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Healing of surgical and burn wounds with dressings containing
propolis/hyaluronic acid/starch/polyurethane
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Abstract:

Biological macromolecules, such as polysaccharides and proteins, are considered ideal options for use in
skin tissue engineering, both in vitro and in vivo, due to their suitable biocompatibility and biodegradability.
Despite numerous studies that have been conducted in this area, there is a need to construct a scaffold with
antibacterial properties and desirable biocompatibility. The aim of this study is to construct and evaluate a
core-shell electrospun scaffold for skin tissue engineering. In this structure, polyurethane acts as the shell,
and a mixture of starch, propolis extract, and hyaluronic acid forms the core. The morphology of the scaffold
was determined using scanning electron microscopy and transmission electron microscopy. The physical and
mechanical properties of the scaffold, including contact angle, Young's modulus, and strain at break, were
evaluated. The antibacterial activity of the scaffold against Staphylococcus aureus and Escherichia coli was
investigated. The cytotoxicity of the scaffold was evaluated using L929 fibroblast cells. The effectiveness of
the scaffold in wound healing under in vivo conditions was also investigated. Microscopic images showed
that the core-shell structure was successfully formed. The contact angle of the scaffold was 56.7 degrees,
indicating suitable hydrophilic properties for cell attachment. Mechanical tests showed a Young's modulus of
8.12 MPa and a strain at break of 46%, indicating an optimal balance between mechanical strength and
flexibility. The scaffold exhibited strong antimicrobial activity against Staphylococcus aureus and Escherichia
coli. Cytotoxicity evaluations showed no toxicity, and the adhesion and proliferation of L929 fibroblast cells
on the scaffold were increased. Studies conducted under in vivo conditions confirmed the potential of the
scaffold in tissue engineering and showed wound healing. The results of this study show that the electrospun
scaffold with a polyurethane shell and a starch/propolis extract/hyaluronic acid core is a versatile and
promising platform for advanced applications in skin tissue engineering and regenerative medicine. /
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Background and Objective

The skin, the largest organ in the human
body, plays a vital role in protecting internal
organs from various environmental threats,
including physical, chemical, and mechanical
damage.'? Additionally, it acts as the
outermost layer for oxygen exchange with
the environment, delivering sufficient
oxygen to underlying tissues.>® The skin also
facilitates the elimination of toxins through
perspiration. If damaged, wounds develop,
and if left untreated, they can lead to
necrosis.”™

Electrospinning is a versatile technique in
skin tissue engineering that enables the
fabrication of  nanofibrous scaffolds
mimicking  the extracellular matrix,
enhancing cell adhesion, proliferation, and
differentiation.'**> These scaffolds can be
loaded with bioactive agents, such as growth
factors or antimicrobial compounds, to
improve wound healing and tissue
regeneration.'®"’ The high surface area of
electrospun fibers and their tunable
properties make them ideal candidates for
advanced wound care and skin regeneration
therapies.’®?° Starch, a natural, abundant,
and low-cost polymer, is highly
biocompatible and biodegradable, making it
a valuable material in tissue engineering.”**
Studies have shown that starch enhances cell
proliferation, adhesion, and differentiation,
significantly aiding in wound healing. Recent
advances in electrospinning have enabled
the fabrication of starch-based scaffolds,
although challenges persist due to the
branched structure of amylopectin in starch,
which complicates fiber formation.**?
Despite these challenges, researchers
continue to explore the potential of starch-
based nanofiber scaffolds. However, starch
has certain limitations in electrospinning,
including poor mechanical strength, thermal
instability, hydrophobicity, and processing
difficulties, which have been addressed in
various studies.”>?**

Polyurethanes, polymers consisting of
urethane groups formed from the reaction
between isocyanates and alcohol groups, are
attractive due to their versatile physical and
biological properties.”®*®  Despite the

advantages of these polymers, their slow
degradation rate and relatively low
biocompatibility have limited their
application in skin tissue engineering.

Hyaluronic acid, another natural
polysaccharide, is composed of repeating
disaccharide units and is found in most
animal tissues, where it exists as a highly
viscous solution.***? Hyaluronic acid plays a
crucial role in the structure and organization
of the extracellular matrix, helping to
maintain extracellular spaces, transport ions
and nutrients, and support tissue
hydration.**

Furthermore, propolis extract, a natural
resinous substance rich in bioactive
compounds such as flavonoids, phenolic
acids, and terpenoids, exhibits potent
antioxidant, anti-inflammatory, and
antimicrobial properties in tissue
engineering, particularly for starch. These
components promote faster healing by
stimulating cell proliferation, enhancing
collagen synthesis, and reducing
inflammation, making it an excellent
candidate for regenerative applications.***

Core-shell electrospinning is a technique
that enables the fabrication of nanofibers
with small diameters at the nanoscale,
thereby producing porous and three-
dimensional scaffolds resembling the
extracellular matrix."”*** These scaffolds are
highly relevant to starch, as their porosity
supports oxygen and moisture exchange,
which is essential for tissue regeneration.*
When the viscosity of the electrospinning
solution is low, a mixture of several polymers
can be used, or alternatively, core-shell
electrospinning can be employed to coat one
polymer with another. This method allows
the use of separate solutions without a
common solvent. It also enables the
controlled release of two drugs or bioactive
agents simultaneously.””* In summary, the
aim of this research is to develop a novel
scaffold using core-shell electrospinning with
desirable properties (biocompatibility,
suitable mechanical properties, antibacterial
activity, and wound-healing ability) for
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application in skin tissue engineering and
skin wound repair.

