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Introduction: The management of chronic infected wounds imposes a substantial economic burden on patients and significantly
impairs their quality of life due to persistent wound infections and delayed healing. To address this issue, we developed
a multifunctional dressing with sustained hydrogen sulfide (H,S) release to accelerate wound healing.

Methods: Sodium hydrosulfide-loaded cerium oxide (NaSH@CeO,) was synthesized via rotary evaporation and subsequently
incorporated into a hydrogel dressing crosslinked with chitosan (CS) and hyaluronic acid (HA), yielding NaSH@CeO,/CS-HA. The
composite was characterized, and H,S release was quantified using the methylene blue method. The biological functions of
NaSH@CeO,/CS-HA were evaluated through CCK-8 assay, Calcein-PI staining, DCFH-DA detection, scratch assay, tube formation
assay, and antibacterial tests. A methicillin-resistant Staphylococcus aureus (MRSA)-infected wound model was established in rats to
assess therapeutic efficacy based on wound healing rate, hematoxylin-eosin (H&E) staining, Masson’s trichrome staining, and
immunofluorescence staining.

Results: NaSH@CeO,/CS-HA demonstrated sustained H,S release without cytotoxicity while effectively inhibiting Escherichia coli
and MRSA. Furthermore, it reduced intracellular reactive oxygen species levels, maintained cell viability under H,O,-induced
oxidative stress, promoted mouse fibroblast cells (L929 cells) migration, and enhanced tube formation in human umbilical vein
endothelial cells (HUVECs). In the MRSA-infected rat wound model, the NaSH@CeO,/CS-HA group achieved a 98.1% wound
closure rate by day 14. H&E and Masson’s staining revealed enhanced tissue healing, while immunofluorescence (CD31, Caspase-3)
confirmed increased angiogenesis and reduced apoptosis at the wound site.

Conclusion: The developed gel dressing (NaSH@CeO,/CS-HA) intelligently regulates H,S release, combining antioxidant, anti-
bacterial, and wound-healing functions into one, providing a comprehensive treatment solution for chronic infectious wounds with
significant clinical application potential.
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Introduction

The skin, the largest organ of the human body, possesses a robust self-healing ability.! However, deep wounds and large
defects necessitate complex treatments for complete healing. Without appropriate care, these conditions may lead to
persistent acute and chronic health issues.> Acute wounds usually heal in 5 to 10 days, or up to 30 days after the injury.
However, chronic wounds do not heal after 12 weeks from the initial injury.* For acute wounds, existing wound dressings
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have demonstrated preliminary effectiveness. They create a breathable and moist wound environment, which can
effectively promote wound healing.” However, chronic wounds are difficult to heal due to factors such as infection,
ischemia, and excessive collagen degradation, rendering traditional treatment methods such as gauze bandaging, skin
grafting, and even skin flap transplantation ineffective, which places a significant social, economic, and quality of life
burden on patients.®”

Chronic wounds are difficult to heal primarily due to the excessive accumulation of reactive oxygen species (ROS)
and an increased susceptibility to bacterial infections.'®'" Persistent wounds maintain an environment where inflamma-
tory cells, such as neutrophils and macrophages, continuously exist.'? This condition leads to excessive production of
ROS, which in turn activates cellular signaling pathways that interfere with angiogenesis, thereby delaying the healing
process.> Moreover, persistent skin wounds disrupt the skin’s innate protective functions, making it susceptible to
bacterial infections.'* The colonization and proliferation of bacteria in these wounds trigger intense inflammatory
responses, leading to high levels of ROS. This excessive ROS production damages skin oxygenation and nutrition,'
impeding wound healing and potentially causing severe systemic reactions.'® Chronic infection and oxidative stress (OS)
damage mutually reinforce each other, ultimately leading to the prolonged non-healing of wounds.'” Therefore, the main
approaches to treating infected wounds healing involve controlling infection, reducing OS damage, and promoting
wound healing.'®

The application of hydrogen sulfide (H,S) in wound treatment has recently become a research focus in the field of
burn and trauma medicine.'® H,S, an endogenous gas neurotransmitter, exhibits several biological effects, including anti-
inflammatory, antioxidant, and cell proliferation-promoting properties, which are crucial for wound healing.?’ H,S can
regulate the activity of macrophages and reduce the release of inflammatory cytokines, thereby alleviating the inflam-
matory response.”’ Additionally, it can activate intracellular signaling pathways in cells, such as the ERK/MAPK
pathway, to promote cell proliferation and migration.’>** Furthermore, its significant antioxidant properties help
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eliminate excessive free radicals produced during the healing process, protecting cells from OS damage.”* H,S can also
promote the secretion of endothelial growth factors, stimulate the formation of new blood vessels, and provide sufficient
oxygen and nutrients for wound healing.*>*® Since skin wounds often show a deficiency in endogenous H,S,*’
exogenous supplementation has proven effective in treatment. The drug ATB-346, which releases exogenous H,S, has
entered clinical trials, demonstrating the clinical translational potential of exogenous H,S-releasing drugs.?® In conclu-
sion, slowly releasing H2S gas onto wounds represents a promising treatment strategy for chronic wounds because it
offers a smart-enhanced therapeutic approach that can promote wound healing, potentially through mechanisms like
stimulating angiogenesis, reducing inflammation, and accelerating cell migration.?

