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Chitosan (CS) is a high molecular weight biopolymer derived from the deacetylation of chitin, which is naturally present in

the exoskeletons of crustaceans. However, its inherently low water solubility limits many biomedical applications. In

contrast, low-MW CS (LMWCS) is water-soluble and exhibits promising biological properties. Herein, we report the synthesis

of two LMWCS (CS1 and CS7) and their incorporation into electrospun poly(vinyl alcohol) (PVA) nanofibers (NFs) at various

loadings. Both LMWCS samples were successfully integrated into PVA NFs without crosslinkers, with tunable encapsulation

and release confirmed by elemental analysis, UV-vis and NMR spectroscopy. Comparative evaluations revealed that CS7-

containing fibers exhibited superior antimicrobial efficacy against S. aureus, E. coli, P. aeruginosa, and C. albicans, and

significantly promoted HaCaT-ras A5 keratinocyte migration in scratch assays. Together, this work establishes molecular

weight-dependent design principles for engineering multifunctional electrospun wound dressings that integrate both

antimicrobial activity and pro-regenerative capability.

1. Introduction

Chronic wounds represent a significant and growing global
healthcare burden, with an amputation occurring approximately
every 30 seconds as a result of persistent infection and impaired
healing processes.2 Wound dressings serve as the first line of clinical

treatment by providing hemostatic, anti-inflammatory, and
antimicrobial effects that help reestablish a regenerative
microenvironment and  promote  tissue  regeneration.3*

Nevertheless, conventional dressings often are not able to manage
microbial contamination, reducing considerably the functionality to
support complex cellular responses needed for effective healing.
Indeed, recurrent infections perpetuate the detrimental cycle of
“infection-inflammation-delayed healing”, leading to prolonged
hospitalization and poor therapeutic outcomes.>® These limitations
highlight the urgent need for multifunctional wound dressings that
can simultaneously prevent infection and accelerate tissue repair.
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Among different materials for wound-dressing applications,
electrospun nanofibers (NFs) have emerged as promising platforms
for wound dressings due to their ability to closely mimic the
structural and functional properties of the native extracellular matrix
(ECM). Their high surface area-to-volume ratio, tunable porosity, and
interconnected fibrous architecture facilitate gas exchange, nutrient
diffusion, and cellular attachment, all of which contribute to
enhanced wound healing performance.”® In this context,
electrospinning is a robust and scalable technique for the fabrication
of nanofibrous mats. For instance, synthetic polymers such as
polycaprolactone (PCL), poly(lactic-co-glycolic acid) (PLGA), and
poly(vinyl alcohol) (PVA) are frequently employed owing to their
favorable mechanical properties and processability.1%-12 However,
the limited bioactivity and biodegradability of purely synthetic
polymers have motivated increasing interest in incorporating natural
biopolymers to enhance biological performance.

Among natural polymers, chitosan (CS), a polysaccharide derived
from the partial deacetylation of chitin, has gained significant
attention in wound care due to its broad-spectrum antimicrobial
activity, hemostatic properties, biodegradability, and
biocompatibility.13-18 Its antimicrobial effect is generally attributed
to electrostatic interactions between protonated amino groups on
the polymer backbone and negatively charged microbial
membranes, ultimately leading to membrane disruption and cell
death.’® The antimicrobial activity is mainly modulated by the
molecular weight (MW), dispersity (P), and the degree of
deacetylation (DD) of the CS, which also determine its solubility,
viscosity, and charge density.2%2! In fact, the biomedical application
of high-MW CS (>100 kDa) is hindered by a poor solubility, high
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viscosity, and batch-dependent variability in acetylation patterns,
which affect processability and reproducibility.??

To overcome these limitations, significant efforts have been made to
reduce the MW of CS using several methodologies, such as acid
hydrolysis, enzymatic degradation, oxidative cleavage, and
microwave-assisted  hydrolysis.?>2>  Among these methods,
microwave-assisted hydrolysis is a rapid, environmentally friendly
route to prepare low-molecular-weight CS (LMWCS, < 10 kDa) with
improved water-solubility and enhanced cationic charge, offering
possibilities for biomedical applications.?®?’ Indeed, it has been
demonstrated that LMWCS exhibits significantly improved
antibacterial performance, with studies reporting a 4 to 8-fold
increase in efficacy compared to high-MW CS when tested against S.
aureus and E. coli.?8?° Despite these encouraging findings, most
studies have either focused on chitooligosaccharides (< 3.9 kDa) or
on chemically modified derivatives, whereas systematic evaluation
of water-soluble LMWC in the intermediate molecular weight range
(5- 10 kDa) remains scarce, leaving its MW-dependent biological
effects insufficiently understood. Notably, incorporating such
LMWCS into electrospun polymeric scaffolds could establish a
macroscopic platform with controlled release and enhanced healing
efficacy, thereby overcoming the structural instability limitations
associated with conventional topical formulations such as gels or
lotions.30:31

Natural polymers such as CS are excellent candidates providing
improved functionalities to synthetic polymers such as PVA.
Typically, CS has been blended with synthetic polymers including
PVA,3? poly(ethylene oxide) (PEO)33 and polyacrylamide (PAAM)3* to
fabricate nanocomposite fibers or hydrogels with enhanced
antimicrobial activity. Among them, PVA@CS NFs is studied due to
their excellent electrospinnability, along with the potential to form
hydrogen bonds between hydroxyl and amino groups, which
enhances structural integrity and biological interactions.?> However,
most reports rely on high-MW CS (MW > 100 kDa), whose poor
miscibility and limited water solubility hinder uniform fiber
formation and compromise reproducibility.3¢3” To overcome these
drawbacks, recent research has focused on using LMWCS (in
particular chitooligosaccharides MW < 3.9 kDa) or chemically
modified CS derivatives (e.g., carboxymethyl-CS,38 quaternized-CS3°)
to improve water solubility, antimicrobial activity, and
processability?®. Nevertheless, these approaches often involve
multistep synthesis, toxic reagents, or raise concerns regarding
biodegradability and biosafety.*1™** Moreover, their low MW is
associated with poor mechanical strength and rapid degradation,
narrowing their potential application in medicine. In this context,
water-soluble LMWCS offers a key opportunity to optimize the
production of CS-loaded polymer NFs, particularly regarding their
loading efficiency, release kinetics, and biological performance.
Accordingly, systematic studies evaluating water-soluble LMWCS
within the intermediate MW window (5 - 10 kDa) in electrospun PVA
scaffolds remain lacking.

In this study, a chitooligosaccharide CS1 of weight-averaged
molecular weight (Mw) of 1.67 + 0.28 kDa, and an LMW(CS CS7 of Mw
of 7.47 £ 0.62 kDa, were prepared via a microwave-assisted oxidative
hydrolysis of a commercial CS of 300 kDa (CS300). For the sake of

2| J. Name., 2012, 00, 1-3

simplicity, CS1 and CS7 will hereafter be referred to as lMWGSoThe
MW distribution and disaccharide unit compé3ition GtRE eSRftIRE
LMWCSs were characterized using 1H molecular weight-ordered
spectroscopy (MwOSY) in combination with complementary NMR
analyses, enabling a detailed and internally consistent description of
chitosan samples in the low-to-intermediate molecular weight range.
Subsequently, the CS samples were incorporated into PVA NFs at
different concentrations (5.9 - 23.8 wt.%) via blend electrospinning.
Their release behavior from the NFs were quantitatively evaluated
for the first time using a comparative approach based on both NMR
and UV-vis spectroscopy. Furthermore, we investigated how MW
modulates the antimicrobial activity of CS against representative
bacterial and fungal species, as well as its wound-healing
performance in keratinocyte migration assays. This study therefore
addresses the existing gap in understanding the structure-function
relationship of water-soluble LMWCS in electrospun PVA scaffolds
and highlights their potential as multifunctional wound dressings.

2. Results and discussion
2.1 Synthesis and characterization of CS7 and CS1

As detailed in the Materials and methods, LMWCS were obtained
from commercial CS (€S$300) via oxidative hydrolysis using hydrogen
peroxide (H.0) as oxidant under microwave irradiation (Fig. 1A).
Microwave-assisted hydrolysis enhances dipolar polarization and
ionic conduction in polar media, accelerating the generation of
reactive oxygen species that cleave B(1-2>4) glycosidic linkages in the
CS backbone.**4> According to the mechanism proposed by Chang et
al.,* perhydroxyl radical anions (HOO-¢) react with H,0, to form
hydroxyl radicals (¢OH) and superoxide radical anions (O,—*), which
react with the glycosidic bonds, leading to MW reduction and,
consequently, enhanced water solubility. In this work, by modulating
microwave exposure time and temperature at a fixed H,0:
concentration (5% w/v), two CS samples with different MWs, here
denoted as CS1 and CS7, were obtained (see Fig. 1A and Materials
and methods for details). This microwave assisted method provides
a rapid and green alternative compared to conventional hydrolysis,
yielding structurally intact yet highly water-soluble LMWCS suitable
for biomedical applications. After synthesis, the chemical structures
of CS1 and CS7 were initially assessed by 'H and 3C NMR
spectroscopy.

