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Skin wound healing is often delayed by bacterial infection, excessive reactive oxygen species (ROS), and persistent inflam-
mation. Developing multifunctional biomaterials that can regulate these pathological factors remains highly desirable for
advanced wound care. Here, we designed a photocrosslinked GeIMA hydrogel incorporating cerium oxide nanoparticles (CeO;
NPs) and tannic acid (TA), termed Gel@CeO,-TA, to construct a favorable wound microenvironment. The incorporation of
CeO;, NPs was confirmed by transmission electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, dynamic
light scattering, and zeta-potential analysis. The composite hydrogel maintained rapid photocuring ability and a porous
architecture, while exhibiting enhanced compressive properties, tissue adhesion, and interfacial toughness compared with
GelMA alone. Gel@CeO,-TA demonstrated strong ROS-scavenging capacity, removing approximately 95% of DPPH radicals,
96% of hydroxyl radicals, and 95% of H,O,. It also showed effective antibacterial activity against S.aureus and E.coli, with
inhibition rates of approximately 95% and 92%, respectively. In a full-thickness skin wound model, Gel @ CeO,-TA significantly
accelerated wound closure, reducing the residual wound area to approximately 22% on day 10, compared with 45% in the
untreated control and 32% with a commercial dressing. Histological analysis revealed enhanced re-epithelialization and collagen
organization. Immunofluorescence staining showed decreased CD86 expression and increased CD206 expression, suggesting a
shift toward a pro-repair macrophage phenotype. No obvious histopathological abnormalities were observed in major organs.
Overall, Gel@CeO,-TA integrates antioxidant, antibacterial, adhesive, and immunomodulatory functions, providing a promising
platform for multifunctional wound repair.
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Introduction

Skin repair proceeds through overlapping hemostatic, inflam-
matory, proliferative, and remodeling phases. Persistent infec-
tion, oxidative stress, and unresolved inflammation can dis-
rupt these coordinated stages and delay closure'”. Hydro-
gels are attractive wound dressings because their hydrated
three-dimensional networks can maintain a moist interface
and support diffusion of nutrients and metabolites®’. Gelatin
methacryloyl (GelMA) is widely used because it is pho-
tocrosslinkable, biocompatible, and cell adhesive. However,
pristine GeIMA has limited intrinsic antioxidant and antibac-
terial activity, and its mechanical and tissue-adhesive perfor-
mance may be insufficient for dynamic wound surfaces® 19,
TA is a natural polyphenol with abundant phenolic hydroxyl
groups. It can participate in hydrogen bonding and interfa-
cial interactions, while also providing radical-scavenging and
antibacterial functions!!"!3. Ceria is redox active because
surface cerium can reversibly cycle between Ce>* and Ce**
states. The accessible surface fraction, oxygen-vacancy den-
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sity, and Ce**/Ce** balance are strongly size dependent 417,
These features provide a mechanistic basis for the antioxi-
dant behavior of nanoceria. Prior studies have shown that
nanoscale CeO, can scavenge ROS, modulate inflammation,
and support tissue repair'®!%. TA-associated ceria systems
are particularly relevant because TA can alter surface chem-
istry, dispersion, and redox behavior. Direct examples include
TA-conjugated ceria nanoparticles, TA-Ce nanoenzymes, and
tannin-bridged CeO, wound materials 2023,

Metal-phenolic nanozyme systems also illustrate how
polyphenol coordination can be used to tune local ROS chem-
istry. CuTA platforms have been used for microenvironment-
responsive ROS regulation and antimicrobial therapy, while
AuNP-TA and TA-Ce systems have shown combined antiox-
idant and anti-inflammatory effects in other disease mod-
els 1132224 Importantly, the same metal-polyphenol de-
sign principle can produce either ROS-scavenging or ROS-
generating behavior depending on the metal center, oxidation
state, and surrounding microenvironment 3. Therefore, the
catalytic mechanism of each material must be interpreted from
its own composition and supporting assays rather than from
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the metal-polyphenol label alone.

In this study, we developed a multifunctional GelMA
hydrogel incorporating cerium oxide nanoparticles (CeO;
NPs) and tannic acid (TA), termed Gel@CeO,-TA. Gel,
Gel@CeO,, and Gel@TA were included as control groups
to clarify the contribution of each component. The physic-
ochemical properties, degradation behavior, antioxidant and
antibacterial activities, and tissue adhesion of the hydrogels
were systematically evaluated. A full-thickness skin wound
model was further used to assess wound closure, tissue regen-
eration, macrophage polarization, and major-organ biosafety.
We hypothesized that the combined incorporation of CeO,
and TA could strengthen the GeIMA network and improve
ROS scavenging, antibacterial activity, and inflammatory reg-
ulation, thereby creating a favorable microenvironment for
wound repair.