Sodium hydrosulfide (NaSH) is widely recognized as the most common H,S donor, known for its ability to rapidly
increase H,S concentrations.’® However, its poor stability in biological environments poses challenges in controlling the
precise dosage of H,S.>' When H,S levels are too low, the therapeutic benefits are reduced, making it difficult to
maintain an effective concentration at wound sites.*> Conversely, excessively high levels can lead to toxicity, which
restricts the practical use of NaSH in wound treatment.>”

Current strategies often involve the physical loading of H,S donors (such as NaSH) into hydrogels or microspheres.**
However, these systems commonly suffer from burst release, inability to respond to the pathological microenvironment,
and limited functionality, which may lead to local toxicity and restricted therapeutic efficacy.>>® Hollow mesoporous
cerium dioxide nanoparticles (CeO,-NPs), are regarded as excellent drug carriers due to their high specific surface area
and pore volume.*” Nevertheless, in this study, we did not simply treat them as inert containers. Instead, we strategically
leveraged the intrinsic physicochemical properties of CeO,-NPs to transform them from passive carriers into active
“regulators” and “synergistic therapeutic agents”, thereby constructing an intelligent H,S delivery system.

The hollow shell of CeO, constitutes a physical barrier that effectively delays the diffusion of NaSH, thereby
achieving a fundamental sustained-release function.*® More importantly, CeO, exhibits responsiveness to the weakly
acidic microenvironment of wounds (pH 6.5-7.0). Under acidic conditions, changes in the surface potential of CeO, and
its slight dissolution behavior intelligently accelerate the release of H,S, enabling targeted treatment in the most severely
infected regions with the lowest pH.>° Furthermore, the unique Ce**/Ce*" cycling endows CeO, not only with the ability
to catalyze the generation of H,S, but also to consume detrimental ROS, thereby indirectly “protecting” H,S, prolonging
its half-life, and ensuring its effective bioavailability.**** This strategy of modulating gas release kinetics through
microenvironmental regulation cannot be achieved by simple carriers.

CeO,-NPs possess unique pH-dependent nanozyme activity. Under neutral pH conditions, they primarily exhibit ROS
scavenging activity, which protects healthy tissues.*’ In contrast, within acidic infectious microenvironments, they
demonstrate significant peroxidase-like activity, catalyzing the conversion of endogenous H,O, into highly toxic
hydroxyl radicals (-OH), thereby specifically eliminating bacteria.*** This “smart switching” characteristic makes
Ce0O,-NPs an ideal microenvironment-responsive antibacterial agent. Compared to traditional bactericidal agents such
as silver nanoparticles, CeO,-based systems exert precise and on-demand antibacterial effects. While performing
antibacterial functions, CeO, also effectively alleviates OS at the wound site through its ROS scavenging capability,
creating an anti-inflammatory and pro-healing microenvironment. In combination with the pro-angiogenic function of H,
S gas, it collectively accelerates the healing of infected wounds.

In our research, we prepared porous CeO,-NPs encapsulating NaSH. This achieved multiple effects, including
antibacterial activity, antioxidant stress resistance, and promotion of angiogenesis. Notably, CeO,-NPs tend to aggregate
into larger particles in aqueous solutions, which can affect their biological behavior.*® Therefore, the selection of an
appropriate medium is crucial. Chitosan (CS), a natural cationic polysaccharide, offers excellent biocompatibility and
biodegradability.*’ Hyaluronate (HA), a natural high-molecular-weight polymer, also exhibits good biocompatibility. It
has additional properties such as anti-aging, anti-inflammatory effects, and hydration.** HA molecules have numerous
hydroxyl groups that can bind to amino groups on protonated CS chains via electrostatic interactions, forming
a physically cross-linked hydrogel with self-healing properties and drug release capabilities.**>® This hydrogel ensures
the stable distribution of CeO, and the slow release of H,S. CS-HA, as a biocompatible hydrogel, can seal wounds,
maintain a moist wound environment, absorb tissue exudates, reduce inflammation, and allow gas exchange.’’ Compared
to traditional wound dressings like gauze, it provides better isolation from external microorganisms.>>
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Therefore, our study successfully developed an intelligent NaSH delivery system (NaSH@CeO,) based on hollow
Ce0O,-NPs and embedded it into a hydrogel for ease of application. This system not only achieved sustained and
microenvironment-responsive release of H,S, but also enabled intelligent regulation of H,S release kinetics and
synergistic enhancement of multiple biological functions through the interaction between the carrier and the drug. Our
study demonstrate that this integrated strategy offers a promising novel approach for the treatment of complex, refractory
infected wounds.

