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Wound healing remains a major clinical challenge due to the complex metabolic disturbances present
within the wound microenvironment. In this study, we report the development and comprehensive vali-
dation of a novel multifunctional hydrogel composed of chitosan (CS), reduced graphene oxide (rGO),
and tannins (TA) (CS-rGO-TA), specifically engineered as an advanced wound dressing. The hydrogel was
thoroughly characterized using SEM to examine its porous microstructure, FTIR to analyze component
interactions, the DPPH assay to assess antioxidant capacity, and total phenols to evaluate the release kine-
tics of TA. Antibacterial activity was tested in vitro against Escherichia coli and Staphylococcus aureus
using standard colony-forming unit assays. Biocompatibility and regenerative potential were assessed
through cell viability and migration assays using human dermal fibroblasts. In vivo evaluation included a
skin irritability model in guinea pigs and a full-thickness excisional wound model in rats, divided into four
treatment groups. Wound closure progression was monitored over time, and histological analysis was per-
formed using hematoxylin and eosin (H&E), Mallory, and Masson'’s Trichrome staining to assess tissue
morphology and collagen deposition. The CS-rGO-TAz hydrogel demonstrated controlled and sustained
TA release, strong antioxidant and antibacterial properties, and excellent biocompatibility, with no signs of
irritation or adverse effects. Its application significantly accelerated wound closure and promoted orga-
nized deposition of collagen (types | and Ill). Molecular analysis revealed early resolution of inflammation,
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enhanced angiogenesis, and polarization of macrophages toward a reparative M2 phenotype, as evi-
denced by modulation of markers such as MPO, CD68, ARGL, and interleukins IL-6, IL-10, IL-1f, and
IL-1rn. Collectively, these findings highlight the CS-rGO-TAz hydrogel as a safe and effective therapeutic

rsc.li/biomaterials-science platform with strong potential for tissue regeneration and clinical wound management.

field, wound dressings have gained considerable attention for
their ability to facilitate the healing process and minimize

1. Introduction

Wound healing treatment has evolved significantly over the
years, prompting the search for innovative and effective treat-
ment modalities." Among the numerous advancements in this
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complications. Hydrogel dressings have emerged as a promis-
ing solution for wound healing due to their ability to provide a
moist environment that facilitates the healing process.”” This
property helps absorb wound exudate and allows for shape
adaptation, which is beneficial for wounds in areas of constant
movement, offering significant advantages over traditional dry
dressings, which often lack functionality and can cause pain
upon adhering to the wound.*™® Hydrogels can also be modi-
fied to incorporate active compounds such as growth factors
and antibacterial compounds, which enhances their effective-
ness in wound healing.””® Furthermore, they can be designed
to be self-adhesive, antioxidant, and self-healing, which pro-
longs their lifespan and improves wound protection.’*°
Chitosan (CS) is an alkaline polysaccharide obtained from
the partial deacetylation of chitin present in some crus-
taceans.”” CS is a biopolymer distinguished by its anti-
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microbial,* biodegradable,”® and non-toxic'* properties, in
addition to possessing excellent biocompatibility,'> mucoadhe-
sive properties,'® limited immunological reactions,"”” and
characteristics that favor absorption.'® Thanks to its remark-
able biological properties, such as promoting blood coagu-
lation, promoting fibroblast proliferation, and collagen for-
mation, CS contributes to improving the wound healing
process.'® Despite their benefits, CS hydrogels often face chal-
lenges related to their mechanical properties, so the incorpor-
ation of nanomaterials and biomolecules is a promising strat-
egy to improve or generate new functions in these hydrogels.
Reduced graphene oxide (rGO) offers a multifaceted approach
for the synthesis of new hydrogels.”® Hydrogels containing
rGO possess good mechanical,>* conductive properties® and
antibacterial activity,”® combined with their ability to promote
angiogenesis, cell proliferation, and migration in the wound
healing process.** The hydrogel composed of CS/RGO and an
electrolyzed polycaprolactone and cellulose acetate membrane
designed by Graca et al. (2022) demonstrated the ability to
provide a moist environment, prevent exudate accumulation,
and allow gas exchange, as well as act as a barrier against bac-
terial penetration and show cell viability greater than 90%
against human dermal fibroblast cells.”> modern hydrogels are
designed with antibacterial and antioxidant properties, which
are crucial for preventing infection and promoting faster
healing.?® Recent research highlights the potential of incorpor-
ating natural biopolymers, such as tannins (TA), into these
dressings to enhance their therapeutic properties.”

The TA, a polyphenolic family, exhibits a variety of pro-
perties that significantly contribute to their use in wound dres-
sings. Primarily known for their astringent qualities, TAs facili-
tate tissue regeneration by precipitating proteins, which
improves the healing process and reduces inflaimmation.?®
Furthermore, their antioxidant properties play a crucial role in
mitigating oxidative stress, a detrimental factor in wound
healing.>® The incorporation of TAs into wound dressings has
been shown to improve the overall efficacy of the dressing,
offering not only protection against pathogens but also pro-
moting moisture retention, which is essential in moist wound
healing environments.>® Carrasco et al. (2024) incorporated
rGO and TA into an alginate-based hydrogel, achieving signifi-
cant improvements in mechanical strength, tissue adhesion,
and cell viability, with no observed cytotoxic effects.>"

Building upon these findings, this study presents the devel-
opment and validation of a novel multifunctional hydrogel
composed of tannin-loaded chitosan-reduced graphene oxide
(CS-rGO-TA), specifically designed to address the multifaceted
biological challenges associated with impaired wound healing.
By integrating the biocompatibility and fluid absorption
capacity of CS, the mechanical reinforcement and angiogenic
potential of rGO, and the potent antibacterial, antioxidant,
and anti-inflammatory properties of TA, this hydrogel provides
a synergistic platform that addresses key pathological barriers
in both chronic and acute wounds. A major novelty of this
work lies in the rational design that enables not only structural
support and protection but also active immunomodulation,
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particularly through the sustained release of TAs, which pro-
motes a macrophage phenotypic switch from pro-inflamma-
tory M1 to reparative M2 states. This is supported by both
molecular and histological evidence, a mechanistic insight
rarely emphasized in prior hydrogel research. Additionally, the
combination of these three components results in enhanced
antibacterial efficacy, collagen organization, and vasculariza-
tion; achievements not observed in hydrogels containing only
one or two of these materials. The comprehensive in vitro and
in vivo validation, including western blot, RT-PCR, and immu-
nohistochemistry, further substantiates the therapeutic super-
iority of CS-rGO-TA over conventional formulations.
Altogether, this hydrogel represents a significant advancement
in the development of bioengineered wound dressing, offering
a multifunctional, immunoresponsive, and tissue-regenerative
alternative with broad potential for clinical translation.

