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biodegradability, and mechanical robustness in a single formulation continues to be a research fo-
cus. This study aims to develop polysulfonate-polyvinyl alcohol (PVA)/poly(2-acrylamido-2-methyl-1-
propanesulfonic acid) (PAMPs) membranes reinforced with ZnO nanoparticles (NPs) and g-C3N4 to meet

Keywords: these requirements. The fabricated membranes were characterized using scanning electron microscopy
Wound healing (SEM), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and atomic force mi-
ZnO NPs croscopy (AFM), and were subjected to various biological evaluations including swelling ratios, water va-
Membrane por transmission rates (WVTR), antibacterial activity, cytotoxicity, and in-vivo wound healing in a mouse

Antibacterial activity

L model. The membranes exhibited mechanical strengths of 42.6 MPa and strains up to 183.35%. XRD and
Breathability

FTIR confirmed the successful incorporation of ZnO NPs and g-C3N4, while SEM and AFM revealed a
rough surface morphology conducive to cell adhesion. The membranes achieved moisture retention rates
over 90%, WVTR values up to 71.66h g-! m~2, and swelling ratios as high as 116.06 %. Cytotoxicity tests
demonstrated cellular viability exceeding 84.37%, and antibacterial assays showed significant inhibition
zones. In vivo studies indicated an 88.26 % wound healing rate within 9 days, surpassing traditional dress-
ings and saline treatments. These results suggest that PAMPs/PVA/g-C3N4/ZnO membranes are found to
be highly effective for wound dressing applications, combining superior mechanical properties, biocom-

patibility, and enhanced healing efficacy.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Wound care poses significant challenges in healthcare, often greatly impact patient recovery [1,2]. Skin injuries compromise
exacerbated by infections, pain, and delayed healing, which can the skin’s barrier function, potentially leading to larger wound ar-
eas and higher mortality risks [3,4]. The cornerstone of effective
wound management lies in advanced dressings [5], which should
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creasing the demand for dressings that promote gas exchange,
manage exudate, and have antimicrobial properties [9,10].

Chronic infected wounds continue to be a major health issue
worldwide, as bacterial colonization worsens tissue damage and
symptoms [11-13]. Nanocomposite hydrogels are promising op-
tions because their three-dimensional polymer networks can hold
large amounts of water without breaking down, helping to keep
the wound moist and promote healing [14-16]. They are highly
compatible with biological tissues, mimicking the natural extracel-
lular matrix, and can be adjusted to have specific biochemical and
mechanical properties [17-19]. This makes them useful for various
applications, including wound care, biosensors, and antibacterial
coatings [20-22].

Polyvinyl alcohol (PVA) is a common synthetic biopolymer that
provides flexibility to fit around tissues, allows gases to pass
through to prevent the growth of anaerobic bacteria, and is com-
patible with living tissues [23-26]. However, its natural stiffness
limits some uses in medicine, so it is often mixed with materials
like chitosan, hyaluronic acid, or alginate to make it more flexi-
ble [27,28]. New materials such as poly(2-acrylamido-2-methyl-1-
propanesulfonic acid) (PAMPs) can mimic natural substances like
heparin and taurine, offering good water affinity, sensitivity to pH,
antimicrobial effects, and low toxicity [29].

Adding nanoparticles (NPs) can improve the properties of hy-
drogels even more. Zinc oxide (ZnO) NPs are recognized as safe
by the Food and Drug Administration (21CFR182.8991) and provide
antimicrobial, anticancer, and antioxidant benefits that are com-
patible with tissues [30]. Graphitic carbon nitride (g-C3N4) helps
strengthen the hydrogel mechanically thanks to its high heat sta-
bility, electrical conductivity, and large surface area. It also sup-
ports antibacterial light therapy and fluorescence imaging. During
production, careful control of the structure is important to keep
these features stable and effective [31-33].