Materials and Methods

Materials

NaSH, Ce (NOj) 3-6H,0, CS, sodium hyaluronate and phosphate-buffered saline (PBS) were sourced from Macklin
(Shanghai, China). Acetic acid, ethylene glycol was obtained from Sinopharm Chemical Reagent (Shanghai, China). Cell
Counting Kit-8 (CCK-8) assay reagent, Calcein-AM/PI assay, DCFH-DA assay kit reagent, Matrigel Matrix, methylene
blue and simulated body fluid (SBF) were acquired from Yeason (Shanghai, China). Primary human umbilical vein
endothelial cells (HUVECs, <8 passages), L-929 Mouse Fibroblast Cell (L929 cells, <8 passages), endothelial cell
medium (ECM), Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DF-12), fetal bovine serum, antibiotic
solution and endothelial cell growth supplement were obtained from ScienCell (California, USA). Methicillin-resistant
Staphylococcus aureus (MRSA, ATCC 43300) and E. coli (ATCC 25922) were derived from ATCC (Manassas, USA).
4% paraformaldehyde was acquired from Beyotime Biotechnology (Shanghai, China).

X-ray diffraction (XRD) was performed using a D8 Advance Da Vinci instrument (USA). Transmission electron
microscopy (TEM) was conducted using a JEM-2100F microscope (JEOL, Japan). Fourier transform infrared spectro-
scopy (FTIR) was carried out using a PerkinElmer Spectrum instrument.microplate reader (Thermo Fisher
Scientific, USA).

Fabrication and Characterization of NaSH@CeO,/CS-HA

Synthesis of Porous CeO,-NPs

Firstly, 1 g of Ce (NO3) 53-6H,0O was dissolved in 1 mL of deionized water. Then, 1 mL of acetic acid (ethanoic acid) and
30 mL of ethylene glycol were added to this solution, followed by stirring for 30 minutes. Subsequently, the resulting
mixture was then transferred to a hydrothermal reactor and heated at 180 °C for 150 minutes. Finally, the product was
washed three times with ethanol.

Synthesis of NaSH@CeO,/CS-HA, CeO,/CS-HA, or CS-HA

Dissolve 10 mg of CeO2-NPs and 1 mg of NaSH in deionized water and mix thoroughly. The water was removed using
spin distillation to obtain NaSH@CeO,. Chitosan (200 mg) was dissolved in 10 mL of 0.75% acetic acid solution. After
complete dissolution, NaSH@CeO, was added and then mixed thoroughly. Subsequently, 200 mg of sodium hyaluronate
was added and the mixture was stirred for 2—3 hours. No NaSH was added during the synthesis of CeO,/CS-HA. For CS-
HA, neither CeO,-NPs nor NaSH were added.

Apparent Adhesion of NaSH@CeO,/CS-HA
Directly attach the hydrogel sheet to the surface of various substrates and use a vertical pull method to visually
demonstrate the adhesive properties of the gel.

Comepression Test of NaSH@CeO,/CS-HA and CS-HA

Cut off the cap and bottom of a 5 mL centrifuge tube and place it in a 24-well plate. Place 1 mL of the gel on a universal
testing machine to test its compressive properties. The gel has a diameter of 12 mm, a base area of 1809.6 mm?, and its
height is measured precisely using a Vernier caliper. Enter the gel parameters into the universal testing machine and start
the compression test. After the test, the compressive modulus of the gel is obtained. Each sample is tested in triplicate.
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Nitrogen Adsorption-Desorption Testing of Hollow CeO,-NPs

The specific surface area and pore structure of the as-synthesized hollow CeO, nanoparticles were characterized by N,
adsorption-desorption measurements at 77 K using a Micromeritics ASAP 2460 surface area and porosity analyzer. Prior
to the analysis, the sample was degassed under vacuum at 120 °C for 6 h to remove any adsorbed impurities. The specific
surface arca was calculated from the adsorption data in the relative pressure (P/Py) range of 0.05-0.30 using the
Brunauer-Emmett-Teller (BET) method. The pore size distribution and pore volume were derived from the desorption
branch of the isotherm using the Barrett-Joyner-Halenda (BJH) model.