2. Materials and methods

2.1. Materials

Graphite powder (flakes, 325 mesh) was purchased from
Asbury Online (Asbury Carbons, NJ, USA). Low molecular
weight chitosan (CS) with a Brookfield viscosity of 200-800 cP
(CAS number 9012-76-4) and Pluronic F 127 (PF) (PEOg,-PPOg,-
PEOy;) (CAS number 9003-11-06) were purchased from Sigma
Aldrich Chemicals (Chile, South America). Phosphoric acid
(HsPO,), sulfuric acid (H,SO,), potassium permanganate
powder (KMnO,), hydrogen peroxide (H,O,, 30%), hydro-
chloric acid (HCl), ethanol (C,HsOH), tris ((HOCH,);CNH,),
dopamine hydrochloride (DA-HCIl, minimum 98%), sodium
hydroxide (NaOH), silver nitrate (AgNO3), Dulbecco’s modified
Eagle’s medium (DMEM), dimethyl sulfoxide (DMSO), 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide reagent
(MTT), phosphate-buffered saline (PBS), and fetal bovine
serum (FBS) were purchased from Sigma-Aldrich Company
(St Louis, MO, USA). All reagents and solvents were of analyti-
cal grade and used without further purification. Milli-Q®
water was used throughout the study.

2.2. Synthesis of hydrogels CS-rGO-TA

First, CS (1.5 g) was dissolved in 50 mL of 1% HCI to obtain a
3% w/v solution. In parallel, rGO (0.25 g) was dispersed in
50 mL of Milli-Q® water by sonication for 2 h, yielding a 0.5%
w/v dispersion. A Pluronic F-127 (PF) solution (1% w/v; 0.5 g in
50 mL of PBS) was also prepared. The CS and rGO solutions
were mixed in a 1:1 (v/v) ratio under stirring (1 h, 650 rpm)
and subsequently cooled to 4 °C to facilitate physical cross-
linking. PF was then incorporated at 10% (v/v) relative to the
CS-rGO mixture and stirred for an additional 20 min. TA was
added at concentrations of 1%, 3%, and 5% (w/v) with respect
to the final formulation and stirred vigorously for 1 h. The
mixture was subsequently sonicated for 30 min to remove
entrapped air bubbles and incubated at 37 °C until complete
gelation. Based on this preparation, the final hydrogel compo-
sition corresponded to approximately 0.3 g of CS and 0.05 g of
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rGO per formulation, with TA contents of 0.0035 g (1%),
0.0105 g (3%), and 0.0175 g (5%). These values correspond to
final concentrations of approximately 0.6% (w/v) of CS and
0.1% (w/v) of rGO in the hydrogel matrix, ensuring the repro-
ducibility of the formulation. The relative proportions of each
component remained constant in all formulations, with the TA
concentration being the only variable parameter. The resulting
hydrogels were designated CS-rGO-TA;, CS-rGO-TA;3;, and CS-
rGO-TAs;, respectively. The rGO and TA used in this study were
synthesized at the Biomaterials Laboratory of the University of
Concepcidn, and detailed synthesis and purification protocols
are provided in the SIL

2.3. Characterization of hydrogels CS-rGO-TA

2.3.1. Scanning electron microscope (SEM). The micromor-
phology of hydrogel composites was evaluated by SEM ana-
lysis. SEM images were recorded using a JEOL JSM-6380LV,
Japan model microscope at 10 kV. The hydrogels were coated
using a gold sputter coater and their surfaces were observed at
different resolutions (4 pm, 20 pm and 50 pm).

2.3.2. FT-IR spectroscopy. The FT-IR was used to investi-
gate the chemical interaction between the material’s compo-
sites. The PerkinElmer UATR Two FTIR Spectrometer (USA)
recorded the spectra. The wavenumber range analyzed was
4000-500 cm™*, and 40 accumulated scans were acquired.

2.3.3. Drug release capacity. Samples of the previously syn-
thesized hydrogels (0.5 cm®) were taken and weighed to deter-
mine their mass (mH). They were then placed in 50 mL of PBS
and stirred at 37 °C, pH 7.4, at a speed of 60 rpm. At specific
time intervals, 100 pL of the soaking solution was collected, and
the TA absorbance at 765 nm was measured by UV-Vis spectro-
photometry (Techcomp, UV2300, China). The TA concentration
was determined from the standard curve, and the mass of TA
released from the hydrogel (mH) was indirectly calculated. The
release rate of the CS-RGO-TA hydrogels was calculated accord-
ing to eqn (1). The samples were analyzed in triplicate.

Release rate (%) = my/m, x 100 (1)

2.3.4. Antioxidant capacity. Antioxidant activity was
measured by an in vitro DPPH. The antioxidant capacity of the
hydrogels was evaluated by their ability to scavenge DPPH free
radicals. First, a 0.1 mM DPPH solution in ethanol was prepared
as a working solution. Next, 20 mg of hydrogel was dissolved in
2 ml of this DPPH working solution and incubated for 1 h in
the dark. After incubation, the supernatant was collected, and
the absorbance at 517 nm was measured using a UV-Vis spectro-
photometer (Techcomp, UV2300, China). The DPPH free radical
scavenging activity was calculated by eqn (2):

Scavenging activity (%) = Aplank — Asample /Ablank X 100 (2)

where Apank and Agampre are the absorbance values of the
DPPH working solution and the sample, respectively. Each
sample was analyzed in triplicate. All experiments were con-
ducted at room temperature, atmospheric pressure, and 85%
humidity.
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Biocompatibility of hydrogel. The cytotoxicity of the hydro-
gels was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay and cell migration
was assessed using a scratch assay. Human dermal fibroblasts
were used to assess the in vitro cytotoxicity and cell migration
of all synthesized materials. Details of the in vitro characteriz-
ations are described in the SI.

2.3.5. Antibacterial activity in vitro. The antibacterial
activity of the hydrogels was evaluated in vitro using
Escherichia coli (E. coli, ATCC 27195) and Staphylococcus aureus
(S. aureus, ATCC 25923) strain models, 200 pL of the hydrogels
were inoculated with a bacterial suspension of 10 pL at a con-
centration of 10° CFU mL™" in 48-well plates and incubated at
37 °C for 3 hours. Sterile PBS (1 mL) was added to the plate to
resuspend the surviving bacteria. Agar plates were coated with
20 pL of the bacterial resuspension to evaluate antibacterial
activity. These plates were then incubated at 37 °C for
16 hours. A bacterial suspension of 10 pL at 10° CFU mL™" in
sterilized PBS (1 mL) served as the control group. After incu-
bation, colony-forming units were counted visually. The anti-
bacterial activity of the hydrogels was expressed as a percen-
tage of bacterial death (eqn (3)).