In this study, nanocomposite hydrogel membranes were fab-
ricated by incorporating g-C3N4 nanosheets and ZnO NPs into
PAMPs-PVA networks. While PAMPs are known to balance rigidity
and elasticity in PVA matrices, the synergistic effects of g-C3N4 and
ZnO NPs in enhancing antibacterial activity, mechanical strength,
and wound healing efficacy remain underexplored. The integration
of g-C3N4 aims to leverage its photocatalytic antibacterial proper-
ties and improve surface roughness, whereas the incorporation of
ZnO NPs is intended to exploit their broad-spectrum antibacterial
activity and biocompatibility. Additionally, the potential of sulfonic
pendant groups in PAMPs to mimic glycosaminoglycan molecules
for enhanced healing has yet to be fully investigated in the con-
text of hydrogel dressings (Scheme 1). The novel integration of
these polymers and advanced NPs presents a promising alternative
to conventional wound dressings, which often lack the dual func-
tionality of elasticity and antimicrobial properties. This approach
could potentially replace existing technologies by providing supe-
rior healing environments and infection control. The significant fo-
cus of this research lies in optimizing the mechanical and bio-
logical properties of the hydrogel membranes, particularly target-
ing their antimicrobial efficacy and wound-healing promotion in
chronic and acute wound management.

Fourier transform infrared (FTIR) spectroscopy characterized
functional groups and crosslinking reactions in the fabricated films
(Fig. S1a in Supporting information). A broad peak at 3500 cm~!
aligns with the O-H stretching vibrations from both PVA and
PAMPS. The peak at 3000cm~! is attributed to the asymmetric
stretching of C-H groups in the methylene units of PVA. Peaks
at 1645, 1550, and 1128cm™! are assigned to the C=0 stretching,
N-H bending, and S-O stretching of the sulfonic acid groups, re-
spectively. Critically, the peak at 1095cm~! confirmed C-O-C for-
mation, evidencing crosslinking between PVA and glutaraldehyde
[11]. Incorporation of g-C3N4 in PPZCO induced slight peak shifts

Chinese Chemical Letters 37 (2026) 111494

(o]
%YL T

:\/é)YL { _som_som 1)“\\)\\

S0

,“)\”\"0"@ Glutaraldehyde PAMPs "m)\\/ N N
(LOH on

on OH ‘on - _—
on — graphitic carbon nitride

OH
PVA (g-C3N4 nanosheet)

| Excellent swelling

. Moisture retention
"""""" 4 _\\ VX Water vapor transmission
Breathable

= O Suig

Anti-bacterial

Breathable wound dressing
PAMPs-PVA/g-C3N4

/ZnO Hydrogels

Scheme 1. Schematic synthetic process of PAMPs/PVA/g-C3N4/ZnO nanocomposite

hydrogel membrane, which exhibits excellent air permeability and antimicrobial ac-
tivity potential, and can be used for wound healing.

and generated a distinct 806cm~! peak corresponding to triazine
unit breathing modes, verifying g-C3N4 integration. For PPZC150
(PAMPS-PVA/g-C5N4/Zn0), a minor peak at 450-480cm~! indi-
cated Zn-O stretching vibrations [34], confirming successful ZnO
NP incorporation.

X-ray diffraction (XRD) analysis elucidated the crystalline struc-
ture of the fabricated membrane. As depicted in Fig. S1b (Sup-
porting information), the peak at approximately 19.27° is associ-
ated with the semi-crystalline plane of PVA, indicating the forma-
tion of intermolecular hydrogen bonds within the hydrogel [3]. A
weak peak observed at 27.6° corresponds to the interlayer stack-
ing of conjugated aromatic planes in g-C3N4 [11]. The addition of
NPs increased the crystallinity of the fabricated membranes, as ev-
idenced by the peaks at 31.83°, 34.55°, 36.37°, 47.75°, and 56.74°,
indicating the presence of ZnO NPs [35]. The presence of these
characteristic peaks within the polymeric matrix confirms the suc-
cessful fabrication of the composite membranes and highlights the
excellent compatibility of the PAMPs-PVA membrane with g-C3N4
nanosheets and ZnO NPs.