Release Profile of H,S

The release of H,S was determined using methylene blue as an indicator.®* The release profile of H,S from
NaSH@CeO,/CS-HA was measured in the SBF at pH levels of 6.5, 7.4 and 9.1 mL of NaSH@CeO,/CS-HA was
incubated in 5 mL SBF solution under shaking (40 rpm) at 37 °C. At the specific time intervals, 100 pL of SBF
solution and 1% zinc acetate (100 pL) were added to a pre-mixed solution that containing FeCl; (30 mM in 1.2
M HCI, 20 pL) and DMPD (20 mM in 7.2 M HCI, 20 pL). After incubation 20 minutes at room temperature, the
optical absorbance of the resulting solution was measured at 670 nm using a microplate reader. The experiment
was conducted in triplicate and at each around, 100 pL fresh SBF solution was replaced to establish the sink
condition.

In vitro Antibacterial Activity of NaSH@CeO,/CS-HA

To assess the broad-spectrum antibacterial effect of the hydrogel dressing, Gram-positive MRSA and E. coli were
cultured. Luria-Bertani (LB) broth was used to resuspend logarithmic-phase bacterial cells, achieving a final cell density
of 1 x 10° colony-forming units per milliliter (CFU/mL). The hydrogel samples (CS-HA, CeO,/CS-HA, and
NaSH@CeO,/CS-HA) were then incubated with 2 mL of bacterial suspension. After 12 hours, a 100 pL volume of
bacterial droplets was evenly distributed onto the center of a LB agar plate to determine the colony count. The
antibacterial capacity of the nanoparticles was evaluated based on the colony counts after 24 hours.

Cell Cultures and Cytocompatibility

L929 cells were cultured in DF-12 medium supplemented with 5% fetal bovine serum, 1% antibiotic solution, and 1%
antifungal solution; HUVECs were cultured in ECM, supplemented with 5% fetal bovine serum, 1% antibiotic solution,
and 1% endothelial cell growth supplement. The cytocompatibility of dressings was assessed using CCK-8 and Calcein-
PI assays.

CCK-8 Assay

Initially, L929 cells and HUVECs were seeded at a density of 5000 cells per well in a 96-well plate. After 24 hours, the
culture medium was replaced with NaSH@CeO,, at varying concentrations ranging from 10 to 1000 pg/mL.
Subsequently, after 24 hours of incubation, CCK-8 solution (10 pL) was added, and absorbance was measured at 450 nm.

Calcein-PI Staining

L929 cells were seeded at 50,000 cells/mL in a 12-well plate. After overnight culture, the medium was replaced with
2 mL of fresh complete DF-12 medium. Concurrently, blank CS-HA hydrogel, CeO,/CS-HA and NaSH@CeO,/CS-HA
were gently placed on top of the cells respectively. Cells without any treatment were used as negative controls. Cells
without any treatment served as negative controls. After a specified period, the cell viability was analyzed using Calcein-
AM/PI staining solution, and fluorescence microscopy was employed to observe cell viability.

Antioxidant Activity of NaSH@CeO,/CS-HA

DCFH-DA Assay

To assess intracellular ROS levels, 1929 cells were cultured in a 12-well plate. After 24 hours, the culture medium was
replaced with fresh DF-12 medium for the following groups: control group (1 mL), OS group (H,0,), OS group with CS-
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HA (H,O, + CS-HA), and OS group with NaSH@CeO,/CS-HA (H,0, + NaSH@CeO,/CS-HA). In the OS group, 600
pmol/L H,O, was added. After a specified period, the DCFH-DA assay kit was used to detect intracellular ROS. Cells
were gently washed with PBS, followed by the addition of the DCFH-DA probe. After 30 minutes of incubation at 37 °C
in the dark, fluorescence microscopy (excitation = 488 nm, emission = 520 nm) was employed to quantify ROS levels
using Image J software.

Calcein-PI Staining Under OS

To evaluate the protective effect of the hydrogel under OS, L1929 cells were seeded at a density of 50,000 cells/mL. The
procedure was similar to the DCFH-DA staining. After washing with PBS, Calcein-AM/PI staining solution was added to
each well. After 30 minutes of incubation at 37°C in the dark, cells were observed using fluorescence microscopy.
Channels: Calcein-AM (excitation = 494 nm, emission = 517 nm), PI (excitation = 535 nm, emission = 617 nm).