Materials and Methods

Synthesis of Methacrylated Gelatin (GelMA)

GelMA was synthesized following an established protocol.
Briefly, 25 g of fish skin-derived gelatin was dissolved in 250
mL of ultrapure water at 50 °C. Methacrylic anhydride (MA,
20 mL, all chemical reagents were purchased directly from Al-
addin and used as received, without any further purification)
was added dropwise under vigorous stirring for 3 h at 50 °C.
The mixture was dialyzed (10 kDa MWCO) against ultrapure
water for 4 days to remove unreacted MA, lyophilized, and
stored at 4 °C protected from light.

Synthesis of Cerium Oxide Nanoparticles (CeO, NPs)

CeO, NPs were prepared via hydrothermal precipitation.
Cerium nitrate hexahydrate (0.43 g) was dissolved in 100 mL
of ultrapure water and stirred for 1 h. NaOH solution (1 mol/L,
10 mL) was added dropwise under continuous stirring for 5
h to form a precipitate. The product was centrifuged (5000
rpm, 20 min), washed with ethanol and water, dried at 80 °C,
ground into powder, and calcined at 500 °C for 8 h.

Preparation of Hydrogel Formulations

Four hydrogel formulations were prepared with the same
GelMA and photoinitiator concentrations: Gel, Gel@CeO,,
Gel@TA, and Gel@CeO,-TA. Sterile 0.01 M PBS (pH 7.4)
was used as the precursor solvent. GeIMA was first dissolved
at 37 °C in a water bath, and the precursor pH was adjusted
to 7.4. For each batch, the final precursor volume was 10 mL
and the GeIMA concentration was 10 wt.%. Gel contained
10 wt.% GeIMA and 10 mg mL"! LAP. Gel@CeO, addition-
ally contained 4 ug mL"! CeO, NPs. Gel @TA contained 39.5

ug mL! TA. Gel @CeO,-TA contained both 4 ug mL-' CeO,
NPs and 39.5 ug mL™! TA. The components were added in a
fixed order: GeIMA, pre-sonicated CeO, NP stock, TA stock,
and finally LAP. The mixture was gently stirred for 5 min af-
ter each addition, followed by probe sonication at 300 W for
three 10 s cycles to reduce particle aggregation. The resulting
precursor remained visually homogeneous, with no obvious
GelMA precipitation or CeO, sedimentation within 60 min
before curing. The precursor was then photocrosslinked under
405 nm light for 60 s.

Physicochemical Characterization

Gelatin and GelMA were analyzed by '"H NMR in D,O and
by ATR-FTIR. The GelMA spectrum was reprocessed with
attention to the methacryloyl regions near 5.4-6.1 ppm and
the methyl resonance near 1.9 ppm. CeO, morphology was
evaluated by transmission electron microscopy (TEM) with
elemental mapping. Hydrodynamic size and zeta potential
were measured by dynamic light scattering. Crystal structure
was analyzed by X-ray diffraction (XRD), and cerium oxida-
tion states were assessed by X-ray photoelectron spectroscopy
(XPS), including Ce 3d peak deconvolution.

Release and Degradation

The cumulative release of the CeO,-containing phase from
Gel@CeO,-TA was monitored over 48 h by measuring the
cerium concentration in the collected release medium using in-
ductively coupled plasma optical emission spectrometry (ICP-
OES). For degradation testing, hydrogel samples were incu-
bated in PBS at 37 °C. At predetermined time points, samples
were collected, washed, dried to constant mass, and weighed.
Residual mass was calculated as W¢/Wy x 100%, where Wy
and W; are the initial and remaining dry masses.

Rheological and Mechanical Testing

Rheological behavior was measured using a rheometer
equipped with a UV curing module at 25 °C, 1 Hz, and 1%
strain. Mechanical properties were measured using a universal
mechanical tester (SANS, CMT2503) equipped with a 20 N
load cell. For tensile testing, dumbbell-shaped hydrogel sam-
ples were prepared with a gauge length of 30 mm, a width
of 5 mm, and a thickness of 2 mm. The samples were tested
without additional pretreatment. Both ends were fixed in the
upper and lower grips. Tensile testing was performed at 1 mm
min™! until complete fracture. Elongation at break was deter-
mined at the failure point. Tensile toughness was calculated
by integrating the entire stress-strain curve from the start of
loading to fracture. For compression testing, cylindrical hy-
drogel samples with a diameter of 10 mm and a height of 10
mm were compressed at 1 mm min’!. The test was stopped
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Scheme 1 Design, multifunctionality, and wound-healing application of Gel@CeO,-TA hydrogel.

at 50% strain. Compressive strength was defined as the stress
at 50% strain. The compressive modulus was calculated from
the slope of the stress-strain curve within the initial linear re-
gion of 0-10% strain. All tests were performed with at least
three replicates (n > 3).