The surface morphology of the fabricated PAMPs-PVA mem-
branes, reinforced with g-C3N4 and ZnO NPs, was assessed using
scanning electron microscopy (SEM). The SEM images, presented
in Fig. S2 (Supporting information), reveal a dense and compact
morphology with no visible pores. The surface of the PAMPs-PVA
membrane appears homogeneous and smooth, indicating effective
cross-linking by glutaraldehyde (GA) within the polymeric net-
work. The incorporation of g-C3N, introduced slight surface rough-
ness to the PAMPs-PVA membrane, as evidenced by the presence
of small footprints in the SEM images. Similar observations were
reported by Malik et al. [3]. Whereas, the incorporation of ZnO
NPs resulted in a smoother surface compared to the PAMPs-PVA/g-
C3N4 membrane, suggesting excellent dispersion of the NPs. How-
ever, some localized agglomerations of NPs suggest incomplete
mixing of the metallic NPs. This increase in surface roughness is
advantageous, as it contributes to expanding the specific surface
area.This increase in roughness is beneficial as it helps expand the
specific surface area [36]. This minor heterogeneity is not detri-
mental to biomedical applications, where mechanical stability is
often more critical than the complete solubility of NPs.

The surface topography of the fabricated membranes was ex-
amined using atomic force microscopy (AFM). The AFM images
presented in Fig. S3 (Supporting information). The PAMPs-PVA
and PAMPs-PVA/g-C3N, membranes exhibited root mean square
(RMS) surface roughness values of 863.8 and 986.1 pm, and heights
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Fig. 1. (a) The mechanical strength and (b) moisture retention capability of the fab-
ricated membranes. Data are presented as mean = standard deviation (SD) (n=3).

of 9.1 and 10nm, respectively. The AFM analysis of the PAMPs-
PVA/g-C3N4/ZnO membrane, which exhibits an RMS roughness of
2.817nm and a height of 25.8 nm. The increased surface rough-
ness with the addition of NPs corroborates the SEM results which
indicates that incorporating of NPs significantly enhances surface
roughness. In medical applications, this increased surface rough-
ness is beneficial as it improves cell adhesion, proliferation, and
interaction [37,38].

Subsequent experiments were conducted using four concentra-
tion gradients (Table S1 in Supporting information) to systemati-
cally investigate the critical role of ZnO NP concentrations in bal-
ancing antibacterial activity, mechanical strength, and biocompati-
bility of the fabricated membranes. The stress-strain graph of the
fabricated membranes is shown in Fig. 1a. The stress values for the
PPCZ0, PPCZ50, PPCZ100, and PPCZ150 membranes were found to
be 58.3542.07, 48.79+£2.16, 42.83 £2.45, and 42.6 4+ 0.69 MPa, re-
spectively. The Young’s modulus values were calculated using the
slope of the linear region in the stress-strain graph. Corresponding
strain values were 265.13%, 231.42%, 206.54%, and 183.35%. The
results indicate that the mechanical strength decreased with the
addition of NPs. Similar findings have been reported by other au-
thors, who observed that incorporating NPs decreased the mechan-
ical strength of membranes [11,39]. This reduction in strength may
be attributed to the fact that the extended flow of the polymer
chains reduces the plasticity of the membranes, making them more
brittle. Crucially, all formulations exceeded human skin's breaking
stress threshold (35MPa) [40], confirming their clinical adequacy
for wound dressing applications despite strength reduction trends.

The moisture retention ability of hydrogel membranes is
a critical factor for wound dressing applications, as it deter-
mines how well the membrane can maintain moisture, regu-
late exudate adsorption, and interact with the wound. Hydrogels
are known for their high-water content, which supports faster
wound healing. The moisture retention properties of the mem-
branes are illustrated in Fig. 1b. The results demonstrated re-
tention rates of 86.19%+1.60%, 87.55%+1.04%, 91.58%+0.58%
and 95.00%+0.87% for PAMS-PVA, PPCZ0, PPCZ50, PPCZ100, and
PPCZ150, respectively. Although the moisture retention decreased
slightly with increasing NP concentration, the reduction was minor.
This consistent performance is attributed to the hydrophilic nature
of both PVA and PAMPS, which readily form hydrogen bonds with
water molecules [41]. Overall, the membranes exhibited excellent
moisture retention properties, making them promising candidates
for wound dressing materials.