Specifically, the objectives of this
research were:

Fabrication of Core-Shell Scaffold: To
create a scaffold using the core-shell
electrospinning method, where
polyurethane forms the shell and a
combination of starch, propolis extract, and
hyaluronic acid forms the core.

Scaffold Characterization: To
investigate the physical, chemical, and
mechanical properties of the fabricated
scaffold. This includes evaluating
morphology, hydrophilicity (contact angle),
mechanical strength (Young's modulus and
strain at break), and other relevant
characteristics.

Evaluation of Antibacterial
Properties: To assess the scaffold's ability to
inhibit the growth of harmful bacteria
commonly found in skin infections,
particularly Staphylococcus aureus and
Escherichia coli.

Cytotoxicity Assessment: To determine
whether the scaffold is toxic to human cells.
This was conducted using L1929 fibroblast
cells, and the degree of cell adhesion and
proliferation on the scaffold was examined.

Evaluation of Wound Healing Efficacy
(In Vivo): To investigate the potential of the
scaffold to accelerate the wound healing
process in an animal model (in vivo studies).

Materials and Methods

This study investigates the potential of
core-shell electrospun scaffolds in the repair
of surgical and burn wounds. This research
was conducted in two phases, in vitro and in
vivo, with the aim of comparing the
effectiveness of different scaffolds with
varying compositions in the wound healing
process.

In the in vivo section, female Wistar rats
were used as the study population. These
rats were divided into three groups, each
consisting of six samples: group one
(polyurethane/starch scaffold), group two
(polyurethane/starch/hyaluronic acid
scaffold), and group three (polyurethane/
starch/hyaluronic acid-propolis scaffold). In
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the in vitro section, mouse L929 fibroblast
cells were used.

The methods employed in this study
include the following steps: First, core-shell
electrospun scaffolds were fabricated using
the core-shell electrospinning method with
various compositions of polyurethane,
starch, hyaluronic acid, and propolis. These
scaffolds were then characterized using
various techniques. Scanning electron
microscopy (SEM) and transmission electron
microscopy (TEM) were used to evaluate
morphology, spectroscopy was used to
determine chemical composition, a tensile
testing machine was used to measure
mechanical properties (Young's modulus and
strain at break), and calorimetry was used to
determine thermal properties. Additionally,
the water contact angle was measured to
determine  hydrophilicity, and water
absorption and weight loss were measured
to evaluate scaffold absorption and
degradation in phosphate-buffered saline
solution. The antibacterial activity of the
scaffolds was also evaluated using the zone
of inhibition test against Staphylococcus
aureus and Pseudomonas aeruginosa
bacteria.

Subsequently, in vitro tests were
performed, including culturing L929
fibroblast cells on the scaffolds and
measuring cell viability using the cell
metabolic activity assay. Cell adhesion was
also observed using scanning electron
microscopy. The in vivo study was conducted
on rats with the following design:

« Group 1) Polyurethane/starch: Rats
whose wounds were treated with
polyurethane/starch scaffolds.

« Group 2) Polyurethane/ starch/
hyaluronic acid: Rats whose wounds were
treated with polyurethane/starch/hyaluronic
acid scaffolds.

e Group 3) Polyurethane/ starch/
hyaluronic acid-propolis: Rats whose wounds
were treated with polyurethane/starch/
hyaluronic acid-propolis scaffolds.

e Control group: Wounds created in
rats were treated with sterile gauze
(standard dressing).
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Each group consisted of 6 rats. In the in
vivo phase, circular wounds were created on
the dorsal skin of the rats and treated with
the fabricated scaffolds or sterile gauze
(control group). The extent of wound healing
was evaluated by measuring the wound
diameter on days 1, 7, and 14. Finally, skin
tissue samples were examined histologically
using light microscopy after hematoxylin and
eosin staining. Data were statistically
analyzed using one-way analysis of variance
(ANOVA).

2.1 Preparation of polyurethane/

starch/hyaluronic acid propolis

Initially, polyurethane was dissolved in
dimethylformamide at a 12% weight ratio.
Under magnetic stirring at 25°C, this resulted
in a clear and homogeneous solution.
Separately, 9% by weight starch was
completely dissolved in distilled water at
90°C. Subsequently, hyaluronic acid (1% by
weight) and propolis (1% by weight) were
dissolved at 25°C and added to the starch
solution.

For the core-shell structure,
polyurethane was chosen as the shell, and
starch, hyaluronic acid, and propolis were
chosen as the core materials, respectively.
The solutions of polyurethane,
polyurethane/starch, polyurethane/starch-
hyaluronic  acid, and polyurethane/
starch/hyaluronic acid-propolis were loaded
into separate syringes connected to a core-
shell electrospinning device. The flow rates
were controlled independently using syringe
pumps. The diameters of the inner and outer
needles were 0.2 mm and 0.6 mm,
respectively. The electrospun scaffolds were
collected on aluminum foil. The collectors
were dried at room temperature (25°C) for
24 hours.

