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Introduction
Skin functions as the body’s primary barrier, protecting 
underlying tissues from microbial invasion, mechanical 

damage, and dehydration.1 In a normal physiological 
state, wound healing proceeds through a highly regulated 
sequence of hemostasis, inflammation, proliferation, and 
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Abstract
Introduction: Chronic wounds 
remain difficult to treat 
because healing is impaired, 
inflammation persists, and 
infection risk is high. Whether 
a spatially organized three-layer 
electrospun scaffold containing 
amniotic membrane powder 
and allantoin can combine 
mechanical support with 
sustained bioactive delivery 
during full-thickness dermal 
regeneration remains unclear.
Methods: The scaffold was electrospun in 3 layers: polyurethane, polyethylene oxide containing 
amniotic membrane powder and allantoin, and a gelatin/carbomer blend. Physicochemical 
properties and fibroblast responses were assessed, followed by wound healing in a rat full-thickness 
excisional model (n = 12 per group; n = 3 per time point) over 21 days. 
Results: All layers displayed uniform nanofibers. The 3L/Amnion/Allantoin scaffold reached an 
ultimate tensile strength of 38.19 MPa. Superhydrophilic behavior, with a contact angle of 0°, 
was observed for 3L/Allantoin. The 3L/Amnion/Allantoin scaffold increased fibroblast viability 
(P < 0.0001 versus controls at day 14) and upregulated VEGF (2-fold) and DDR2 (1.7-fold) 
expression. On day 7, wound closure reached 50.0 ± 1.0% in the 3L/Fibroblast/Amnion/Allantoin 
group versus 15.0 ± 1.0% in the untreated control (P < 0.0001). By day 14, this group reached 
90.0 ± 1.0% closure versus 50.0 ± 1.0% in controls (P < 0.0001), accompanied by accelerated re-
epithelialization and organized collagen deposition. By day 21, wound closure reached ≥ 99% in all 
groups, with no significant intergroup differences.
Conclusion: The three-layer scaffold combined structural reinforcement with local bioactive 
delivery and accelerated wound closure through day 14, supporting further evaluation in dermal 
tissue engineering.
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extracellular matrix (ECM) remodeling.2 In contrast, 
minor injuries usually repair without these complications, 
and full-thickness wounds often have delayed recovery 
accompanied by significant clinical and economic 
challenges. To overcome these issues, wound scaffolds play 
a vital role in promoting dermal repair.3 An ideal wound 
scaffold should support tissue integrity while promoting 
a balanced wound microenvironment conducive to 
healing. Key requirements include effective exudate 
management, antimicrobial protection, moisture and 
temperature regulation, and cytocompatibility to support 
fibroblast proliferation. Additionally, such scaffolds 
should minimize inflammatory or allergic responses and 
remain economically feasible for clinical application, 
particularly in the management of chronic wounds.4-7 
Despite significant advances in wound care technologies, 
the integration of these functions within a single 
network remains a major challenge. Most conventional 
materials cannot address all essential aspects of dermal 
wound healing. This limitation suggests that advanced 
biomaterials should be designed to meet the therapeutic 
requirements of dermal tissue. Recent advances in 
wound scaffolds have increasingly focused on the 
architecture of dermal scaffolds to replicate the structural 
and biological properties of native skin ECM. In this 
manner, nanofibrous scaffolds have attracted attention 
for their ability to promote cell adhesion, migration, and 
proliferation while facilitating gas exchange and nutrient 
transport.8,9 Electrospinning has emerged as a promising 
technique for wound scaffold fabrication due to its ability 
to produce fibrous structures that closely mimic the 
native ECM. Electrospun nanofibrous scaffolds offer high 
surface area, interconnected porosity, and enhanced cell–
material interactions, making them particularly suitable 
for skin regeneration.9,10 Recent studies have further 
highlighted the potential of electrospun wound dressings 
by demonstrating their ability to combine structural 
support, controlled bioactive delivery, and modulation of 
the wound microenvironment within a single platform, 
making them promising candidates for the treatment of 
chronic and hard-to-heal wounds.11 

To effectively address the multifactorial requirements 
of wound healing, recent strategies have shifted toward 
multilayer and functionally graded wound scaffolds, 
in which each layer is designed to perform a distinct 
biological or physicochemical function. Such architectures 
enable the simultaneous integration of barrier protection, 
bioactive delivery, and moisture regulation within a single 
membrane system, addressing limitations associated 
with monofunctional scaffolds.12 Recent advances 
in multifunctional electrospun dressings have also 
emphasized the importance of integrating regenerative 
cues with antimicrobial and angiogenic properties to 
accelerate tissue repair and enhance healing outcomes.13 

Despite advances in electrospun wound dressings, 
most multilayer scaffolds incorporate single bioactive 
agents or conventional polymer combinations.14-16 
The simultaneous integration of amniotic membrane 

powder and allantoin within a spatially organized tri-
layer electrospun scaffold composed of polyurethane, 
polyethylene oxide, and carbomer/gelatin has not been 
previously reported.

In this context, a three-layer nanofibrous scaffold 
was designed to reproduce the hierarchical structure of 
native skin while preserving its functionality. The outer 
layer served as a protective barrier, the intermediate layer 
acted as a reservoir for allantoin and amniotic membrane 
powder, and the inner layer maintained a moist interface 
with the wound. Polyurethane (PU) was selected as the 
outer layer due to its favorable mechanical stability for 
skin tissues. PU is a polymer that provides a balance of 
flexibility and mechanical strength, essential for dermal 
wounds in a dynamic, mobile environment. Moreover, PU 
exhibits appropriate oxygen permeability and water vapor 
transmission, making it suitable for skin applications.17-22 
The intermediate layer was fabricated using polyethylene 
oxide (PEO) as a hydrophilic carrier matrix to host 
the bioactive agents amniotic membrane powder and 
allantoin, aiming to improve wound healing by providing 
a moist microenvironment and facilitating sustained 
local delivery.23-25 PEO is a hydrophilic and biodegradable 
polymer widely used in electrospun drug delivery systems 
due to its excellent biocompatibility and ability to form 
uniform nanofibers, enabling effective incorporation 
and controlled release of bioactive agents.26 Allantoin is 
a wound-healing agent that modulates tissue repair by 
enhancing fibroblast activity, promoting granulation 
tissue formation, and modulating inflammatory 
responses, ultimately supporting tissue repair.27 Multiple 
underlying mechanisms mediate allantoin's wound-
healing properties. Allantoin facilitates wound healing 
by regulating the inflammatory response, reducing the 
infiltration of inflammatory cells into the wound site, 
and stimulating fibroblast proliferation and extracellular 
matrix synthesis. Additionally, allantoin promotes early 
collagen deposition, which is crucial for granulation tissue 
formation and tissue remodeling.27, 28 Its keratolytic and 
antimicrobial actions, along with the previously noted 
features, make allantoin particularly beneficial for wound 
healing.29

Similarly, the native human amniotic membrane 
contains extracellular matrix proteins and bioactive 
factors associated with reduced inflammation, epithelial 
repair, and protection against infection. Incorporation 
of allantoin and amniotic membrane powder into the 
PEO matrix is expected to facilitate uniform distribution 
and sustained local availability of bioactive agents at the 
wound site.30-32 Recent electrospun nanofiber systems 
incorporating bioactive components have demonstrated 
enhanced wound regeneration through improved cell–
material interactions, moisture retention, and stimulation 
of tissue remodeling processes.33 

 The inner layer was composed of a carbomer/gelatin 
blend, selected for its hydrophilicity and biocompatibility 
to promote moisture retention and ensure intimate 
contact with the wound surface. Gelatin is a collagen-
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derived component that provides cell-adhesion sites 
through its Arg-Gly-Asp (RGD) sequences, thereby 
supporting cellular proliferation and migration.34 Gelatin-
based scaffolds also demonstrate good biocompatibility 
and biodegradability and have been widely used in 
wound-scaffold applications due to their ability to mimic 
the natural ECM.35 Others have reported that during 
the healing process, electrospun membranes containing 
gelatin promote better cell attachment and spreading due 
to their resemblance to native skin tissue.36 Carbomer 
provides high viscosity and bioadhesive properties in 
polymeric matrices,37 and carbomer-based systems have 
shown good biocompatibility and sustained release of 
bioactive molecules in wound models.38, 39 Together, 
these properties enable prolonged retention of bioactive 
molecules at the wound site, thereby supporting an 
optimal environment for wound healing. Accordingly, 
this study focused on developing and evaluating a three-
layer electrospun nanofibrous scaffold incorporating 
spatially organized functional components to meet the 
complex demands of wound healing.

Materials
Polyurethane (PU), polyethylene oxide (PEO), gelatin, 
Carbomer, allantoin, tetrahydrofuran (THF), N, 
N-dimethylformamide (DMF), glacial acetic acid (40%), 
amniotic membrane powder, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) powder, and 
dimethyl sulfoxide (DMSO) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Fetal bovine serum (FBS) 
was purchased from Gibco (Thermo Fisher Scientific, 
USA). Dulbecco's Modified Eagle Medium, penicillin/
streptomycin, and trypsin–EDTA solution were obtained 
from DNA Biotech Co. (Iran). An RNA extraction kit was 
provided by Gibco (Thermo Fisher Scientific, USA), and 
SYBR Green was obtained from Yekta Tajhiz (Tehran, 
Iran). Human fibroblast cells (Hu02) were obtained from 
the Pasteur Institute of Iran (Tehran, Iran). Adult male 
Wistar rats were supplied by the Laboratory Animal 
Center of Tehran University (Tehran, Iran). 

