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Abstract. Polymers nanofibers are of great interest due to the growing need for advanced materials
to be used in biomedical applications. This research seeks to assess how the chitosan (CS)
concentration affects the electrospun methanol-crosslinked CS/polyvinyl alcohol (PVA) nanofibers’
characteristics. Polymer solution compositions containing 10%, 20%, and 30% CS were prepared
and electrospun into nanofibers and then crosslinked with methanol to increase their stability. The
nanofibers formed were characterized by their morphology, wettability, and crystallographic
structure. According to the FESEM, the 20% CS had the largest diameter range (180-240 nm), while
the smallest diameter range (120-160 nm) was noticed in the 10% CS. Nonetheless, the rats with
20% CS had the fewest beads during electrospinning. The analysis of WCA shows that the
nanofibers had good wettability, as they all exhibited 31° as the lowest contact angle for the 20%
CS. From the XRD, the nanofibers fabricated with 10% CS exhibited the highest peak intensity, which
implies a more crystalline structure than the rest. However, the 20% CS nanofibers had a more
amorphous structure, which could be useful in biomedical applications like wound dressing. The
study demonstrates that the concentration of chitosan and methanol crosslinking significantly
influences the electrospun nanofibers’'s morphological, hydrophilic, and structural aspects.

Keywords: Chitosan, Composite Fibers, Crosslinking, Electrospinning, Polyvinyl Alcohol

INTRODUCTION

Skin wounds can occur due to surgical
incisions, scrapes, pressure ulcers (bed sores),
or other types of injury (Nancy et al., 2022).
Wound care products are available to
enhance healing and prevent infections.
These products include absorbent dressings
and moisture-retaining hydrogels, seaweed-
based alginates for fluid absorption, and
conformable hydrocolloid dressings (Shah et

al.,2019). The best dressing should be flexible
for ease of movement and stable enough to
protect the wound. Materials that can
degrade naturally (biodegradable) are also
preferable (Barleany et al., 2023). Due to the
recent advances in biomaterials and
hydrogels, this has presented new dressings
with exciting prospects. These advanced
dressings are not only designed to manage
the wound but may also stimulate healing.
They can create a moist atmosphere,
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minimize inflammation, and even release cells
or growth factors to fast-track the healing
process (Farahani & Shafiee, 2021). Recent
research by Das and Mazumder (2023)
emphasizes the potential of incorporating
bioactive agents into these materials. This
method can enhance healing by reducing
inflammation and encouraging tissue
regeneration, providing a more proactive
approach to wound management (Das &
Mazumder, 2023).

Hydrogels, three-dimensional networks
made by linking long chains of water-
absorbent (hydrophilic) polymers (Waqar et
al., 2025), resemble small sponges that retain
significant water within their mesh. Such
capabilities simulate several living tissue
properties because their natural extracellular
matrix surrounding cells closely resembles
some of these characteristics (Ho et al., 2022).
Hydrogels can generally be categorized into
two major types based on the origin of the
source materials, which are natural and
synthetic. Natural hydrogels originate from
native polymers such as chitosan, sodium
alginate, collagen, and sodium hyaluronate
(Kaczmarek et al, 2020). Among these,
chitosan (CS), a chitin-derived
polysaccharide, is a critical focus because of
its useful applications in wound healing. CS-
based preparations have shown the ability to
hasten  hemostasis, inhibit microbial
infections, and boost cell proliferation at
critical stages of cutaneous regeneration
(Feng et al.,, 2021). However, poor solubility
and stability, especially in aqueous media,
limit the CS preparation, affecting its
processability and performance (Pellis et al,
2022).