Kill (%) = (Ncomrol - Nhydrogel)/Ncontrol x 100 (3)

where Ncontror Was the colony-forming units of control and
Nhydrogel Was the survivor count on hydrogels. The experiments
were carried out in triplicate.

2.4. Animal experiments

All animal procedures were performed in strict accordance
with the Experimental Standards and Biodiversity Rights (NIH
publication 80-23, revised in 1996, and Arouca Law 11,794,
2008) for the Care and Use of Laboratory Animals. The experi-
mental protocol was reviewed and formally approved by the
Animal Ethics Committee of the University Centre of the
Herminio Ometto Foundation (protocol approval number:
003/2024). All efforts were made to minimize animal suffering
and to reduce the number of animals used in accordance with
the 3Rs (Replacement, Reduction, and Refinement) principles.

2.4.1. TIrritability assessment. The irritation potential of the
hydrogels was evaluated in five Guinea pigs (Cavia porcellus,
300-500 g body weight). The procedure began with the adminis-
tration of anesthesia using ketamine (40-50 mg per kilogram)
and xylazine (4-5 mg per kilogram). The dorsal surface of each
animal was shaved for 24 h, and two pieces of the material were
placed on the shaved skin. The hydrogels were then covered
with a transparent dressing (3M Tegaderm™, USA) for a total of
12, 24, 48, and 120 h, after which the dressing was removed and
dermal reactions, including erythema, eschar, and edema, were
scored according to established guidelines (Table S1). A group
of three untreated animals served as controls. After 5 days, the
animals were euthanized by CO, inhalation in a euthanasia
chamber, followed by cervical dislocation.

2.4.2. Evaluation of the healing potential of hydrogel in
the rat dorsal skin wound model. Wound healing was studied
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in 36 male Wister rats (mean weight 190-210 g), divided into
4 groups and 3 experimental times (2, 7, and 14 days). The
wound healing rate (WHR) of the different groups was
assessed by clinical and photographic evaluation of the
wounds, and the evolution of the injured areas was recorded
using Image] software. Finally, all wound biopsies were col-
lected for subsequent histological analysis. Details of the
in vivo characterizations are described in the SI.

2.4.3. Histological analysis. The excised wound tissues
were fixed in 10% (v/v) formalin solution, dehydrated through
a graded alcohol series (50-100% (v/v)), cleared in xylene, and
embedded in paraffin. Serial 4.0 pm-thick sections were cut
using a microtome and stained with hematoxylin and eosin
(H&E) (assessment of inflammatory infiltrate). The slides were
then stained with Mallory and Masson’s Trichrome staining
(collagen formation evaluation) and examined under a light
microscope using Leica Application Suite version 3.2.0 soft-
ware. For each wound skin sample from each animal, six sec-
tions were taken and examined (400x magnification). Collagen
formation was quantified using the “Color Deconvolution”
plugin in Image] software, where the three colors of the tri-
chrome stain were deconvolved. Only the percentage of the
total blue area (collagen) in the image was determined. The
results were expressed as the average collagen distribution per
treatment.

2.4.4. Molecular analysis by western blot. The quantified
proteins (50 pg of total proteins) were electrophoresed on a
12% polyacrylamide gel (SDS-PAGE) using the BioRad minigel
apparatus with electrophoresis buffer. Transfer of the separ-
ated proteins in the gel was performed electrically to a nitrocel-
lulose membrane using a Bio-Rad® device for approximately
1.5 hours at 120 V, with the membrane kept on ice. The
primary antibodies used are described in Table S2. Optical
density was read using ImageJ® software. The results were nor-
malized by comparing the expression with GAPDH. Details of
the test procedure are described in the SI.
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2.4.5. RNA extraction and RT-qPCR. Total RNA from
samples collected at 30 days postoperatively was macerated in
liquid nitrogen and isolated using TRIzol™ reagent (Invitrogen,
Waltham, MA, USA) for RNA isolation, following the manufac-
turer’s instructions. According to the manufacturer’s instruc-
tions, RNA was converted to ¢cDNA from 1.5 pg of total RNA
using the High-Capacity Kit (Thermo Fisher Scientific,
Waltham, MA, USA). The TagMan assays used are described in
Table S2 and were purchased from Applied Biosystems.
Reactions were performed in triplicate with TagMan Gene
Expression Master Mix (Applied Biosystems, Waltham, MA,
USA). The entire qPCR procedure was performed according to
the previously described protocol.*> GAPDH was used as a
control for data normalization and validated using BestKeeper
software. The PCL group was used as a calibrator, and the
results were calculated using the 27*4" method.

2.5. Statistical analysis

Students’ t-test was used to compare each experimental group
with the control group. Different letters indicate statistically
significant differences between groups (p < 0.05, one-way
ANOVA with Tukey’s post hoc test). Graphs and statistical ana-
lyses were performed using Statgraphics Centurion® XVII
software.

3. Results and discussion

To understand the structural design and functional integration
of the CS-rGO-TA hydrogel, a schematic representation of the
polymer network is presented, describing the main physico-
chemical interactions responsible for its formation and stabi-
lity. This illustration allows visualization of the molecular
interactions between CS, rGO, and TA, which support the gene-
ration of a stable, interconnected, and multifunctional hydro-
gel matrix (Fig. 1). Based on this conceptual framework, a mor-

Fig. 1 Schematic representation of the CS-rGO-TA hydrogel network. Source: own elaboration.
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phological and physicochemical characterization was sub-
sequently carried out, aimed at correlating the proposed
network architecture with its structural, mechanical, and bio-
logical properties. Together, these analyses provide a compre-
hensive understanding of how the hydrogel’s composition and
organization contribute to its performance as an advanced
wound-healing platform.

During hydrogel formation, rGO acts as a nanoreinforce-
ment within the CS network, forming n-r interactions and
hydrogen bonds with the CS chains. These interactions restrict
the mobility of the polymer matrix, leading to an increase in
the elastic modulus and overall mechanical strength.*?
Furthermore, the TA acts as a polyphenolic crosslinker,
capable of forming supramolecular networks through multiple
hydrogen bonds, and, in some systems, this increases the
crosslinking density and reinforces the mechanical integrity of
the gel. The use of TA as a crosslinking agent in CS matrices or
other hydrophilic polymers has been widely documented.**~°
CS forms a cationic polymer matrix that interacts with rGO
nanosheets via hydrogen bonds and electrostatic inter-
actions,® while TA acts as a multifunctional polyphenolic
crosslinker via hydrogen bonds and n-n interactions.*® The
hydrogel network is stabilized primarily through non-covalent
interactions, including hydrogen bonds, n—x stacking between
rGO and the aromatic rings of TA, and electrostatic inter-
actions between the protonated CS chains and the rGO
nanosheets. The synergistic assembly generates a dense supra-
molecular network that improves mechanical strength, modu-
lates swelling, and promotes sustained release, as presented in
Fig. 1.