Methods
Scaffold fabrication 
The three-layer nanofibrous scaffold was prepared by 
electrospinning under controlled laboratory conditions 
(22 ± 1 °C and 40 ± 5% relative humidity). The 
electrospinning system consisted of a syringe pump, a 
high-voltage power supply, and a rotating drum collector 
lined with aluminum foil. All materials were purchased 
from commercial sources (Sigma-Aldrich, USA) and used 
as received without any further purification. All layers 

were fabricated sequentially under optimized parameters 
summarized in Table 1. For the first layer, a 12 wt% PU 
solution was prepared by dissolving 0.72 g PU in 6 mL 
of THF/DMF (3:1 v/v), and the mixture was stirred for 
24 h at room temperature to obtain a homogeneous 
solution. The solution was electrospun using a 20-gauge 
needle at 14.5 kV, a flow rate of 0.2 mL/h, and a collector 
rotation speed of 300 rpm to form the PU base layer. For 
the second layer, a 12 wt% PEO solution was prepared by 
dissolving 0.72 g PEO in 6 mL deionized water. Amniotic 
membrane powder (1.5 wt%, corresponding to 0.09 g in 
6 mL) and allantoin (0.75 wt%, corresponding to 0.045 
g in 6 mL) were mixed to obtain a uniform suspension. 
These concentrations were chosen based on experimental 
experience and in accordance with previously reported 
studies, which showed that similar concentration ranges 
yield bead-free nanoscale morphology. The mixture 
was electrospun directly onto the PU layer, and control 
scaffolds containing either amniotic membrane powder 
or allantoin alone were also fabricated under the same 
optimized electrospinning parameters. For the third layer, 
a gelatin/carbomer blend was prepared by dissolving 
gelatin (30 wt%, corresponding to 1.8 g in 6 mL of 40% 
acetic acid) and carbomer (3.4 wt%, corresponding 
to 0.204 g in 6 mL) under continuous stirring to form 
a homogeneous viscous solution. The solution was 
electrospun to form the inner layer using the optimized 
parameters.

Characterization of fiber morphology and diameter by 
scanning electron microscopy (SEM)
The surface morphology of the electrospun scaffolds was 
evaluated by SEM at 25 kV. Before this examination, the 
samples were sputter-coated with a thin gold layer to 
enhance conductivity. SEM micrographs were acquired at 
appropriate magnifications to capture representative fiber 
morphology for each scaffold group. Representative SEM 
images of all scaffold groups are presented in Figure 1. 
Fiber diameters were quantified from SEM micrographs 
using ImageJ software (NIH, USA) by randomly selecting 
50 fibers per scaffold group. Results are expressed 
as mean ± standard deviation (SD). Fiber diameter 
distributions for each group are presented as histograms 
in Supplementary Figure S1. Statistical differences in 
fiber diameter among the scaffold groups were assessed 
using one-way analysis of variance (ANOVA) followed 
by Tukey's honest significant difference (HSD) post hoc 
test for all pairwise comparisons. A value of P ≤ 0.05 was 
considered statistically significant. A summary of mean 
fiber diameters and key statistical comparisons is provided 
in Table S1 (Supplementary file 1), and the complete set 

Table 1. Composition of polymers, solvent systems, and electrospinning parameters used in the fabrication of the three-layer scaffold

Groups/conditions Composition (wt%) Solvent system Electrospinning parameters

1 PU (12%) THF/DMF (3:1) 14.5 kV, 0.2 mL h⁻¹, 300 rpm

2 PEO (12%) + Amniotic (1.5%) + Allantoin (0.75%) Deionized water 14.5 kV, 0.2 mL h⁻¹, 300 rpm

3 Gelatin (30%) + Carbomer (3.4%) Acetic acid (40%) 15.5 kV, 0.2 mL h⁻¹, 300 rpm
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of pairwise Tukey comparisons is presented in Table S2 
(Supplementary file 1).

Tensile mechanical assay
The mechanical properties of the electrospun scaffolds 
were assessed by uniaxial tensile testing on a universal 
testing machine. Rectangular specimens (0.5 × 3 cm²) 
were mounted in paper frames and extended at a constant 
crosshead speed of 5 mm/min until failure. Elastic 
modulus, ultimate tensile strength, and elongation at 
break were calculated from the stress–strain curves to 
evaluate scaffold strength and flexibility.

Water contact angle 
Surface wettability of the scaffolds was determined by 
dynamic water contact angle measurements using a Krüss 
goniometer (Germany). Square samples (1 × 1 cm²) of 
the scaffolds were fixed on a horizontal stage, and a 3 μL 
droplet of distilled water was deposited onto their surface. 
Contact angles were measured from droplet images 
after droplet stabilization using image analysis software. 
The evolution of the water contact angle was monitored 

from droplet deposition until droplet stabilization 
(approximately 60 s), and the values reported below 
represent the stabilized contact angle rather than the 
initial contact angle immediately after droplet placement.

Swelling ratio
The swelling capacity of the three-layer scaffolds was 
quantitatively evaluated by monitoring their weight 
variation in phosphate-buffered saline (PBS) (pH 7.4) at 
37 °C under physiological conditions. The pre-weighed 
dry specimens (2 × 2 cm²) from each scaffold group 
were immersed in PBS and incubated at 37 °C. At the 
predetermined time points, the samples were gently 
removed, dried with filter paper to remove excess surface 
liquid, and immediately weighed. The swelling ratio (%) 
was calculated using the following equation: 

Swelling ratio (%) 100s d

d

W W
W
−

= ×

Where Wₛ and Wd represent the weights of the swollen 
and dry scaffolds, respectively.

(a)PU (b)PEO (c)G/Carbomer (d)PEO/Amnion 

    

 

(e)PEO/Allantoin 

 

(f)PEO/Amnion/Allantoin 

 

(g)PU/PEO/Amnion 

 

(h)PU/PEO/Allantoin 

    

 

(i)PU/PEO/Amnion/Allantoin 

 

(j)PU/PEO 

 

(k)3L/Amnion/Allantoin 

 

 

(l)3L 

    

 
Figure 1. SEM micrographs of the electrospun nanofibrous layers (scale bar: 10 μm, magnification: 3.0 kx), (a) PU layer, (b) PEO layer, (c) G/Carbomer 
layer, (d) PEO/Amnion, (e) PEO/Allantoin, (f) PEO/Amnion/Allantoin, (g) PU/PEO/Amnion, (h) PU/PEO/Allantoin, (i) PU/PEO/Amnion/Allantoin,(j)PU/
PEO,(k)PU/PEO/Amnion/Allantoin/GCarbomer(3L/Amnion/Allantoin) and (l) PU/PEO /G-Carbomer(3L).
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Scaffold porosity 
The surface porosity of the electrospun nanofibrous 
scaffolds and their individual layers was determined 
by image analysis of SEM micrographs using ImageJ 
software. At least five representative images per sample 
were processed. The images were converted to 8-bit 
grayscale and thresholded to produce binary images 
that clearly distinguished fibrous structures from pores. 
Scaffold porosity was calculated as the percentage of 
void area relative to the total area. The measurements 
were performed in triplicate (n = 3) and expressed as 
mean ± standard deviation.

Fourier-transform infrared spectroscopy (FTIR)
Functional chemical groups of the scaffolds were 
investigated by FTIR over the wavenumber range of 4000–
400 cm⁻¹. Characteristic absorption peaks were detected 
to confirm the presence of polyurethane, polyethylene 
oxide, and carbomer/gelatin. Similarly, intermolecular 
interactions between the polymers and components were 
assessed from peak shifts and band broadening. 

Release evaluation of amniotic membrane powder and 
allantoin
Specimens (1 × 1 cm²) of each scaffold type were placed 
individually in 24-well plates containing 500 μL of PBS 
(pH 7.4) and incubated at 37 °C under continuous shaking 
at 100 rpm. At predetermined time intervals (6, 12, 24, 48, 
72, 96, 120, 144, 168, 192, and 216 h), 100 μL aliquots of 
the release medium were withdrawn from each well and 
stored at −20 °C for subsequent analysis. Immediately 
after each withdrawal, 100 μL of fresh pre-warmed PBS 
was added to each well to maintain a constant volume. 
All experiments were performed in triplicate (n = 3). 
The concentration of released allantoin was determined 
by measuring the absorbance at 203 nm, and amniotic 
membrane powder-derived bioactive components were 
indirectly quantified by measuring the absorbance at 276 
nm using the amniotic membrane powder extract (the 
same stock solution used for scaffold preparation) as the 
calibration standard, using a UV-Vis spectrophotometer. 
Standard calibration curves were prepared in PBS (pH 
7.4) using pure allantoin for allantoin quantification, 
and the amniotic membrane powder extract itself for 
amniotic membrane powder-derived components. The 
theoretical loading of allantoin and amniotic membrane 
extract was defined according to the initial formulation 
composition. Encapsulation/loading efficiency was not 
directly determined in the present study. Since 20% of the 
release volume was removed at each sampling point, the 
cumulative amount of released compound was calculated 
using the following correction equation:

1( ) ( ) 0.2 ( )n n nX t X t X t t−′ ′= + × −∆

where ( )'
nX t is the corrected cumulative amount 

released at time t , ( )nX t  is the measured amount at time 

t , and '
1nX − is the corrected cumulative amount from the 

previous sampling point. Results are expressed as mean 
cumulative release (%) ± SD, and error bars in the release 
profiles represent the SD. The experimental release data 
were fitted to the following kinetic models using linear 
regression analysis:

Zero-order: 0 0tQ Q k t= +
First-order: 1log( ) logtQ Q Q k t∞ ∞− = −

Higuchi: t HQ k t=
Korsmeyer–Peppas: 

ntQ kt
Q∞

=

Goodness-of-fit was assessed using the coefficient of 
determination (R²). The release exponent (n) from the 
Korsmeyer-Peppas model was used to characterize the 
release mechanism:

 n ≤ 0.45 indicates Fickian diffusion; 0.45 < n < 0.89 
indicates anomalous (non-Fickian) transport; n = 0.89 
indicates Case II transport; and n > 0.89 indicates Super 
Case II transport.