1H and 3C NMR spectra of CS1 and CS7 (Fig. 1B and Fig. S1)
confirmed the preservation of the polymer's chemical backbone
after oxidative hydrolysis, with all samples exhibiting comparable
resonance patterns.*’ In these 'H NMR spectra, the signal located at
6n 1.9 ppm is assigned to the methyl protons of the N-acetyl group
of the acetylated glucosamine unit (A). The resonance at &4 2.6 ppm
corresponds to the H2 proton of the deacetylated glucosamine unit
(D). The group of peaks between 64 3.2 and 3.8 ppm comprises the
H3-H6 protons of both A and D units, together with the H2 proton of
the acetylated unit (A). Finally, the signal at 64 4.4 ppm is attributed
to the anomeric H1 protons of both A and D units. Subsequently,
pulsed-field gradient stimulated echo diffusion NMR experiments
with bipolar gradient pulses (PFG-STE-BPP) were combined with
inverse Laplace transform (ILT) algorithms such as dART*® and
TRAIN,* to estimate the weight-average MW and dispersity of the

This journal is © The Royal Society of Chemistry 20xx
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produced LMWCS. Diffusion coefficient profiles were converted into
Mw distributions using universal calibration relationships that are
independent of both solution and polymer
concentration,>* whereas the Mw and dispersity of the commercial
high-MW chitosan (€S300) could not be determined by this approach
due to its limited solubility in aqueous media.
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Fig. 1. A) Schematic representation of the microwave-assisted hydrolysis
process to produce €CS1 and CS7 from €S300. B) *H NMR spectra of CS7 (blue
line) and CS1 (green line) (A: acetylated, DD: deacetylated). C) MW
distribution of CS7 (blue line) and CS1 (green line) obtained from PGSE-STE-
BPP inverse Laplace transformation (ILT) techniques (see Sl). D) FTIR spectra
of CS300 (red line), CS7 (blue line) and CS1 (green line). E) {-potential
measurements at different pH values in aqueous solutions for CS300 (red line),
CS7 (blue line) and €S1 (green line) at a constant conductivity of 0.520 uS/cm.

We obtained MW distributions centered at 1.67 + 0.28 kDa and 7.47
+ 0.62 kDa with narrow dispersities (D) of 2.0 and 2.2 for CS1 and
CS7, respectively (Fig. 1C and Table 1). The degree of deacetylation
(DD) calculated using Equations (1) and (2) included in the Materials
and methods, remained relatively stable across all samples. A DD of
74.1 % for CS300 was considered, in line with the manufacturer’s
specifications, while the determined for CS7 and CS1 showed slightly
elevated values of 75.8 % and 76.6 %, respectively. This is consistent
with minor acetyl group loss during hydrolysis. Overall, these data
confirm that microwave-assisted oxidative cleavage effectively
lowers the MW of CS without compromising its structural integrity.

Fig. 2 displays the 'H molecular weight-ordered spectroscopy
(MwOSY) maps of the LMWCS €S1 and CS7. The horizontal axis (F2)
reports the 1H chemical shift (ppm), whereas the vertical axis (F1)
shows the weight-average MW, MW (Da, log scale), derived from
diffusion encoding and converted into MW using universal
calibration relationships. The top projection corresponds to the
associated 1D H spectrum, and the right-hand projection depicts the
MW distribution. In both samples, the F1 projections reveal a
dominant monomodal population, confirming the narrow molecular-
weight distributions obtained from the diffusion-based analyses

This journal is © The Royal Society of Chemistry 20xx
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described above, centered at approximately 1.67 kDg for,£81-and
7.47 kDa for CS7. Importantly, the MW-chéthicaP SRife/esrrelaiens
indicate that the main chitosan resonances (N-acetyl CH3 at 6H 1.9
ppm, H2 of the deacetylated unit at 6H 2.6 ppm, the H3-H6/H2
region at 6H 3.2-3.8 ppm, and the anomeric H1 signal at §H 4.4 ppm)
all map onto the same MW range, supporting sample homogeneity
and preservation of the polymer backbone after oxidative hydrolysis.

Table 1. Summary of the different parameters obtained from the NMR
analysis for CS1 and CS7 (D: diffusion coefficient, ry: hydrodynamic radius, D:
dispersity, DD: Deacetylation degree).

Dx10°[m?s?'] ry[nm] MW [kDa] b DD [%]
Cs1 0.17 £0.01 125+0.2 1.67%+0.28 2.0+0.2 76.6
CSs7 0.11+0.01 18.2+1.0 7.47%0.62 2.2+0.3 75.8

The red dashed box marks the solvent suppression region (water
signal, ~4.7-5.0 ppm). The approach has been previously introduced
and validated by some of us in other polymeric systems 32, and to the
best of our knowledge, this is the first time that 'H MwOSY has been
applied to chitosan-based polymers. For detailed experimental
procedures and calculations, please refer to the Supplementary
Information (SI).
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Fig. 2. 'H molecular weight-ordered spectroscopy (MwOSY) maps of the
LMW(CSs €S1 A) and CS7 B). Red dashed boxes mark the solvent suppression
region (water signal, ~4.7-5.0 ppm).

The FTIR analysis for €C$300, CS7 and CS1 (Fig. 1D) confirmed the
retention of the characteristic functional groups and hydrogen-
bonding network after degradation, as evidenced by the asymmetric
and symmetric C-H stretching bands at 2930 and 2860 cm™, the
broad -NH/-OH stretching band around 3350 cm™, and the N-acetyl-
related peaks at 1643 cm™ (C=0) and 1380 cm™ (C-N). Notably, no
absorption was observed near 1735 cm™ or within 2830-2695 cm™,
indicating the absence of carboxyl or aldehyde groups and implying
that the degradation process did not induce ring-opening of
glucosamine units.>35* Minor shifts of the amide band and changes

J. Name., 2013, 00, 1-3 | 3
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Fig. 3. Representative SEM images of PVA@CS1 A) and PVA@CS7 E) NFs obtained at different CS loadings (from 5.9 to 23.8 wt.%). Diameter size distribution
of PVA@CS1 B) and PVA@CS7 F) for NFs produced at different CS loadings (from 5.9 to 23.8 wt.%). Percentage of CSs in NFs and EEs of CS1 C) and CS7 G) in
PVA NFs measured from elemental analysis. Evaluation of the CS1 D) and CS7 H) release from the PVA NFs after 24h as determined by *H NMR analysis (see

S| for quantification details and acquisition parameters).

in the intensity of N-H-related bands suggested slight variations in
the DD and local hydrogen-bonding environments associated with
molecular weight reduction rather than the formation of new amide
groups.®® Interestingly, in Fig. 1D, the signal observed at 1643 cm,
assigned to the C=0 bond in the amide group, is weaker for CS1 and
CS7 if is compared with €$300. This could indicate differences in DD
values. However, as was previously reported, the decrease in the
C=0 signal can be consequence of structural rearrangements
associated with depolymerization, which include partial deamination,
nitrogen loss, and changes in hydrogen-bonding interactions due to
the decrease in the molecular weight.>6-58 Indeed, here, DD values
have been properly determined through *H-NMR analysis, which is a
more appropriated technique to determine DD values.
Complementary, UV-vis spectroscopy (Fig. S2 A) revealed similar
spectral profiles for all samples, characterized by n->m* transitions in

4| J. Name., 2012, 00, 1-3

the 200-240 nm region and a weak band around 300 nm assigned to
forbidden n—>m* transitions of the acetyl groups, while increased
absorption intensity was observed for lower-MW samples. This may
be attributed to enhanced exposure of chromophoric groups and
conformational changes associated with shorter polymer chains.>®

Zeta potential ({-potential) measurements were employed to assess
the surface charge of €$300, CS7, and CS1 across varying pH values
between 2-12 (Fig. 1E). From those data, the d(Z-potential)/d(pH) in
function of pH shows pKa values of 6.4, 8.4 and 8.6 for C$300, CS7
and CS1, respectively (Fig. S3). Distinct differences were observed: at
physiological pH (7.0-7.5), €CS1 and CS7 exhibit markedly higher
positive {-potentials (+35 mV and +45 mV, respectively) compared
with €S300 (ca. +2 mV) correlating with their improved aqueous
stability. This trend was further confirmed by solubility profiles (Fig.