3.1. Physicochemical characterization

The surface morphology of the hydrogels was observed by SEM
(Fig. S1). All hydrogels exhibited rough surfaces characterized
by well-defined lamellae and amorphous structures, attribu-
table to the varied interactions between the constituent raw
materials. Notably, increasing TA content led to denser surface
morphology, which is likely due to a higher crosslinking
density resulting from enhanced hydrogen bonding and hydro-
phobic interactions involving the PF.

FTIR analysis was performed to investigate the chemical
composition and successful integration of the hydrogel com-
ponents. The FTIR spectrum of pure CS displayed its charac-
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teristic absorption bands, including broad peaks corres-
ponding to hydroxyl (-OH) groups, primary amines, the C=0
stretching of amide I, and the C-O-C stretching and N-H
bending vibrations of amide II (Fig. S2A).*°™*' The effective
reduction of graphene oxide (GO) and subsequent functionali-
zation of rGO with dopamine (DA) amino groups were con-
firmed by the appearance of distinct absorption bands at
1220 em™ and 1050 ecm™*, respectively.*>™** The spectrum of
TA revealed prominent bands attributed to both aromatic and
non-aromatic hydroxyl groups, C=O0 stretching vibrations, and
C-O stretching modes in aromatic and aliphatic structures.*®
The PF spectrum exhibited characteristic peaks corresponding
to CH, and CH stretching vibrations, along with distinct
signals attributed to C-O-C and C-O bond stretching.*®*” In
the synthesized hydrogels (Fig. S2A), the characteristic bands
of CS and rGO were retained, and the intensity of TA-related
peaks increased progressively with higher TA concentrations.
These spectral features confirm the successful incorporation
of TA into the hydrogel matrix and the preservation of essential
functional groups from each component, supporting the struc-
tural integrity and multifunctional nature of the final
formulation.

In previous studies,”™ the synthesis of the hydrogel was
optimized using a Central Composite Design (CCD) statistical
design and Response Surface Methodology. Its physico-
chemical characterization was also carried out, obtaining
representative values for electrical conductivity using the four-
point method (2.30 mS cm™"), swelling capacity in simulated
fluids (577.42%), and mechanical properties determined by
tensile testing, including tensile strength (22.14 MPa) and
elastic modulus (169.97 MPa). The obtained conductivity is
consistent with that of other CS/rGO-based hybrid hydrogels,
which are typically in the range of 1.8-3.5 mS cm ™", depending
on the degree of GO reduction and the quality of its dis-
persion. Table 1 presents a comparison of the physical pro-
perties of the CS-rGO-TA hydrogel with representative CS/gra-
phene oxide hydrogel systems described in the literature.

Chitosan-based materials crosslinked with condensed poly-
phenols exhibit swelling capacity values comparable to those
obtained in this study, suggesting that the supramolecular
interaction between phenolic hydroxyl groups and polymer
chains favors a structural network with a suitable balance
between mechanical stability and fluid absorption.’**® As

48

Table 1 Comparison of the physical properties of the CS-rGO-TA hydrogel with representative CS/graphene-based hydrogels reported in the

literature

Electrical

conductivity Swelling Tensile Elastic
Hydrogel system (mS em™) ratio (%) strength (MPa) module (MPa) Reference
CS-rGO-TA; (this work) 2.30 577 22.14 169.97 This study
CS-GO-DA 0.8-1.2 420-580 Jing et al., 2017%°
CS-TGO-PDA 200-320 0.2-0.5 Li et al., 2024°°
CS-rGO hydrogel 0.07-0.09 0.12-0.17 Graca et al., 2023°*
CS-GO 200-400 20.96 0.364 Nath et al., 2018
CS-GO-gelatin 800-900 10-14 MPa 0.1-0.3 Liet al., 2023%

This journal is © The Royal Society of Chemistry 2026
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described in systems reinforced with graphene nanomaterials,
the incorporation of rGO reduces swelling due to increased
polymer network stiffness and decreased chain mobility.>®
Indeed, the swelling observed in our system is consistent with
that of hydrogels with moderate-to-high crosslinking density,
supporting the proposed structural interpretation for CS-
rGO-TA. Regarding mechanical properties, the tensile strength
and elastic modulus values coincide with those reported for
rGO-reinforced hydrogels and polyphenol-crosslinked hydro-
gels, which exhibit a significant increase in stiffness and
mechanical support capacity due to the dual reinforcing effect
of GO and TA.>”*"7° Consequently, the results confirm that
both components effectively contribute to the mechanical
reinforcement of the hydrogel without compromising the flexi-
bility required for its application in wound healing. These pro-
perties demonstrate the formation of a polymer network with
mechanical and transport characteristics suitable for bio-
medical applications, particularly in tissue engineering and
skin repair. These properties are fundamental to ensuring the
material’s structural stability and guaranteeing its ability to
maintain a moist and bioactive microenvironment in direct
contact with the injured tissue. Based on this, the present
study advances the in vivo validation of the hydrogel’s thera-
peutic potential, specifically evaluating its effect on the
healing process. The analysis focuses on determining how the
incorporation of tannins modulates the tissue response, con-
sidering that these phenolic compounds possess recognized
anti-inflammatory, antioxidant, and antimicrobial properties.

3.2. TA release assays

TA release from the hydrogels was evaluated in PBS (pH 7.4),
as shown in Fig. S3. The release profiles demonstrated sus-
tained and prolonged release, indicating controlled release
kinetics. Among the formulations tested, the CS-rGO-TA;
hydrogel showed the highest cumulative release, reaching
approximately 23% in the first hour. This controlled release
behavior is likely attributed to the stronger interactions
between the polyfunctional components and TA, as well as the
denser network structure of the composite hydrogel, which
regulates diffusion. In terms of antioxidant performance, the
CS-rGO hydrogel showed minimal free radical scavenging
activity (3%). In contrast, the TA-loaded hydrogels showed a
substantial improvement in antioxidant capacity, with CS-
rGO-TA; achieving the highest activity at 19%. Although the
cumulative release of TA reached only 23% after 1 h, this frac-
tion is sufficient to generate therapeutic concentrations in the
wound microenvironment. TA exerts potent antioxidant and
anti-inflammatory activity at low ug m1~" levels, and the accel-
erated initial release provides rapid modulation of ROS and
pro-inflammatory cytokines.>***®" This behavior is consistent
with that reported by Gonzalez et al. (2026), who observed that
an early release of 20-30% TA from collagen-tGO hydrogels
was sufficient to induce rapid and sustained biological
effects.®” The sustained release of TA from the hydrogel matrix
likely helps mitigate cell damage induced by oxidative stress,
thereby supporting and accelerating tissue repair.®®
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3.3. Antibacterial activity