The following steps were performed to
crosslink the core-shell structures using
glutaraldehyde vapor (20% aqueous solution)
for 24 hours to increase water resistance.
After crosslinking, the structures were
thoroughly washed with double-distilled
water to remove excess glutaraldehyde and
then dried in a vacuum oven at 60°C for 4
hours.

The following text pertains to the
evaluation and characterization of the
fibrous scaffolds:

2.2 Description of fibrous scaffolds

2.2.1 Morphology assessment

The morphology of the electrospun
scaffolds was examined using scanning
electron microscopy (SEM) at a voltage of 15
kV. The samples were mounted on metal
stubs using double-sided adhesive tape and
coated with a nanoscale layer of gold via
sputtering. The fiber diameter and
distribution were analyzed using Imagel
software, with the average calculated from
100 measured fibers.

Transmission electron microscopy (TEM)
was used to confirm the core-shell structure.
Carbon-coated copper grids were placed on
the collector during electrospinning, and a
single layer of fibers was deposited for TEM
analysis.

2.2.2 Fourier Transform Infrared
Spectroscopy (FTIR-ATR)

Attenuated total reflectance Fourier
transform infrared spectroscopy (FTIR-ATR)
was employed to analyze the chemical
composition of the scaffolds. Spectra were
recorded in the range of 400 to 4000 cm™,
using a single-reflection setup with a
diamond crystal. A total of 64 scans were
collected with defined resolution, and water
and carbon dioxide corrections were applied.

2.2.3 Mechanical Evaluation

Mechanical properties were assessed
using a tensile testing machine with a 50 N
load cell at room temperature. Samples with
dimensions of 30 x 10 mm? (n=6) were tested
at a crosshead speed of 5 mm/min. Tensile
stress and strain at break were recorded and
measured.

2.2.4 Thermal Evaluation

The thermal behavior of the scaffolds
was evaluated using differential scanning
calorimetry (DSC). The test was performed
from 25°C to 600°C with a heating rate of
10°C/min to determine the effect of
hyaluronic acid (hydroxyapatite) and
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propolis (polyethylene) on the thermal
stability of the scaffolds.

2.2.5 Contact Angle Measurement

Water contact angle measurements were
performed using the sessile drop method. A
0.5 pL drop of water was placed on each of
the 6 samples, and the water contact angle
was recorded after 15 seconds at room
temperature to evaluate the hydrophilicity
of the scaffolds.

2.2.6 Water Absorption and Weight

Loss Measurement

Scaffolds with dimensions of 10 x 10
mm? were immersed in phosphate-buffered
saline (PBS, pH 7.4) for 24 hours at room
temperature to measure water absorption.
The scaffolds were weighed before
immersion and after incubation, and the
percentage of water absorption was
calculated using the following equation:

WU (%) = (W-W,)/W, x 100 (Equation 1-2)

This equation calculates the percentage
increase in weight due to water absorption.

To measure weight loss, scaffolds with
dimensions of 10 x 10 mm? were placed in
phosphate-buffered saline (PBS) for 28 days.
The samples were weighed before and after
drying to calculate the degradation rate
using the following equation:

Weight Loss (%) = (W;-Wg)/Wy x 100
(Equation 2-2)

2.2.7 Antibacterial Activity

The antibacterial activity of the samples
against Pseudomonas aeruginosa (Gram-
negative) and Staphylococcus aureus (Gram-
positive) bacteria was tested using the zone
of inhibition method. In this method,
samples containing polyethylene and
samples without it were placed on nutrient
agar plates previously inoculated with
bacteria. The plates were then incubated
overnight at an appropriate temperature.

After incubation, the zones of bacterial
growth inhibition were measured, and the
results were recorded as mean * standard
deviation. These measurements allow the
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analysis and comparison of the antibacterial
effects of different materials, with or
without propolis, on bacterial growth.

The results obtained from this
experiment can aid in evaluating the
antibacterial capabilities of the scaffolds and
may contribute to the development of new
materials for medical applications.

2.3 Cell adhesion test

Mouse fibroblasts (L929 cells) were
cultured on the scaffolds to evaluate cell
adhesion and proliferation. The electrospun
scaffolds were sterilized with 70% ethanol
and ultraviolet radiation. Fibroblast cells (1 x
10° cells/well) were seeded onto the
scaffolds in a 24-well plate and incubated at
37°C with 5% carbon dioxide. The cell
viability assay was performed on days 1, 3,
and 7 to evaluate cell viability. Absorbance
was measured using a BioTek microplate
reader.

For scanning electron microscopy (SEM)
analysis, the cells were fixed with 3%
glutaraldehyde and dehydrated with ethanol
solutions of varying concentrations (50% to
100%). The scaffolds were treated with
hexamethyldisilazane and dried in a vacuum
oven for 24 hours before SEM observation.