Cell Migration

To study the wound healing potential of NaSH@CeO,/CS-HA, an in vitro wound model was established using 1.929 cells
and HUVECs. Cells were seeded at 100,000 cells/mL in a 6-well plate. After 24 hours, the culture medium was replaced
with serum-free medium to inhibit cell proliferation, ensuring that wound closure was solely due to cell migration. A fine
scratch was made at the bottom of each well using a sterile pipette tip, followed by two PBS washes to remove debris.
The control group received serum-free culture medium, while treatment groups included CS-HA, CeO,/CS-HA, and
NaSH@CeO,/CS-HA. Image J software was used to analyze wound closure based on the proportion of migrated cells
filling the wound area at 0 and 24 hours.

Tube Formation Assays

To simulate vascular formation under H,O,-induced injury, Matrigel Matrix was coated in each well of a 24-well cell
culture plate (200 puL/well) and allowed to solidify at 37 °C for 30 minutes. HUVECs were then seeded on the Matrigel-
coated plate. The same procedure as the intracellular ROS experiment was followed. After 12 hours of incubation, tube
formation was observed using a microscope, and Image J software was used to measure the number of junctions and
branches in each field. Three random fields were analyzed per well.

Wound and Infection Model

Male SD rats weighing 150 £+ 10 g were used for in vivo experiments (n=24). All animal procedures followed guidelines
set by the Shanghai Experimental Animal Accreditation Committee and were approved by the Institutional Review Board
of Shanghai First People’s Hospital (IACUC number: 2024AWS468). Rats were anesthetized with Zoletil®50 (50 mg/kg,
intramuscular injection). Circular full-thickness skin defects (diameter: 10.0 mm) were created on the rat dorsum. The
wounds were infected with 20.0 pL of MRSA bacterial suspension (1 x 10® CFU/mL).

Wound Closure Evaluation

SD rats were anesthetized with Zoletil®50. After 75% ethanol disinfection, circular full-thickness skin wounds (diameter:
10.0 mm) were created in the middle of the rat dorsum using a biopsy punch. Dressings were changed every other day,
and wound healing was documented using a digital camera at 4 days, 7 days, 10 days, and 14 days. On the
fourteenth day, wound area measurements were captured using Image J software after calibration.

Histological and Immunohistochemistry Analyses

Euthanasia was performed using carbon dioxide asphyxiation on SD rats. Day 14 skin specimens were immediately
collected, washed in water, fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned (4 um thickness).
Subsequently, sections were stained with hematoxylin and eosin (H&E) and Masson’s trichrome stain according to the
manufacturer’s instructions. H&E staining was used to assess tissue morphology and scar width. Masson’s trichrome
staining evaluated collagen density and number of new vessels in the regenerative area. Image J software was employed
for image analysis.

6 https: International Journal of Nanomedicine 2026:21



Wang et al

Immunofluorescence staining was performed to assess CD31 and caspase-3 levels on the 7th day. Briefly, after
fixation in 4% paraformaldehyde and permeabilization with 0.2% Triton X-100, samples were blocked with 5% bovine
serum albumin (BSA) in PBS. Primary antibodies were incubated overnight at 4°C. After PBS washing, samples were
exposed to fluorescent-labeled secondary antibodies for 1 hour. Image J software was used for image processing,
averaging results from at least three randomly selected positions.

Statistical Analyses

All experiments were repeated three times (n = 3), and quantitative data are presented as mean + standard deviation for
3-5 samples per group. Statistical comparisons between groups and the control group were performed using ANOVA. p -
value < 0.05 indicated statistically significant differences: * p < 0.05; ** p < 0.01; *** p < 0.001.

Results

Material Characterization

Characterizations of the NaSH@CeO,/CS-HA Hydrogel

Figure 1 presents the structural characteristics of the samples. Optical photographs of NaSH@CeO,/CS-HA are depicted
in Figure la. The addition of HA transforms the simple CS from a solution state to a gel-like structure, signifying
a gradual and uniform cross-linking process facilitated by CS-HA cross-linking agent.

The morphologies of CeO,-NPs were examined using TEM (Figure 1b). The study reveals that the porous CeO,-NPs
have a uniform pore size distribution, with an average size ranging from 50 to 120 nm. The surface of CeO,-NPs exhibits
numerous active sites, providing ample anchor points for the in-situ growth of NaSH. Figure lc, reveal that the
NaSH@CeO,/CS-HA hydrogel exhibits a typical three-dimensional porous structure. This structure facilitated the release
of substances, the adhesion of cells, and the transportation of nutrients, making it an ideal wound dressing. It successfully
incorporates porous CeO,-NPs loaded with NaSH.