The ability to inhibit microbial growth is a crucial character-
istic of effective wound dressings. In this study, the bacteri-
cidal activity of hydrogels was evaluated against two represen-
tative pathogens: Escherichia coli (a Gram-negative bacterium)
and Staphylococcus aureus (a Gram-positive bacterium).
Antibacterial efficacy was quantified as log;, reduction values
derived from CFU measurements (Fig. 2A and B). The CS-rGO
hydrogel exhibited a moderate antibacterial effect, achieving
approximately 1.1 log;, reduction against E. coli and 1.3 log;,
reduction against S. aureus compared to the untreated control.
Notably, the TA-loaded formulation (CS-rGO-TA;) showed
improved antibacterial performance, reaching approximately
1.7 logyo reduction for E. coli and 2.0 log,, reduction for
S. aureus. These results indicate that the incorporation of
tannins enhances bacterial inhibition, particularly against
Gram-positive bacteria. Importantly, these values correspond
to a moderate antibacterial effect and should not be inter-
preted as complete bactericidal activity. Although the CS-
rGO-TA; hydrogel exhibited higher log-reduction values than
CSrGO, the difference was not statistically significant,
suggesting that TA provides an additive contribution rather
than a fully synergistic effect. The greater susceptibility of
S. aureus compared to E. coli is consistent with previous
reports and can be attributed to differences in cell wall struc-
ture, where the outer membrane of Gram-negative bacteria
acts as an additional barrier to antimicrobial agents. The anti-
bacterial activity of the hydrogels can be explained by the com-
bined action of their components. CS exerts antimicrobial
effects through electrostatic interactions between its proto-
nated amino groups and negatively charged bacterial mem-
branes, leading to membrane destabilization and cell death.®*
rGO contributes through physical disruption of bacterial mem-
branes and the induction of oxidative stress via reactive oxygen
species generation.®® The incorporation of TA further enhances
this effect by interacting with bacterial proteins, disrupting
metabolic pathways, and contributing to the local redox
balance.®®®” Overall, the CS-rTGO-TA; hydrogel exhibits
superior antibacterial performance compared to the CS-rGO
system; however, its activity falls within a moderate logarith-
mic reduction range. Consequently, these results should be
interpreted as evidence of improved antibacterial functionality,
rather than complete eradication of the bacterial load. This be-
havior is consistent with that reported for chitosan-based
hydrogels loaded with polyphenolic compounds. In this
context, Li et al. (2023) demonstrated that the incorporation of
TA into CS matrices increases antibacterial efficacy compared
to formulations without this condensed polyphenol, which
supports the contribution of TA observed in the present
study.®®

3.4. Cell viability and migration assay

Biocompatibility is a critical factor in the design of wound
dressings, as it directly influences cellular responses and
tissue regeneration. To evaluate the biocompatibility of the TA-
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enhanced hydrogel (CS-rGO-TA;), in vitro cytotoxicity assays
were performed using human dermal fibroblasts (HDFs). The
results showed that HDF viability exceeded 100% after
24 hours of incubation (Fig. 2C), indicating not only the
absence of cytotoxic effects but also a stimulatory influence on
cell proliferation. Interestingly, the incorporation of TA signifi-
cantly improved cell viability, suggesting that the CS-rGO-TA;
hydrogel creates a favorable environment for fibroblast activity
and wound repair. Fibroblasts play a central role in wound
healing by producing collagen fibers and extracellular matrix
components, thereby supporting granulation tissue formation

This journal is © The Royal Society of Chemistry 2026

and structural tissue remodeling.”® To assess the hydrogel’s
effect on fibroblast migration, a scratch assay was conducted
(Fig. 2D and E).

During the first 12 hours post-injury, wounds treated with
the hydrogels exhibited closure rates comparable to those of
the positive control and significantly greater than those
observed in the untreated negative control (Fig. 2D). At 24 and
36 hours, cell migration was notably enhanced in the CS-rGO
group, with the TA-loaded formulation (CS-rGO-TA;) further
accelerating closure. Specifically, the CS-rGO-TA; hydrogel
achieved over 60% closure in 24 hours and exceeded 90% by
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36 hours. By 48 hours, complete closure was observed in both
hydrogel-treated groups and the positive control, while the
negative control remained at approximately 70%. These find-
ings highlight the hydrogel’s excellent cytocompatibility and
pro-migratory properties, both of which are essential for
effective wound healing. Furthermore, the results are consist-
ent with previous studies, such as that of Nie et al. (2025), in
which an r-hydroxyproline-conjugated chitosan hydrogel inte-
grated with TA-loaded PF127 micelles promoted over 80% cell
viability after 72 hours and significantly improved fibroblast
migration, leading to better wound closure outcomes in
in vitro models.”®

3.5. [Irritation potential

Materials intended for wound healing must demonstrate both
biocompatibility and safety to prevent adverse reactions in
dermal tissues. Sensitive skin models, such as Guinea pigs,
offer valuable insight into the dermatological safety of hydro-
gel formulations before potential clinical application. In this
study, the skin irritation potential of the CS-rGO-TA; hydrogel
was evaluated (Fig. 2F). The results showed that CS-rGO-TA;
did not induce any signs of irritation, with no visible changes
observed upon removal of the hydrogel, resulting in an irri-
tation index of 0.0 (Table S2). Furthermore, all animals main-
tained normal feeding and drinking behavior, exhibited unim-
paired motor function, and showed no abnormal signs such as
lethargy, restlessness, pruritus, or irritability. As no clinical
symptoms were detected throughout the observation period,
histopathological skin sampling was deemed unnecessary.
These findings collectively support the excellent biocompatibil-
ity and dermatological safety of the CS-rGO-TA; hydrogel.

3.6. Invivo healing assay

Building upon our earlier in vitro findings that highlighted the
potent antimicrobial properties and excellent biocompatibility
of the CS-rGO-TA; hydrogel, we proceeded to evaluate its thera-
peutic efficacy in a rat model of full-thickness excisional
wounds. All treatment groups exhibited significantly enhanced
wound contraction compared to the untreated control, achiev-
ing over 20% wound closure as early as day 2 post-injury
(Fig. 3A and B). This early response suggests a rapid onset of
bioactivity, likely facilitated by the hydrogel’s capacity to main-
tain a moist environment, control microbial load, and modu-
late the local inflammatory milieu. Among the groups, CS-
rGO-TA;-treated wounds displayed the greatest reduction in
wound area and the fastest rate of closure, outperforming both
the untreated control and hydrogels lacking TA (Fig. 3A and B).
This superior performance is likely attributable to the com-
bined effects of the hydrogel’s physicochemical properties:
effective exudate absorption, sustained hydration of the wound
bed, and intimate contact with tissue surfaces, which together
enhance antibacterial efficacy and attenuate inflammation. By
day 7, wound closure rates had increased significantly across
all treated groups. Specifically, the CS-rGO-TA; group achieved
65.15 + 2.87% closure, compared to 60.06 + 2.42% in the CS-
rGO group, 55.94 + 1.76% in the CS group, and 51.47 + 2.87%
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in the untreated control (Fig. 3A). By day 14, wounds treated
with the TA-loaded hydrogel were nearly fully re-epithelialized,
accompanied by visible hair regrowth around the wound edges
—a sign of dermal restoration.