Adhesion Performance

The adhesive properties of hydrogels were investigated using
a universal mechanical testing machine 20 N loadcell. Both
lap-shear and interfacial peel models were employed for test-
ing. All adhesion tests were displacement-controlled at a fixed
rate of 5 mm min™!. Fresh porcine skin was purchased from
a local supermarket. Visible surface fat was removed before
testing. For the lap-shear model, sausage casing was bonded to
transparent polyethylene terephthalate PET film using instant
adhesive. A 300 pL precursor solution was dispensed onto
a porcine skin surface 15mmx10mm, and the PET film with
adhered casing was aligned and cured under UV light for 1
min. Lap-shear testing was then conducted to record the force-
displacement curve and calculate adhesive strength. For the
interfacial peel test, porcine skin was fixed horizontally on the
testing platform. A 300 uL hydrogel precursor was applied to
a defined bonding area and photocured under 405 nm light for
1 min. The free end of the bonded specimen was peeled from
the skin surface at an angle of 90° using a universal mechani-
cal tester. The peeling rate was set at 5 mm min'. The force-

displacement curve was recorded during peeling. The inter-
facial toughness was calculated from the steady-state peeling
force normalized by the specimen width. In addition, porcine
skin was hydrated in saline, and dyed precursor solution was
dripped onto the surface. Photo-crosslinking formed an in situ
gel, which was subjected to bending, stretching, twisting, wa-
ter immersion, and rinsing. Adhesion performance was visu-
ally documented via photography. All tests were performed
with at least three replicates (n > 3).

Cytocompatibility

Direct contact co-culture of hydrogel with L929 mouse fibrob-
lasts assessed cell viability and proliferation. Precursors and
condensing reagents were UV-sterilized overnight. Cells were
cultured in DMEM with 10% FBS, penicillin 1.0x10°> UL!,
and streptomycin 100 mgL!, with medium refreshed every
48 h. L929 cells 4,000cells/well were seeded on hydrogel sur-
faces in 96-well plates blank wells as control. After 1,4, and 7
days in a 5% CO; incubator 37°C, viability was quantified via
CCK-8 assay. After 24 h co-culture, stained cells were imaged
via CLSM to visualize viability.

Antibacterial Assay

The antibacterial activity of different hydrogel groups was in-
vestigated using Escherichia coli Gram-negative and Staphy-
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lococcus aureus Gram—positive as test strains (All bacterial
strains are sourced from BNCC). Bacterial suspensions were
cultured in LB broth at 37°C for 24 h and diluted to 1 x 10°
CFU mL"!. Then, 100 mg of each hydrogel group was added
to 200 pL of bacterial suspension and incubated at 37°C for 6
h. After incubation, 100 puL of the mixture was transferred to
a 96-well plate, and the optical density (OD) at 600 nm was
measured using a microplate reader. The mixed solution was
diluted (1:10%) with fresh LB medium. Subsequently, 100 uL
of the diluted suspension was spread on agar plates and in-
cubated at 37°C for 24 h before photographic documentation.
CFU mL"! was calculated as colony number x dilution fac-
tor / plated volume (mL). Antibacterial rate was calculated as
(CFUcontrol = CFUgampte)/CFUcontrol X 100%. The analysis was
based on CFU counts rather than OD600, thereby avoiding op-
tical interference from CeO,, TA, or hydrogel fragments .

Antioxidant and Cellular ROS Assays

DPPH scavenging was measured using hydrogel extracts and
component-matched blanks. Extracts from Gel, Gel@CeO,,
Gel@TA, and Gel@CeO,-TA were incubated with DPPH in
the dark, and absorbance at 517 nm was measured after 30
min. Scavenging was calculated as (Acontrol = Asample)/Acontrol
x 100% after blank correction. TMB hydroxyl-radical scav-
enging was evaluated using the TMB assay. Hydroxyl radicals
were generated by the Fenton reaction. Briefly, 500 pL of 2
mM H,0O, was mixed with 500 uL of 2 mM FeSO,4. Hydro-
gel samples (25 mg) were immersed in 1 mL of the reaction
solution and incubated at 37 °C for 30 min. After incubation,
100 pL of the supernatant was mixed with 100 uL of 10 mM
TMB dissolved in DMSO. The mixture was incubated for 10
min, and the absorbance was measured at 650 nm. A Fen-
ton reaction without hydrogel was used as the control. The
hydroxyl-radical scavenging rate was calculated as (Acontrol —
AgampleAcontrol X 100% after blank correction. H>O, scav-
enging was determined using a potassium iodide colorimetric
assay. Hydrogel samples (200 mg) were immersed in 1 mL of
0.8 mM H,0; and incubated at 37 °C for 1.5 h. After incuba-
tion, 150 pL of the supernatant was mixed with 150 uL of 1 M
KI. The mixture was incubated for 5 min, and the absorbance
was measured at 350 nm. H,O; solution without hydrogel was
used as the control. The HO, scavenging rate was calculated