The Figure 1d displays the FTIR spectra at different synthesis stages, demonstrating successful material synthesis.
The absorption peak at 800 cm™ ' is attributed to the Ce-O bond, which belongs to the crystalline nCeO, active phonon
mode and ranges from 900 cm ' to 400 cm . 1000 ~ 1200 cm ™' represents the C-O-C stretching vibration peak, the
characteristic peak of CS;>® The symmetric stretching vibration of double bond C=0 (amide I band) and the character-
istic peaks of carboxyl group at 1,500 ~ 1,680 cm 'and 1,380 ~'500 cm ™' are the characteristic peaks of HA.>* In each

group, strong and wide absorption peaks existed at 3,000 ~ 3,750 cm '

, which generally corresponded to O-H and
N-H stretching vibrations, indicating that ionic bonds form between CS polycations and HA polyanions. In summary, CS

and HA form hydrogels through electrostatic interaction.

Slow Release of H,S

Figure le—g illustrates the release profile of H,S from NaSH@CeO,/CS-HA hydrogel. At pH 9, the amount of H,
S released within 2 hours was significantly lower than that measured at pH 6.5 and pH 7.4. This performance is
significantly superior to the direct use of NaSH. It indicates that the NaSH@CeO,/CS-HA hydrogel effectively controls
the release of H,S, making it a promising material for various applications.>*

Mechanical Property of the NaSH@CeO,/CS-HA Hydrogel

The NaSH@CeO,/CS—HA hydrogel exhibited favorable adhesion to PE, rubber, and PP, as visually demonstrated in the
apparent adhesion images (Figure 1h). As shown in the compressive modulus diagram (Figure 11), the incorporation of
NaSH@CeO, did not alter the mechanical strength of the CS—HA matrix, as both hydrogels exhibited similar modulus
values (approximately 0.03 kPa) with no significant differences observed.

Nitrogen Adsorption-Desorption Testing of Hollow CeO,-NPs

As shown in Figure 1j, the N, adsorption—desorption isotherm of CeO, exhibits a typical type IV pattern, confirming the
presence of a highly ordered mesoporous structure. The BJH pore size distribution curve displays a very sharp and
narrow peak (full width at half maximum <1 nm), with an average pore size of 3.402 nm. More importantly, the material
demonstrates a high specific surface area of 310.252 m*g '
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Figure | Characterizations of the material. (a) Optical photographs of NaSH@CeO,/CS-HA. (b) The appearance of CeO, at different magnifications was collected by
TEM, and irregular porous structure could be seen on the sample surface. The scale bar represents 100 um, 20 pm and 5 um. (c) The appearance of CS-HA at different
magnifications was collected by SEM. (d) The FTIR spectra of NaSH@CeO,/CS-HA materials. (e—g) Accumulated amount of H,S released from NaSH@CeO,/CS-HA at
different time points in different pH environments. (h) Apparent adhesion of NaSH@CeO,/CS-HA hydrogel. (i) Compressive modulus of CS-HA and NaSH@CeO,/CS-HA
hydrogel. (j) Nitrogen adsorption-desorption isotherms and pore size distribution of hollow CeO,-NPs. (ns: no significant difference).

Evaluation of Biocompatibility of NaSH@CeO,/CS-HA Hydrogel
Histocompatibility of NaSH@CeO,/CS-HA Hydrogel

The liver and kidneys play crucial roles in metabolism, detoxification, and excretion within the body. Given that these
organs are major sites for nanoparticle accumulation, it is essential to assess the histocompatibility of the NaSH@CeO2/
CS-HA hydrogel with liver and kidney tissues.’>>® After treatment with NaSH@CeO,/CS-HA, histological examination
after 2 weeks revealed no significant differences compared to normal tissue structures in Figure 2a.
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Figure 2 The histocompatibility and cytocompatibility of NaSH@CeO,/CS-HA. (a) After 2 weeks of NaSH@CeO,/CS-HA implantation, no significant inflammation or
immune rejection response in the liver and the kidney, indicating great histocompatibility. The scale bar represents 100 pm. The HUVECs (b) and L929 cells (c)
cytocompatibility of NaSH@CeO,/CS-HA were detected using CCK-8 assay, and L929 cells were tested for Calcein-AM/Pl assay (d and e). The scale bar represents
50 pum. The data represents the mean * SD, and experiments were conducted with three repetitions. (ns: no significant difference).
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Cytocompatibility of NaSH@CeO,/CS-HA Hydrogel

When applied to wounds, dressings must exhibit good cell compatibility to avoid inducing toxicity around the wound
area and impeding wound healing.’” The CCK-8 assay was utilized to assess the cytocompatibility of NaSH@CeO,/CS-
HA. As shown in Figure 2b and c, different concentrations of NaSH@CeO, led to cell viability exceeding 100% in
HUVECs and 1929 cells, indicating no significant cytotoxicity. Figure 2d demonstrated that both the experimental group
(treated with CS-HA, CeO,/CS-HA and NaSH@CeO,/CS-HA) and the control group exhibited minimal PI-positive
cells, with a proportion of Pl-positive cells less than 5%. Statistical analysis presented in Figure 2e revealed no
significant difference between the control and experimental groups, indicating comparable cell viability. Overall,
NaSH@CeO,/CS-HA demonstrated excellent cytocompatibility, providing a favorable environment for cell survival in

wound settings.