The water vapor transmission rate (WVTR) determination test
was conducted to evaluate the ability of the fabricated mem-
branes to regulate water transmission, which is crucial for wound
dressing applications (Fig. 2a). In this test, open and closed bot-
tles served as sham and control, respectively. The WVTR for the
positive control was 266.61+12.53h g~! m~2, which significantly
decreased to 105.83+6.25h g=! m~2 when tested with PAMPs-
PVA/g-C3N, membrane. For membranes containing ZnO NPs at
concentrations of 50, 100, and 150mg, the WVTR values were
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Fig. 2. (a) The water vapor transmission, (b) swelling ratios, and (c) cell viability of
the fabricated membranes. Data are presented as mean +SD (n=3).

92.00+8.50, 80.94+3.40, and 71.66£5.17h g~! m~2, respectively.
This decreasing trend indicates that ZnO NPs effectively hinder wa-
ter vapor transmission by acting as barriers within the PAMPs-PVA
matrixX, as confirmed by XRD and SEM analyses. The XRD results
showed a reduction in the PVA peak intensity with increasing ZnO
concentration, while SEM images revealed increased compaction
of the membranes with higher NP content. According to Ahmed
et al. [41], an effective WVTR for wound healing should be be-
low 120h ¢! m~2. All tested membranes fell within this optimal
range, demonstrating that our synthesized membranes exhibit su-
perior performance and are well-suited for advanced wound dress-
ing applications.

The swelling abilities of the fabricated membranes were evalu-
ated to determine their effectiveness in medical applications, par-
ticularly for absorbing exudates and preventing wound macera-
tion, which promotes faster healing. The membranes were im-
mersed in water for a total of 72h, with swelling measurements
taken at 24-h intervals. The results are illustrated in Fig. 2b. The
initial swelling percentages were 28.20%, 38.43%, and 43.17 % for
PPCZ50, PPCZ100, and PPCZ150, respectively. By the third day, they
further increased to 73.49%, 88.15%, and 116.06%, respectively.
The hydroxyl and sulfonic acid groups of the hydrophilic polymer
PVA/PAMPs lock in moisture through hydrogen bonding, giving the
prepared membranes excellent moisturizing ability and providing
the material with a high swelling ratio, allowing it to effectively
absorb exudate. Meanwhile, the crosslinking density and the dense
structure formed by NPs balance moisture retention and evapora-
tion, maintaining a moist environment, as well as the hydrophilic
nature of ZnO NPs, as reported by Hia et al. [30] and Sayyar et
al. [35]. These results demonstrate that the fabricated membranes
exhibit excellent swelling properties, making them highly suitable
for biomedical applications, particularly wound management. Their
ability to absorb substantial amounts of exudate ensures effective
wound care and supports accelerated healing.

The MTT assay evaluated cell viability and metabolic activity of
the membranes (Fig. 2c) for PPCZ0, PPCZ50, and PPCZ150, tested
at concentrations ranging from 20pg/mL to 80pug/mL. After 24h,
phosphate-buffered saline (PBS) incubation and supernatant anal-
ysis, results revealed concentration-dependent viability: PPCZO0 de-
clined from 73% to 55.33%, PPCZ50 from 80.16% to 70.87 %, and
PPCZ150 from 91% to 84.37%. As the concentration increased, cell
viability decreased, and cytotoxicity increased, consistent with pre-
vious studies using similar compositions of polymers and NPs, such
as those by Jiang et al. [42]. Notably, PPCZ150 showed good via-
bility even at higher concentrations. This demonstrates excellent
biocompatibility and non-toxicity, confirming the membranes’ suit-
ability for wound dressings and biomedical applications.
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Fig. 3. Photographs depicting the zone of inhibition around PAMPs-PVA against (a)
S. aureus and (b) E. coli. Additionally, (c) presents a graphical representation of the
antibacterial activity of the membranes. Data are presented as mean=+SD (n=3).