as (Acontrol = Asample ) Acontrol X 100% after blank correction 26,

Full-Thickness Wound Model and Histological staining

Male Sprague-Dawley (SD) rats aged 6-8 weeks were used to
establish a superficial skin wound model. All rats were pur-
chased from Shanghai Yishang Biotechnology Co., Ltd. The
animal experiments were approved by the relevant ethics com-
mittee (approval no.: IACUC-2025-NI-086). The rats were

randomly divided into four groups: Control, Gel, Gel@CeO,-
TA, and commercial dressing groups (n = 3 per group). The
rats were anesthetized with 1% sodium pentobarbital. The
dorsal hair was shaved and further removed using depilatory
cream. A circular skin wound with a diameter of 12 mm was
then created on the back using a scalpel. The Control group
received no treatment. For the Gel and Gel@CeO,-TA groups,
1 mL of the corresponding hydrogel precursor was applied to
the wound. The precursor was then photocrosslinked for 1 min
under UV irradiation. Wound healing was monitored and pho-
tographed on days 1, 3, 7, and 10. Skin samples were collected
for histological analysis. The tissues were fixed, paraffin-
embedded, and sectioned. Hematoxylin and eosin (H&E)
staining and Masson’s trichrome staining were performed to
evaluate tissue regeneration and collagen deposition. CD86
and CD206 staining was used to assess the inflammatory re-
sponse and macrophage polarization. After the experiment,
the heart, liver, spleen, lung, and kidney were collected from
the rats. The organs were fixed, paraffin-embedded, sectioned,
and stained with H&E. Histological changes were examined
to evaluate the potential systemic toxicity of the materials. All
stained sections were imaged using a Pannoramic MIDI digi-
tal slide scanner.

Statistical Analysis

Data are presented as mean + standard deviation (SD). All
experiments were performed with at least three independent
replicates (n > 3). For comparisons among multiple groups
at a single time point, one-way ANOVA followed by Tukey’s
multiple-comparison test was used. For experiments involving
both treatment and time, two-way ANOVA was used when the
corresponding raw data were available. Statistical significance
was set at p < 0.05. Significance levels are indicated as *p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Results

GelMA and CeQO, Characterization

The '"H NMR spectrum of GelMA showed new signals in the
methacryloyl vinyl region at approximately 5.4-6.1 ppm, to-
gether with a methyl signal near 1.9 ppm (Figure 1B). These
signals confirmed the successful methacrylation of gelatin.
The main amide bands of gelatin were retained in the FTIR
spectrum, further supporting the preservation of the gelatin
backbone after modification (Figure 1C). The nanoscale struc-
ture of CeQ; is important for its catalytic activity. Smaller ce-
ria particles provide a larger accessible surface area and more
redox-active sites. The Ce>*/Ce** balance and oxygen-defect
chemistry also play key roles in ROS regulation. TEM re-
vealed nanoscale CeO, domains with limited aggregation, and
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Table 1 Statistical reporting of exact p values