To overcome these limitations, CS is
commonly blended with synthetic polymers
like polyvinyl alcohol (PVA) (H. Zhang et al.,
2022). Thus, due to its high tensile strength,

biocompatibility, and outstanding water
retention capabilities (LoOpez de Armentia
Hernandez, 2022), blended CS/PVA hydrogels
and nanofibers have been studied to capture
the advantages of both materials. Still, several
challenges exist (Hong et al., 2022). Various
previous studies have employed conventional
crosslinking agents like glutaraldehyde,
which are cytotoxic, limiting the biomedical
applicability of the formed fibers (Xu et al,
2023). Furthermore, minimal focus has been
on optimizing CS concentration and its direct
effect on nanofiber ~ morphology,
hydrophilicity, and crystallinity. These are
critical parameters for designing wound
dressing materials with mechanical and
biological characteristics (Hernandez &
Woodrow, 2022).

Anotherimportant gap in the literature is
the type of crosslinking technique used to
enhance the performance of CS/PVA
electrospun nanofibers. While chemical
crosslinkers like glutaraldehyde have been
widely used to enhance mechanical stability
(Hu et al., 2020), their toxicity raises concerns
for biomedical use. Methanol seems safer
and less toxic than chemical crosslinkers and
is a simple approach that has not been fully
exploited in this context (Nguyen et al., 2020).
Methanol treatment has been demonstrated
to accomplish physical crosslinking between
polymer chains by inducing hydrogen
bonding and chain  rearrangements,
subsequently improving structural stability
and water resistivity for electrospun fibers
without reactive chemical residues (Rianjanu
et al, 2018). Such favorable effects and
simplicity of application imply that methanol
crosslinking is an essential method to
enhance functional properties for CS/PVA
nanofibers in biomedical applications that
require biocompatibility.

This study recognizes these concerns and
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seeks to fill the gap by determining how
varying chitosan concentrations (10%, 20%,
and 30%) affect morphology, wettability, and
crystallinity in electrospun CS/PVA nanofibers
crosslinked using methanol. This workaims to
synthesize optimized nanofiber structures
with worthwhile physical and chemical
properties forwound healing applications by
providing methanol as a new physical
crosslinker and the systematic effect of CS
concentration.

The nanofibers synthesized will be
characterized by field emission scanning
electron microscopy (FESEM) to evaluate
diameter and morphology. Also, water
contact angle (WCA) analysis and X-ray
diffraction (XRD) will be done to assess the
hydrophilicity and crystalline features,
respectively. Such detailed evaluation will
obtain adequate information on the
methanol-crosslinked CS/PVA nanofibers’
nanostructure with varying CS content. The
results will provide insights into modifying
nanofiber functionality while eliminating
previous drawbacks associated with poor
solubility,  cytotoxic  crosslinkers, and
unsatisfactory fiber homogeneity.

MATERIALS AND METHODS

Materials

All salts and reagents were analytical
grade. All solutions were prepared using
Milli-Q water with a resistivity of 18.0 MQ.
Poly (vinyl alcohol) (PVA) in powder form
(MW = 146,000-186,000 g/mol, 98-99%
hydrolyzed), chitosan solution (1% in 1%
acetic acid), medium molecular weight (MW
= 161,000 g/mol), and methanol were
purchased from Sigma-Aldrich Chemical
(Malaysia).

Polymer Solution Preparation

Polymer solutions with different CS
concentrations were prepared as follows.
First, 0.7 g of PVA powder was weighed using
an analytical balance and placed in three
beakers to obtain a 14% (w/v) of the PVA
solution. Distilled water was added, and each
beaker was heated at 80°C with magnetic
stirring for 1 h using a hot plate magnetic
stirrer. This was done until the PVA was
completely dissolved, yielding a clear PVA
solution. Then, CS was added to the PVA
solutions to get the required concentrations.
0.5 mL of CS solution (1% in 1% acetic acid)
and 0.5 mL of methanol were injected into the
PVA solution while stirring consistently to
improve the crosslinking process to obtain a
10% (w/w) CS/PVA solution. The mixture was
then sealed with parafiim and stirred
overnight at room temperature. To obtain
20% and 30% (w/w) CS/PVA solutions, 1.0 mL
and 1.5 mL of CS solutionwere added to the
PVA solution, and stirred overnight, following
the same procedures as the 10% solution.