2.4 In Vivo Studies

Animal experiments were conducted
following previous studies.* Rats (6-8 weeks
old, 180-200 g) were divided into three
groups of two: polyurethane/starch,
polyurethane/starch/hyaluronic acid.
Circular wounds (18 mm diameter) were
created on the dorsal skin of the rats under
anesthesia. The wounds were treated with
scaffolds or sterile gauze (control) and
monitored for healing for 1, 7, and 14 days
using a digital caliper.

2.4.1 Histological Evaluation

On day 14, the rats were sacrificed, and
skin samples were fixed in 10% formalin for
24 hours. Sections (4 um thick) were
prepared, stained with hematoxylin and
eosin, and examined under a digital light
microscope.

2.5 Statistical Analysis
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Statistical analyses were performed
using IBM SPSS Statistics 27.0.1 software and
one-way analysis of variance (ANOVA). Data
were reported as mean * standard deviation.
In this study, p-values < 0.05 were
considered to indicate a statistically
significant difference between groups.

Discussion and Conclusion
3.1 Morphological Characteristics

Four nanofibrous scaffolds were
successfully fabricated using optimized
electrospinning parameters. Scanning

electron microscopy (SEM) micrographs of
the prepared scaffolds are presented in
Figure 1A. As shown in Figure 1(B) and Table
1, the addition of starch reduced the fiber
172 nm (for pure
93 nm. SEM
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micrographs in Figure 1(D) and Table 1
demonstrate the effect of adding propolis to
the core structure. The polyurethane/
starch/hyaluronic acid-propolis electrospun
scaffold showed a significant decrease in
fiber diameter, with an average of 382 + 37
nm, and greater porosity compared to the
polyurethane/starch and polyurethane/
starch scaffolds. As seen in Table 1, the
scaffolds had fully interconnected pores,
with average pore sizes for polyurethane,
polyurethane/starch, polyurethane/starch,

and polyurethane/starch/hyaluronic acid-
propolis scaffolds of 1.25 + 0.2, 1.734 + 0.2,
3.186 + 0.4, and 3.674 + 0.3 um, respectively.
The porosity of the scaffolds was analyzed
using MATLAB software, and the results are
presented in Table 1.
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Figure 1- Scanning electron microscope images of electrospun fibers: (a) polyurethane, (b)
polyurethane/starch, (c) polyurethane/starch, and (d) polyurethane/starch/hyaluronic acid-
propolis samples.
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Table 1- Textural properties of electrospun fibers

sample Avera.ge diameter Average pore size Porosity
size (nm) (um) percentage
Polyurethane 172 + 836 0.2+1.25 83
Polyurethane/starch 93 +612 0.2+1.734 83
Polyurethane/starch/hyaluronic acid 108 + 428 0.4+3.186 83
Polyurethane/starch/hyaluronic acid — propolis 37 +382 0.3+3.674 83
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Figure 2- a) Chemical structure of hyaluronic acid. b) Chemical structure of hyaluronic acid
dissolved in distilled water. c) Scanning electron microscope image of polyurethane/starch and
polyurethane/starch/hyaluronic acid-propolis core-shell scaffolds after crosslinking. d) Images of
nanofibers showing the core-shell structure of polyurethane/starch, polyurethane/starch and
polyurethane/starch/hyaluronic acid-propolis.
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Table 2- Mechanical tensile properties of electrospun fibers.

65

Elastic modulus Tensile Strain at
sample X

(MPa) strength (MPa) | failure(%)
Polyurethane 0.12+5.67 0.57+13.81 32+320
Starch 0.0841.81 0.12+5.83 2+18
Polyurethane/starch 0.14+3.35 0.17+7.93 28458
Polyurethane/starch/hyaluronic acid 0.17+3.23 0.28+7.18 19+62
Polyurethane/starch/hyaluronic acid — propolis 0.21+4.13 0.21+8.12 12446

3.2 ATR-FTIR

ATR-FTIR spectroscopy was used to
identify the polymeric components and
additives in the electrospun scaffolds (Figure
3(A)).

3.3 Mechanical Properties

Table 2 and Figure 3(B) summarize the
tensile strength, strain at break, and Young's
modulus for electrospun scaffolds of
polyurethane, starch, polyurethane/starch,
polyurethane/starch with hyaluronic acid,
and  polyurethane/starch  with  both
hyaluronic acid and propolis. The mechanical
properties of the polyurethane scaffold
showed a tensile strength of 13.81 * 0.57
MPa and a strain at break of 320 + 32%. In
contrast, the tensile strength and strain at
break for the starch scaffold were 5.83 + 0.12
MPa and 18 + 2%, respectively.

3.4 Water Absorption

The results of water and buffered saline
absorption are shown in Figures 3(C) and
3(D), respectively.

3.5 Degradation in Culture Medium

As shown in Figure 4(A), scaffolds
without propolis (polyurethane,
polyurethane/starch, and polyurethane/
starch) lost 85-93% of their weight after
three weeks of immersion, while scaffolds

containing propolis lost 84% of their weight
after 30 days.