Dataset Planned/used analysis Exact p values
Gel vs Gel @CeO, wk p=0.0092
Gel vs Gel @TA ok p<0.0001
. One-way ANOVA + Gel vs Gel@CeO,-TA ns p=0.8997
Elongation at break
Tukey Gel@Ce0; vs Gel @TA G p=0.0016
Gel@CeO; vs Gel@CeO,-TA *k p=0.0039
Gel@TA vs Gel @CeO,-TA kK p<0.0001
Gel vs Gel@CeO, ns p=0.0529
Gel vs Gel @TA ok p<0.0001
One-way ANOVA + Gel vs Gel@CeO,-TA kK p<0.0001
Toughness
Tukey Gel@Ce0; vs Gel @TA o p=0.0002
Gel@CeO; vs Gel@Ce0,-TA Hakk p=0.0005
Gel @TA vs Gel@CeO,-TA ns p=0.8688
Gel vs Gel@CeO, HAAE p<0.0001
Gel vs Gel @TA ok p<0.0001
. One-way ANOVA + Gel vs Gel@CeO,-TA oAk p<0.0001
Compressive modulus
Tukey Gel@CeO; vs Gel @ TA o p=0.0246
Gel@Ce0O; vs Gel@CeO,-TA ns p=0.0626
Gel@TA vs Gel @CeO,-TA ok p=0.0007
Gel vs Gel@CeO, ns p=0.1209
Gel vs Gel @TA * p=0.0297
. One-way ANOVA + Gel vs Gel@CeO,-TA ok p=0.0002
Compressive strength
Tukey Gel@Ce0; vs Gel @ TA ns p=0.7541
Gel@CeO; vs Gel@Ce0,-TA *% p=0.0022
Gel@TA vs Gel@CeO,-TA *k p=0.0075
Gel vs Gel@CeO, ns p=0.9746
Gel vs Gel @TA ok p=0.0003
Adhesive strength One-way ANOVA + Gel vs Gel@CeO,-TA *** p=0.0001
Tukey Gel@CeO; vs Gel @ TA ok p=0.0005
Gel@Ce0O; vs Gel@CeO,-TA Hkok p=0.0002
Gel @TA vs Gel@CeO,-TA ns p=0.7066
Gel vs Gel@CeO, ns p=0.146
Gel vs Gel @TA kK p<0.0001
One-way ANOVA + Gel vs Gel@CeO,-TA K p<0.0001
Interface toughness )
Tukey Gel@CeO; vs Gel @ TA sk p<0.0001
Gel@CeO; vs Gel@CeO,-TA ik p<0.0001
Gel@TA vs Gel @CeO,-TA K p=0.0003
1d
Control vs Gel ns p=0.5637
Control vs Gel @TA ns p=0.4652
Control vs Gel@CeO,-TA ns p=0.1607
Control vs Gel@CeO, ns p=0.2022
4d
Control vs Gel ns p>0.9999
Cell viability Two-way ANOVA Control vs Gel @TA ns p=0.9902
Control vs Gel@CeO,-TA ns p=0.7666
Control vs Gel@CeO, ns p=0.8418
7d
Control vs Gel ns p=0.0613
Control vs Gel @TA * p=0.0247
Control vs Gel@CeO,-TA ns p=0.1393
Control vs Gel@CeO, ns p=0.1684
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Dataset Planned/used analysis

Exact p values

Control vs Gel ns p=0.6219
Control vs Gel@CeO, kA p<0.0001
Control vs Gel @TA Ak p<0.0001
Control vs Gel@CeO,-TA o p<0.0001
. . One-way ANOVA + Gel vs Gel@CeO Ak <0.0001
Antibacterial rate Tukey Y Gel vs Gel @ TA ? stk g<0.0001
Gel vs Gel@CeO,-TA ok p<0.0001
Gel@CeO, vs Gel@TA ns p=0.1669
Gel@CeO; vs Gel@CeO,-TA * p=0.022
Gel@TA vs Gel @CeO,-TA ok p=0.0031
Control vs Gel ns p=0.9995
Control vs Gel@CeO, A p<0.0001
Control vs Gel @TA ok p<0.0001
Control vs Gel@CeO,-TA kg p<0.0001
DPPH- Scavenging ability %T;;my ANOVA + g:i :: g:igfr:zoz j:: g:ggggi
Gel vs Gel@CeO,-TA K p<0.0001
Gel@CeO; vs Gel@TA ns p=0.1204
Gel@CeO; vs Gel@CeO,-TA kK p=0.0002
Gel @TA vs Gel@CeO,-TA HHEE p<0.0001
Control vs Gel ns p>0.9999
Control vs Gel@CeO, HAAE p<0.0001
Control vs Gel @TA ok p<0.0001
Control vs Gel@CeO,-TA Ak p<0.0001
. . One-way ANOVA + Gel vs Gel@CeO ok <0.0001
OH- Scavenging ability Tukey Y Gel vs Gel @ TA : stk g<0~0001
Gel vs Gel@CeO,-TA HHEE p<0.0001
Gel@CeO; vs Gel @TA ns p=0.5660
Gel@CeO; vs Gel @CeO,-TA ok p=0.0018
Gel @TA vs Gel@CeO,-TA Ak p=0.0003
Control vs Gel ns p>0.9999
Control vs Gel@CeO, ok p<0.0001
Control vs Gel @TA wok p=0.0074
Control vs Gel@CeO,-TA HAAE p<0.0001
Gel vs Gel@CeO,-TA ok p<0.0001
Gel@CeO; vs Gel @TA kK p<0.0001
Gel@CeO; vs Gel@CeO,-TA K p<0.0001
Gel@TA vs Gel@CeO,-TA ok p<0.0001
Control vs Gel * p=0.0313
Control vs Gel@CeO,-TA ok p<0.0001
One-way ANOVA + Control vs Dressing wE p=0.0028
Wound length Tukey Gel vs Gel @CeO,-TA o p=0.0024
Gel vs Dressing ns p=0.307
Gel@CeO,-TA vs Dressing * p=0.0254
Control vs Gel wE p=0.001
Control vs Gel@CeO,-TA HkE p<0.0001
. One-way ANOVA + Control vs Dressin o <0.0001
D206 positive area Tukey ’ Gel vs Gel@CeOfTA Kok g<0.0001
Gel vs Dressing ok p=0.0022
Gel@CeO,-TA vs Dressing oAk p=0.001
Control vs Gel ok p=0.0005
Control vs Gel@CeO,-TA HokAE p<0.0001
.. One-way ANOVA + Control vs Dressin HAAE <0.0001
CD86 positive area Tukey ’ Gel vs Gel@CeOz—gTA o g<0.0001
Gel vs Dressing ns p=0.1071
Gel@CeO,-TA vs Dressing ok p<0.0001
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elemental mapping showed a uniform distribution of Ce and
O (Figure 1D). DLS showed a dominant hydrodynamic size
of approximately 80-100 nm, with a zeta potential of about
+20 mV (Figure 1E). XPS confirmed the presence of Ce and
0, while Ce 3d spectra showed the coexistence of Ce>* and
Ce** states (Figure 1F,G). XRD displayed characteristic re-
flections at approximately 28.5°, 33.1°, 47.5°, 56.3°, 59.1°,
69.4°, and 76.7°, consistent with the fluorite structure of CeO,
(Figure 1H). These results confirmed the successful prepara-
tion of nanoscale CeO, with mixed cerium valence states.