This journal is © The Royal Society of Chemistry 20xx
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S2B), where CS300 precipitates above pH 7, whereas CS1 and CS7
remain fully dispersed across a broad pH window (4-12). The
enhanced {-potential and solubility of CS1 and CS7 can be attributed
to their lower MW and reduced crystallinity, which disrupts
interchain hydrogen bonding and promotes chain solvation. As
previously reported, depolymerization enhances CS’s solubility by
dismantling crystalline domains and exposing hydrophilic functional
groups.%61 Although solubility and MW assessments may vary with
experimental methods, CS with MW < 10 kDa consistently exhibits
excellent water solubility, supporting its application in high-
concentration and low-viscosity formulations in electrospinning.

Taken together, these complementary characterizations confirm
that microwave-assisted oxidative hydrolysis provides a reliable
route to obtain well-defined, water-soluble LMW(CS. Both €S1 and
CS7 retained the chemical backbone of the parent polymer,
exhibited narrow MW distributions, and preserved high DD. FTIR and
UV-vis analyses revealed no detectable degradation by-products,
while C-potential and solubility assays demonstrated markedly
improved aqueous dispersibility compared to high-MW CS. These
features highlight that CS1 and CS7 are structurally intact, highly
soluble, and positively charged biopolymers, thereby representing
suitable candidates for incorporation into electrospun PVA NFs to
systematically investigate MW-dependent effects on fiber
morphology, release, antimicrobial activity, and wound-healing
performance.

2.2 Synthesis of PVA NFs

Electrospun NFs were fabricated from PVA solutions containing
different concentrations of both LMWCS CS1 and CS7 (see Materials
and methods for details). Pure PVA solutions at 16% (w/v) produce
uniform fibers with an average diameter of 260 + 80 nm by SEM
imaging (Fig. S4). Then, PVA@CS composite NFs were produced with
incorporated CS1 or CS7 at different percentages (from 5.9 to 23.8
wt.%, Table 2) related to the starting polymeric solution. SEM images
of these fabricated NFs (Fig. 3A and 3E) revealed smooth,
homogeneous and continuous fiber morphologies for most
formulations. At higher CS1 loadings (PVA@CS1-4, 20.0 wt.%, and
PVA@CS1-5, 23.8 wt.%), bead formation was detected, whereas CS7-
containing fibers retained uniform structures across all initial CS7
concentrations. Fiber diameter analysis revealed opposite trends
depending on MW: CS1 incorporation progressively reduced the
diameter from 230 + 80 nm (PVA@CS1-1 with 5.9 wt.%) to 70 + 25
nm (PVA@CS1-5 with 23.8 wt.%) (Fig. 3B and S5), whereas the
incorporation of CS7 produced an opposite trend, increasing from
170 + 60 nm (PVA@CS7-1) to 330 + 115 nm (PVA@CS7-5) (Fig. 3F and
S5). The observed differences in NF diameter between CS1 and CS7
systems are closely related to variations in solution properties,
particularly electrical conductivity and viscosity. On the one hand,
the CS1 solutions exhibit higher electrical conductivity (Fig. S6A and
B), which enhances electrostatic repulsion and promotes jet
elongation, leading to thinner fibers. However, at elevated
concentrations (220 wt.%), excessive charge density may destabilize
the jet, triggering Rayleigh instability and bead formation due to
surface tension dominance.52-64

On the other hand, the viscosity of the solutions was measured prior
to electrospinning. Fig. S6C and D, shows the dynamic viscosity of

This journal is © The Royal Society of Chemistry 20xx
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polymeric solutions containing increasing CS contents,{from 5:3te
23.8%) for CS1 and CS7. Opposite trends wételobsePvad 4épRAHIAL
on the CS molecular weight. For CS1-based solutions, the dynamic
viscosity decreases with increasing CS1 content. This reduction in
viscosity facilitates greater jet stretching, resulting in thinner
nanofibers,®> as confirmed by the SEM images in Fig. 3A and the
diameter analysis in Fig. 3B. At the highest CS1 content (23.8%), bead
formation is also observed. In contrast, increasing the CS7 content
leads to higher kinematic viscosity, likely due to enhanced chain
entanglement. % These more viscous solutions improve jet stability
and limit elongation, producing nanofibers with larger average
diameters, as confirmed by the SEM images in Fig. 3E. This trend is in
well agreement with the reported literature. 67-6°

These findings demonstrate that fiber morphology and thickness can
be effectively modulated by adjusting the MW and concentration of
CS, providing a tunable platform for designing nanofibrous scaffolds
with tailored dimensions and surface characteristics.

Table 2. Summary of the feeding amounts of CS1, CS7, and PVA used in the
production of PVA@CS NFs. Theoretical weight percentages of CS and PVA in
the NFs. Nitrogen weight percentages calculated from theoretical and
elemental analyses. Mass of CS in PVA@CS NFs calculated from the nitrogen
content.

Mass Mass CSinNFs PVAin N N CS in NFs
Theor. Exp.

PVA CS (Theor.) NFs [Wt.%] [wt.%] (Exp.)

[mg] [mg] [wt.%] [wt.%] [wt.%]
PVA@CS1-1 0.49 5.9
PVA@CS7-1 1600 100 5.9 94.1 0.48 0.49 6.0
PVA@CS1-2 0.72 8.8
PVA@CS7-2 1600 200 111 88.9 0.91 0.84 10.3
PVA@CS1-3 0.97 11.9
PVA@CS7-3 1600 300 15.8 84.2 1.29 0.98 11.9
PVA@CS1-4 1.17 14.3
PVA@CS7-4 1600 400 20 80 1.64 1.1 14.9

1.35 16.5

PVA@CS1-5
PVA@CST-5 1600 500 23.8 76.2 1.95 138 169

2.3 Spectroscopic analysis of NFs

FTIR and UV-vis spectroscopies were employed to investigate the
composition, chemical structure and intermolecular interactions
within the fabricated PVA@CS1 and PVA@CS7 NFs. The FTIR spectra
(Fig. S7A for CS1 and S7C for CS7) retained broad O-H and N-H
stretching bands (3300-3400 cm™) characteristic of both CS and PVA.
The amide | (~ 1650 cm™) and amide Il (~ 1380 cm™) peaks of CS
showed reduced intensities in the composite NFs, which may reflect
the lower CS content relative to pure CS samples. Simultaneously,
bands associated with PVA including C-O-C stretching (~ 1080-1150
cm™) and CH, symmetric and asymmetric stretching (~ 2900 cm™)
also weakened with increasing CS incorporation, likely due to the
corresponding reduction in PVA concentration. No significant
spectral shifts were observed between pure CS and PVA@CS NFs,
indicating that blending occurred primarily through non-covalent
interactions, without significant alterations to the chemical
backbones. The UV-vis spectra of PVA@CS NFs (Fig. S7B for CS1 and
Fig. S7D for CS7) showed strong absorbance bands characteristic of
CS in the 200 to 220 nm range, corresponding to m—=>m* transitions
together with broad and weak bands located at ca. 300 nm
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corresponding to the already mentioned forbidden n=>mt* transitions.

Absorbance intensity increased with CS content in both cases. These
findings collectively suggest that CS1 and CS7 maintained their
structural features after electrospinning.

2.4 CS Loading and release

The amount of CS incorporated into PVA@CS1 and PVA@CS7 NFs
was quantified by elemental analysis based on the nitrogen content,
which is only present in CS (Table 2 and Table 3). The theoretical
nitrogen percentages of CS1 and CS7 were calculated to be 8.2 % for
both CSs based on their DD (see Section S1.2). Experimental nitrogen
values from NFs were compared with theoretical estimates, and their
ratio was defined as the encapsulation efficiency (EE). Details of the
calculations, including the mass of PVA and CS wused in
electrospinning, theoretical and experimental nitrogen content, and
the equations employed, are provided in Section S1.1 and Table 2 of
the SI. As shown in Table 3, Figs. 3C and 3G, the experimental CS
content in PVA@CS1 NFs increased linearly with the initial feed,
ranging from 5.91% in PVA@CS1-1 to 16.53% for PVA@CS1-5. A
similar trend was observed for CS7 NFs with an increase of 5.99%
(PVA@CS7-1) to 16.92% (PVA@CS7-5). However, the EE decreased
with increasing CS concentration in both cases: from 100 % for
PVA@CS1-1to 69 % for PVA@CS1-5, and from 100% for PVA@CS7-1
to 71% for PVA@CS7-5. This reduction indicates that increasing the
amount of CS in the reaction solution compromises the final EE.
Likely, the limited miscibility of CS and the increase in viscosity with
higher CS concentrations lead to phase separation during
electrospinning, which ultimately affects CS distribution along the
injection front (Fig. S8). This results in a non-homogeneous CS
distribution along the radius, as well as CS losses during the
electrospinning process.