3.6 Surface Hydrophilicity

The surface hydrophilicity of the
scaffolds was evaluated by measuring
contact angles. Figure 4(B) shows the
changes in contact angle with the addition of
hyaluronic acid and propolis to the
polyurethane/starch scaffold. The
polyurethane scaffold had a contact angle of
113.2°, indicating hydrophobicity. The
polyurethane/starch scaffold showed a
lower contact angle of 61.4°, indicating
increased surface  hydrophilicity. The
presence of hyaluronic acid further reduced
the contact angle to 42.8°.

3.7 Thermal Properties

The thermal stability of the scaffolds was
investigated using differential scanning
calorimetry (DSC), and the results are shown
in Figure 4(C).

3.8 Propolis Extract Release

Figure 4(D) shows the release profile of
propolis from the polyurethane/
starch/hyaluronic acid-propolis scaffolds at
different propolis concentrations over the
first 48 hours.
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Figure 3- a) ATR-IR spectra of electrospun scaffolds.b) Stress-strain curves of electrospun
nanofibers.c) Dynamic equilibrium swelling of scaffolds after 8 h.and d) PBS absorption of
electrospun samples after 24 h of immersion in PBS solution at 37 °C.

3.9 Antibacterial activity

The antimicrobial properties of the
scaffolds were tested against the starch
bacteria  Staphylococcus aureus and
Escherichia coli using the agar diffusion
method.

3.10 L929 Fibroblast Cell Survival

and Proliferation

The proliferation of fibroblast cells on
the electrospun scaffolds was evaluated
using a cell viability assay. To assess
cytotoxicity, the polyurethane,
polyurethane/starch, polyurethane/starch,
and polyurethane/starch/hyaluronic acid-
propolis scaffolds were incubated with L929
cells for seven days.

3.11 Animal Studies

This study also evaluated the adhesion
properties, cell proliferation, and wound
healing effects of the scaffolds in adult male
rats (Figure 6).

3.12 Histological Studies

Histological analysis showed that after
14 days, the number of hair follicles
significantly increased in the scaffolds
treated with electrospun samples compared
to the control group. Furthermore, the
number of blood vessels formed by day 14
was higher in the scaffold containing propolis
compared to the control group.
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Figure 4- a) Degradation profile of electrospun nanofibers. b) Water contact angles of nonwoven
mats. c) Thermometric analysis of polyurethane/starch and polyurethane/starch/hyaluronic acid-
propolis scaffolds. d) Release of propolis extract from electrospun core-shell nanofibers over 48
hours.

Table 3- Antimicrobial activity of electrospun fibers and commercial sample by zone of inhibition

method.
Pol th tarch
Polyurethane/starch/ olyure ar-te/s 'arc / Commercial . i Restraint
) . hyaluronic acid - Microorganism
hyaluronic acid . sample area (mm)
propolis
- 0 0.1445.37 Escherichia coli 0.63+1.04
- 0 0.12+5.89 Staphylococcus aureus | 0.87+1.43
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Figure 5- a) Inhibition zones of polyurethane/starch, polyurethane/starch/hyaluronic acid-propolis,
and commercial scaffolds against Staphylococcus aureus.b) Inhibition zones of Escherichia coli
after 24 hours of incubation.c) Cytotoxicity test results of polyurethane, polyurethane/starch,

polyurethane/starch, polyurethane/starch/hyaluronic acid-propolis, and commercial scaffolds; d)
Light microscope images of L929 cell growth on different scaffolds after four days of
culture.Scanning electron microscope images of L929 fibroblast cells cultured on control and
experimental scaffolds after four days.

4, Discussion

4.1 Morphological Characteristics
As shown in Figure 1, the polyurethane
fibers have a uniform morphology with
interconnected porosity and no bead
formation. It is important to remember that
electrospinning starch alone is a challenging
process. For example, Salgado et al.’
showed that starch fibers produced by
electrospinning often encounter difficulties
due to the complex polysaccharide chains in
the natural polymer. These chains, along
with hydrodynamic responses and repulsive
forces in the solution, can negatively affect
fiber formation and even block the needle
tip, leading to discontinuous fibers. Similarly,
Liu et al.”® found that the surface tension of
the starch solution can cause droplets to
remain at the syringe tip during

electrospinning. In this study, a polyurethane
solution (12 wt%) was used as the shell and a
starch solution (9 wt%) as the core. The
addition of propolis reduced the solution
viscosity, allowing the formation of smaller
fibers.””*® 1t was found that all electrospun
scaffolds had a porosity of over 80% in the
first layer, which is considered optimal for
tissue engineering applications.