Degradation assessment
In vitro degradation of the electrospun scaffolds was 
evaluated in PBS (pH 7.4) at 37 °C. Square specimens 
(1 × 1 cm²) from each scaffold group were weighed (initial 
weight, M₀), immersed in PBS, and incubated for up to 
60 days. At predetermined time points, samples were 
removed, rinsed with distilled water to eliminate residual 
salts, and dried to constant weight (remaining weight, 
Mₜ). The percentage weight loss (degradation rate) was 
calculated using the following equation:

0

0

Degradation (%) 100tM M
M
−

= ×

Where M₀ and Mₜ represent the initial and remaining 
dry weights of the scaffolds, respectively.

MTT assay 
Human fibroblast cells (Hu02) were cultured in DMEM/
F12 medium supplemented with 10% FBS, 100 U/mL 
penicillin, and 100 μg/mL streptomycin under standard 
incubation conditions (37 °C, 5% CO₂). At approximately 
90% confluence, the cells were detached with trypsin–
EDTA and counted before seeding. For the MTT assay, 
scaffold samples were placed in 48-well tissue culture plates 
and seeded with cells under standard culture conditions. 
Three-layer scaffolds were sterilized by immersion in 
70% ethanol, then exposed to ultraviolet (UV) light in 
a biosafety cabinet for 20 minutes, rinsed 3 times with 
PBS, and equilibrated in complete medium overnight. 
The cells were seeded onto the scaffolds at a density of 
2.5 × 10⁴ cells/cm², and the scaffolds were incubated in 
culture media every 2 days. Cell viability was evaluated at 
1, 3, 7, and 14 days using the MTT assay (0.5 mg/mL; 4 h 
incubation). Formazan crystals were dissolved in 100 μL 
DMSO, and the absorbance values were quantified at 570 
nm using a microplate reader.
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DAPI staining
Cell attachment to the triple-layer scaffolds was evaluated 
by nuclear staining with 4′,6-diamidino-2-phenylindole 
(DAPI). For this method, the scaffold samples were 
cultured in 48-well tissue culture plates. After cell seeding 
at predetermined time points, the scaffolds were fixed, 
stained with DAPI, and imaged using a fluorescence 
microscope. Briefly, fibroblasts were seeded onto the 
scaffold at a density of 1 × 10⁴ cells per well and were 
evaluated on days 1 and 14. At each time point, the samples 
were rinsed with PBS, fixed with 2% glutaraldehyde for 40 
min, then serially dehydrated in ethanol (50%, 70%, 90%, 
and 100%), and incubated with DAPI in the dark for 5 
min. After washing with PBS, the nuclei of the adhered 
cells were imaged using a fluorescence microscope.

Quantitative gene expression analysis
Quantitative real-time PCR (qRT-PCR) was performed 
to detect the expression of fibroblast migration- and 
angiogenesis-related genes, including discoidin domain 
receptor 2 (DDR2) and vascular endothelial growth 
factor (VEGF), in the cells cultured on different scaffold 
groups. After 3 days of incubation, total RNA was 
extracted using an isolation kit (Gibco, Iran) according 
to the manufacturer’s protocol. Complementary DNA 
was then synthesized using a cDNA synthesis kit. qRT-
PCR reactions were performed using a SYBR Green high-
ROX master mix under the following thermal profile: 
initial denaturation at 95 °C for 10 min, followed by 40 
amplification cycles at 95 °C for 15 s and 60 °C for 60 
s. GAPDH was used as the internal reference gene, and 
relative mRNA expression values were quantified using 
the comparative ΔΔCt method. The primer sequences 
used for each target gene are listed in Table 2.

In vivo wound healing assessment
Adult male Wistar rats (8–10 weeks old; 250–300 g) were 
obtained from the Laboratory Animal Center of Tehran 
University (Tehran, Iran). All procedures were approved 
by the Institutional Ethics Committee of Shahid Beheshti 
University of Medical Sciences (Approval ID: IR.SBMU.
AEC.1404.107) and carried out according to ARRIVE 
guidelines. After a 10-day acclimatization period under 
standard housing conditions, the rats were anesthetized 
with intraperitoneal ketamine (7 mg/kg) and xylazine (5 
mg/kg). A single 1-cm full-thickness excisional wound 
was created on the dorsal midline using a sterile biopsy 
punch. Animals were randomized into 6 groups (n = 8 
per group) as follows: (1) untreated wound (negative 
control); (2) three-layer scaffold seeded with fibroblasts; 
(3) scaffold containing fibroblasts and amniotic 
membrane powder; (4) scaffold containing fibroblasts 
and allantoin; (5) scaffold containing fibroblasts with 
the amniotic membrane powder/allantoin combination; 
(6) scaffold with amniotic membrane powder/allantoin 
without fibroblasts. The scaffolds were fixed using a 
semipermeable sterile bandage, and enrofloxacin (5 mg/
kg/day) was administered subcutaneously to prevent 

infection. The macroscopic appearance and behavior 
of the wound were routinely observed. Wound size was 
evaluated on days 3, 7, 14, and 21 by digital imaging and 
quantified using ImageJ. The images were captured under 
consistent conditions (a fixed camera distance of 15 cm, 
a perpendicular angle to the wound surface, and uniform 
lighting) with a ruler placed close to each wound as a scale 
reference. Each group consisted of 12 animals (n = 12), 
with 3 animals evaluated at each time point. 

Open wound areaWound closure (%) 1 100
Initial wound area

 
= − × 
 

Histopathological analysis 
At each time point, rats were euthanized with ketamine, 
and the wound tissues were collected and fixed in 10% 
neutral buffered formalin for 24 h. The specimens were 
embedded in paraffin, sectioned at 5 μm, and mounted on 
glass slides. Hematoxylin and Eosin (H&E) and Masson’s 
trichrome (MT) staining were performed to evaluate 
inflammation, re-epithelialization, angiogenesis, and 
collagen deposition. The stained sections were examined 
under a digital light microscope. Inflammation, re-
epithelialization, collagen deposition, and fibrosis were 
scored on a semiquantitative 0–4 scale. Three randomly 
selected sections from each animal were evaluated, and 
composite scores were summarized for 3 animals per 
group at each time point.

Statistical analysis
Unless otherwise specified, in vitro data were reported as 
mean ± SD from at least 3 independent replicates (n ≥ 3). 
Statistical analyses were performed using GraphPad 
Prism software (version 8.0). Differences between groups 
were evaluated using one-way or two-way ANOVA, 
followed by Tukey's post hoc multiple-comparison test. 
A value of P ≤ 0.05 was considered statistically significant. 
For wound-closure and histopathological outcomes, 
2 animals per group were analyzed separately at each 
time point using one-way ANOVA followed by Tukey's 
multiple-comparison test. Given the small number of 
animals at each time point, these inferential analyses were 
considered exploratory. Significance levels were denoted 
as follows: ns (not significant), *P < 0.05, ** P < 0.01, 
****P < 0.001, and **** P < 0.0001.

Results
Fiber morphology and diameter of scaffolds 
Scanning electron microscopy showed a porous, 

Table 2. Primer sequences utilized for quantitative real-time PCR analysis

Gene Primer sequence (5' → 3')

DDR2
F: GAGACCAAGGGAGGCAGAC

R: CATCACTCGTCGCCTTGTTG

VEGF
F: CCCATGGCAGAAGGAGGAG

R: GGATGGCTTGAAGATGTACTCG

GapdH
F: TCCTCCTGAGCGCAAGTAC

R: CCTGCTTGCTGATCCACATCT
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interconnected nanofibrous architecture in all scaffold 
groups. Representative micrographs are shown in 
Figure S1. Fiber diameter differed significantly among the 
7 scaffold groups (one-way ANOVA, F(6, 338) = 307.71, 
P < 0.001). The PU layer had the largest mean fiber 
diameter at 796.8 ± 123.6 nm (n = 50). The PEO layer 
had a mean diameter of 368.7 ± 58.8 nm (n = 50). The 
G/Carbomer layer had the smallest mean diameter 
among individual components at 268.6 ± 56.8 nm 
(n = 50). Incorporation of amniotic membrane powder 
into the PEO matrix did not significantly change fiber 
diameter (396.4 ± 74.3 nm vs. 368.7 ± 58.8 nm, Tukey 
HSD, P = 0.52). Addition of allantoin to the PEO matrix 
significantly reduced fiber diameter (307.2 ± 62.0 nm vs. 
368.7 ± 58.8 nm, Tukey HSD, P = 0.001). The combined 
PEO/amnion/allantoin formulation had a mean diameter 
of 355.8 ± 59.6 nm, not significantly different from PEO 
alone (Tukey HSD, P = 0.98). Within the PEO-based 
intermediate layers, the PEO/amnion group differed 
significantly from the PEO/allantoin group (396.4 ± 74.3 
nm vs. 307.2 ± 62.0 nm, Tukey HSD, P < 0.001). The PEO/
allantoin group also differed significantly from the PEO/
amnion/allantoin group (307.2 ± 62.0 nm vs. 355.8 ± 59.6 
nm, Tukey HSD, P = 0.02). The PEO/amnion group did 
not differ significantly from the PEO/amnion/allantoin 
group (396.4 ± 74.3 nm vs. 355.8 ± 59.6 nm, Tukey HSD, 
P = 0.09). The control trilayer scaffold (PU/PEO/G-
Carbomer) had a mean fiber diameter of 288.4 ± 50.5 nm 
(n = 50). This value was not significantly different from 
that of the G/Carbomer layer (268.6 ± 56.8 nm; Tukey 
HSD, P = 0.83). All pairwise comparisons against the PU 
layer were statistically significant (Tukey HSD, P < 0.001 
for each), reflecting the markedly larger fiber diameter 
of PU relative to all other groups. Sequential SEM 
imaging showed continuous layer-by-layer deposition 
without visible interfacial delamination in the multilayer 
constructs. Measured fiber diameters for multilayer 
scaffolds corresponded to those of the exposed top layer. 
These observations indicated that incorporating amniotic 
membrane powder preserved the scaffold nanofiber 
morphology, whereas allantoin decreased fiber diameter.