As anticipated, increasing the amount of CS in the electrospinning
solution resulted in higher CS incorporation into the final NFs, as
observed for both PVA@CS1 and PVA@CS7 NFs. However, the EE
decreased monotonically with increasing CS content (Table 3, Figs.
3C and 3G), indicating reduced retention efficiency at higher
loadings. This behavior can be attributed to the combined effects of
solution polarity and viscosity on electrospinning dynamics.’%7!
These trends are consistent with the morphologies observed by SEM
(Figs. 3A and 3E) and emphasize that MW, CS concentration, and
electrostatic spinning behavior determine the encapsulation
properties. Precise optimization of these parameters allows for an
optimized tailoring of NFs.

As mentioned, the release of CS from PVA@CS NFs was evaluated in
water at room temperature over 24 hours through NMR
spectroscopy measurements (see Materials and methods, Section
S1.4 and S1.5 for details). Figs. 3D and 3H show the released mass of
CS1 and CS7 profiles for CS1- and CS7-loaded NFs, and the
corresponding release data are summarized in Table 3 and Table S1.
As expected, the released mass and release efficiency increased with
the initial CS content. For CS1-containing NFs, the released CS ranged
from 46.4 ug €CS1/mg NFs for PVA@CS1-1 to 237.8 ug €S1/mg NFs for
PVA@CS1-5 (Fig. 3D and Table S1). A similar trend was observed for
CS7-containing NFs, with released amounts increasing from 43.4 ug
CS7/mg NFs for PVA@CS7-1 to 212.8 pug €S7/mg NFs for PVA@CS7-
5. Regarding the polymeric matrix, the extent of PVA dissolution, as

6 | J. Name., 2012, 00, 1-3

quantified by *H NMR (Table S1 and Fig. S9), decreased sas.the,GS
content in the electrospinning solution incféased. PR HfeRAH P 7S
consistent with the lower relative amount of PVA present in the final
NFs at higher CS loadings and indicates a stabilizing effect of CS
incorporation on the nanofibrous matrix, in agreement with previous
reports.’%73

Table 3. Summary of theoretical and experimental CS content in the NFs

(wt.%), EE, CS released and CS release efficiency evaluated after 24 h
incubation by *H NMR.

CSinNFs  CSin NFs c Relonse

(The:).) (Ex‘?.)* 1%] Releaosed Efficiency

[wt.%] [wt.%] [wt.%] 1%]
PVA@CS1-1 5.88 5.91 100 4.64 78.64
PVA@CS1-2 11.11 8.79 79 9.76 87.93
PVA@CS1-3 15.79 11.87 75 14.42 91.27
PVA@CS1-4 20.00 14.28 71 18.82 94.1
PVA@CS1-5 23.81 16.53 69 23.78 99.92
PVA@CS7-1 5.88 5.99 100 4.34 73.56
PVA@CS7-2 11.11 10.26 92 9.14 82.34
PVA@CS7-3 15.79 11.94 76 14.84 93.92
PVA@CS7-4 20.00 14.86 74 19.96 99.8
PVA@CS7-5 23.81 16.92 71 21.28 89.41

*Calculated from the nitrogen content obtained from elemental analysis (see
Table 2).

With the aim of comparing differences in the release behavior of
PVA@CS NFs, the release kinetics of CS1 and CS7 were investigated
by UV-vis spectroscopy. Two CS loadings within the PVA NFs were
selected for these experiments, namely 11.1 wt.% (PVA@CS1-2 and
PVA@CS7-2) and 23.8 wt.% (PVA@CS1-5 and PVA@CS7-5), as these
compositions showed the most pronounced differences in the
antibacterial and wound-healing assays discussed in the following
sections. Fig. $10 shows the UV-vis spectra of CS released from the
PVA@CS NFs as a function of time. The release of CS was monitored
by following the absorbance at 210 nm, corresponding to the
characteristic absorption peak of chitosan, for both CS1 and CS7, and
the corresponding kinetic profiles are shown in Fig. 4.
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Fig. 4. Absorbance intensity at 210 nm for CS released in PVA@CS NFs fabricated with
different CS percentages. A) PVA@CS1-2 and PVA@CS1-5, B) PVA@CS7-2 and PVA@CS7-
5. C) and D) show normalized absorbance intensity at 210 nm for CS released in PVA@CS
NFs at the same percentages.
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First, the release behavior of NFs containing different CS loadings was
compared. Figs. 4A and 4B display the absorbance profiles of CS1 and
CS7 released from PVA@CS NFs containing 11.1 wt.% (light-coloured
lines) and 23.8 wt.% (dark-coloured lines) CS, respectively. As
expected, in both cases a higher absorbance intensity was observed
for NFs with higher CS content, in agreement with the quantitative
NMR analysis discussed above. Differences in the release kinetics as
a function of CS MW were further analyzed by comparing CS1 and
CS7 at identical loadings. Figs. 4C and 4D show the normalized
release profiles for €CS1 and CS7 at 11.1 wt.% and 23.8 wt.% CS,
respectively. Notably, at low loading, CS1 exhibited a faster release
than CS7, indicating that LMWCS diffuses more rapidly from the PVA
nanofibrous matrix. This behavior can be attributed to the shorter
chain length and higher mobility of CS1, which facilitate its diffusion
through the hydrated polymer network. However, at higher CS
loadings, the release behaviour of PVA@CS NFs is also influenced by
their microstructural organization. In particular, LMWCS CS1 tends to
form a denser CS-rich phase with stronger intermolecular
interactions with PVA, which partially hinders mass transport and
modulates the release kinetics, whereas the higher-MW CS7 does
not exhibit such pronounced structural effects.

2.5 Antimicrobial Activity

2.5.1 Antimicrobial Activity of CS and PVA
The antimicrobial activity of C$300, CS7, CS1 and PVA was evaluated
against a range of representative bacterial species (S. aureus, E. coli
and P. aeruginosa) and a representative fungal species (C.
albicans).”* Minimal inhibitory concentrations (MICs) were
determined using the standard broth-dilution method (Table 4, Figs.
S11 and $12).75 As expected, PVA exhibited no antimicrobial activity
at concentrations up to 60 mg/mL, consistent with its chemical
inertness and non-cationic nature. €S300 exhibited limited
antimicrobial activity, showing measurable effects only against S.
aureus (MIC = 30 mg/mL) and C. albicans (MIC = 15 mg/mL). In
contrast, a reduction in MW led to a marked enhancement of CS
antimicrobial efficacy. In particular, CS7 displayed a fourfold
decrease in MIC against S. aureus (7.5 mg/mL) and C. albicans (2.5
mg/mL), and an eightfold reduction against E. coli (3.2 mg/mL)
compared with €$300. CS1, although slightly less active than CS7,
consistently exhibited lower MIC values than CS300 across all tested
microorganisms.

The superior activity observed for CS7 can be correlated with its
higher positive {-potential at physiological pH (Fig. 1E), which favors
stronger electrostatic interactions with negatively charged microbial
membranes and facilitates membrane destabilization.”® By contrast,
the generally lower activity against P. aeruginosa to CS-based
materials is consistent with its well-documented intrinsic resistance
mechanisms, including  the
lipopolysaccharides that sequester cationic agents and structural
modifications of the lipid A region of lipopolysaccharides that
stabilize divalent cations and reinforce membrane integrity.”’-7°
Although CS1 shares similar {-potential with CS7, its short chain
length may limit its ability to induce extensive membrane disruption,
supporting previous hypotheses that very LMWCS may interact
differently with microbial membranes.®% Furthermore, antifungal
activity was reduced when assays were conducted in LB medium (pH
7.4) compared with acidic Sabouraud medium (pH 5.5), in agreement

secretion of  extracellular
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with the lower degree of protonation of amino groupsat,nevtral.pH
and the consequent decrease in cationic éHarge Cden3itiB otk
weakens electrostatic interactions with the fungal cell wall (Table
S2). As already mentioned, these findings point out the combined
influence of MW, charge density, and microorganism-specific
membrane architecture in governing the antimicrobial performance
of CS-based biopolymers.

Table 4. Minimum inhibitory concentration (MIC, mg/mL) of PVA, CS300, CS7,
and CS1 against S. aureus, E. coli, P. aeruginosa, and C. albicans. MICs were
determined by the two-fold dilution method at 37 °C in LB (bacteria) or
Sabouraud (fungi) media. Values represent three biological replicates.