Electrospinning Process

The electrospinning technique was
employed to fabricate nanofibers using a
syringe pump machine, as shownin Figure 1.
A polymersolutionwas held ina 1 mL syringe
while the syringe pump machine assisted in
the fabrication of the polymer. The needle tip
diameter was set to 25 nm, and the syringe
size had a diameter of 25 cm. The distance
between the syringe and the collector (an
aluminum foil-covered surface) was 16 cm. A
voltmeter reading of 15 volts was connected
to the needle tip and the collector. To achieve
a dense layering of nanofibers, 2 mL of the
polymer solution was used from the syringe
during fabrication. The relative humidity was
controlled between 50 and 60% at room
temperature. Throughout the electrospinning
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process, the voltage and flow rate were kept
constantat 17.5kV and 0.003ml/h of different
polymer solutions with varying amounts of

41 Syringe
— ||
i
Spinneret
High Voltage
Nanofiners
l Collector

Fig. 1: The setup of electrospinning process

Sample Characterization

The produced nanofibers were gently
detached from the aluminum foil collector
and cut into 2x2 ¢cm square pieces, which
were stored in labeled zip-lock plastic bags.
This ensured the nanofibers were ready for
further  examination  across  various
parameters, allowing for intensive evaluation
of their properties. Physical description tests
helped identify the kind of material being
dealt with, whereas chemical property
evaluation provided insight into the safety
and potential hazards associated with the
nanofibers. This is essential for determining
their suitability for use and potential risks to
individuals who may contact them directly or
indirectly.

The CS/PVA
comprehensively chemically and physically

nanofibers were

characterized through various analytical
techniques. Morphological evaluation was
done using Field Emission Scanning Electron
Microscopy (FESEM, Zeiss Model Supra VP35,
Germany) to analyze the nanofiber structure.
The dried samples, 2x2 cm in size, were
sputter-coated with gold for 40 s and
operated at an accelerating voltage of 15 kV.

The mean diameter of the CS/PVA nanofibers
was measured by analyzing the FESEM
images using Nano Measurer software. Water
Contact Angle (WCA) analysis (Theta Lite-100,
Biolin Scientific, Finland) was used to
investigate the nanofibers' hydrophilicity. X-
ray Diffraction (XRD) analysis (Bruker, Model
AXS D8, Germany) was conducted to
establish the crystallographic structure within
the nanofibers, operated at 50 kV and 200 mA
using nickel-filtered Cu Ka radiation.

RESULTS AND DISCUSSION

FESEM Analysis
Using Field Emission Scanning Electron
Microscopy  (FESEM), the  nanofiber
morphology was assessed, as depicted in
Figures 2(a), 2(b), and 2(c). The images show
nanofiber structures and diameters differ
depending on PVAs chitosan (CS)
concentration. A nanofiber fabricated with
30% CSin 14% PVA-formed beads implies an
irregular nanofiber morphology to some
extent. The 20% CS nanofibers formed with
minimal bead formation, implying uniformity,
and beads were absent within the nanofiber
structure. The nanofibers made with only 10%
CS had beads. This is often the case when the
solution’s concentration is low, and the sol-
gel viscoelastic force is insufficient to resist
the repulsive forces of charge. This scenario
results in polymer drops forming on the
nanofibers, compromising the nanofibers'
overall properties (Abdillah et al., 2022).
The study concluded that while
polymers exhibit low resistance at low
viscosity, surface tension significantly
determines the final morphology. High
surface tensions can lead to polymer drops
rather than wunique nanofibers. Bead
formation must be present on the produced
nanofibers (SIRIN et al., 2013). The bead




290 Influence of Chitosan Concentration on the Properties of Electrospun methanol-crosslinked

Chitosan/PVA Nanofibers

formation reduces the surface area of the
nanofibers by a larger extent, adversely
affecting the performance of nanomaterials.
Nanofibers with beads are often regarded as
of poor quality and electrospinning
parameters are always adjusted to eliminate

the beads to ensure high-quality nanofibers
with acceptable surface area and morphology
(Toriello et al., 2020a).
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Fig. 2: Surface morphology using FESEM at
5000x magnification for (a) 30% CS, (b) 20%
CS, and (c) 10% CS nanofibers.