Mechanical characteristics of scaffolds by tensile 
evaluation
Tensile testing was conducted to evaluate the mechanical 
performance of the electrospun scaffolds, with stress–
strain curves shown in Figure 2A. All samples exhibited 
nonlinear viscoelastic behavior characterized by an initial 
elastic region, yielding, and subsequent failure. The 
control scaffold group (3L without bioactive additives) had 
an ultimate tensile strength of 28.80 MPa at 8.19% strain. 
When amniotic membrane powder was incorporated into 
the three-layer scaffold, the ultimate tensile strength was 
23.82 MPa. The allantoin-containing scaffold exhibited 
an ultimate tensile strength of 36.53 MPa, while the 
combination of amniotic membrane powder and allantoin 
further increased the value to 38.19 MPa. The highest 
ultimate tensile strength of 38.19 MPa at 10.28% strain was 

obtained for the 3L/Amnion/Allantoin scaffold. Young's 
modulus, determined from the initial linear portion of the 
stress–strain curves, was 4.32 MPa for the control scaffold 
(3L), 11.06 MPa for the amnion-containing scaffold (3L/
Amnion), 14.02 MPa for the amnion–allantoin scaffold 
(3L/Amnion/Allantoin), and 5.58 MPa for the allantoin-
only scaffold (3L/Allantoin). The 3L/Allantoin scaffold 
exhibited higher ultimate tensile strength than the control 
(3L) and 3L/Amnion scaffolds, whereas the amnion-
containing scaffolds showed higher Young's modulus 
than the control and allantoin-only scaffold.

Hydrophilicity of scaffolds by water contact angle 
measurements 
The wettability of the three-layer scaffolds was evaluated by 
dynamic water contact angle measurements (Figure 2B). 
All formulations demonstrated hydrophilic character 
(contact angle < 90°), with marked differences among 
the variants (Figure 2C). The control scaffold (PU/PEO/
Gelatin-Carbomer) exhibited a mean contact angle of 
41° ± 2° (Figure 2B (a-b)). The incorporation of amniotic 
membrane powder into the intermediate PEO layer (PU/
PEO(Amnion)/Gelatin-Carbomer) reduced the contact 
angle from 67° ± 1.5° to 34° ± 0.5° (Figure 2B (c-d)), 
indicating moderately enhanced surface hydrophilicity. 
The scaffold containing both amniotic membrane powder 
and allantoin (PU/PEO(Amnion–Allantoin)/Gelatin-
Carbomer) displayed contact angles of 37° ± 1.1° (Figure 
2B (e-f)), confirming preservation of hydrophilic behavior. 
Incorporating allantoin alone (PU/PEO(Allantoin)/
Gelatin-Carbomer) resulted in greater droplet spreading 
and reached an angle of 0° (Figure 2B (g-h)), which 
indicated superhydrophilic behavior. These results 
indicated that allantoin promotes surface wettability, 
probably by introducing additional polar groups that 
facilitate rapid water penetration and spreading. 

In vitro swelling behavior of scaffolds 
The water absorption capacity of the scaffolds was studied 
in PBS at 37 °C (Figure 2D). All samples absorbed water 
rapidly during the first 20 min and then approached a 
near-equilibrium state, with no additional weight increase 
observed until 60 min. At equilibrium (20–60 min), the 
control scaffold showed a swelling ratio of approximately 
218%. The incorporation of amniotic membrane powder 
alone increased the swelling ratio to 320%, consistent with 
the fluid-retaining capacity of the porous, hydrophilic 
amniotic membrane material. The scaffold containing 
only allantoin reached 378%, and the scaffold combining 
amniotic membrane and allantoin exhibited the highest 
value of 415%. The higher swelling in the modified 
scaffolds may have resulted from the strong water-
attracting property of allantoin and the porous structure 
of the amniotic membrane powder. The increased water 
retention may help maintain a moist environment at the 
wound site, which is essential for healing, while rapid 
stabilization prevents over-swelling and tissue damage.
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Determination of porosity value of scaffolds 
Porosity analysis of the electrospun nanofibrous scaffolds 
and their individual layers was conducted using ImageJ 

software. The PU base layer exhibited a porosity of 
45 ± 5%, reflecting its dense, compact fibrous structure 
(Figure 3A). The relatively low porosity of the PU layer 

Figure 2. (A) Representative stress–strain curves of the three-layer (3L) electrospun scaffolds (3L, 3L/Allantoin, 3L/Amnion, and 3L/Amnion/Allantoin) 
obtained from uniaxial tensile testing. (B) Water contact angle measurements of the three-layer electrospun scaffolds using a 3 µL deionized water droplet 
(mean values derived from triplicate experiments; analysis performed using ImageJ). (a–b) 3L (PU/PEO/Gelatin–Carbomer): initial contact angle 61° 
and stabilized contact angle 41°. (c–d) 3L Amnion (PU/PEO(Amnion)/Gelatin–Carbomer): initial contact angle 67° and stabilized contact angle 34°. (e–f) 
3L Amnion/Allantoin (PU/PEO(Amnion–Allantoin)/Gelatin–Carbomer): initial contact angle 62° and stabilized contact angle 37°. (g–h) 3L Allantoin (PU/
PEO(Allantoin)/Gelatin–Carbomer): initial contact angle 68° and stabilized contact angle 0°. (C) Results of Tukey's multiple comparisons test for water 
contact angles at the initial and stabilized measurement points. Data are reported as mean ± SD (n = 3). *P < 0.05, ****P < 0.0001; ns, not significant. (D) 
Swelling ratios (%) of the three-layer electrospun nanofiber scaffolds (control and modified variants) in phosphate-buffered saline (PBS, pH 7.4) over 60 min.
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was consistent with its role as structural support within the 
multilayer scaffold. In comparison, the PEO intermediate 
layer exhibited higher porosity of 60 ± 5% (P < 0.05 

vs. PU). The finer fibers and lower packing density in 
this layer created larger void spaces that may facilitate 
nutrient diffusion and cellular infiltration, key factors in 

Figure 3. (A) Porosity percentages of the electrospun nanofibrous layers and three-layer scaffolds, as determined by ImageJ analysis (mean ± SD; n = 3). 
The data highlight a porosity gradient from the dense PU base layer to the highly porous G/Carbomer top layer, with bioactive additives in the intermediate 
layer modulating overall scaffold porosity. (*P < 0.05, ***P < 0.001, ****P < 0.0001; ns: not significant), (B) FTIR spectra of the pristine three-layer scaffold (3L) 
and three-layer scaffolds containing allantoin, amniotic membrane powder, or both components. Amniotic membrane powder denotes amniotic membrane 
powder incorporated into the scaffold. The numbered reference lines denote the characteristic bands identified from the experimental spectra: (1) 3284.3 
cm⁻¹, O–H/N–H stretching; (2) 2948.7–2977.7 cm⁻¹, CH₂ stretching; (3) 1739.5 cm⁻¹, C = O stretching; (4) 1689.4 cm⁻¹, amide I; (5) 1527.4 cm⁻¹, amide II; (6) 
1243.9–1251.6 cm⁻¹, amide III/C–N stretching; and (7) 1051.1–1060.7 cm⁻¹, C–O/C–O–C stretching. The reference lines denote assigned band positions; 
individual bands may not be detectable in every spectrum, (C) Cumulative in vitro release of allantoin (203 nm) and amniotic membrane components (276 
nm) from three-layer electrospun scaffolds containing these bioactive agents in the intermediate PEO layer (3L/Allantoin and 3L/Amnion, respectively) and 
(D) In vitro degradation profiles of the three-layer (3L) electrospun scaffolds (3L, 3L/Amnion, 3L/Allantoin, and 3L/Amnion/Allantoin) over 60 days in PBS 
(pH 7.4) at 37 °C. The data are reported as percentage weight loss (mean ± SD, n = 3). The 3L and 3L/Allantoin scaffolds had faster degradation, whereas 
the amnion-containing scaffolds showed significantly slower degradation.
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tissue regeneration. The gelatin/carbomer (G/Carbomer) 
inner wound-contact layer displayed the highest porosity 
among the single layers, reaching 70 ± 5% (P < 0.0001 vs. 
PU). Its loose and irregular fiber arrangement produced 
an open, highly permeable network that supports 
moisture retention and effective interaction with the 
wound bed. Among the three-layer scaffolds, the control 
variant (PU/PEO/G-Carbomer) had a surface porosity of 
65 ± 5%. The scaffold incorporating amniotic membrane 
powder in the intermediate layer (PU/PEO-Amnion/G-
Carbomer) showed reduced porosity of 50 ± 5%, which 
was significantly lower than both the control (P < 0.05) 
and the standalone G/Carbomer layer (P < 0.001). This 
decrease may be attributed to local densification caused 
by the amniotic particles. In contrast, the scaffold 
containing allantoin in the intermediate layer (PU/PEO-
Allantoin/G-Carbomer) had a porosity of 60 ± 5%, which 
did not differ significantly from that of the control or the 
non-loaded PEO layer. The complete scaffold containing 
both amniotic membrane powder and allantoin in the 
intermediate layer (PU/PEO-Amnion-Allantoin/G-
Carbomer) presented an intermediate porosity of 55 ± 5%, 
which was significantly lower than the G/Carbomer layer 
(P < 0.05), in contrast to the control scaffold. Collectively, 
the porosity values ranged from 45% to 70% between 
the different layers and scaffold groups. This pore-size 
gradient resembled the natural architecture of skin 
tissue, influencing cell migration, proliferation, and new 
tissue formation while maintaining sufficient mechanical 
stability and appropriate hydration conditions.