S. aureus E. coli P. aeruginosa C. albicans
PVA > 60 > 60 > 60 > 60
CS300 30 60 > 60 15
CSs7 7.5 3.2 7.5 2.5
Cs1 15 15 30 7.5

2.5.2 Antibacterial performance of NFs

The antimicrobial activity of electrospun PVA@CS1 and PVA@CS7
NFs was evaluated using agar contact assays against S. aureus, E. coli,
P. aeruginosa, and C. albicans. Discs (~2 cm diameter) prepared with
two CS loadings (11.1 and 23.8 wt.%, Table 2) were placed on agar
plates inoculated with 103-10* CFU of each microorganism. Following
24 h of incubation, colony-forming units (CFUs) beneath the discs
were quantified. In specific, the antimicrobial performance of
PVA@CS1-2, PVA@CS1-5, PVA@CS7-2 and PVA@CS7-5 was
determined using PVA NFs as the control experiment (Fig. 5A). As
expected, PVA NFs exhibited no antimicrobial effect, while CS-
containing NFs demonstrated a concentration-dependent inhibition
of microbial growth. Among all the samples tested, PVA@CS7-5
demonstrated the highest efficacy, reducing CFUs by 93 + 13% (S.
aureus), 95 + 6% (E. coli), 87 + 22% (P. aeruginosa), and 87 + 13% (C.
albicans) (Fig. 5B). This superior performance is consistent with the
CS loading and release profiles, which demonstrated higher CS
content and release efficiency in PVA@CS7-5. By comparison,
PVA@CS1-5 showed lower reductions in microbial growth: 68 + 9%,
74 + 5%, 67 + 23%, and 45 + 7%, respectively. These outcomes are
consistent with MIC data (Table 4) as well as the loading and release
results (Fig. 2) and highlight again the influence of CS MW on
antimicrobial activity within NF matrices.

Given the superior antimicrobial performance of PVA@CS7 NFs
observed in preliminary evaluations, we systematically assessed the
antibacterial efficacy of a series of PVA@CS7 NFs (1 to 5) against the
Gram-negative model bacteria E. coli. As shown in Fig. 5C, inhibition
followed a dose-dependent trend consistent with CS7 release
profiles (Figs. 3H and S9). Visual observations and CFU quantification
(Figs. S13 and S14) revealed a strong inverse correlation between
CS7 release and viable bacterial count: samples releasing ~0.23
mg/disc of CS7 reduced CFUs by ~72%, while those releasing ~0.30
mg/disc nearly eradicated bacterial growth. Interestingly, PVA@CS7-
4 achieved the greatest antibacterial effect despite not having the
highest CS7 loading, attributable to its optimal release efficiency.
These results highlight the critical role of MW and release kinetics in
antimicrobial performance. While CS1 offers more available amino
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groups due to its shorter chains and increased mobility, CS7’s
intermediate MW promotes better matrix retention, controlled
release, and prolonged membrane interaction, enhancing overall
efficacy. This mirrors previously observed MIC trends, where higher-
MW CS demonstrates greater affinity for bacterial membranes
through electrostatic interactions between protonated -NHs*
moieties and negatively charged cell surfaces, ultimately disrupting
membrane integrity, releasing intracellular components, and causing
cell death.81-83

PVA@CS7
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Fig. 5. Antimicrobial performance of PVA@CS1-2, PVA@CS1-5, PVA@CS7-2,
and PVA@CS7-5. A) Representative phonographs of LB agar plates of S.
aureus (ATCC 12600), E. coli (K12) and P. aeruginosa (PAO1) and Sabouraud
agar plates of C. albicans (ATCC 10231) incubated with different PVA
composites overnight at 37 °C. Scale bar represents 1 cm. B) Enumeration of
the Colony Forming Units (CFU) under the composites. C) The relationship
between quantitative values of colony forming units (CFUs) of E. coli in the
presence of PVA@CS7 (Fig. S14) disks and the estimated release of CS7 from
each disk. The results described (mean + SD) are based on 3 biological
replicates.
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2.6 Wound-healing properties

View Article Online
. i DOI: 10.1039/D6TB00497K
2.6.1 Evaluation of wound-healing properties of PVA, CS1

and CS7.

To preliminarily evaluate the regenerative potential of CS7 prior to
its integration into nanofibrous scaffolds, we performed in vitro
scratch assays on HaCaT-ras A5 keratinocytes using PVA, CS1, and
CS7 at concentrations of 0.01, 0.1, and 1 mg/mL. As shown in Fig. 6,
CS7 significantly enhanced wound closure compared to CS1 and PVA,
with a clear dose-dependent trend. At 0.1 mg/mL, CS7 achieved
near-complete closure within 48 hours (Fig. 6C and D), and the
corresponding wound-healing rate reached approximately 26 + 2
um/h, markedly surpassing CS1 (~19 +4 um/h) and PVA (¥10+1
um/h) under equivalent conditions (Fig. 6A, B and D). Notably, PVA-
treated samples only induced marginal improvements over the
untreated control (9 = 2 um/h), underscoring the limited intrinsic
regenerative capacity of the polymer. More significantly, no adverse
effects were observed when €S1 and CS7 were employed.
Investigated concentrations are higher than the maximum CS
released from developed NFS, inferring that PVA@CS NFs would not
exhibit cytotoxic effects under the experimental conditions tested.
These quantitative findings were visually supported by Fig. S15,
which provides representative optical micrographs of the scratch
closure process under different treatment conditions.

Cells treated with CS7 exhibited enhanced migration into the wound
area over time, whereas PVA and CS1 treatments showed moderate
or delayed closure dynamics. While CS1 displayed some pro-healing
capacity, its effect plateaued at lower concentrations and did not
match the efficacy of CS7. The enhanced wound-healing properties
of LMWCS has been previously reported.®* W. Niu et al. studied the
anti-inflammatory response of different CS with a MW ranging from
3 kDa to 200 kDa.85 Lowest MW CS could be able to reach
intracellular compartment and affect cells” growth and metabolism
and reduce the levels of cytokines TNF-a and IL-6 3687, Cell adhesion
is also enhanced in the presence of CS molecules, due to the
electrostatic interaction between the amine groups of the CS and the
cell membrane. Furthermore, CS has been shown to activate other
key-wound healing signaling pathways, including MAPK/ERK and
P13/Akt.888 These pathways’ activation alongside the ability of CS to
increase the availability of ground factors, promotes the creation of
microenvironments that support keratinocyte proliferation and
survival.?® Interestingly, the wound-healing mechanism of ca. 1 kDa
CS has not been described yet. As CS’s degree of polymerization is 9-
2, its wound-healing mechanism could be closer to the CS’s
monomer. T. Minagawa et al. described decreased wound-healing
abilities of N-acetylated and deacetylated glucosamine monomers
compared with LMWCS.?* Molecular analysis on the inflammatory
response of dermal fibroblast cells in the presence of monomers
revealed and increased levels of the inflammatory factor IL-8.92

These results establish CS7 as a potent wound-healing agent and
provide a strong rationale for its incorporation into PVA-based
electrospun NFs, enabling the dual delivery of antimicrobial and pro-
regenerative functionalities.

2.6.2 Evaluation of wound-healing properties of NFs

The wound healing potential of PVA@CS7 NFs was assessed through
in vitro keratinocyte migration assays using formulations containing
11.1% and 23.8% CS7 (PVA@CS7-2 and PVA@CS7-5). As shown in Fig.
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6F, PVA@CS7-5 significantly accelerated wound closure, with the
wound nearly sealed within 48 hours. The estimated healing rates
(Fig. 6G) increased from 9 £ 1 um/h (untreated) to 16 + 3 um/h and
20 + 4 um/h for PVA@CS7-2 and PVA@CS7-5, respectively. These
results were consistent with enhanced cellular migration observed in
supplementary microscopy images (Fig. $16) and correlate well with
the dose-dependent CS7 release profiles (Fig. 6G).
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Fig. 6. Wound healing assays of control compounds and developed NFs with
HaCaT-ras A5 cells. Quantification of wound closure of HaCaT-ras A5 cells
incubated with different concentration of A) PVA, B) CS1 and C) CS7, and D)
estimated would healing rate. E) Representative images of HaCaT-ras A5 cell
proliferation in the presence of the explored PVA and PVA@CS7-5 NFs (Scale
bar = 100 um). F) Quantification of the wound width over time and G) the
estimated wound healing rate. Statistical significance was determined by one-
way ANOVA, ns: p >0.05, *: 0.05>p >0.01, **:0.01 > p >0.001, and ***: p <
0.001

These findings suggest that CS7 retains its pro-regenerative
bioactivity after electrospinning and supports keratinocyte
proliferation and migration, likely through mechanisms involving its
cationic nature, antioxidant properties, and promotion of cellular
adhesion.?3%* The fibrous structure of PVA@CS7 NFs additionally
mimics the extracellular matrix, providing topographical cues that
facilitate directional migration and tissue integration.?>°¢ Compared
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with CS1, which showed moderate healing capacity ir,spluble form
but lacked robust antimicrobial functiord)OCS? 1&FféPSTROGABFE
advantageous multifunctional profile. These results reinforce the
potential of PVA@CS7 NFs as bioactive wound dressings capable of
simultaneously supporting tissue repair and infection control.