Bead-free nanofibers, like wound
dressings, are preferred in biomedical

applications like wound dressings since they
offer continuous structures that enhance cell
attachment, nutrient transfer, and controlled
drug release. Beads can create weak points,
disrupt the fiber network, impede wound
healing, and reduce mechanical stability
(Yang et al., 2022). Hence, bead minimization
is crucial to ensure such nanofiber-based
biomaterials’  structural integrity and
functionality. The 20% CS formulation has a
smooth and homogeneous morphology that
demonstrates its applicability in biomedical,
providing reasonable surface area and
consistency.

In addition, the nanofiber diameters gave
valid interpretations based on the
relationship in varied concentrations. The
20% CS nanofibers had the widest range of
diameters, ranging from 180-240 nm, as
shownin Figures 3(a), 3(b), and 3(c). It may be
attributed to polymer
concentration, which causes increased

increased

polymer chain entanglements (Bobbili &
Milner, 2020). This phenomenon results in
thicker injected polymer from the syringe
and, thus, high nanofiber diameters in the
grounded collector surfaces. The diameter
range forthe 10% CS was slightly lower than
that of the 20% with a range of 120-160 nm,
while for the 30% CS, it was 150-170 nm.
Polymer chain entanglements and the
corresponding nanofiber morphology could
explain the disparity in diameter.

A conclusion drawn from the
morphological inspection and diametrical
analyses is that the most appropriate
percentage composition is 20% CS. Its
attribute of producing fewer beads resulted
in a high average diameter and nanofibers'
homogeneity, which makes them appealing
composites for any use. Thus, these findings
highlight the necessity of precise formulation
to achieve the composite properties desired.
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Fig. 3: Estimated diameter of nanofibers
using FESEM for (a) 30% CS, (b) 20% CS and
() 10% CS in PVA solution.

These results align with earlier research,
which  showed that optimal chitosan
concentration reduces bead formation and
favors evenly spread fibers. Anisiei et al.
(2023) demonstrated that a chitosan
concentration of 15-25% produced the most
homogeneous nanofibers with the fewest
defects, underscoring  the  essential
involvement of polymer entanglement in

controlling morphology (Anisiei et al., 2023).

WCA Analysis

The wetting ability and surface energy
properties of CS/PVA nanofibers were
measured, as surface energy is a direct
measure of the contact angle. Smaller angles
signify higher surface energies, which
promote better wettability (Huhtamaki et al,,
2018). The following part seeks to assess the

data in Figure 4 on WCA measurements
obtained from different percentages of CS
incorporated into a 14% PVA matrix. In this
study, the 10% CS nanofibers show contact
angles ranging from 42.60° to 42.84°, taken
as the average value of 42.74°, as depicted in

Figure 4(c).

(a) -

(b)

(c)

Fig. 4. WCA of nanofibers for (a) 30% CS, (b)
20% CS, and (c) 10% CS in PVA solution.

This relatively high contact angle
suggests that these nanofibers are less
wetted and have lower surface energy (Hou
et al, 2018). On the other hand, at 20% CS
nanofiber, it could be observed that it was a
relatively small variation in the range, with a
minimum of 30.80° and a maximum of 31.22°,
giving an average value of 31.00°. The small
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value indicates that the nanofiber with 20%
CS has a higher surface energy, hence better
wettability. This increase in wettability is
advantageous in most applications because it
ensures easy interaction of the nanofibers
and other substances (Toriello et al., 2020b).
However, at 30% CS, the WCA values fluctuate
between 34.69° and 35.14°, thus recording
the highest average of 34.70°. Despite
measuring neither too high nor too low, these
nanofibers can be considered moderate in
surface energies.