Hydrogel Gelation, Release, Degradation, and Morphol-
ogy

Gel and Gel@CeO,-TA formed stable hydrogels within 60
s under the selected 405 nm curing condition (Figure 1L).
Frequency sweeps showed that storage behavior dominated
across the tested range, confirming an elastic gel state (Fig-
ure 1K). The composite maintained an interconnected porous
structure after freeze-drying (Figure 1M). The cumulative re-
lease profile increased progressively and approached approx-
imately 95% by 48 h (Figure 1I). Degradation was formu-
lation dependent (Figure 1J). By day 30, Gel retained only
about 10% of its initial dry mass. Gel@CeO, retained ap-
proximately 25-30%, Gel@TA retained approximately 45%,
and Gel@CeO,-TA retained approximately 55%. The slower
degradation of TA-containing samples is consistent with ad-
ditional noncovalent interactions between polyphenol groups
and GelMA chains, while the CeO,-containing phase may
provide additional physical reinforcement.

Mechanical and Tissue-Adhesive Properties

Adding CeO, or TA altered the mechanical response of
GelMA (Figure 2). Gel showed an elongation at break
of approximately 125% and a tensile toughness of approxi-
mately 27 kJ/m3. Gel @CeO increased these values to about
139% and 32 kJ/m™3, while Gel @TA reached approximately
154% elongation and 44 kJ/m> toughness. The combined
Gel@CeO,-TA formulation showed an elongation near 124%
but retained a high toughness of approximately 42 kJ/m™.
Thus, the composite did not maximize extensibility, but it pre-
served high energy absorption.

The largest improvement was observed in compression.
The compressive modulus increased from approximately 43
kPa for Gel to about 94 kPa for Gel@CeO,, 82 kPa for
Gel@TA, and 103 kPa for Gel@CeO,-TA. Compressive
strength increased from approximately 63 kPa for Gel to 69,
73, and 86 kPa for Gel@CeO,, Gel @TA, and Gel@CeO,-
TA, respectively. TA also contributed strongly to tissue ad-
hesion. Adhesive strength was approximately 12 kPa for
Gel and Gel@CeO,, but about 15.5-16 kPa for Gel@TA

and Gel@CeO,-TA. Interfacial toughness increased from
approximately 42 J/m? for Gel to approximately 52 J/m?
for Gel@CeQ,, 88 J/m? for Gel@TA, and 114 J/m? for
Gel@CeO,-TA. The composite also remained attached to
porcine skin during bending and stretching (Figure 2K). Over-
all, CeO; mainly enhanced mechanical reinforcement, while
TA contributed strongly to tissue adhesion. Their combined
incorporation produced a mechanically robust and adhesive
hydrogel suitable for wound coverage.

Cytocompatibility and Antibacterial Activity

Live/Dead staining showed predominantly viable 1929 cells
in all hydrogel groups (Figure 3A). CCK-8 measurements in-
creased from approximately 90-100% at day 1 to roughly 190-
200% at day 4 and 260-270% at day 7, with no large separa-
tion among the four hydrogel formulations (Figure 3C). These
data indicate that the added CeO, and TA did not suppress
fibroblast proliferation at the tested formulation.