PVA@CS NFs have been previously postulated as wound healing
composites,® nevertheless, the high-MW CS employed hindered
their activity, requiring the addition of other ROS scavenging
components (cerium oxide nanoparticles,®® curcumin® or
acrolein'®) to bust their wound healing activity, and limiting CS’s role
to structural level. For instance, wound closure of ca. 40 % were
achieved, after 24 h, by H. Liu et al.®® using CS with Mw = 50-190 kDa,
half of the activity of PVA@CS7-5 NFs. CS NFs have been primarily
employed as scaffolds for tissue regeneration rather than for wound
healing due to the CS’s low water solubility.12:102 Finally, CS has been
incorporated into other types of soft composites.103-1% Y, Tan et al.
reported the in situ formation of caffeic acid and hydroxypropyl
functionalized CS (MW = 100-200 kDa) and dextran hydrogel in the
wound site, with a wound closure after 24 h of ca. 45 %.
Nevertheless, these approaches require further chemical
modification of CS.

3. Conclusion

This work presents a comprehensive investigation into the design of
electrospun PVA NFs composites incorporating LMWCS as a
multifunctional agent for antibacterial and wound-healing
applications. Two well-defined water-soluble CS molecules, CS1 (1.67
+0.28 kDa) and €CS7 (7.47 + 0.62 kDa), were obtained via microwave-
assisted oxidative hydrolysis and structurally characterized to ensure
chemical integrity, narrow Mw dispersities, and enhanced solubility.
Indeed, this work applies for the first time H MwOSY to the
characterization of underexplored chitosans of low-molecular weight.
Both CS were successfully integrated into electrospun PVA NFs
without the need for chemical crosslinkers, and their encapsulation,
release, and biological properties were systematically evaluated.
Notably, NFs containing CS7 (PVA@CS7) demonstrated superior
antimicrobial and wound healing performances over €S300 and CS1.
The PVA@CS7 NFs exhibited enhanced morphological stability, with
similar EE, and tunable release kinetics for PVA@CS1 NFs, features
that translated into outstanding antimicrobial activity against both
Gram-positive and Gram-negative bacteria, as well as fungi. This
antimicrobial efficacy was correlated strongly with in situ CS7 release
along with the elevated surface charge and membrane-disruptive
potential of this CS. Furthermore, CS7 preserved its pro-regenerative
activity after incorporation into PVA NFs, significantly accelerating
keratinocyte migration and wound closure in vitro.

Together, these findings highlight the potential of PVA@CS7 NFs as a
scalable, crosslinker-free, and bioactive wound dressing platform
overcoming the standard issues of solubility and variability
challenges associated with conventional CS. Moreover, this work
reveals the underexplored potential of LMWCS (3.9 to 10 kDa) to
simultaneously fulfill structural, antimicrobial, and regenerative roles
in fiber-based biomaterials. The approach offers a sustainable and
reproducible strategy to engineer multifunctional dressings, bridging
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the gap between high-performance synthetic matrices and
biologically responsive natural polymers.

4. Experimental section
4.1 Materials

Commercial high-MW CS (€S300, MW = 100-300 kDa; >75%
deacetylated) was purchased from Fisher Scientific (Waltham, MA,
USA). Polyvinyl alcohol (PVA, MW = 89-98 kDa, 98-99% hydrolyzed),
sodium hydroxide (NaOH), N,N’-dimethylformamide (DMF),
hydrogen peroxide (H,0,, 30%, w/v), sodium chloride (NacCl),
Phosphate Buffered Saline (PBS) solution (0.1M, pH 7.4),
ethylenediaminetetraacetic  acid disodium salt  dihydrate
(Na2EDTA-H,0), Propidium lodide (Pl) and Sabouraud dextrose agar
(2% dextrose) media were purchased from Merck Sigma-Aldrich (St
Louis, MO, USA). Deuterium oxide (D,0) and acetic acid-d (CDsCOQOD)
were purchased from Eurisotop (Saint-Aubin, France). Ethanol (EtOH,
96% v/v for clinical diagnosis) was purchased from PanReac
ApplicChem (Barcelona, Spain). Acetic Acid (AcOH, glacial 99.8% AGR
ACS ISO Reag. Ph. Eur.) was supplied by Labkem (Barcelona, Spain).
European bacteriological agar, triptone, pentose, glucose, and yeast
extract were purchased from Condalab (Madrid, Spain). All aqueous
solutions were prepared with Milli-Q water (Millipore purification
system, Millipore, Burlington, MA, USA). All chemicals were used as
received without further purification.

4.2 Preparation of water-soluble LMWCS

LMWCS, here denoted as €CS1 and CS7, with different MW were
initially prepared by following a previously reported microwave-
assisted H,0; hydrolysis method with minor modifications.1%¢ Briefly,
600 mg of high MW CS (CS300) was dissolved in 20 mL of 2% (v/v)
acetic acid under continuous magnetic stirring overnight at room
temperature. Then, a 30% (w/v) H,0, solution was added to achieve
a final concentration of 5% (w/v). The mixture was subjected to
microwave irradiation (Milestone flexi WAVE, Milestone™ Srl,
Sorisole, Italy) at 600 W under two different conditions to obtain
distinct MW: 80 °C for 20 min for CS7 and 100 °C for 30 min for CS1.
After cooling, the solution was neutralized to pH 7-8 with 10 M NaOH
and centrifuged at 6000 rpm for 15 min to remove insoluble residues.
The supernatant was mixed with 100 mL of ethanol and kept at 4 °C
overnight to induce precipitation. The precipitate was collected by
centrifugation (6000 rpm, 10 min), freeze-dried at-80 °C for 24 h, and
stored in a desiccator until use.

4.3 Electrical conductivity of polymer solutions for
electrospinning

The electrical conductivity of the polymeric solutions was measured
using a digital conductimeter (Conductimeter Basic 30, CRISON
Instruments, Spain) at room temperature. Prior to measurement, the
instrument was calibrated with standard conductivity solutions of
147 pS/cm and 12.88 mS/cm. Each solution was measured in
triplicate, and the reported values represent the average
conductivity, which was used to evaluate the effect of COS type and
concentration on the properties of the electrospinning solutions (Fig.
S6).

4.4 Preparation of PVA NFs and PVA@CS NFs:

10 | J. Name., 2012, 00, 1-3

Electrospun NFs were fabricated using a micrefluidics
electrospinning apparatus (Doxa Microfulidies) M@IHgz)/5paiH)0437is
shown in Fig. S17. For the preparation of PVA@CS composite NFs,
polyvinyl alcohol (PVA, 16% w/v) was firstly dissolved in an aqueous
solution containing 5% (v/v) dimethylformamide (DMF) and 1% (v/v)
acetic acid (AcOH) at 80 °C under constant magnetic stirring for 6 h.
Subsequently, CS1 or CS7 was added at concentrations ranging from
1% to 5% (w/v), and the mixture was stirred overnight at room
temperature to ensure complete homogenization. After that, 5 mL
of the final polymeric solution was loaded into a 10 mL plastic syringe
for the electrospinning process. At this point, the polymeric solution
was delivered at a flow rate of 0.68 mL/h through the injector, which
is a metal needle (0.9 mm outer diameter (OD), and 0.6 mm inner
diameter (ID) connected to a PTFE capillary (OD 1.6 mm, ID 0.8 mm).
Then, in order to form the Taylor cone, electrospinning was
performed under a constant voltage of 23 kV, with a 15 cm distance
between the needle tip and the collector. The NFs were collected on
a 20 cm diameter stainless-steel disk covered with aluminum foil).
For uniform fiber deposition, electrospinning was conducted for 3 h
until a 12 cm diameter circular area of NFs was formed. Control PVA
NFs were fabricated under identical conditions using the same
solvent composition but without CS. All experimental formulations,
including specific quantities of PVA, CS, DMF, AcOH, and water, are
summarized in Table S3. The samples were designated according to
the CS employed and its concentration in the solution. For example,
NFs containing 5% (w/v) CS1 were labeled as PVA@CS1-5.

4.5 Physicochemical characterization

MW of €S1 and CS7: The MW of synthesized €CS1 and CS7 was
determined by pulsed-field gradient stimulated echo (PFG-STE)
diffusion NMR. Nuclear magnetic resonance (NMR) measurements
were performed using a Bruker Avance Il HD 500 NMR
spectrophotometer (Bruker BioSpin GmbH, Germany). CS samples
(ca. 1 mg) were dissolved in 0.5 mL of D,0O and placed into a 5 mm
NMR tube. The experimental setups during the NMR analyses are
detailed in Section $1.2 and Section S1.3. The weight-averaged MW
distributions were estimated from the measured diffusion
coefficients obtained, using established calibration procedures. The
inverse Laplace transform of the diffusion decay data to recover the
distribution profile was performed using the TRAIn and dART
algorithms.