The trend of WCA results reveals a clear
relation with different CS concentrations. The
contact angle reduces as the CS content
progressively increases from 10%to 30%. The
nanofiber from 20% CS in the 14% PVA matrix
has the lowest contact angle, thus indicating
minimal bead formation. This implies a
uniformity of structure and absence of beads
in the nanofibers, as shown by the FESEM
images. Hence, the 20% CS formulation best
balances surface energy and wettability. Thus,
it is ideally suited for such wound dressing.

Improved wettability is associated with
greater fluid absorption and enhanced
material-tissue interaction in wound-healing
situations. The 20% CS nanofibers had a lower
contact angle, implying higher hydrophilicity,
enabling the fibers to absorb wound
exudates. This property is critical to
maintaining a moist wound environment and
is instrumental in faster re-epithelialization
and tissue repair (H. Zhang et al,, 2021). In
addition, improved surface wettability
enhances the nanofiber mat's capacity to
adhere to biological tissue surfaces, which
allows better contact, eliminating dead space
and facilitating cell ~migration and
proliferation (Kurusu & Demarquette, 2019).
Therefore, nanofibers’ excellent wettability
signifies improved surface energy and clinical
performance as wound dressing materials.

XRD Analysis

The crystal composition and atomic
arrangement of CS/PVA nanofibers can be
studied through X-ray diffraction (XRD). With
this technique, various phases and properties
found in nanostructured materials embedded
in the nanofibers can be identified. Figure 5
displays XRD patterns at different CS
concentrations (10%, 20%, and 30%
concerning PVA concentration, which is 14
wt%). The peaks were observed at 20 = 20°
and exhibit variable intensities in these
patterns, where the highest peak intensity is
recorded for 10% CS, followed by 30% CS,
and the lowest intensity for 20% CS. The
result supports the findings of Bharati et al.
(2021), which indicated that blending CS with
PVA reduced its crystallinity (Bharati et al,
2021). Additionally, results from Abbas et al.
(2020) validated that decreased crystallinity
improves nanofiber swelling and flexibility
(Abbas et al.,, 2020), which are advantageous
in wound healing since these features are
importantin preparing materials that require
adaptability and high absorption.

The CS/PVA nanofibers exhibit a
considerably reduced original peak of PVA at
26 = 20°in Figure 5(a). This indicates that the
crystalline structure of PVA was altered upon
blending with CS. The electrospinning
process did not improve these nanofibers’
crystallinity but hindered the evolution of a
crystalline microstructure, thus creating a
more amorphous one. The 20% CS/PVA
nanofiber sample showed the weakest
crystallinity peak, indicating this blend ratio
since it appears to be the most amorphous.
Furthermore, probably due to solvent
entrapmentin the polymer structure, the low
crystallinity of the CS/PVA nanofibers may
also be explained (Abbas et al., 2020).

The position and intensity of the
diffraction peaks give clues regarding the
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crystal structure and properties of the
nanofibers. Sharp peaks suggest large
crystallites, while broad peaks reflect small
crystallites (Raja et al., 2022). The XRD pattem
of CS/PVA nanofibers reflects sharp and
broad peaks, suggesting a blend of crystallite
sizes. Larger crystals have a more ordered
arrangement, yielding narrower peaks, while
smaller crystals are less ordered, resulting in
broader peaks. This indicates that some
regions of the nanofibers contain
predominantly large crystallites while others
contain mainly smaller ones. The thicker lines
correspond to larger average grain sizes,
while the thinner lines correspond to smaller
average grain sizes.
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Fig. 5: XRD of (a) PVA and nanofibers for (b)
30% CS, (c) 20% CS, and (d) 10% CS in PVA
solution.

The crystallinity of CS/PVA nanofibers is
essential for their functionality as wound
dressing. High crystallinity often improves the
mechanical strength and stability of the
nanofibers,  thus
regeneration (Han et al,, 2021). However, the
amorphous form shown most in the 20% CS
formulation can also be desirable since it is a
means to improve the flexibility and swelling
capability of the nanofibers for better synergy
with biological tissues. A balance between
crystallinity and amorphousness in CS/PVA

supporting  tissue

nanofibers will also affect their ability to
absorb exudates and ensure a moist
environment crucial for wound healing. The
discussion above about the XRD of CS/PVA
nanofibers concerning CS concentration is
essential for understanding crystallinity in
CS/PVA composite nanofibers, which has
meaningful effects on their performance in
biomedical applications.