Colony assays demonstrated clear inhibition of both test
strains (Figure 3B,D). Gel alone showed little antibacterial
activity. Gel@CeO, and Gel@TA each reduced colony for-
mation, while Gel@CeO,-TA showed the strongest effect.
The antibacterial rate of the combined formulation was ap-
proximately 95% against S. aureus and approximately 92%
against E. coli. The corresponding single-component values
were approximately 87% and 83% against S. aureus and ap-
proximately 84% and 79% against E. coli for Gel@CeO, and
Gel@TA, respectively. These results indicate that both CeO,
and TA contributed to antibacterial activity, and their com-
bined incorporation further enhanced bacterial inhibition?’.

Antioxidant performance and mechanism

The antioxidant activity of the hydrogels was evaluated using
DPPH, TMB, and H,0, scavenging assays (Figure 4). Gel
showed minimal scavenging activity. Gel@CeO, removed ap-
proximately 86% of DPPH radicals, 86% of hydroxyl radicals,
and 78% of H,O,. Gel @ TA showed approximately 82% scav-
enging of both DPPH and hydroxyl radicals, but only limited
H,0, removal. Gel@CeO,-TA showed the strongest antioxi-
dant activity in all three assays. Its scavenging rates reached
approximately 95% for DPPH, 96% for hydroxyl radicals, and
95% for H,O,. Consistently, intracellular ROS fluorescence
was lowest in the Gel@CeO,-TA group (Figure 4D). These
results indicate that CeO, and TA provide complementary an-
tioxidant functions and enhance ROS scavenging when com-
bined.

The antioxidant activity of CeO, is mainly associ-
ated with reversible Ce**/Ce** redox cycling and oxygen-
vacancy-mediated surface reactions 17, In CeO,-TA metal-
polyphenol systems, coordination between TA and cerium can
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Figure. 1 Synthesis and physicochemical characterization. (A) GeIMA methacrylation scheme. (B) '"H NMR spectra of gelatin and GelMA.
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(n>3).

further regulate surface electronic structure and oxygen va-
cancies, which may enhance ROS-scavenging activity 20, TA-
Ce nanoenzymes have also been reported to remove multiple
ROS and reduce inflammatory signaling in vivo??>?*. Based
on these mechanisms, Figure 4E illustrates a proposed path-
way for ROS regulation by Gel @CeO,-TA.

In Vivo Wound Repair

The full-thickness wound model was used to evaluate the
wound-healing performance of the hydrogels (Figure 5). All
groups showed comparable wound areas on day 0. By day
3, the residual wound areas were approximately 95% for the

Control group, 90% for Gel, 85% for the commercial dress-
ing, and 78% for Gel@CeO,-TA. By day 7, the correspond-
ing values decreased to approximately 60%, 56%, 50%, and
42%, respectively. On day 10, Gel@CeO,-TA showed the
smallest residual wound area at approximately 22%. In com-
parison, the values were approximately 45% for the Control
group, 35% for Gel, and 32% for the commercial dressing.
Wound length measurements showed a similar trend (Fig-
ure 5D). The mean wound length was approximately 6.6 mm
in the Control group, 5.2 mm in the Gel group, 4.4 mm in the
commercial dressing group, and 3.0 mm in the Gel@CeO;-
TA group. Histological analysis further confirmed improved
tissue repair. H&E staining showed a more continuous epithe-
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lial layer in the Gel@CeO,-TA group. Masson’s trichrome
staining showed denser and more organized collagen deposi-
tion in the regenerated tissue (Figure SE). Together, these re-
sults indicate that Gel@CeQ,-TA accelerated wound closure
and promoted tissue regeneration in the full-thickness wound
model.

Histological staining

Immunofluorescence staining showed clear changes in
macrophage polarization (Figure 6A-C). The CD86-positive
area was approximately 68% in the Control group and 52%
in the Gel group. Gel@CeO,-TA reduced the CD86-positive
area to approximately 2-3%, compared with about 45% in the
commercial dressing group. In contrast, the CD206-positive

area increased from approximately 7% in the Control group
to 24% in the Gel group, 55% in the Gel@CeO,-TA group,
and 39% in the commercial dressing group. The decrease
in CD86 and increase in CD206 indicate a shift from a pro-
inflammatory M1-like phenotype toward a pro-repair M2-like
phenotype.

H&E staining of the heart, liver, spleen, lung, and kidney
showed no obvious structural abnormalities during the exper-
imental period (Figure 6D). These results suggest good short-
term histological biosafety of Gel @CeQO,-TA under the tested
conditions.

Discussion

Structure-Property Relationships

CeO, and TA contributed differently to the mechanical behav-
ior of the hydrogel. CeO, mainly enhanced compressive per-
formance, whereas TA had a stronger effect on tensile extensi-
bility, tissue adhesion, and interfacial toughness. Gel@CeO,-
TA showed the highest compressive modulus, compressive
strength, adhesive strength, and interfacial toughness among
the tested groups. However, its elongation at break was not
the highest. These results suggest complementary rather than
uniform reinforcement by CeO, and TA. TA contains abun-
dant phenolic groups that can form hydrogen bonds and other
noncovalent interactions with GelMA chains and tissue sur-
faces. CeO, provides an inorganic reinforcing phase that can
restrict polymer-chain motion and increase resistance to com-
pression. The combination of these effects improves the over-
all mechanical stability and tissue adhesion of the hydrogel.