Quantitative analysis confirmed statistically significant
differences between groups, with CS-rGO-TA;-treated wounds
reaching 98.77 + 0.69% closure, compared to 77.58 + 1.21% in
the untreated group (Fig. 3B). The enhanced healing observed
in the CS-rGO-TA; group can be largely attributed to the astrin-
gent and bioactive properties of TA, which support faster
wound contraction and re-epithelialization.”* These results not
only agree with previous studies but also expand upon them.
Several studies have demonstrated that CS-polyphenol-based
hydrogels induce progressive improvements in granulation
tissue formation and moderate reductions in pro-inflamma-
tory cytokines, promote hemostasis, stimulate angiogenesis,
and exhibit significant antioxidant activity.”> Taken together,
these effects contribute to more organized healing and are par-
ticularly beneficial in complex or chronic wound settings, such
as diabetic ulcers. Furthermore, rGO-reinforced systems are
primarily associated with increased angiogenesis and more
efficient collagen remodeling, effects attributable to improved
mechanical stability, matrix structural integrity, and modu-
lation of the cellular microenvironment.”>”* Taken together,
this background supports the idea that the simultaneous com-
bination of TA and rGO within the CS matrix integrates comp-
lementary ~ mechanisms—immunomodulation,  oxidative
control, and structural reinforcement—that explain the
superior performance observed in the present study.

To gain deeper insight into tissue-level healing, histopatho-
logical analyses were conducted to evaluate the progression of
wound regeneration following treatment. Hematoxylin and
eosin (H&E) staining revealed progressive re-epithelialization
across all treated groups, with the CS-rGO-TA; hydrogel dis-
playing the most robust and organized epidermal regeneration
(Fig. 3C). Wound contraction was evident beneath the newly
formed epidermis, and by day 7, the presence of inflammatory
infiltrates—including neutrophils, lymphocytes, and macro-
phages—confirmed active engagement of the inflammatory
phase. These histological findings were consistent with mole-
cular data from gene expression analysis, reinforcing the
observed biological activity. Between days 7 and 14 post-injury,
tissue sections from the treated groups demonstrated ongoing
re-epithelialization, abundant granulation tissue formation,
emerging hair follicles, and clear signs of neovascularization.
A gradual reduction in inflammatory cell infiltration was
observed over time, with the CS-rGO-TA; group displaying the
lowest inflammatory scores by day 14, indicating a more rapid
resolution of inflammation and an accelerated transition
toward the proliferative phase of healing. Interestingly, the TA-
treated group also showed a thinner, more compact epidermis
at later stages, consistent with advanced tissue remodeling.
This may be attributed to tannic acid’s capacity to precipitate
lipid-protein complexes and promote the formation of a flex-
ible, protective scab that supports tissue stabilization and
reduces further irritation.”®

This journal is © The Royal Society of Chemistry 2026
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3.7. Collagen deposition assay

Collagen deposition is critical for wound strength and dermal
remodeling.”® Quantitative analysis of collagen content, per-
formed using Mallory and Masson’s Trichrome staining along-
side image analysis via Image] software (Fig. 3D and E),
demonstrated a significant increase in collagen deposition in
all treated groups compared to the untreated control. Notably,
the CS-tGO-TA; hydrogel induced the highest levels of collagen
accumulation at both 7 and 14 day post-injury. These effects
were especially evident in the CS-rGO and CS-tGO-TA; groups,
with the TA-enriched hydrogel showing the most substantial col-
lagen density by day 14. These findings highlight the hydrogel’s

This journal is © The Royal Society of Chemistry 2026

capacity to enhance extracellular matrix remodeling and restore
tissue integrity. The observed increase in collagen content is likely
influenced by the anti-inflammatory activity of tannic acid, which
reduces oxidative and inflammatory damage while promoting a
regenerative microenvironment.”””’® In this context, the dual role
of collagen types becomes relevant: type I collagen, the most
abundant in mature skin, provides tensile strength and structural
integrity, while type III collagen plays a regulatory role during
early repair, facilitating matrix organization, cellular migration,
and scar minimization.”® Protein expression assays (Fig. 4A and
B) revealed a predominance of type III collagen in the early stages
of healing, followed by a progressive shift toward type I collagen
as remodeling advanced, reflecting the physiological dynamics of
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wound maturation.?* Correspondingly, mRNA expression analysis
confirmed the upregulation of both type I and III collagen tran-
scripts during the proliferative phase, with the CS-rGO-TA; group
exhibiting significantly higher expression levels than the
untreated group (Fig. 4A and B). These effects may be further
enhanced by the astringent nature of TA, which is believed to
facilitate collagen fiber crosslinking, thereby improving the
mechanical strength and structural organization of the extracellu-
lar matrix.®*

3.8. Molecular analysis by western blot and RT-qPCR

The expression of interleukins following tissue injury plays a
central role in regulating inflammation, orchestrating healing
responses, and influencing scar formation.®* Interleukin-10
(IL-10), a key anti-inflammatory cytokine, plays a crucial role in
regulating the inflammatory phase of wound healing by limit-
ing excessive immune activation and promoting tissue homeo-
stasis. It suppresses excessive neutrophil and macrophage acti-
vation and downregulates the expression of proinflammatory
cytokines such as interleukin-6 (IL-6).**** In addition, IL-10
contributes to tissue repair by facilitating the recruitment of
endothelial progenitor cells and promoting re-epithelializa-
tion, thereby supporting vascular regeneration and epidermal
restoration.”® As shown in Fig. 4C and D, both gene and
protein expression levels of IL-6 were elevated during the early
inflammatory phase (day 2), whereas IL-10 expression
remained relatively low. This pattern is consistent with the
physiological response to acute injury. However, as healing

Biomater. Sci.

progressed into the proliferative phase (days 7 to 14), a reversal
in expression trends was observed. Importantly, treatment
with CS-rGO-TA; resulted in a pronounced reduction in IL-6
expression and a concomitant increase in IL-10 levels at both
the transcriptional and protein levels, indicating effective
modulation of the inflammatory response. These findings
suggest that the TA-loaded hydrogel more effectively attenu-
ated the inflammatory response, promoting an earlier tran-
sition toward tissue regeneration—an effect supported by exist-
ing literature on the anti-inflammatory properties of TA.
Efficient resolution of inflammation is a prerequisite for the
onset of the proliferative phase, during which granulation
tissue forms and fibroblasts synthesize extracellular matrix
components such as collagen. Collagen serves as a scaffold for
cellular organization, enabling angiogenesis and epithelial
coverage.®® The gene and protein expression of type I collagen
further supports this regenerative progression, with the CS-
rGO-TA; hydrogel promoting significantly higher expression
levels compared to other groups. These data highlight the criti-
cal link between controlled inflammation and enhanced
matrix deposition.