Evaluation of the Antibacterial Activity of NaSH@CeO,/CS-HA Hydrogel

Chronic wound healing delays often lead to bacterial infections.”® With the overuse of antibiotics, the incidence of drug-
resistant bacterial infections is increasing, and ideal treatment options are often lacking. Among these drug-resistant
bacteria, MRSA, a common Gram-positive bacterium, and E. coli, a Gram-negative bacterium, are frequently associated
with wound infections.>

To evaluate the antibacterial activity, the agar plate method was employed to test the inhibitory effects of CS-HA,
Ce0,/CS-HA and NaSH@CeO,/CS-HA. As shown in Figure 3a—c, the results demonstrated that NaSH@CeO,/CS-HA
exhibited antibacterial properties against both E. coli and MRSA.

In vitro ROS-Scavenging
Excessive OS plays a significant role in delaying wound healing.®® Therefore, dressings for chronic infected wounds
should address OS and protect cells from damage caused by excessive ROS.®!

We investigated the ability of NaSH@CeO,/CS-HA to prevent cell death related to OS. When L929 cells were
exposed to 300 umol/L H,O,, PI staining revealed 43.4% cell death. However, pretreatment of L929 cells with
therapeutic concentrations of NaSH@CeO,/CS-HA resulted in a cell death rate of 5.9% (Figure 4a and b), demonstrating
the cell-protective effect of NaSH@CeO,,CS-HA under OS conditions.

To assess whether NaSH@CeO,/CS-HA achieves cell protection by reducing intracellular ROS, we used the DCFH-
DA probe. After H,O, treatment, 1.929 cells exhibited significantly elevated ROS levels. In contrast, NaSH@CeO,/CS-
HA-pretreated cells showed significantly reduced intracellular ROS levels compared to untreated control cells, while CS-
HA alone did not reduce ROS levels (Figure 4c and d). This confirms that NaSH@CeO,/CS-HA can reduce intracellular
ROS levels in an OS environment, providing effective cell protection.

In-vitro Scratch Assay

Cell migration toward the injured site is crucial for wound healing. Previous research has demonstrated that hydrogels,
including non-gelling materials, promote wound repair both in vitro and in vivo.°® In this study, we assessed the
migration capacity of fibroblasts and vascular endothelial cells to the injured area to determine the wound healing
trend. The results (Figure 4e and f) revealed that 24 hours after treatment, the cell migration coverage gap was 59.06%
for 1929 cells pretreated with NaSH@CeO,/CS-HA. In contrast, fibroblast migration was slower in the CS-HA (30.35%)
and CeO,/CS-HA (36.68%) groups, with no significant difference compared to the control group (27.3%). Notably, the
cell migration-promoting effect of NaSH@CeO,/CS-HA was significantly higher than that of other groups. As shown in
Figure 4g and h, a similar trend was observed in HUVECs, with a significant increase in cell migration in the
NaSH@CeO,/CS-HA group, accounting for 64.74%. These findings suggest that the sustained release of H,S from
the nanoscale formulation loaded with NaSH enhances cell migration and proliferation, potentially contributing to wound
healing.
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Figure 3 Antibacterial efficacy of different materials. (a) Survival of E. coli and S. aureus after the treatment with PBS, CS-HA, CeO,/CS-HA, and NaSH@CeO,/CS-HA
were assessed and presented, and the viability of MRSA (b) and E. coli (c) was measured. NaSH@CeO,/CS-HA exhibited significant antibacterial activity against both E. coli
and MRSA. The data represents the mean % SD. (*p < 0.05, ** p < 0.01, *** p < 0.001, ns: no significant difference).

In-vitro Tube Formation Assay

Excessive OS in infected wounds disrupts blood vessel formation and hinders wound healing.®®> To address this, we
developed a model to evaluate the angiogenic capacity of HUVECs under simulated OS conditions. When exposed to OS
conditions, HUVECs (Figure 4i—k) pretreated with NaSH@CeO,/CS-HA exhibited a protective effect, maintaining the
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number of junction and branches similar to the control group (without OS). Moreover, the NaSH@CeO,/CS-HA-treated
cells showed a significant increase in the number of junction and branches compared with other OS induced groups,
suggesting that he controlled release H,S from the nanoscale formulation loaded with NaSH enhances blood vessel
formation under OS conditions.