The antibacterial activity of the fabricated membranes was
evaluated using the disc diffusion method against Gram-positive
Staphylococcus aureus (S. aureus) and Gram-negative Escherichia coli
(E. coli). This method revealed clear and substantial zones of in-
hibition around the membranes. As shown in Figs. 3a and b. The
synthesized membranes exhibited enhanced antibacterial activity
at higher NP concentrations, indicating effective antibacterial prop-
erties [43]. Notably, larger inhibition zones against Gram-positive
vs. Gram-negative bacteria were observed, attributable to struc-
tural differences in cell walls [44]: Gram-positive bacteria pos-
sess thick peptidoglycan layers more susceptible to damage. As
illustrated in Fig. 3c, Gentamicin was used as a positive con-
trol, producing inhibition zones of 0.82 4+ 0.13cm for S. aureus and
0.87+0.12cm for E. coli. Specifically, the inhibition zones for E.
coli were 1.9+0.24, 2.27 £0.21, and 2.83 £0.12cm. For S. aureus,
they were 1.5740.19, 2.43+0.05, and 3.034+0.19cm for PPCZ50,
PPCZ100, and PPCZ150. In contrast, Gram-negative bacteria exhibit
complex outer membranes with reduced antimicrobial permeabil-
ity. The observed NP concentration-dependent antibacterial effi-
cacy aligns with Zhang et al. [45] and Jiang et al. [42], where
larger inhibition zones against S. aureus vs. E. coli were consis-
tently noted. Enhanced activity stems from ZnO NP release, gen-
erating ROS to damage cell walls, while Zn?* ions penetrate mem-
branes, releasing lipopolysaccharides to compromise structural in-
tegrity [33]. These mechanisms are modulated by membrane crys-
tallinity, surface charge, and area [46]. Collectively, the membranes
demonstrate potent bacterial inhibition, supporting their utility in
wound dressings.

In the in-vivo wound healing experiment, secondary burns and
wound incisions were performed on rats, with healing progress
measured at intervals on days 1, 3, 6, and 9. All experimental an-
imals were purchased from the Animal Center of Southern Medi-
cal University, and animal experiments were approved by the An-
imal Ethics Committee of Southern Medical University. The effi-
cacy of the fabricated membranes was assessed by measuring the
wound size at regular intervals and comparing it to the initial
wound size. The results, depicted in Fig. 4, clearly show that the
most effective results were observed with PAMPs-PVA/g-C3N,4/ZnO
membranes, which outperformed saline-treated wounds, demon-
strating the superiority of the fabricated membranes. By day 9, the
healing percentages increased to 76.27 %+ 1.13%, 77.93%+1.54%,
and 88.26%+1.09% for untreated, saline-treated, and PPCZ150
membrane-treated wounds, respectively, with membrane-treated
wounds showing significantly higher healing rates. The wounds
treated with the fabricated membranes healed significantly faster
compared to untreated wounds, indicating that the membranes are
highly effective for burn wound treatment. No postoperative in-
fections were observed, further confirming the suitability of these
membranes for wound care applications.

Chinese Chemical Letters 37 (2026) 111494

Untreated PPZC150

L
- ST
F"

Day 6

Saline treatment

=
=

100 B8 Untreated

= Saline treatment
= PPCZ150

Day 9

Wound Healing Efficiency (%)

Dayl Day3 Day6 Day9
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In conclusions, PAMPs/PVA hydrogel membranes enhanced with
ZnO NPs and g-C3N4 were successfully fabricated. Structural
characterization confirmed a rough surface morphology, while
XRD/FTIR verified filler integration and hydrogen bond forma-
tion. The membranes exhibited optimal functional properties: high
moisture retention, ideal WVTR, and significant swelling capacity—
collectively maintaining a moist wound environment. Cytotoxic-
ity tests demonstrated exceeded 91% cell viability, and antibac-
terial assays revealed substantial inhibition zones. In vivo evalua-
tion on rat burn models showed around 89% wound closure within
9 days. These findings suggest that PAMPs/PVA/g-C3N4/ZnO mem-
branes are highly effective for wound dressing applications, com-
bining enhanced mechanical properties, biocompatibility, and an-
tibacterial activity. These membranes provide a novel solution for
advanced wound care through synergistic multifunctional mecha-
nisms, particularly suitable for complex infected wounds, with the
potential to reduce antibiotic reliance and shorten healing cycles.
Future functional modifications could further enable personalized
precision therapeutics.
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