Conversely, the 20% CS formulation's
amorphous structure may deliver unique
biomedical benefits. Increased
amorphousness usually improves flexibility,
elasticity, and swelling ability, facilitating
biological tissue integration and wound site
moisture retention (Sanjarnia et al.,, 2024).
However, this flexibility improvement may
compromise mechanical strength and long-
term structural stability. Additionally, reduced
crystallinity  usually  promotes higher
degradation rates, which might be favorable
or harmful depending on the advised period
of use. A rate of quicker degradation is
beneficial in temporary wound dressings,
while long-term implant uses may need a
more crystalline state (Niculescu &
Grumezescu, 2022).

Thus, these data emphasize the need for
an ideal trade-off between crystallinity and
amorphousness to regulate nanofiber
properties in varied biomedical uses. The 20%
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CS/PVA  formulation demonstrated a
favorable compromise as it is structurally
flexible and wettable while retaining
adequateintegrity for short- to medium-term
wound healing applications.

CONCLUSIONS

In conclusion, the detailed
characterization of CS/PVA nanofibers has
provided insightful revelations about their
properties and behaviors. The morphology
study using FESEM showed that nanofibers
produced using 20% CS in a 14% PVA matrix
had the best structure as they exhibited
minimal bead formation and the highest
nanofiber diameter of 180-240 nm. Such
uniformity and homogeneity are ideal for
many applications. The WCA examination
further supported the conclusion that the
formulation with 20% CS provides the best
balance between surface energy and
wettability. The nanofibers composed of 20%
CS had the lowest contact angle values,
30.78° - 31.22°, compared to the higher
percentage formulations. A lower contact
angle indicates higher surface energy and
increased  wettability.  This
wettability is advantageous for applications,
including wound dressing, as it allows for
better interaction between the nanofibers

improved

and other materials.

The XRD findings showed that the
CS/PVA nanofibers possess a highly reduced
original peak of PVA at 26=20°, implying that
the crystalline structure of PVA was altered
upon blending with CS. The weakest
crystallinity peak of the sample 20% CS/PVA
nanofiber was indicative that this sample,
which had the highest percentage of CS
incorporated into the blend, had the most
significant impact on the crystalline structure
of both polymers and produced the most
amorphous morphology. Thus, the most

appropriate percentage composition for CS
in the PVA matrix is 20%. This is because it
produces the fewest beads and results in
higher average diameter and homogeneity
within  the nanofibers, making them
composites for any application where these
findings stress the proper formulation
needed to achieve composite required
properties.

RECOMMENDATIONS

Based on this study's results, some
recommendations can be made for future
research to support the advancement and
implementation of CS/PVA electrospun
nanofibers in medicine, especially in wound
healing. First, although methanol was the
physical crosslinking agent of choice due to
its simplicity and capacity to generate
favorable fiber morphology, future research
should focus on optimizing the crosslinking
conditions to ensure comprehensive removal
of residual methanol and verify the
biocompatibility of the fibers. Secondly,
mechanical and degradation tests should be
performed to assess the nanofibers’
structural integrity and biodegradation rate.
This is especially important as reduced
crystallinity, while beneficial for flexibility and
swelling, could negatively impact the long-
term mechanical integrity. Furthermore, the
excellent  hydrophilicity and  smooth
morphology of the 20% CS formulation make
it a viable candidate for wound dressing.
However, biocompatibility assays, including
cytotoxicity, antimicrobial activity, and cell
proliferation tests, must be performed to
confirm its clinical potential. Future research
could also explore loading therapeutic agents
or natural extracts into the nanofiber matrix
to boost its bioactivity and wound-healing
capabilities.
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