influencing the release profile of encapsulated 
drug molecules (3). The reduced swelling in 
nanofibers containing Ag NPs and phenytoin 
indicates improved structural integrity and 
controlled swelling, which are essential for 
sustained drug release applications. Overall, the 
swelling behavior of Gel/HA nanofibers can be 
modulated by adjusting the formulation 
parameters, including HA content, cross-
linking, and the inclusion of drugs. These 
results highlight the potential of Gel/HA 
nanofibers as a versatile platform for drug 
delivery systems, where controlled swelling is 
vital for ensuring the sustained release of 
therapeutic agents. 

Increasing the concentration of HA has a 
demonstrable impact on diminishing the 
entrapment efficiency of phenytoin and Ag 
NPs. This reduction can be attributed to the 
passive loading mechanism employed during 
the fabrication process. The incorporation of 
Ag NPs and phenytoin into the polymer nano-
matrix during electrospinning appears to have 
been influenced by the solution’s viscosity. As 
the HA concentration increased, the viscosity of 
the electrospinning solution also rose, leading 
to greater loss of the electrospinning fluid. This 
heightened viscosity likely impeded the 
efficient incorporation of the drug and 
nanoparticles into the nanofibers, reducing their 
overall load (64,65). 

In summary, while HA contributes to the 
viscosity of the electrospinning solution, its 
excessive addition can negatively impact the 
drug and nanoparticle entrapment efficiencies 
(66). This highlights the need for optimizing the 
HA concentration to balance the viscosity and 
achieve effective drug and nanoparticle  
loading within GEL/HA nanofibers. Future 

investigations should explore additional 
parameters, such as electrospinning voltage, 
flow rate, and solvent composition, to enhance 
the overall drug and nanoparticle loading 
capacity while maintaining the structural 
integrity of the nanofibers. 

The drug release behavior from the 
nanofibers is influenced by multiple factors, 
including surface drug desorption and diffusion 
through microporous channels, which are 
formed as a result of the swelling behavior of 
the nanofiber matrix. The release process 
begins with the desorption of physically 
adsorbed drugs from the nanofiber surface, 
followed by a diffusion-controlled mechanism 
through these microporous structures (67). 

Several factors contribute to the observed 
release profiles. The initial burst release of 
drugs may be attributed to the high surface-to-
volume ratio of the nanofibers, the presence of 
micro-porous structures, and electrostatic 
interactions between Ag NPs and gelatin (68). 
Despite the large surface area, the formulations 
exhibited only a slight burst release, which is 
likely moderated by these electrostatic 
interactions. Following this initial phase, drug 
release is predominantly controlled by diffusion 
through the intact and swollen polymer matrix. 

To further understand the drug release 
mechanism, the release data were analyzed 
using various mathematical models. The 
Higuchi model was identified as the most 
appropriate framework for describing the 
release mechanism of the Ag NPs and the drug 
from the nanofibers. This model suggests that 
the release process is governed by Fickian 
diffusion, where the drug diffuses through the 
polymer matrix in response to a concentration 
gradient. The suitability of this model indicates 
that the release is primarily controlled by the 
physical structure of the nanofibers and the 
gradual movement of the drug through the 
porous network, providing a sustained and 
predictable release profile (50). In addition to 
the Higuchi model, the Korsmeyer-Peppas 
model was applied to further investigate the 
release mechanism. The calculated release 
exponent (n) values ranged from 0.45 to 0.5, 
confirming that the release follows a 
predominantly Fickian diffusion mechanism, 
consistent with the diffusion-controlled profile 
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suggested by the Higuchi model. Also, the rate 
of drug diffusion is directly influenced by the 
degree of water absorption in the Gel/HA 
matrix. However, cross-linking significantly 
reduces the rate of drug release by limiting 
water penetration into the polymer core, 
thereby slowing polymer swelling and 
degradation. 

Swelling experiments revealed that 
maximum swelling occurred after 24 h, 
followed by a slight reduction after 48 h, 
indicating the onset of polymer degradation. 
This pattern aligns with the release profiles, 
where a second increase in drug release was 
observed around the 48-h mark, likely due to 
the breakdown of the polymeric structure. This 
degradation further facilitates the release of 
entrapped drugs, as evidenced by the extended 
release over the subsequent 24-h period. In 
conclusion, the release profiles are a 
combination of surface desorption, diffusion 
through microporous channels, and polymeric 
swelling and degradation (69). The optimized 
formulations demonstrate a controlled release 
system influenced by the physicochemical 
properties of the nanofiber matrix and the 
degree of cross-linking, making them 
promising candidates for sustained drug 
delivery applications. 