Detection of functional chemical groups of scaffolds by 
FTIR analysis
FTIR spectroscopy identified the characteristic functional 
groups of the fabricated scaffolds (Figure 3B and 
Figures S4–S6). The PU layer showed absorption bands 
at 1728.0 cm⁻¹ (C = O stretching of urethane groups), 
1112.8 cm⁻¹ (C–O–C stretching), and 2950.7 cm⁻¹ (CH₂ 
stretching).40

The pure PEO layer displayed bands at 2916.0 cm⁻¹ (CH₂ 
stretching) and 1060.7 cm⁻¹ (C–O–C ether stretching), 
consistent with previous reports.41, 42

The pure Carbomer/Gelatin layer exhibited bands at 
1242.0 cm⁻¹ (amide III), 2979.6 cm⁻¹ (CH₂ stretching), 
and 1060.7 cm⁻¹ (C–O stretching).43, 44

The U/PEO scaffold retained the characteristic PU 
carbonyl band at 1733.8 cm⁻¹ and exhibited additional 
absorption bands at 2923.7 cm⁻¹, assigned to CH₂ 
stretching, and 1060.7 cm⁻¹, assigned to C–O–C ether 
stretching.

The U/PEO/Allantoin scaffold exhibited bands at 
1728.0 cm⁻¹ (C = O stretching), 1560.2 cm⁻¹ (N–H 
bending), 1249.7 cm⁻¹ (C–N stretching), and 2948.7 cm⁻¹ 
(CH₂ stretching), consistent with the ureide structure of 
allantoin.45

The U/PEO/Amnion scaffold showed bands at 
1722.2 cm⁻¹ (C = O stretching), 1243.9 cm⁻¹ (amide III), 
3409.7 cm⁻¹ (N–H stretching), and 2968.0 cm⁻¹ (CH₂ 

stretching).43

The U/PEO/Amnion/Allantoin scaffold exhibited 
bands at 1722.2 cm⁻¹ (C = O stretching), 1506.2 cm⁻¹ 
(N–H bending), and 2983.5 cm⁻¹ and 2879.3 cm⁻¹ (CH₂ 
stretching).

The pristine three-layer scaffold (3L) showed a broad 
band at 3284.3 cm⁻¹ (O–H/N–H stretching) and a band 
at 1527.4 cm⁻¹ (amide II). The 3L/Allantoin scaffold 
exhibited bands at 1243.9 cm⁻¹ (C–N stretching), 
2977.7 cm⁻¹ (CH₂ stretching), and 1060.7 cm⁻¹ (C–O–C 
stretching), confirming allantoin incorporation. The 3L/
Amnion scaffold showed bands at 1689.4 cm⁻¹ (amide 
I), 1243.9 cm⁻¹ (amide III), and 1051.1 cm⁻¹ (C–O 
stretching). The 3L/Amnion/Allantoin scaffold exhibited 
bands at 1739.5 cm⁻¹ (C = O stretching), 1251.6 cm⁻¹ 
(amide III), and 2948.7 cm⁻¹ (CH₂ stretching).

The PEO/Allantoin control exhibited bands at 1533.2 
cm⁻¹ (N–H bending) and 3481.0 cm⁻¹ and 3392.3 
cm⁻¹ (N–H stretching), confirming the characteristic 
functional groups of allantoin. The PEO/Amnion control 
showed bands at 1687.5 cm⁻¹ (amide I) and 2944.9 cm⁻¹ 
(CH₂ stretching). The PEO/Amnion/Allantoin control 
exhibited bands at 1261.3 cm⁻¹ (amide III), 2925.6 cm⁻¹ 
(CH₂ stretching), and 1062.6 cm⁻¹ (C–O–C stretching).43,44

The characteristic absorption bands of polyurethane, 
PEO, carbomer/gelatin, amniotic membrane, and 
allantoin were retained across all composite scaffolds. 
Slight shifts in peak position and band broadening 
were observed among formulations, consistent with 
intermolecular hydrogen-bonding interactions between 
scaffold components. No additional absorption bands 
were detected, suggesting that FTIR did not identify 
new covalent bonds and that interactions among the 
constituents were predominantly physical.40,45,46

Cumulative release profiles of amniotic membrane 
powder-derived bioactive components and allantoin 
from the scaffolds
The in vitro cumulative release profiles of allantoin and 
soluble amniotic membrane powder-derived bioactive 
components from the polymeric scaffolds over 216 h are 
shown in Figure 3C. Both systems displayed a sustained-
release pattern with no pronounced initial burst. 
Allantoin reached a cumulative release of 28.80 ± 2.20% 
at 72 h, progressively increasing to 47.60 ± 1.90% at 
216 h. Amniotic membrane powder-derived bioactive 
components showed a comparatively attenuated profile, 
reaching 15.00 ± 1.40% at 72 h and 27.30 ± 1.20% at 216 
h (mean ± SD, n = 3). The lower overall release extent 
of amniotic membrane powder-derived components is 
consistent with the greater molecular complexity and size 
heterogeneity of the amniotic membrane powder matrix 
constituents, which encounter greater steric and diffusional 
resistance within the polymeric network. Release kinetics 
were analyzed by fitting the cumulative release data to 
zero-order, first-order, Higuchi, and Korsmeyer-Peppas 
models. The kinetic parameters, equations, correlation 
coefficients (R²), and mechanistic interpretations are 
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summarised in Table 3 (allantoin) and Table 4 (amniotic 
membrane powder-derived components). Kinetic 
model fitting plots (zero-order, first-order, Higuchi, and 
Korsmeyer–Peppas) for both compounds are provided in 
Figures S2–S3 (Supplementary file 1).
Allantoin release kinetics
Kinetic model fitting results for allantoin release are 
presented in Table 3.

The Higuchi model showed the best fit with the 
highest R² (0.9403), indicating that allantoin release is 
primarily controlled by diffusion through the polymeric 
matrix. The Korsmeyer–Peppas model also provided a 
good fit (R² = 0.9197) with a release exponent n = 0.8493, 
which falls within the range 0.45 < n < 0.89, indicating 
anomalous (non-Fickian) transport, in which both 
molecular diffusion and polymer chain relaxation/
swelling contribute to the release process. The zero-
order model provided a relatively good fit (R² = 0.8933), 
suggesting a partial contribution from matrix swelling 
and/or erosion, whereas the first-order model showed a 
weak correlation (R² = 0.6726), suggesting concentration-
dependent release as the primary mechanism. Generally, 
allantoin release followed a diffusion-dominated, non-
Fickian mechanism with a secondary contribution from 
polymer relaxation within the scaffolds.
Amniotic membrane powder-derived bioactive component 
release kinetics
Kinetic model fitting results for Amniotic membrane 
powder-derived bioactive components are presented in 
Table 4.

The Korsmeyer–Peppas model provided the best fit 
(R² = 0.9665) with a release exponent n = 1.3235, which 
exceeds 1.0 and thus classifies the transport mechanism 
as Super Case II. This mechanism is dominated by 
polymer chain relaxation, matrix swelling, structural 
reorganization, and erosion rather than Fickian 
diffusion. The Higuchi model also detected a strong 
correlation (R² = 0.9419), confirming a significant 
diffusive contribution to the release process. However, 
the superior fit of the Korsmeyer-Peppas model indicated 
that diffusion alone did not fully explain the observed 

release behavior. The zero-order model provided a good 
fit (R² = 0.9120), consistent with a partially controlled-
release profile. The first-order model showed the lowest 
R² (0.7287), indicating that the release rate is not governed 
by the residual concentration of the bioactive components 
within the matrix. The allantoin release obeyed a 
diffusion-dominated, non-Fickian mechanism, whereas 
amniotic membrane powder-derived component release 
was primarily governed by Super Case II transport (matrix 
relaxation and erosion), with a secondary contribution 
from diffusion. These results indicated sustained release 
of both bioactive agents, which is desirable for tissue 
engineering and wound-healing applications.

In vitro degradation of scaffolds
Degradation behavior of the electrospun scaffolds 
was evaluated in PBS (pH 7.4) at 37 °C for 60 days 
(Figure 3D). The bioactive-free 3L scaffold degraded 
most rapidly, reaching approximately 50% weight loss by 
week 4. The 3L/Allantoin scaffold exhibited slightly faster 
degradation, achieving 50% weight loss in the 3–4 week 
range, due to the increased hydrophilicity provided by 
allantoin. In contrast, scaffolds incorporating amniotic 
membrane powder degraded considerably more slowly. 
The 3L/Amnion scaffold reached 50% weight loss after 7 
weeks, while the 3L/Amnion/Allantoin scaffold showed a 
comparable degradation behavior, reaching 50% mass loss 
slightly earlier, around weeks 6–7. These results indicated 
slower degradation in the amnion-containing scaffolds 
and faster degradation in the allantoin-containing 
scaffold. 