1H NMR and *3C NMR analysis: NMR spectra were recorded at 298 +
0.1 K on a Bruker Avance HD Il 500 spectrometer operating at a
proton frequency of 500.13 MHz using a 5 mm broad band BBFO
(1H/BB-19F) pulse field gradient probe head. The spectrometer
transmitter was locked to CDCI3 frequency. Spectra were acquired
and processed using TOPSPIN software (version 3.6.4). 'H and 13C
chemical shifts are referenced relative to tetramethylsilane (TMS).
The NMR samples were prepared by adding 20 mg of CS1 or CS7 to
0.5 mL of CDCls.

Determination of Degree of N-acetylation (DA): The degree of N-
acetylation (DA) of CS1 and CS7 was calculated from 'H NMR spectra
acquired using the water-presaturation pulse sequence (Bruker
NOESY-presaturation, noesygpprld, BioSpin  GmbH,
Germany). This sequence applies continuous-wave irradiation to

Bruker

selectively presaturate and suppress the water resonance during

This journal is © The Royal Society of Chemistry 20xx
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both the relaxation delay and mixing time, effectively removing the
water signal from the spectrum. Acquisition parameters were as
follows: spectral width, 15.0 ppm centered at 4.70 ppm; relaxation
delay (d1), 10 s; mixing time (d8), 30 ms; power-switching delay
(d12), 20 ps; gradient-recovery delay (d16), 200 us; acquisition time,
2.0 's; and number of scans per FID, 80. Pulse widths were p0 = 10.43
us (30° excitation pulse), p1 = 11.20 ps (90° high-power pulse), and
pl6 = 1000 ups (homospoil gradient pulse). Presaturation was
delivered at the low-power level pl9 (3.66x107° W) throughout the
relaxation delay (10 s) and mixing time (30 ms). Gradient pulses for
coherence selection were applied using a Z-only gradient
(SMSQ10.100) at 92% GPZ, followed by a 200 us recovery delay (d16)
to diphase unwanted coherences. The degree of acetylation (DA) was
quantified via *H NMR using Equation (1):

DAGK) = |— 100 ()
(%) = Tn—2+(3%Icny)
DD(%) = 100% — DA 2)

Where Icnz denotes the integral of the methyl signal of the N-acetyl-
D-glucosamine unit located at 6n 1.93 ppm (Fig. 1B), and lu2
represents the H-2 proton signal of the non-acetylated glusoamine
unit located at 64 2.6 ppm.

UV-vis spectroscopy: UV-vis analysis was conducted by using a V-780
UV-vis spectrometer (Jasco Corporation, Tokyo, Japan). 10 mg of
different NFs were immersed in 5 mL of deionized water for 12 hours,
and then 4 mL of the solution was placed in a 5 mm cuvette for
testing. The UV-Vis spectral analysis was performed in the
wavelength range of 200-400 nm. For release studies, 50 mg of the
NF membrane was immersed in 10 mL of deionized water at room
temperature. At predetermined time points (10, 20, 40, 60, 80, 100,
120, 180, and 240 minutes), aliquots (0.1 mL) were rapidly tested in
2 mm quartz cuvettes. After the test, the solvent was returned to the
original release solution. The results were analyzed at 210 nm.

Water solubility analysis: The water solubility of CS300, CS7, and CS1
were evaluated through visual inspection and turbidimetric analysis,
as outlined in a previously documented procedure. Each sample (50
mg) was dissolved in 5 mL of aqueous acetic acid (1%, v/v), and the
pH was adjusted to between 4-12 by gradually adding 0.1 M NaOH.
The transmittance of the solutions was measured at 600 nm using a
V-780 UV-vis photometer (optical range 1 cm, Jasco Corporation,
Tokyo, Japan).

Fourier transform infrared spectroscopy (FTIR): The infrared analysis
was conducted with a 470 Fourier Transform Infrared Spectrometer
(FT-IR, Jasco Corporation, Tokyo, Japan) in attenuated total reflection
attachment (ATR) mode, utilizing air as a reference, within the 400-
4000 cm* wavelength range. Each spectrum, composed of 24 scans,
was used to identify the functional groups within the €C$300, CS7, and
CS1 samples. The FT-IR analysis of NFs was conducted using the same
procedure.

Acid dissociation constant (pKa) determination of CS300, CS7 and
CS1: The pKa of the polymers was determined by Z-potential
measurements of different 1mg/mL polymer aqueous solutions in a
range from pH 2 to 12 using a Zetasizer ZS (Malvern Panalytical, UK)
equipped with a H-Ne 633 nm laser at 25 °C and with a backscattering
of 173°. Obtained data was fitted following a Boltzmann function

This journal is © The Royal Society of Chemistry 20xx
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with a Pearson correlation coefficient (R?) > 0.95 and the pika. value
was estimated as the absolute minimum of theld&rivati/e fiteiiglo7K

Electrical conductivity of electrospinning solutions: The electrical
conductivity of the electrospinning solutions was measured using a
digital conductivity meter (Conductimeter Basic 30, CRISON
Instruments, Spain) at room temperature (25 °C). Prior to
measurement, the instrument was calibrated with standard
conductivity solutions of 147 uS/cm and 12.88 mS/cm at 25 °C. Each
solution was measured in triplicate, and the reported values
represent the average conductivity, which was used to evaluate the
effect of COS type and concentration on the properties of the
electrospinning solutions.

Viscosity of electrospinning solutions: The viscosity of the
electrospinning solutions was measured using a Cannon—Fenske
routine viscometer (size 450, PROTON, Spain) at 40 °C. The
viscometer constant was 2.5 mm?/s2. Prior to measurement, each
solution was equilibrated at 40 °C to ensure temperature stability.
The flow time of each solution was recorded, and the kinematic
viscosity was calculated using the following equation (3):

v=Cxt (3)

where v is the kinematic viscosity (mm?/s), C is the viscometer
constant (mm?/s?), and t is the mean flow time (s).

The density of each solution was measured using a density meter
(DMA 501, Anton Paar, Austria) at 40 °C, and the dynamic viscosity
was calculated using the equation (4):

n=Cxp (4

where n is the dynamic viscosity (mPa-s), C is the kinematic viscosity
(mm?/s), and p is the density (g/cm?3). Each solution was measured in
triplicate, and the reported values represent the average viscosity,
which was used to evaluate the effect of COS type and concentration
on the viscosity properties of the electrospinning solutions.

4.6 Characterization of PVA@CS NFs

Morphological characterization of PVA@CS NFs: The morphology of
the electrospun NFs was examined using a JSM-6335F (scanning
electron microscope (SEM, JEOL Ltd., Tokyo, Japan) working at 15 kV.
Discs (ca. 1 cm diameter) were cut and sputter-coated with gold
using a Quorum Q150RS coater (Quorum Technologies Ltd., UK) prior
to imaging. Fiber diameter and size distribution were determined by
analyzing more than 200 fibers per sample using Image) software
(version 1.53e) from three SEM images (x25,000 magnification).

Elemental analysis of PVA@CS NFs: Quantification of incorporated
CS within the PVA@CS NFs was estimated based on the nitrogen
content by a Rapid N elemental analyzer (Elementar
Analysensysteme GmbH, Langenselbold, Germany). Approximately
40 mg of each sample was sealed in tin capsules and combusted at
960 °C. The evolved nitrogen-containing gases were separated and
quantified using a thermal conductivity detector (TCD), and the
results are expressed as nitrogen percentage relative to total fiber
mass.

Quantification of released components (PVA, CS) from PVA@CS
NFs: The release of PVA, CS1 and CS7 from PVA@CS NFs was
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analyzed by 'H NMR spectroscopy (see S| for details). Initially, 50 mg
of electrospun NFs were immersed in 5 ml of water and agitated at
room temperature for 24 h. The solution was centrifuged at 6500
rom for 15 min to eliminate undissolved material, and the
supernatant was freeze-dried at -80 °C for 24 h. Calibration curves
for CS7, CS1, and PVA were then established (see Section S$1.4 and
Fig. S9). Next, 5 mL of D,0 was added to the freeze-dried extracts.
Samples were heated at 80 °C for 30 min to ensure total dissolution
of PVA. Subsequently, 500 uL of the resulting supernatant were
transferred to 5 mm NMR tubes. Spectra were recorded at 300 £ 0.1
K using a Bruker Avance Ill 600 MHz NMR spectrometer (Bruker
BioSpin GmbH, Germany). with a quadruple resonance cryoprobe
Proton spectra were analyzed using TOPSPIN software (version 4.3)
and quantified using the ERETIC signal as a reference, calibrated to a
2.3 mM signal of 2,2,3,3-ds-(trimethylsilyl)propionic acid (TSP).