Vascular endothelial growth factor (VEGF), a key regulator
of angiogenesis, plays a pivotal role in wound healing by sup-
porting vascular remodeling, re-epithelialization, and collagen
synthesis.?” As shown in Fig. 4E, VEGF expression was upregu-
lated across all treatment groups during the regenerative
phase, with the highest levels observed in the TA-loaded hydro-
gel group (p < 0.05). This enhanced VEGF activity likely con-

This journal is © The Royal Society of Chemistry 2026
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tributed to improved tissue perfusion and oxygenation,
thereby alleviating metabolic stress within the wound
microenvironment.?®% Collectively, these results underscore
the diverse biological functions of tannins in modulating key
phases of wound healing, from inflammation control to tissue
regeneration. Beyond their well-established antioxidant and
anti-inflammatory properties, TA have also been shown to
stimulate fibroblast and keratinocyte proliferation, promote
neovascularization, and facilitate wound contraction—critical
processes that work synergistically to accelerate tissue regener-
ation and support functional skin repair.”’ The combined
effect of these mechanisms, as demonstrated by the CS-
rGO-TA; hydrogel, suggests its strong therapeutic potential in
accelerating wound healing and improving overall tissue repair
quality.

Mpyeloperoxidase (MPO) is a key enzyme produced by acti-
vated neutrophils, playing a central role in microbial clearance
through the generation of reactive oxygen species (ROS).”> At
day 2 post-injury, all hydrogel-treated groups exhibited elevated
MPO gene expression relative to the untreated control,
although these differences did not reach statistical signifi-
cance. As healing progressed, however, a significant reduction
in MPO expression was observed in the CS-rGO-TA; group by
day 14, compared to both the CS and untreated groups
(Fig. 5A). Although MPO levels were also lower than those in
the CS-rGO group, this difference was not statistically signifi-
cant. These findings align with the enhanced wound closure
and elevated type I collagen expression observed in the CS-
rGO-TA; group, reinforcing its role in promoting effective
tissue regeneration. Elevated MPO levels are often associated
with prolonged inflammation and impaired healing, as exces-
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sive ROS production can damage surrounding tissues and
delay the transition to the proliferative phase. The observed
reduction in MPO expression at later time points suggests suc-
cessful resolution of the inflammatory phase, likely following
initial microbial control. This interpretation aligns with pre-
vious in vivo and ex vivo studies, which demonstrated that
MPO can inhibit neutrophil adhesion and migration, and that
the accumulation of hydrogen peroxide (H,0,), along with
MPO released by infiltrating neutrophils, exacerbates oxidative
stress and epithelial injury.”?

Arginase 1 (ARG1), on the other hand, is a hallmark of
reparative (M2) macrophage polarization and plays a crucial
role in orchestrating wound healing. It modulates the inflam-
matory response, facilitates cell migration, supports restor-
ation of the skin barrier, and contributes to tissue
remodeling.”**> At day 2 post-wounding, ARG1 mRNA
expression was upregulated in all treated groups compared to
the control, with CS-rGO-TA; showing significantly higher
levels (Fig. 5B). This trend persisted at days 7 and 14, where
Argl expression remained elevated in all treatment groups,
with the CS-rGO-TA; hydrogel consistently inducing the
highest expression. These findings suggest a sustained pro-
repair immune response in the CS-rGO-TA; group, supporting
faster resolution of inflammation and enhanced tissue regen-
eration. This is further supported by previous reports high-
lighting the role of ARG1 in promoting collagen synthesis
through the conversion of r-arginine into ornithine, a key pre-
cursor in collagen biosynthesis.’® These results corroborate
our findings on enhanced collagen expression in treated
groups. The elevated ARG1 levels observed in our study corre-
late well with the enhanced collagen deposition documented
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in histological and molecular analyses, further underscoring
the regenerative capacity of the CS-tGO-TA; hydrogel.

A prolonged or dysregulated inflammatory response is a
recognized barrier to effective wound healing, underscoring
the critical role of tightly regulated proinflammatory cytokine
activity in orchestrating successful tissue repair.”” Among
these, the interleukin-1 receptor antagonist (IL-1rn) plays a
pivotal role in modulating the local inflammatory environment
by suppressing IL-6 and IL-1f expression while promoting
IL-10 production.’® In our study, IL-1rn expression levels at
days 2 and 7 post-injury showed no significant differences
between the treated and control groups, suggesting that early
anti-inflammatory signaling remained comparable across con-
ditions during the initial phases of wound healing. However,
at day 2, the untreated group exhibited markedly higher IL-1p
expression compared to all treated groups, indicating a
delayed resolution of inflammation, even in an acute wound
model. By day 14, the CS-rGO-TA;-treated group showed the
highest IL-1rn expression and the lowest IL-1p levels across all
groups (Fig. 5D and E), suggesting more efficient control of the
inflammatory response. This observation is supported by prior
studies indicating that IL-1 inhibition can attenuate proinflam-
matory cytokine production (e.g., IL-1p, IL-6), reduce myofibro-
blast activity, and enhance anti-inflammatory cytokine release
(e.g., IL-10), as well as endothelial cell recruitment,
M2 macrophage polarization, and granulation tissue for-
mation—creating a transiently less inflammatory environment
conducive to tissue repair.®®*%°