Cell viability of scaffolds 
Fibroblast viability on the three-layer nanofibrous 
scaffolds was assessed using an MTT assay over 14 days 
(Figure 4A). The tested scaffolds included a bioactive-
free control (PU/PEO/G-Carbomer), scaffolds containing 
amniotic membrane powder (PU/PEO/Amnion/G-
Carbomer), allantoin (PU/PEO/Allantoin/G-Carbomer), 
or their combination (PU/PEO/Amnion/Allantoin/G-
Carbomer). They were compared with tissue culture 

Table 4. Kinetic model parameters for the in vitro release of Amniotic membrane powder-derived bioactive components from the scaffold (n = 3)

Kinetic Model Equation R² Interpretation

Zero-order y = 0.1492x + 1.4963 0.9120 Good fit; sustained release with possible contribution of matrix erosion and swelling

First-order y = 0.0081x + 0.1252 0.7287 Poor fit; concentration-dependent release is not the dominant mechanism

Higuchi y = 2.3934x − 4.8934 0.9419 Good fit; diffusion contributes significantly to the release process

Korsmeyer–Peppas y = 1.3235x − 1.4454 0.9665 Best fit; n = 1.3235 → Super Case II transport; polymer relaxation, swelling, and 
matrix erosion dominate

Table 3. Kinetic model parameters for the in vitro release of allantoin from the scaffold (n = 3)

Kinetic Model Equation R² Interpretation

Zero-order y = 0.259x + 3.7031 0.8933 Relatively good fit; matrix swelling and/or erosion contribute to release

First-order y = 0.0056x + 0.7568 0.6726 Poor fit; concentration-dependent release is not the dominant mechanism

Higuchi y = 4.1939x − 7.7195 0.9403 Best fit; diffusion-controlled release through the polymeric matrix

Korsmeyer–Peppas y = 0.8493x − 0.2281 0.9197 n = 0.8493 → Anomalous (non-Fickian) transport; diffusion and polymer 
relaxation both contribute
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polystyrene (TCPS), which served as the control. After 1 
day, all scaffold groups demonstrated higher cell viability 
than TCPS, indicating favorable early cell attachment. 
The scaffold containing both amniotic membrane powder 
and allantoin exhibited significantly greater viability 
compared with PU/PEO/G-Carbomer (P = 0.0402) and 
TCPS (P < 0.0001). Scaffolds incorporating a single 
bioactive component also showed improved viability 
relative to TCPS (P < 0.01 to P < 0.0001), with no significant 
differences among them. By day 3, cell viability continued 
to increase across all experimental groups. The PU/PEO/
Amnion/Allantoin/G-Carbomer scaffold maintained 
significantly higher viability than PU/PEO/G-Carbomer 
(P = 0.0293) and TCPS (P < 0.0001). All bioactive-
containing scaffolds showed higher viability than TCPS 
(P < 0.0001), while remaining statistically comparable 
to each other. At day 7, a clear distinction between 
scaffold compositions became evident. The combined 
amnion/allantoin scaffold showed significantly higher 
fibroblast viability than PU/PEO/G-Carbomer, PU/PEO/

Amnion/G-Carbomer, PU/PEO/Allantoin/G-Carbomer, 
and TCPS (all P < 0.0001). Scaffolds containing either 
amniotic membrane powder or allantoin alone supported 
similar levels of viability and remained superior to the 
controls. After 14 days, the PU/PEO/Amnion/Allantoin/
G-Carbomer scaffold continued to exhibit significantly 
higher cell viability than all other groups (P < 0.0001). 
Scaffolds containing a single bioactive component 
sustained higher viability than TCPS (P < 0.0001) but did 
not differ significantly from each other. According to the 
cytotoxicity grading system reported by Liu et al., these 
values correspond to first-grade cytotoxicity.47 Fibroblast 
viability was highest on the scaffold containing both 
amniotic membrane powder and allantoin at days 7 and 
14. The viability results are presented in Figure 4A.

Fluorescence imaging of fibroblast attachment and 
distribution
Fluorescence imaging was used to assess fibroblast 
attachment and distribution across various scaffold 

Figure 4. (A) Fibroblast cell viability (%) on the three-layer (3L) electrospun scaffolds (3L, 3L/Amnion, 3L/Allantoin, and 3L/Amnion/Allantoin) and the 
tissue culture polystyrene (TCPS) control over 14 days, as determined by the MTT assay. Data are presented as mean ± SD (n = 3). **P < 0.01, ***P < 0.001, 
****P < 0.0001. (B) Fluorescence microscopy images of DAPI-stained fibroblasts cultured on the three-layer (3L) electrospun scaffolds at 1 and 14 days after 
cell seeding. Columns represent the experimental groups: 3L (PU/PEO/Gelatin-Carbomer), 3L/Amnion, 3L/Allantoin, 3L/Amnion/Allantoin, and the tissue 
culture polystyrene (TCPS) control. Blue fluorescence indicates cell nuclei. Bioactive-loaded scaffolds exhibited enhanced cell attachment and a more 
homogeneous cell distribution over time compared with the TCPS control. Scale bar = 50 μm.
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formulations, with DAPI staining to highlight cell nuclei 
(Figure 4B). After 1 day, the cells expanded across all 
groups. The control group showed minimal attachment 
and faint blue fluorescence, consistent with limited cell 
adhesion. In contrast, the bioactive-free three-layer (3L) 
scaffold exhibited moderate cell clustering, while the 
scaffolds containing amniotic membrane powder and 
allantoin showed denser nuclear staining, consistent 
with greater initial cell attachment. By day 14, greater cell 
density and a more uniform distribution were observed 
in the treated groups, particularly in the 3L/Amnion/
Allantoin scaffold, where intense blue fluorescence 
covered the scaffold surface, consistent with greater cell 
coverage. The scaffold containing both allantoin and 
amniotic membrane powder showed greater cell coverage 
than the control on day 14. 

SEM of fibroblast morphology 
SEM was used to examine fibroblast attachment and 
morphology on the nanofibrous scaffolds after 14 days 
of cell seeding (Figure 5A). These results demonstrated 
firm cell adhesion to the scaffold surface in all scaffold 
groups. Fibroblasts exhibited extensive spreading on the 
nanofibers, indicating effective cell-scaffold interactions. 
The cells displayed spindle-like morphologies, a 
characteristic of healthy fibroblasts. The corresponding 
cell shape displayed filopodia and lamellipodia, which 
helped them attach to the fibrous matrix. Moreover, 
close cell–cell contacts were observed, suggesting cellular 

organization on the scaffold surface.
SEM showed attached fibroblasts on the interconnected 

porous architecture, without visible regions of cell 
detachment or surface incompatibility. Together, the 
SEM findings showed that the electrospun three-layer 
scaffold provided support for fibroblast adhesion and 
morphological integrity. These observations were 
consistent with the fibroblast-viability findings.

Gene expression analysis
Quantitative real-time PCR (qRT-PCR) was performed 
to evaluate the mRNA expression levels of vascular 
endothelial growth factor (VEGF), a key angiogenic 
marker, and discoidin domain receptor 2 (DDR2), 
which is involved in cell migration and extracellular 
matrix remodeling, in Hu02 fibroblasts three days after 
cell seeding (Figure 5B). The highest expression levels 
of both VEGF and DDR2 were observed in the 3L/
Amnion/Allantoin scaffold. VEGF expression in this 
group was approximately two-fold higher than that in 
the bioactive-free 3L scaffold (P < 0.01) and significantly 
higher than that in the tissue culture polystyrene (TCPS) 
control (P < 0.001). The scaffolds containing either 
amniotic membrane or allantoin alone exhibited modest 
enhancements in VEGF expression (approximately 1.2-
fold and 1.3-fold, respectively), although these differences 
were statistically insignificant compared with the 
bioactive-free 3L scaffold. For DDR2, the 3L/Amnion/
Allantoin scaffold exhibited the highest expression level 

Figure 5. (A) SEM images of Hu02 fibroblasts cultured on the three-layer (3L) electrospun nanofibrous scaffolds (3L, 3L/Amnion, 3L/Allantoin, and 3L/
Amnion/Allantoin) after 14 days of culture. Cells exhibited firm attachment and an elongated morphology on the fibrous surface. All images were acquired at 
a magnification corresponding to a 10 µm scale bar. (B) Quantitative real-time PCR (qRT-PCR) analysis of VEGF and DDR2 gene expression in fibroblasts 
cultured on the three-layer (3L) electrospun scaffolds. The 3L/Amnion/Allantoin scaffold exhibited enhanced expression of both genes compared with the 
tissue culture polystyrene (TCPS) control.
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among all experimental groups and showed a significant 
increase compared with the TCPS control (P < 0.05), 
whereas no statistically significant difference was 
observed relative to the bioactive-free 3L scaffold. These 
results showed that the combined formulation altered 
the expression of genes associated with angiogenesis and 
extracellular-matrix remodeling.

In vivo wound healing assessment
The efficacy of fibroblast, amniotic membrane powder, 
and allantoin combinations on the PU/PEO/G-Carbomer 
wound scaffold was assessed in the control and treated 
groups using a full-thickness wound model in rats. All 
scaffold groups were applied to the wound sites, and the 
healing process was observed over 21 days. Quantitative 
wound closure data for all groups at each time point 
are presented in Table S4. There were no significant 
differences in body weight between the groups. During 
the study, all rats remained healthy; 3 rats per group were 
euthanized at each time point for histological assessment. 
The wound closure percentage was calculated relative to 
the initial area on day 1 and to measurements of their 
size at specific time points (days 3, 7, 14, and 21 post-
injury). Figure 6A presents wound photographs for each 
treatment group at the post-wounding stages indicated.