However, due to overlap, the porosity in
the second and third layers was significantly
reduced. The crosslinking process with
glutaraldehyde vapor altered the scaffold
structure, resulting in an insoluble form, as
observed in Figure 2. Crosslinking helped
maintain the scaffold porosity and prevented
its collapse in an aqueous environment,
which is consistent with the findings of
Pieper et al.*’
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Figure 6- Comparative images of the wound healing effect in different groups of core-shell
structures and commercial groups.
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Transmission electron microscopy
analysis confirmed the core-shell structure of
the polyurethane/starch, polyurethane/
starch, and polyurethane/starch/hyaluronic
acid-propolis scaffolds. As shown in Figure
2(D), polyurethane fibers are loosely
wrapped around the starch fibers, and there
is a clear boundary between the core and
shell. In all cases, the core flow rate was
0.135 mL/min, while the shell flow rate was
0.675 mL/min, confirming the formation of a
core-shell structure in all electrospun
samples. The addition of hyaluronic acid led
to a decrease in fiber diameter and an
increase in the shell-to-core ratio, as the
anionic  structure of hyaluronic acid
generated an internal electric field that
increased fiber stretching.’®®! Furthermore,
the presence of propolis in the core structure
further defined the boundary between the
core and shell. This phenomenon is
attributed to the lower viscosity of the
propolis solution compared to the
polyurethane/starch and polyurethane/
starch solutions.**

Similar results were reported by Surucu
et al., who showed that in electrospun core-
shell fibers, the core diameter is larger than
the shell due to differences in material
density.*

4.2 ATR-FTIR

A characteristic absorption peak for pure
starch appeared at 3393 cm™, which
corresponds to the hydroxyl band and
complex stretching vibrations of free
hydroxyl groups in the biopolymer structure.
The peaks observed at 1369 cm™ were
attributed to carbon-hydrogen-
oxygen/carbon-carbon-hydrogen and
carbon-oxygen-hydrogen bands, while the
peaks at 1152 and 1027 cm™ correspond to
the stretching of carbon-oxygen and carbon-
carbon bonds, respectively.>***

Additional peaks in the 1200-1500 cm™
range are related to the bending vibrations
of carbon-hydrogen and oxygen-hydrogen
bonds. For hyaluronic acid, the peaks
observed at 1610-1630 cm™ and 945-955
cm™ were attributed to carboxylic acid
groups. Also, the peaks at 1700-1650 cm™
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and 3200-3500 cm™ are related to the
stretching vibrations of the nitrogen-
hydrogen bond.>***

Regarding polyurethane, the peak at
3332 cm™ corresponds to the symmetric and
asymmetric  stretching  vibrations of
methylene.*® For propolis, the peak at 1545
cm™ indicates the stretching vibrations of
the nitrogen-hydrogen bond, while the peak
at 1646 cm™ belongs to the C=0 bond
stretching. The peak at 2933 cm™
corresponds to the carbon-hydrogen
stretching band of methylene groups, and

hydroxyl and amine groups appeared at 3294
cm_1.57-62

4.3 Mechanical Properties

The addition of polyurethane
significantly improved the mechanical
properties of the starch scaffold, with the
polyurethane/starch  core-shell  scaffold
achieving a tensile strength of 7.93 + 0.17
MPa and a strain at break of 28 *+ 2%. Similar
findings have been reported by Yang et al. in
their study on silk/hyaluronic acid scaffolds,
where hyaluronic acid increased elasticity
but decreased tensile strength.®** However,
in our study, the presence of propolis
improved the scaffold strength while
reducing elasticity, which confirms the
results of Almedia et al., who observed
similar behavior in collagen scaffolds with
the addition of propolis for bone tissue
engineering.®

4.4 Water Absorption

Water absorption is a crucial feature for
wound dressings and affects the scaffold's
ability to absorb wound exudates and
facilitate nutrient exchange. As shown in
Figure 3(C), the swelling behavior of

polyurethane/starch and
polyurethane/starch  scaffolds stabilized
after 90 minutes, while the
polyurethane/starch/hyaluronic acid-

propolis scaffold reached equilibrium
swelling after 240 minutes. The longer
swelling time in propolis-containing scaffolds
is attributed to the presence of hydrophobic
amino acids in propolis.®
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Figure 3(D) shows the PBS absorption
capacity after 24 hours. The
polyurethane/starch scaffold showed the
highest absorption with a value of 625 + 33%,
while the polyurethane scaffold absorbed
only 2.45 + 0.199% water. The addition of
propolis to the scaffolds slightly reduced PBS
absorption, reaching 7.73 + 0.558%, likely
due to the aromatic structure of flavonoids
introducing some hydrophobicity.>* A study
by Al-Star et al. also reported that hyaluronic
acid improves the swelling behavior of
carrageenan-based scaffolds and increases
water absorption through interactions
between components.®

4.5 Degradation in Culture Medium

To evaluate the degradation profile of
the scaffolds, samples were immersed in
PBS. Scaffold degradation is crucial in tissue
engineering, as the scaffold must gradually
degrade to facilitate new tissue formation.®’
The slower degradation rate observed in
propolis-containing scaffolds could be due to
the presence of flavonoids and other
phenolic compounds in propolis, which act as
hydrophobic agents. The addition of
hyaluronic acid increased the degradability
of the scaffold, which is consistent with the
findings of Hopping et al., where hyaluronic
acid-chitosan networks showed significant
degradation after 4 weeks.*®”°

4.6 Surface Hydrophilicity

The decrease in the sample contact angle
with the addition of hyaluronic acid is
related to its functional groups (hydroxyl,
carboxyl, and amine).”* The increase in
surface hydrophilicity with the addition of
propolis is associated with an increase in
surface energy, which has been linked to
improved cell adhesion and proliferation, as
shown by Lee et al.”>”® These results indicate
that polyurethane/starch/hyaluronic acid-
propolis scaffolds can create favorable
conditions for cell growth and attachment.