Ag NPs indicated antimicrobial activity 
against S. aureus and P. aeruginosa, which is 
attributed to multiple mechanisms. First, Ag 
NPs disrupt bacterial cell wall synthesis by 
binding to the bacterial cell wall surface, 
weakening its structural integrity. The 
peptidoglycan layer in both gram-positive and 
gram-negative bacteria, composed of N-acetyl 
glucosamine and N-acetyl muramic acid linked 
by lysozyme-sensitive bonds, is particularly 
vulnerable. Ag interacts with the tensile C-O 
bonds within this structure, triggering oxidative 
reactions that compromise the cell wall. 
Second, Ag NPs interfere with protein 
synthesis, halting the production of essential 
bacterial proteins. Third, Ag NPs inhibit DNA 
replication by binding to sulfur and phosphorus 
groups in DNA due to their high affinity for 
these elements, thereby impairing cellular 
replication and viability. Finally, metabolic 
processes are disrupted, further inhibiting 
bacterial growth (70,71). 

The antibacterial efficacy of the fabricated 
nanofibers was validated using the disc 
diffusion and plate well-plate methods. The 
consistency in inhibition zone diameters 
between the disc diffusion and plate well 
methods validates that the antibacterial efficacy 
of Ag NPs remains intact within the nanofiber 
matrix. The observed antibacterial properties 
are highly dependent on the concentration of 
Ag NPs, with higher concentrations resulting in 
greater reductions in bacterial colonies. This 
highlights the potent antimicrobial activity of 
Ag NPs against both gram-positive and gram-
negative bacteria. The differential susceptibility 
of these bacterial strains is attributed to their 
cell wall composition. The thinner cell walls of 
P. aeruginosa compared to S. aureus facilitate 
easier penetration of Ag NPs or Ag ions, 
enabling disruption of metabolic processes and 
amplifying the antibacterial effect. In 
conclusion, the Gel/HA nanofibers 
incorporating Ag NPs exhibit robust 
antibacterial activity, effectively targeting both 
S. aureus and P. aeruginosa (72,73). The 
combination of Ag NPs and the nanofiber 
matrix ensures sustained antimicrobial efficacy, 
making these nanofibers promising candidates 
for biomedical applications, particularly in 
combating infections caused by gram-positive 
and gram-negative bacteria (74). This study 
underscores the potential of Ag NPs as a 
versatile and potent antimicrobial agent in 
advanced therapeutic systems. One limitation 
of this study is the absence of time-kill kinetics 
data, which would provide valuable insight into 
the rate of bacterial eradication by Ag NPs and 
the composite nanofibers. Future studies should 
incorporate time-kill assays to 
comprehensively assess the dynamic 
antibacterial performance and confirm the 
suitability of the dressing for rapid wound 
infection management. 

Drug-loaded nanofibers present a significant 
advantage in wound healing. This superior 
performance is attributed to the combined 
antimicrobial properties of Ag NPs, the wound-
healing capabilities of phenytoin, and the 
structural benefits provided by Gel and HA. 

Phenytoin has been shown to enhance the 
expression of platelet-derived growth factor-β 
in macrophages and monocytes, promoting the 
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repair and growth of connective tissue. It 
enhances angiogenesis primarily by 
upregulating growth factors such as vascular 
endothelial growth factor and platelet-derived 
growth factor, which stimulate endothelial cell 
proliferation and neovascularization at the 
wound site. It also modulates inflammatory 
mediators and promotes fibroblast activity, 
thereby creating a favorable microenvironment 
for new blood vessel formation. This 
mechanism accelerates the formation of new 
connective tissue and blood vessels at the 
wound site, expediting the healing process (75). 
Additionally, the astringent and hemostatic 
properties of Ag NPs contribute to quicker scar 
formation and minimal scarring by facilitating 
the deposition of soluble proteins (76,77). The 
synergistic effects of Ag NPs and phenytoin 
likely explain the advanced healing observed in 
the drug-containing nanofiber group.  

Also, the rapid healing observed in this 
group highlights the strong antibacterial 
properties of Ag NPs, which effectively prevent 
infection, and the wound-healing capabilities of 
phenytoin (78). 

The incorporation of HA and Gel in the 
nanofibers also played a significant role in 
accelerating healing. HA is known for its ability 
to maintain a moist wound environment and 
promote cell migration, while Gel provides 
structural support and enhances cell adhesion 
(77). These properties synergize with the 
pharmacological effects of Ag NPs and 
phenytoin to produce a wound dressing with 
superior therapeutic efficacy. 

Comparing these findings with recent studies, 
similar results have been observed in the 
application of Ag NPs-loaded wound dressings, 
which demonstrated enhanced healing through 
antibacterial action and tissue regeneration. For 
example, a study by Khan et al. reported that Ag 
NPs-based polyvinylpyrrolidone (PVP)/ 
polyvinyl alcohol (PVA) hydrogel promoted 
collagen deposition and accelerated 
epithelialization in wound healing models (79).  

Among all experimental groups, the drug-
loaded nanofiber group achieved the highest 
collagen deposition levels, followed by the 
drug-free nanofiber group. This further 
underscores the importance of incorporating 
bioactive agents to optimize wound healing. In 

conclusion, the drug-loaded Gel/HA nanofibers 
demonstrate significant potential as an advanced 
wound dressing, capable of promoting rapid and 
complete tissue regeneration, minimizing 
scarring, and preventing infections. These 
findings establish a solid foundation for further 
clinical evaluation and potential application in 
wound management therapies. 