Figure 6B shows the wound closure percentages. On 
day 3, similar open wounds were seen in all groups, and 
wound closure remained limited. After 7 days, the treated 
groups collectively demonstrated significant reductions in 
wound size compared with the control, particularly in the 
3L/Fibroblast/Amnion/Allantoin group, which showed 
the greatest contraction (50.0 ± 1.0%, P < 0.0001 vs. 
control). The 3L/Fibroblast/Amnion/Allantoin group also 
showed greater closure than 3L/Fibroblast (30.0 ± 2.0%, 
P < 0.0001) or 3L/Fibroblast/Allantoin (35.0 ± 2.0%, 
P < 0.0001). The 3L/Fibroblast/Amnion/Allantoin group 
had the highest mean wound closure on day 7. On day 
14, the treated groups showed higher closure than the 
control, with the highest closure in the 3L/Fibroblast/
Amnion/Allantoin group (90.0 ± 1.0%, P < 0.0001 vs. the 
control). Closure in this group was greater than in the 3L/
Fibroblast/Amnion group (80.0 ± 1.0%, P < 0.0001) and 
the 3L/Amnion/Allantoin group (85.0 ± 1.0%, P < 0.0006). 
No significant difference was found between the 3L/
Fibroblast/Amnion and 3L/Fibroblast/Allantoin groups. 
By day 21, wound closure reached at least 99% in all 
groups, with no significant intergroup differences.

Histological evaluation of in vivo wound healing 
assessment
Histological analysis of wound tissues stained with 
H&E and MT was performed on days 3, 7, 14, and 
21 post-wounding to evaluate the progression of 
tissue repair among the six experimental groups 
(Figures 7 (H&E) and 8 (MT)). Histological scoring 
was performed using a semi-quantitative scale (0–
4) for inflammation, re-epithelialization, collagen 
deposition, and fibrosis (Table S5). Three randomly 

selected histological sections were evaluated per animal 
(n = 3 animals per group at each time point). On day 
3, hematoxylin and eosin staining across all groups 
showed similar acute wound responses, characterized 
by disrupted epidermal layers, extensive infiltration 
of inflammatory cells, including neutrophils and 
macrophages, and fibrin clots with minimal granulation 
tissue formation. The inflammation score on day 3 was 
uniformly high across all groups, with no significant 
intergroup differences (P > 0.05). In contrast, Masson's 
trichrome staining detected immature collagen fibers in 
blue, dominated by red-stained muscle and cytoplasmic 
components, indicating the early inflammatory phase 
without significant matrix remodeling in the control, 
3L/Fibroblast, 3L/Fibroblast/Allantoin, 3L/Fibroblast/
Amnion, 3L/Fibroblast/Amnion/Allantoin, and 3L/
Amnion/Allantoin groups. The collagen deposition 
score on day 3 was minimal in all groups. After 7 days, 
the control group showed persistent inflammation with 
scattered inflammatory cells and initial granulation tissue 
in H&E sections accompanied by limited blue collagen 
fibers in MT staining (inflammation score: 3.0 ± 0.4; re-
epithelialization: 1.0 ± 0.2; collagen: 1.5 ± 0.3), whereas the 
3L/Fibroblast group had reduced inflammation (2.0 ± 0.3, 
P < 0.05 vs. control), early re-epithelialization at wound 
edges, a modest increase in collagen deposition and a 
mild increase in newly formed vessels compared with the 
control; the 3L/Fibroblast/Allantoin group showed even 
lower inflammation, partial epithelial bridging, and greater 
organized early collagen fibers and a further increase 
in vascular density; the 3L/Fibroblast/Amnion group 
depicted considerable decreases in infiltrates, advancing 
re-epithelialization, and denser collagen bundles; the 3L/
Fibroblast/Amnion/Allantoin group showed the most 
advanced repair with minimal inflammation, extensive 
epithelial migration, and stronger blue-stained collagen 
indicating active remodeling and the highest degree of 
vascularization among all groups, with well-organized 
blood vessels throughout the granulation tissue, whereas 
the 3L/Amnion/Allantoin group showed lowered 
inflammation (1.0 ± 0.3, P < 0.01 vs. control), good 
epithelial coverage, and enhanced collagen formation 
compared to the control. On day 14, H&E staining in 
the control revealed moderate inflammation, incomplete 
re-epithelialization, and low granulation tissue and a 
disorganized vascular network. MT staining in this group 
also showed weak collagen deposition.

In contrast, the 3L/Fibroblast group had reduced 
inflammation, near-complete epithelial layers, and better-
aligned collagen fibers (3.0 ± 0.3), as well as an increased 
number of mature vessels at the wound margins. The 3L/
Fibroblast/Allantoin group possessed minimal residual 
inflammation, fully formed epithelium, and compact 
collagen deposition. On the other hand, the 3L/Fibroblast/
Amnion group showed better tissue organization, thin 
epithelial coverage, and dense collagen deposition, which 
was stained blue. The 3L/Fibroblast/Amnion/Allantoin 
group exhibited highly mature structures with no visible 
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inflammation, showed advanced re-epithelialization 
and well-structured collagen bundles. The 3L/Amnion/
Allantoin group displayed similar maturity, with 
organized tissue and reduced collagen remodeling. After 
21 days, all groups showed complete re-epithelialization 

on H&E sections, but the control group had thicker scars 
and an irregular dermal structure, with extensive fibrosis 
on MT staining. The 3L/Fibroblast group presented 
thinner scars and a more uniform dermis with balanced 
collagen. The 3L/Fibroblast/Allantoin group showed 

Figure 6. (A) Representative macroscopic images of wounds in rats during the 21-day healing period. The rows represent wound appearance on days 3, 7, 
14, and 21 and the columns correspond to the following experimental groups: Untreated wound (control), 3L/Fibroblast (PU/PEO-Fibroblast/G-Carbomer),3L/
Fibroblast/Amnion(PU/PEO-Fibroblast-Amnion/G-Carbomer),3L/Fibroblast/Allantoin(PU/PEO-Fibroblast-Allantoin/G-Carbomer), 3L/Fibroblast/Amnion/
Allantoin(PU/PEO-Fibroblast-Amnion-Allantoin/G-Carbomer), and 3L/Amnion/Allantoin (PU/PEO-Amnion-Allantoin/G-Carbomer). (B) Quantitative analysis 
of wound closure after 3, 7, 14, and 21 days, calibrated with the percentage of the original wound area. The data are presented as mean ± SD (n = 3 animals 
per group at each time point). ns, not significant; *P < 0.05; ***P < 0.001; ****P < 0.0001.
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well-organized tissue with minimal scarring and even 
collagen distribution. Similarly, the 3L/Fibroblast/
Amnion group showed smooth integration and low 
fibrosis (fibrosis: 1.0 ± 0.2, P < 0.01 vs. control), while the 
3L/Fibroblast/Amnion/Allantoin group showed the most 
favorable histological appearance, with a natural-like skin 
structure and the least fibrosis (fibrosis: 0.5 ± 0.2, P < 0.001 
vs. control). Histological appearance differed among the 
experimental groups. The 3L/Amnion/Allantoin group 
also exhibited advanced remodeling with small scars 
and mature, aligned collagen fibers. The wound-healing 
histopathological scores of the experimental groups on 
days 3, 7, 14, and 21 are presented in Figure S7.

Discussion 
Chronic wound healing is characterized by prolonged 
inflammation, insufficient angiogenesis, and impaired 
extracellular matrix remodeling, creating a poor cellular 
environment. Therefore, creating a scaffold with a 
better cellular environment and providing mechanical 
support are necessary for advanced wound scaffolds that 
can actively support tissue regeneration.48 Electrospun 

nanofibrous scaffolds offer an approach to address 
these challenges by more closely mimicking the fibrillar 
architecture of the native skin ECM. Moreover, this 
similarity typically provides high porosity and an 
interconnected pore architecture, facilitating cell adhesion 
and proliferation while supporting cell migration and 
efficient nutrient exchange within the wound region.49 
This fabrication approach also enables the incorporation 
of bioactive agents in a relatively simple and controllable 
manner, allowing their gradual release at the wound site. 
At the same time, the resulting nanofibrous structure can 
help maintain moisture at the wound surface by absorbing 
wound exudate, thereby supporting the different stages 
of the healing process.50, 51. In accordance with these 
criteria, the present study developed a three-layer 
electrospun scaffold to promote ECM organization and 
provide sufficient mechanical properties. Morphological 
evaluation confirmed a porous, bead-free fibrous structure 
in all layers, a feature expected to promote cell attachment 
and growth while enabling efficient nutrient transport 
throughout the scaffold.52 The absence of visible interlayer 
separation indicated continuous interfaces after sequential 
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Figure 7. Representative hematoxylin and eosin (H&E)-stained sections of full-thickness skin wounds from the experimental groups (a–f) on days 3, 7, 14, 
and 21 post-injury. The groups were as follows: (a) 3L/Fibroblast, (b) 3L/Fibroblast/Allantoin, (c) 3L/Fibroblast/Amnion, (d) 3L/Fibroblast/Amnion/Allantoin, 
(e) 3L/Amnion/Allantoin, and (f) untreated control. The images illustrate the temporal progression of wound healing, including inflammatory cell infiltration, 
re-epithelialization, granulation tissue formation, fibroblast proliferation, and angiogenesis.
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electrospinning; interfacial strength was not measured 
directly. In the intermediate PEO layer, incorporation of 
amniotic membrane powder produced a nonsignificant 
numerical increase in fiber diameter relative to pure PEO. 
This pattern may be related to increased solution viscosity, 
which can restrict jet stretching during electrospinning 
and promote thicker fibers.53 Fiber uniformity was 
maintained. In contrast, the presence of amniotic 
membrane–derived particles on the fiber surface may 
mediate anti-inflammatory and regenerative responses, 
in agreement with the well-documented biological 
activity of amniotic membrane components.54 In contrast, 
incorporation of allantoin alone led to a reduction in fiber 
diameter, which is likely related to the increase in solution 
conductivity. Higher conductivity enhances jet elongation 
during electrospinning, thereby favoring the formation 
of thinner fibers.53 When both amniotic membrane 
powder and allantoin were incorporated, an intermediate 
fiber diameter was obtained, which likely reflects the 
competing effects of increased solution viscosity and 
conductivity on jet dynamics, as has been reported for 
similar blend electrospinning solutions.55 The mechanical 
properties of native human skin vary with anatomical site 
and testing conditions. In general, the ultimate tensile 
strength of native human skin is reported to range from 
approximately 5 to 30 MPa, while Young’s modulus varies 