4.7 Thermal Properties

The weight loss of the scaffolds was
minimal at temperatures between 200-
250°C, which may be attributed to the close

packing of polymer chains and the crystalline
nature of the scaffolds. The addition of
propolis slightly reduced the degradation
rate, which may be attributed to the
arrangement of polymer chains and the
reduction in polymer crystallinity.”*”’

4.8 Propolis Extract Release

Propolis release was sustained in the first
24 hours, and a cumulative release of 41.3%
was recorded for scaffolds containing 0.5%
propolis by dry polymer weight. At higher
propolis concentrations (1% and 1.5%), the
cumulative release reached 79.4% and
55.6%, respectively. This release profile is
desirable for promoting angiogenesis and
wound healing in the early stages of
recovery, especially for diabetic wounds
where angiogenesis is impaired.’®”®

4.9 Antibacterial Properties

The polyurethane/starch scaffold did not
exhibit significant antibacterial activity, while
polyurethane/starch/hyaluronic acid-
propolis scaffolds showed significant
inhibition, with inhibition zone diameters of
12.0 + 5.89 mm for E. coli and 0.63 + 1.04 mm
for S. aureus, respectively. The antibacterial
effects of propolis are attributed to the
presence of flavonoids and phenolic
compounds, as well as fatty acids such as 10-
hydroxy-2-decenoic acid, which are known
for their antibacterial properties.?>®!

Studies by Hong et al. and Melie et al.
also confirm the antibacterial activity of
these compounds.®***

4.10 L929 Fibroblast Cell Survival

and Proliferation

As shown in Figure 5(C), none of the
scaffolds exhibited toxicity. Notably, the
polyurethane/starch/hyaluronic acid-
propolis sample showed the highest cell
growth rate, with a significant increase
compared to the other groups (p < 0.05).
Among the other samples, the
polyurethane/starch scaffold showed a
greater increase in cell count compared to
the pure polyurethane scaffold. Previous
studies by Glomar et al.®* have confirmed
these results and suggested that the
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physicochemical properties of starch, a
natural polymer, contribute to L1929 cell
proliferation. Figure 5(D) also shows that the
polyurethane/starch  scaffold  exhibited
greater cell survival compared to
polyurethane/starch, likely due to the
hydration properties of hyaluronic acid,
which supports fibroblast aggregation and
reduces toxicity. Hyaluronic acid not only
accelerates cell growth and induces tissue
regeneration but also facilitates granulation
tissue formation and wound
epithelialization.’®®” also observed similar
results and noted that hyaluronic acid
contributes to fibroblast proliferation and
biological compatibility.

Among all the tested scaffolds,
polyurethane/starch/hyaluronic acid-
propolis showed the highest level of cell
growth. The addition of propolis increased
L929 cell proliferation, which is consistent
with previous studies by Mona et aI.88, who
demonstrated propolis's ability to support
cell growth. Hyaluronic acid and Rezade et
al.* have also emphasized the positive
effects of propolis on stem cell growth and
differentiation in neural tissues.

Fluorescent images taken after one day
of cell culture (Figure 5(E)) show strong cell
adhesion to propolis-containing nanofibers.
The polyurethane/starch/hyaluronic acid-
propolis scaffold more effectively supported
cell adhesion and survival compared to
polyurethane/starch scaffolds and
commercial scaffolds. These findings
demonstrate the potential of propolis to
enhance cell survival. SEM images taken
after seven days of cell culture (Figure 5(F))
clearly show that fibroblast cells proliferated
well and adhered to the polyurethane/starch
and polyurethane/starch/hyaluronic acid-
propolis scaffolds. The scaffold containing
both hyaluronic acid and propolis provided a
suitable substrate for fibroblast growth,
while SEM images confirm significant cell
penetration into the scaffold fibers. Overall,
these results indicate that the combination
of hyaluronic acid and propolis supports cell
adhesion and proliferation, making these
scaffolds suitable for tissue engineering
applications.
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4.11 Animal Studies

Figure 6 shows that on day one, the
wound surface in the scaffold-treated groups
showed little difference compared to the
control group. However, by days 7 and 14,
these differences became significantly
noticeable. The polyurethane/starch/
hyaluronic acid-propolis group showed the
most significant wound healing by day 14
and had a more pronounced difference
compared to the control group.

4.12 Histological Studies

Wound healing is a complex process
involving four overlapping stages:
coagulation, inflammation, fibroplasia, and
tissue remodeling. Coagulation occurs due to
vasoconstriction and the release of
catecholamines. In the inflammatory phase,
phagocytic cells infiltrate the wound. During
fibroplasia, fibroblasts migrate to the wound
site and produce collagen, which strengthens
the wound, and angiogenesis begins. Finally,
in the tissue remodeling stage, the tissue
regains its natural structure.