The superior healing in the drug-loaded 
nanofiber group can be attributed to the 
combined effects of Ag NPs and phenytoin. Ag 
NPs provide strong antibacterial activity, 
minimizing infection and inflammation, while 
phenytoin promotes the expression of platelet-
derived growth factor-β, accelerating 
connective tissue and blood vessel formation. 
These effects synergize with the properties of 
Gel and HA, which enhance cell adhesion and 
migration, leading to faster wound closure and 
tissue remodeling. 

It should be noted that rodent wound healing 
predominantly occurs through contraction 
rather than re-epithelialization, which may not 
fully represent the human healing process. 
Future studies could utilize a splinted wound 
model to better replicate human tissue 
regeneration and accurately evaluate the wound 
dressing's therapeutic potential. 

However, the combination of Ag NPs and 
phenytoin in this study appears to produce 
superior results due to their complementary 
mechanisms of action. The drug-free nanofiber 
group also showed improved healing compared 
to the control group, underscoring the 
beneficial properties of Gel and HA even in the 
absence of active pharmaceutical agents. 

In conclusion, the histological analysis 
confirms that drug-loaded nanofibers 
significantly enhance wound healing by 
promoting collagen deposition, reducing 
wound size, and achieving complete epithelial 
and connective tissue regeneration. These 
findings highlight the potential of drug-loaded 
Gel/HA nanofibers as advanced wound 
dressings for effective and rapid tissue repair. 
Future studies should further explore the 
clinical translation of these findings and 
evaluate their efficacy in more complex              
wound models. 

Although epithelial regeneration, connective 
tissue formation, and collagen deposition in 



Emami et al. / RPS 2025; 20(4): 610-634 
 

630 

rats’ skin treated with drug-loaded nanofibers 
were remarkably enhanced, it should be noted 
that rodent wound healing predominantly 
occurs through contraction rather than re-
epithelialization, which may not fully represent 
the human healing process. Future studies could 
utilize a splinted wound model to better 
replicate human tissue regeneration and 
accurately evaluate the wound dressing's 
therapeutic potential. 

However, the combination of Ag NPs and 
phenytoin in this study appears to produce 
superior results due to their complementary 
mechanisms of action. The drug-free nanofiber 
group also showed improved healing compared to 
the control group, underscoring the beneficial 
properties of Gel and HA even in the absence of 
active pharmaceutical agents. 

In conclusion, the histological analysis 
confirms that drug-loaded nanofibers 
significantly enhance wound healing by 
promoting collagen deposition, reducing wound 
size, and achieving complete epithelial and 
connective tissue regeneration. These findings 
highlight the potential of drug-loaded Gel/HA 
nanofibers as advanced wound dressings for 
effective and rapid tissue repair. Future studies 
should further explore the clinical translation of 
these findings and evaluate their efficacy in more 
complex wound models. 

 
CONCLUSION 

 
This study demonstrated the potential of 

drug-loaded Gel/HA nanofibers containing Ag 
NPs and phenytoin as advanced wound 
dressings for accelerating wound healing. The 
incorporation of Ag NPs and phenytoin 
significantly enhanced the antimicrobial 
activity, collagen deposition, epithelial 
regeneration, and overall wound healing 
compared to drug-free nanofibers and control 
groups. The histological and in vivo analyses 
revealed that the drug-loaded nanofibers 
facilitated faster wound closure, complete 
epithelialization, and the formation of 
connective tissue, blood vessels, and sebaceous 
glands within 15 days, indicating effective 
tissue regeneration with minimal scarring. The 
antibacterial properties of Ag NPs, coupled 
with the wound-healing effects of phenytoin 

and the structural benefits provided by Gel and 
HA, synergistically contributed to these 
outcomes. Key findings of this study include 
the high antibacterial efficacy of the nanofibers 
against S. aureus and P. aeruginosa, the 
enhanced biocompatibility and tissue-
regenerative properties of the drug-loaded 
nanofibers, and their ability to promote 
collagen maturation and structural organization 
in healing tissues. These results highlight the 
potential of this nanofiber-based system for 
biomedical applications, particularly in the 
management of chronic and infected wounds. 

Despite these promising results, this study 
has some limitations. The in vivo experiments 
were conducted on a single wound model in 
rats, which may not fully capture the 
complexities of human wound healing. Further 
preclinical studies involving larger animal 
models and different wound types are required 
to validate the findings. Additionally, while the 
study successfully demonstrated the efficacy of 
Ag NPs and phenytoin, the long-term effects of 
their sustained release and potential 
cytotoxicity need to be thoroughly investigated. 
Future research should also explore the 
scalability of the nanofiber fabrication process 
and its feasibility for clinical applications. 

In conclusion, this study provides a strong 
foundation for the development of 
multifunctional nanofiber-based wound 
dressings. By addressing the current limitations 
and expanding the scope of research, these 
findings can pave the way for translating this 
technology into clinical practice, offering an 
effective solution for wound management and 
tissue regeneration. 
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