ROS Regulation and Antibacterial Function

TA and CeO, showed distinct contributions to ROS scav-
enging. TA efficiently removed DPPH and hydroxyl rad-
icals, while CeO, contributed more strongly to H,O, re-
moval. Gel@CeO,-TA retained both activities and showed
the highest overall ROS-scavenging capacity. This func-
tional complementarity is consistent with metal-polyphenol
systems, in which phenolic ligands directly quench free rad-
icals and metal-based components provide redox-active cat-
alytic sites?®. The coexistence of Ce** and Ce** observed by
XPS further supports reversible redox cycling in nanoceria.

A similar trend was observed in the antibacterial assays.
Both Gel @CeO, and Gel @TA reduced colony formation of S.
aureus and E. coli, while Gel @ CeO,-TA showed the strongest
antibacterial activity. TA can disrupt bacterial membranes and
interfere with protein function. CeO, may also affect bacterial
redox balance and interact with the cell envelope. Their com-
bined incorporation therefore provides multiple antibacterial
mechanisms within the GelMA network.
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Inflammation and Wound Repair

Gel@CeO,-TA accelerated wound closure and improved tis-
sue regeneration compared with Gel and the untreated con-
trol. The commercial dressing provided an additional bench-
mark. Gel@CeO,-TA showed a smaller residual wound area
and shorter wound length at day 10. H&E staining showed
improved re-epithelialization, while Masson’s trichrome stain-
ing showed denser and more organized collagen deposition.
The improved repair may be related to the combined antiox-
idant, antibacterial, adhesive, and immunomodulatory prop-
erties of the hydrogel. Lower oxidative stress can reduce
tissue damage and support cell survival. Stable tissue ad-
hesion can also maintain close contact between the hydro-
gel and wound surface. Immunofluorescence staining fur-

ther showed a marked decrease in CD86 and an increase
in CD206 in the Gel@CeO,-TA group. This pattern indi-
cates a shift from a pro-inflammatory M1-like phenotype to-
ward a pro-repair M2-like phenotype. Similar macrophage
responses have been reported for ROS-regulating nanozymes
and metal-polyphenol systems?°. These findings suggest that
Gel@CeO,-TA can regulate both oxidative and inflammatory
features of the wound microenvironment.

Limitations

This study has several limitations. First, the advantages of
nanoscale CeO, are therefore supported by particle charac-
terization and previous studies rather than by a direct nano-
versus-bulk comparison in this system. Second, the antiox-

©The National High School Journal of Science 2026

NHSJS 2026 | 11



A CD86 CD206 B ! ****
S
< * 0k Kk
= 80
g - Fokok ok
o 604 EL T
2 —
2 40
Q
©o
2 20
o
o o I
O A
© o&‘ ¢ o 99\0
(%) Ied o&
&
'S :;"’ EXTI3
o = o Fok Ak
3 g 80 R T T ]
Q 2 60
[} =
© 8 a0 -
Q
o g 20
g a _
] o
s Q\‘o\ 00\ PAaPCY
v
< & &
&
D Heart Liver

Spleen Lung Kidney

5
n
3
53
9
<
o

Dressing

£,
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idant assays demonstrated strong ROS scavenging, but de-
tailed SOD- and CAT-like kinetic measurements were not
performed. Third, H&E staining of major organs provides
only short-term histological information. It cannot determine
cerium biodistribution or long-term nanoparticle retention. Fi-
nally, the current full-thickness wound model does not repro-
duce the more complex microenvironment of infected or dia-
betic wounds. Future studies should evaluate the hydrogel in
these disease-relevant models.

Conclusion

This study successfully developed a GeIMA/CeO,-TA com-
posite hydrogel that combines mechanical reinforcement, tis-
sue adhesion, antioxidant activity, antibacterial effects, and
immunomodulatory behavior. CeO; and TA contributed dis-
tinct but complementary functions. The combined formula-
tion showed high DPPH, TMB, and H,O; scavenging, strong

inhibition of S. aureus and E. coli, improved compressive
and adhesive properties, and favorable fibroblast compatibil-
ity. In a full-thickness wound model, Gel@CeO,-TA acceler-
ated wound closure, improved re-epithelialization and colla-
gen organization, reduced CD86-positive area, and increased
CD206-positive area. These results support Gel @CeO,-TA as
a promising multifunctional wound-dressing platform for lo-
cal microenvironment regulation and tissue repair.
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