Numerous studies have emphasized the
antibacterial properties and healing effects
of hyaluronic acid, particularly in the
treatment of pressure ulcers. Opie et al.”
reported that hyaluronic acid improves the
epithelialization and vascularization
processes at wound sites. Park et al.”*
showed that propolis accelerates wound
healing by increasing collagen production
and improving the healing process.

4.13 Results of Variance Analysis

and Post-Hoc Tests

This section presents the results of one-
way analysis of variance (ANOVA) and post-
hoc tests conducted to compare the groups
with the control group. All data are reported
as mean t* standard deviation, and the
significance level was set at p < 0.05.

1. Analysis of Variance for Antimicrobial
Activity

The antimicrobial activity of the samples
was examined using the zone of inhibition
test. The results for comparing the
antibacterial activity of different samples
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against Staphylococcus aureus and
Escherichia coli bacteria are as follows:

»  Starch: Staphylococcus aureus

o Polyurethane/starch/hyaluronic
acid-propolis: 12.8 £ 0.53 mm

o Polyurethane/starch: 1.63 + 1.04 mm

o Polyurethane/starch: 7.93 £ 0.02 mm

o Control group: 0 mm

ANOVA results showed that the mean
inhibition zones in different groups were
significantly different (p < 0.001). Dunnett's
post-hoc test was used, which clearly
showed the comparison between different
groups and the control group. This
comparison showed that the
polyurethane/starch/hyaluronic acid-
propolis combination had more antibacterial
activity than the other groups.

«  Escherichia coli

o Polyurethane/starch/hyaluronic
acid-propolis: 5.89 £ 0.12 mm

o Polyurethane/starch: 1.63 + 1.04 mm

o Polyurethane/starch: 7.18 £ 0.12 mm

o Control group: 0 mm

Here, too, the ANOVA results showed a
significant difference between the group
means (p < 0.001). The post-hoc test was
again used and determined that the
polyurethane/starch/hyaluronic acid-
propolis group had a larger inhibition zone,
especially when compared to the control
group and other groups.

2. Analysis of Variance for Mechanical
Properties

Mechanical properties, including tensile
strength and elastic modulus, were
examined as follows:

» Tensile Strength:
Polyurethane: 7.17 £ 7.93 MPa
Polyurethane/starch: 7.1810.12 MPa
Polyurethane/starch: 8.1210.15 MPa
o Polyurethane/starch/hyaluronic
acid-propolis: 8.62 + 0.10 MPa
The results indicated a significant
difference between the groups (p < 0.05).
According to the results of Dunnett's post-
hoc test, it was clearly determined that
polyurethane/starch/hyaluronic acid-

O O O

propolis had the highest tensile strength and
therefore can be introduced as a suitable
option for regenerative medical applications.

* Elastic Modulus:

The elastic modulus values were also
examined and showed a significant
difference between the groups (p < 0.05).
These findings emphasize the effect of the
used compounds, leading to improved
mechanical properties.

The results of the variance analysis show
the direct effect of various compounds on
the antimicrobial activity and mechanical
properties of electrospun  scaffolds.
According to the results of post-hoc tests,
such as Dunnett's test, we clearly observed
significant differences between different
groups and the control group. This research
emphasizes the importance of selecting
materials with optimal properties for
developing efficient scaffolds in skin tissue
engineering.

5. Conclusion

This study successfully developed core-
shell nanofibrous scaffolds composed of
polyurethane/starch loaded with propolis,
fabricated at room temperature.

The resulting scaffolds exhibited
excellent biopotential and hydrophilic
properties, making them suitable candidates
for medical applications, particularly in tissue
engineering. The unique core-shell structure
of the electrospun fibers facilitated sustained
and controlled release of propolis at the
wound site, which is crucial for enhancing
therapeutic effects over an extended period.
The scaffolds demonstrated a significant
ability to accelerate the wound healing
process, as evidenced by supporting
epithelial cell proliferation and promoting
epithelialization. The addition of propolis
played a pivotal role in enhancing the
regenerative properties of the scaffolds,
contributing to the formation of granulation
tissue and improved wound epithelialization.
This effect was particularly evident in the
polyurethane/starch/hyaluronic acid-
propolis scaffolds, which showed effective
performance in the early stages of wound
care. In vivo experiments further emphasized
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the potential of these scaffolds in promoting
skin wound healing, with
polyurethane/starch/hyaluronic acid-
propolis nanofibers significantly improving
healing compared to control groups. Cell
adhesion, proliferation, and wound closure
in these scaffolds indicate their strong
potential as therapeutic options for
advanced wound management.

Overall, this study highlights the
potential of polyurethane/starch/hyaluronic
acid-propolis core-shell nanofibrous scaffolds
as promising materials for promoting rapid
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and effective skin wound healing. Their
ability to sustain the release of bioactive
agents, coupled with their biopotential,
makes these scaffolds valuable candidates
for future clinical applications in tissue
engineering and regenerative medicine.
These scaffolds offer a novel approach to
improving the quality and speed of wound
healing, making them a versatile platform for
treating various skin injuries. Further
research and optimizations can pave the way
for their application in more complex wound
healing scenarios and broader medical fields.
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