4.7 Antimicrobial and Wound healing test

Minimal Inhibitory Concentration (MIC) determination: MIC values
for Staphylococcus (S.) aureus (ATCC 12600), Escherichia (E.) coli
(K12), Pseudomonas (P.) aeruginosa (PAOl), and Candida (C.)
albicans (ATCC 10231) were determined via the standard broth-
dilution method in 96-well microlitre plates in Lysogeny Broth (LB)
media for bacterial cells and Sabouraud dextrose media for fungal
cells. The MIC of each compound was evaluated using a 2-fold
decreasing concentration of each sample between 60 - 0.5 mg/mL
against a bacterial/fungal inoculum of 107 - 10° colony-forming units
per mL (CFU/mL). Plates were incubated at 37 °C for 18 h. MIC values
were determined as the lowest concentration where no turbidity
was observed. Simultaneously, the optical density at 600 nm (OD600)
was measured with a SpectraMax iD3 from Molecular Devices (San
José, CA, USA) plate reader. MIC values are based on three biological
replicates.

Antimicrobial agars contact assays: To assess the antimicrobial
activity of the PVA@CS NF composites, ca. 2 cm diameter samples
were placed on LB (for bacterial cells) or Sabouraud (for fungal cells)
agar plates inoculated with 50 pL of 107 - 10° CFU/mL. The plates
were incubated at 37 °C for 18 h in the case of the bacteria cells and
48 h for fungal samples. Then, the CFU under the NF patch was
enumerated. Depicted results (average + SD) are based on 3
biological replicates.

Wound-healing experiments: HaCaT (human keratinocyte cell line)
cells were cultured in Dulbecco's Modified Eagle Medium (DMEM)
medium supplemented with 10 % (v/v) heat inactivated fetal bovine
serum (FBS) in a highly humidified atmosphere of 95 % air with 5 %
CO, at 37 °C. Cell splitting was performed every 72 h (70-80 %
confluent), adding Trypsin-EDTA solution (0.25 %) for 15 min at 37 2C
and blocking by means of DMEM-10 % FBS complete cell culture
medium. For the in vitro wound scratch Assays, HaCaT cells were
seeded in a 24-well plate at a cell density of 250000 cells/well
reaching a completely confluent cell monolayer. The cell monolayer
was scratched in a straight line with a p100 micropipette tip. PVA (1,
0.1 and 0.01 mg/mL) and chitosan solutions (0.1 and 0.01 mg/mL
concentrations) were added on top of the “wounded” cells and the
gap closure was followed at time points 0, 3, 6, 24 and 48 h using
bright-field microscopy (Nikon Eclipse Ts2R, Nikon Corp., Tokyo,
Japan).
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information.

Table of Content

Supporting Experimental Content

1.1 Determination of the elemental nitrogen content in CS7 and CS1 and the encapsulation

efficiency in PVA@CS NFs.

1.2 Calculation of theoretical mass and theoretical percentage of N, experimental mass,

experimental percentage of nitrogen, experimental percentage of CSs and EE for PVA@NFs.
1.3 Molecular weight determination via diffusion NMR.

1.4 Release experiments.

Supporting Tables

Table S1. Summary of the feeding amounts of CS1, CS7, and PVA used in the production of
PVA@CS NFs. Theoretical weight percentages of CS and PVA in the NFs. Nitrogen weight
percentages calculated from theoretical and elemental analyses. Mass of CS in PVA@CS NFs

calculated from the nitrogen content.

Table S2. Summary of the weight percent release of CS1, CS7, and PVA from PVA@CS1 and
PVA@CS7 after 24 hours, quantified by 'H NMR spectroscopy. CS and PVA release efficiency and

CS mass released per mg of NFs.

Table S3. Minimal Inhibitory Concentration (MIC) values (mg/mL) of PVA, €CS300, CS7 and CS1
for C. albicans (ATCC 10231) determined by the 2-fold dilution method at 37 °C under mild

shaking in LB media. Depicted results are based on three biological replicates.

Table S4. Amount of PVA, CS and milliliters of DMF, AcOH (20%, v/v) and H,0 used for fabrication
of the PVA NFs, PVA@CS1-1~5 NFs and PVA@CS7-1~5 NFs.
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Supporting Figures

Fig. S1 Characterization of CS300 (red line), CS7 (blue line) and CS1 (green line). A) UV-vis spectra
of €S$300, CS7 and CS1 at pH 5.5 (1 mg/mL). B) Water solubility of C$300, CS7 and CS1 with pH
in the pH range 4-12 at 0.2 w/v%.

Fig. S2. pKa estimation of CS samples. A) Derivative of the {-potential distribution at different

pH values and B) the relationship between the calculated Molecular Weight (MW) and the pKa.

Fig. S3 Morphology and diameter statistics of pure PVA NFs. A) Representative SEM
image of PVA NFs. B) Diameter analysis of PVA NFs.

Fig. S4 Dimensional analysis of PVA@CS1 NFs and PVA@CS7 NFs (200 nanofibers). A) PVA@CS1-
1, B) PVA@CS7-1, C) PVA@CS1-2, D) PVA@CS7-2, E) PVA@CS1-3, F) PVA@CS7-3, G) PVA@CS1-
4, H) PVA@CS7-4, ) PVA@CS1-5, and J) PVA@CS7-5.

Fig. S5 Electrical conductivity characterization of PVA@CS1 (green line) and PVA@CS7
(blue) series electrospun solutions. A) CS1 content versus electrical conductivity in
PVA@CS1 nanofibers. B) CS7 content versus electrical conductivity in PVA@CS7
nanofibers. C) Electrical conductivity versus CS content for PVA@CS1 and PVA@CS7

series.
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Fig. S6. A) Comparison of FTIR spectra of PVA NFs, PVA@CS1-1~5 and CS1. B) Comparison of UV-
vis spectra of PVA NFs, PVA@CS1-1~5 and CS1. C) Comparison of FTIR spectra of PVA NFs,

Open Access Article. Published on 11 May 2026. Downloaded on 5/12/2026 1:05:30 AM.

PVA@CS7-1~5 and CS7. D) Comparison of UV-vis spectra of PVA NFs, PVA@CS7-1~5 and CS7.

(cc)

Fig. S7. Schematic representation of possible accumulation of CS molecules at the surface of the

PVA NFs produced at higher percentages of CS1 and CS7.
Fig. $8. Calibration lines obtained from NMR studies for A) PVA, B) CS7 and C) CS1.

Fig. S9. UV-vis spectra of CS release from PVA@CS NFs in water at different time points.
(A)PVA@CS1-2; (B) PVA@CS1-5;(C) PVA@CS7-2;(D) PVA@CS7-5.

Fig. $10. Measurements of cell density (optical density at 600 nm, OD600) of A) S. aureus (ATCC
12600), B) E. coli (K12) and C) P. aeruginosa (PAO1) in LB as a function of PVA, CS300, CS7 and
CS1 concentration. The cultures were incubated at 37 °C for 18 h before the measurements.

Depicted values (average * SD) are based on 3 biological replicas.
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Fig. S11. Measurements of cell density (optical density at 600 nm, OD600) of C. a/bicgg&%%%%
10231) in A) Sabouraud (pH 5.5) and B) LB (pH 7.4) media as a function of PVA, CS300, CS7 and

CS1 concentration. The cultures were incubated at 37 °C for 18 h before the measurements.

Depicted values (average * SD) are based on 3 biological replicas.

Fig. S12. Representative images of PVA@CS7 NF disks incubated overnight in agar previously
inoculated with E. coli (K12).

Fig. $13. Weight distribution of A) PVA@CS1 and B) PVA@CS7 NFs disks for microbial detection

and estimated release from C) CS7 or D) CS1.

Fig. S14. Quantification of the wound width over time of HaCaT-ras A5 cell culture in presence
of A) PVA, B) CS1 and C) CS7 at different concentrations, and D) the estimated wound healing
rate. Statistical significance was determined by one-way ANOVA, ns: p > 0.05, *: 0.05>p > 0.01,
**.0.01>p>0.001, and ***: p<0.001

Fig. S15. Representative images of HaCaT-ras A5 cells proliferation in the presence of PVA, CS1,

and CS7 at different concentrations (scale bar = 100 um).

Fig. S16. Representative images of HaCaT-ras A5 cells proliferation in the absence (untreated)

and in the presence of PVA and PVA@CS7 NF (scale bar = 100 um).

Fig. S17. Schematic representation for the fabrication of the NFs by the electrospinning including

photographic images of the electrospinning process after 15 and 60 min.
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