from about 0.1–1 MPa at low strain levels to roughly 
5–30 MPa under uniaxial tensile loading conditions.56 All 
scaffold groups in the present study exhibited nonlinear 
viscoelastic behavior within or near reported mechanical 
ranges for native human skin. A previous study reported a 
tensile strength of approximately 8.5 MPa for an amniotic 
membrane-based scaffold, indicating that incorporation 
of amniotic membrane can influence scaffold mechanical 
behavior.57 Previous studies have shown that electrospun 
polymeric scaffolds containing allantoin can modify 
tensile behavior by enhancing flexibility while maintaining 
adequate mechanical integrity, which is consistent with 
the lower Young's modulus and relatively high tensile 
strength observed for the allantoin-containing scaffold 
in the present study.29 The novelty of the present scaffold 
architecture was further highlighted by comparison 
with previously reported electrospun wound dressings 
(Table S3). Previous studies have investigated multilayer 
electrospun systems based on combinations such as 
polyurethane and gelatin, or incorporated individual 
bioactive components including amniotic membrane 
derivatives or allantoin into electrospun matrices.30, 58, 

59 Unlike these reported systems, the current three-layer 
scaffold integrated polyurethane, polyethylene oxide, 
carbomer/gelatin, amniotic membrane powder, and 
allantoin within distinct layers to provide combined 
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Figure 8. Representative Masson's trichrome-stained sections of full-thickness skin wounds from the experimental groups (a–f) on days 3, 7, 14, and 21 
post-injury. The groups were as follows: (a) 3L/Fibroblast, (b) 3L/Fibroblast/Allantoin, (c) 3L/Fibroblast/Amnion, (d) 3L/Fibroblast/Amnion/Allantoin, (e) 3L/
Amnion/Allantoin, and (f) untreated control. The images illustrate collagen deposition, fiber organization, and extracellular matrix maturation during the 
wound-healing process.
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mechanical support and bioactive delivery functions. 
FTIR analysis confirmed successful incorporation of 
amniotic membrane powder and allantoin via their 
characteristic bands.40-45 Slight shifts in O–H/N–H 
stretching and carbonyl regions, plus band broadening, 
suggested intermolecular hydrogen-bonding interactions 
among polyurethane, PEO, carbomer, gelatin, amniotic 
membrane components, and allantoin. These interactions 
are typical in physically blended polymeric systems 
and may improve component compatibility without 
altering chemical structures. No new absorption bands 
were detected, suggesting that FTIR did not identify 
new covalent bonds or chemical crosslinking.46, 60 Such 
physical interactions may contribute to the observed 
improvements in scaffold hydrophilicity and fibroblast 
behavior 54, 61

The enhanced fibroblast viability, attachment, and 
functional activity observed on the three-layer scaffold (3L/
Fibroblast/Amnion/Allantoin group) suggest combined 
effects of the scaffold components. This result is further 
supported by evidence showing cell-based scaffolds can 
enhance therapeutic outcomes by providing a supportive 
microenvironment for cellular functions.60 Recent 
research has reported that amniotic membrane–based 
scaffolds promote cell adhesion and survival through the 
presence of growth factors, extracellular matrix proteins, 
and anti-inflammatory mediators.54, 62 At the same 
time, allantoin has been shown to enhance fibroblast 
proliferation and tissue regeneration by stimulating 
cellular metabolism and migration.27, 29 Furthermore, 
bioactive electrospun membranes have also been reported 
to support cell seeding and viability.63 SEM observations 
showed spindle-shaped fibroblast morphology and stable 
cell–scaffold contact on the electrospun nanofibrous 
scaffold.64 Moreover, gene-expression analysis showed 
that the 3L/Amnion/Allantoin scaffold increased VEGF 
expression relative to the bioactive-free 3L scaffold and 
TCPS. DDR2 expression was higher than in TCPS but 
did not differ significantly from the bioactive-free 3L 
scaffold. DDR2 is activated by direct interaction with 
ECM collagen and triggers extracellular signal-regulated 
kinase 1/2 (ERK1/2) signaling pathways to promote 
fibroblast migration and collagen remodeling during 
wound repair.65 In addition, DDR2–collagen interactions 
regulate fibroblast migration and extracellular matrix 
remodeling, partly through transcriptional activation of 
matrix metalloproteinases, further supporting the role 
of DDR2 in ECM organization.66 In parallel, fibroblast-
derived VEGF has been shown to directly stimulate 
endothelial cell recruitment and neovascularization, 
thereby accelerating angiogenesis during wound repair.67 
Hypoxia and extracellular matrix–mediated interactions 
further activate hypoxia-inducible factor 1-alpha (HIF-
1α) signaling in fibroblasts, leading to increased VEGF 
expression and more angiogenic activity.68 The measured 
expression profile was consistent with pathways 
involved in fibroblast migration, matrix remodeling, 
and angiogenesis, although these functional effects were 

not measured directly. The treated groups showed faster 
wound contraction and improved histological maturation 
compared with the control. The 3L/Fibroblast/Amnion/
Allantoin group showed the most rapid closure and 
the most organized tissue formation; these changes 
were accompanied by reduced inflammation and more 
advanced tissue repair. Resolution of inflammation is 
associated with the transition to fibroblast proliferation 
and extracellular-matrix deposition during wound 
repair.69 Amniotic membrane powder-containing 
scaffolds reduce inflammatory infiltration and enhance 
re-epithelialization. This result is in agreement with 
another study that reported that dehydrated human 
amnion/chorion grafts modulate inflammatory responses 
and promote epithelial migration during wound healing.70 
The significant epithelial coverage observed by days 
7–14 is consistent with the proliferative phase during 
wound healing models such as in rodents. Accordingly, 
granulation tissue formation and re-epithelialization 
occurred within the first 2 weeks after injury.71 During the 
remodeling phase, the 3L/Fibroblast/Amnion/Allantoin 
group showed more organized collagen deposition and 
lower fibrosis than the control, as assessed by Masson’s 
trichrome staining. These findings are consistent with 
previous in vivo observations showing that allantoin-
based wound scaffolds enhance collagen maturation and 
accelerate tissue regeneration in rat models. 72 In general, 
the combined 3L/Fibroblast/Amnion/Allantoin scaffold 
improved healing kinetics and scar architecture. 73 Several 
limitations of the present study should be acknowledged. 
The in vivo experimental timeline was confined to a 
21-day observation period, which, although adequate 
for characterizing the early and proliferative phases of 
cutaneous wound healing, including granulation tissue 
formation, re-epithelialization, and preliminary collagen 
deposition, does not encompass the full continuum 
of the tissue repair process. The present investigation 
did not incorporate long-term histological follow-up 
to assess chronic inflammatory reactions or later scar-
tissue remodeling. These outcomes are relevant to the 
long-term quality of wound repair and functional tissue 
restoration. Longer follow-up would therefore be required 
to assess extracellular matrix remodeling, collagen-fiber 
reorganization, biocompatibility, structural integration, 
and functional durability in vivo. Taken together, the 
integration of fibroblasts, amniotic membrane powder, 
and allantoin within a nanofibrous scaffold provided a 
supportive microenvironment for wound repair. The 
findings support further evaluation of the scaffold and its 
components for dermal regeneration.

Conclusion 
In this study, a three-layer electrospun nanofibrous 
scaffold composed of PU, PEO, and carbomer/gelatin 
layers, loaded with amniotic membrane powder and 
allantoin, was developed as a wound scaffold. The 3L/
Amnion/Allantoin scaffold showed favorable mechanical 
properties, hydration, and sustained release, and it 
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supported fibroblast attachment and viability. VEGF 
expression was higher than in the bioactive-free 3L scaffold 
and TCPS, whereas DDR2 expression was higher than in 
TCPS but not significantly different from the bioactive-
free scaffold. In vivo assessments showed earlier wound 
closure through day 14. The 3L/Fibroblast/Amnion/
Allantoin group also showed greater epithelial coverage, 
more organized collagen deposition, and less fibrosis 
than the untreated control. These outcomes supported 
the combined use of amniotic membrane powder and 
allantoin within the nanofibrous architecture. The 
scaffold combined mechanical support with local delivery 
of the bioactive components and supported fibroblast 
viability. The findings support further evaluation of the 
3L/Fibroblast/Amnion/Allantoin scaffold for skin repair. 
Future studies of this scaffold should focus on longer-
term evaluations and mechanistic pathways to assess its 
suitability for clinical translation. 
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