At 2 days post-injury, the CD68 expression marker of macro-
phage infiltration was significantly elevated in the CS and CS-
rGO groups compared to the CS-tGO-TA; and untreated
groups, indicating a more intense early inflammatory response
(Fig. 5E). This pattern is characteristic of the early inflamma-
tory phase, during which macrophage recruitment plays a
pivotal role in clearing cellular debris and defending against
potential pathogens. By day 7, CD68 expression had declined
across all groups, with the CS-rGO-TA; group showing the
lowest levels, suggesting a more rapid resolution of macro-
phage-mediated inflammation. This is notable given that pro-
longed persistence of proinflammatory macrophages is associ-
ated with delayed healing, chronic inflammation, and
fibrosis.""'%> By day 14, CD68 expression had normalized
across all groups, reflecting progression into the proliferative
and remodeling phases of wound repair. This temporal
pattern aligns with well-established dynamics of macrophage
infiltration, where a decrease in inflammatory cell presence
coincides with the onset of tissue regeneration and extracellu-
lar matrix remodeling.'®® These findings are consistent with
previously reported expression patterns of both pro- and anti-
inflammatory markers (IL-6, IL-1f, IL-10, IL-1rn, Argl), as well
as with the accelerated wound healing observed in the CS-
rGO-TA; group. The sustained reduction in macrophage
activity in this group aligns with known anti-inflammatory
effects of polyphenolic compounds, which have been shown to
promote macrophage polarization toward the M2 reparative
phenotype.'®*'°> This immunomodulatory shift supports the
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hypothesis that TA-enriched hydrogels facilitate the transition
from inflammation to regeneration, thereby enhancing the
wound healing process. Moreover, the improved outcomes
observed in collagen deposition, neovascularization, and
overall wound closure in the CS-tGO-TA; group are likely down-
stream effects of this early and effective modulation of the
inflammatory response. These results are consistent with pre-
vious studies highlighting the therapeutic potential of TA and
other natural anti-inflammatory agents in promoting
cutaneous repair through immune regulation and support of
the proliferative phase.’® Although TA are the main contribu-
tors to the observed anti-inflammatory response, rGO may also
actively participate in immunomodulation.'®”'°® Previous
studies have shown that rGO can inhibit pro-inflammatory
cytokines and influence macrophage phenotype, while stabiliz-
ing polyphenols and modulating their release.'®®™""* In our
system, rGO likely contributes both structurally and biologi-
cally, complementing the immunomodulatory action of TA.
The results obtained in this study demonstrate that the CS-
rGO-TA; hydrogel significantly accelerates wound closure
(98.77 + 0.69% by day 14), along with more efficient re-epithe-
lialization, greater organization of collagen fibers, and marked
modulation of the inflammatory profile ({IL-6, JIL-1f, 1IL-10,
TArg1). In comparison with previously reported systems, the
CS-rGO-TA; hydrogel demonstrates enhanced wound closure
and immunomodulatory effects. This performance is compar-
able to or even superior to that reported for systems based
solely on CS-polyphenols or CS/rGO compounds. For example,
Li et al. (2023) reported that a polyphenol-loaded CS hydrogel
achieved approximately 85-90% closure by day 14 in a murine
model, with a significant reduction in IL-6 but without in-
depth assessment of macrophage polarization.®® Similarly, Sun
et al. (2024) described a CS-polyphenol system that improved
granulation tissue formation and reduced inflammatory
markers, achieving close to 90% closure at 14 days in acute
wounds.'"® In the case of hydrogels reinforced with graphene
derivatives, Graca et al. (2022) reported that a CS/rGO system
promoted greater angiogenesis and collagen organization,
with closure rates close to 88-92% at day 14, mainly attributed
to structural reinforcement and improvement of the moist
microenvironment.?® Likewise, Elhami et al (2024) showed
that CS-graphene compounds improved mechanical stability
and antimicrobial control, achieving approximately 90%
closure."™ In comparison, the CS-tGO-TA; system not only
achieves a higher closure percentage (~98.8% by day 14), but
also demonstrates a more comprehensive regulation of the
inflammatory process, evidenced by the coordinated decrease
in IL-6 and IL-1p and the increase in IL-10 and Argil,
suggesting a more efficient transition to a reparative macro-
phage phenotype. This more complete immunomodulation is
not always reported in CS-polyphenol or CS/rGO systems
alone. In this sense, our results support the hypothesis of a
synergistic effect derived from the combination of TA (anti-
oxidant and immunomodulatory activity) and rGO (mechanical
reinforcement and structural stabilization) within the CS
matrix, which promotes faster, more organized healing with
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early inflammatory resolution. However, these results should
be interpreted with caution, as differences in experimental
models, wound size, and evaluation methods may limit direct
comparison across studies. Despite these promising results,
several limitations should be acknowledged. First, while the
TA release profile was sufficient to induce early biological
effects, further optimization of the long-term release kinetics
may be necessary for more widespread clinical applications.
Additionally, while the observed biological effects are promis-
ing, the contribution of each component (CS, rGO, and TA)
cannot be fully decoupled within the current experimental
design. Second, slight variations in the physicochemical
characteristics of rGO (e.g., degree of reduction and lateral
size) could influence reproducibility and bioactivity. The anti-
bacterial activity, although significant, remains within moder-
ate log-reduction ranges, suggesting that further optimization
may be required for applications involving highly infected
wounds. Finally, the acute murine wound model used in this
study does not fully replicate the complexity of chronic human
wounds. Furthermore, the acute murine wound model used
does not fully reproduce the complexity of chronic or infected
human wounds, which may involve impaired angiogenesis,
persistent inflammation, and biofilm formation. Future
studies should therefore include long-term release evaluation,
standardized rGO characterization, and validation in clinically
relevant wound models.

4. Conclusions

The CS-rGO-TA; hydrogel demonstrated a controlled and sus-
tained release of TA, attributed to its dense network structure,
which also contributed to its superior antioxidant activity by
effectively eliminating free radicals. In addition to these pro-
perties, CS-rGO-TA; exhibited excellent antibacterial activity
against E. coli and S. aureus, along with remarkable biocom-
patibility, evidenced by high viability of human dermal fibro-
blasts and the absence of toxicity or irritation. Furthermore,
this hydrogel promoted cell migration and the organized depo-
sition of type I and III collagen, facilitating tissue regeneration.
In animal models, treatment with CS-rGO-TA; significantly
accelerated wound healing, reduced inflammation, and facili-
tated the formation of a flexible scab, contributing to a faster
and structurally robust recovery. The presence of TA in the for-
mulation modulated the inflammatory response by decreasing
proinflammatory cytokines (IL-6, IL-1p) and enhancing anti-
inflammatory cytokines (IL-10, IL-1rn), thereby promoting an
early transition from the inflammatory to the proliferative
phase. This immunomodulation was reflected in controlled
macrophage infiltration, with reduced expression of proinflam-
matory markers such as CD68 and MPO, alongside sustained
upregulation of ARG1, associated with polarization toward
reparative M2 macrophage phenotypes. The molecular effects
translated into functional improvements, including enhanced
angiogenesis, efficient cell migration, and accelerated granula-
tion tissue formation, resulting in a higher wound rate com-

This journal is © The Royal Society of Chemistry 2026
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pared to controls. Collectively, these findings position the CS-
rGO-TA; hydrogel as a safe and effective therapeutic strategy
for cutaneous repair, particularly in wounds with impaired or
chronic healing, by creating a favorable microenvironment
that accelerates tissue regeneration and improves the quality of
the repaired tissue.
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