NaSH@CeO,/CS-HA Promotes Infection Wounds Healing in the Rat Models

The NaSH@CeO,/CS-HA hydrogel was evaluated for its accelerated effect on wound healing in an MRSA-infected rat
full-thickness skin incision model. Representative photos, schematic diagrams and wound closures of the treated wounds
at each time point are shown in the Figure Sa—c. Compared to other groups, the NaSH@CeO,/CS-HA group consistently
demonstrated accelerated healing of MRSA-infected wounds at all time points (p <0.05). Notably, wounds treated with
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Figure 4 The effects of NaSH@CeO,/CS-HA on wound healing induced. (a) Calcein-AM/PI assay was used to evaluate protect properties on OS induced by H,O, in L929
cells and the results were quantitatively presented based on the (b) percent of Pl position cells. The scale bar represents 100 um. (c and d) DCFH-DA assay demonstrated
the impact of NaSH@CeO,/CS-HA on OS induced by H,O,, with the results illustrated using bar charts. The scale bar represents 100 um. (e and f) Representative images
and quantitative analysis of the scratch wound healing assay in L929 cells, treated with NaSH@CeO,/CS-HA. The dashed lines in (e) indicate scratch edges. The healing rate
is presented as the percentage of wound closure. The scale bar represents 200 um. (g and h) Representative images and quantitative analysis of the scratch wound healing
assay in HUVECs, treated with NaSH@CeO,/CS-HA. The dashed lines in (g) indicate scratch edges. The healing rate is presented as the percentage of wound closure. The
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NaSH@CeO,/CS-HA hydrogel were almost completely (98.13%) healed after 14 days, contrasting with the wounds in
the other three groups (78.5%, 83.9%, and 88.9%).

To further assess skin wound healing, H&E and Masson three-color staining were used to evaluate the structure of the
regenerated skin (Figure 5d and e). Based on scar length, H&E staining revealed considerable differences between
NaSH@CeO,/CS-HA and the other groups (Figure 5f). Additionally, Masson three-color staining showed that the wound
area treated with NaSH@CeO,/CS-HA had higher collagen density than the other three groups (Figure 5g, p <0.05).
Collagen formation and deposition are key processes in wound healing, providing the structural framework for tissue
regeneration.®® These results further indicated that NaSH@CeO,/CS-HA dressing could accelerate wound healing.
Moreover, in the Masson tricolor staining results, a greater number of neovascularization were observed in the
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Figure 5 The wounds closure rate evaluation and histological analysis of infection wounds. (a) Representative images of diabetic wounds in different groups were captured
on days 0, 4, 7, and 14 after surgery. The scale bar represents | cm. (b) A schematic diagram depicted the diabetic wounds healing process at different time points, and (c)
the experimental results were graphically presented using a histogram on days 7 and 14. Histological analysis of infected wounds in each group was performed using (d) H&E
staining and (e) Masson’s trichrome staining at day |4; The dashed lines in (d) indicate the wound boundaries. The scale bar represents 200 um in these panels. The red
arrows in (e) indicate blood vessels. Quantitative analysis was conducted for (f) scar width, (g) collagen density, and (h) vascular density across all groups. The data
represents the mean SD. (*p < 0.05, ** p < 0.01, *** p < 0.001).

regenerated skin tissue treated by the NaSH@CeO,/CS-HA group, associated with an increase in the wound vascular
system (Figure 5h).

Excessive OS plays a crucial role in the healing of chronic infected wounds. Bacterial infections lead to the
accumulation of inflammatory cells, resulting in high levels of ROS that impair angiogenesis.®> Additionally, excessive
ROS disrupt cellular components such as DNA and lipids, triggering cell apoptosis and inhibiting wound healing.®® To
assess angiogenesis, we used immunofluorescence staining to detect the endothelial-specific marker CD31 (Figure 6a).®’
The results showed that the density of CD31-position cells in the NaSH@CeO,/CS-HA group was significantly higher
than in the other groups on day 7 (Figure 6b, p <0.05), indicating that NaSH@CeO,/CS-HA enhances vascular
regeneration in infected wound healing patients. Caspase-3 plays a crucial role in the execution phase of cell apoptosis,
and its activation is considered a hallmark of apoptosis.®® We evaluated Caspase-3 to assess cell apoptosis levels in each
group (Figure 6¢). The results demonstrated that the density of Caspase-3-position cells in the NaSH@CeO,/CS-HA
group was significantly lower than in the other groups, highlighting the strong protective effect of NaSH@CeO,/CS-HA
on infective wound tissue (Figure 6d, p <0.05).
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Figure 6 The immunofluorescence histological analysis of infection wounds. (a and b) Representative photographs and percent of position cell of CD31 immunofluores-
cence staining at the site of infection wounds 7 days after surgery were shown. The scale bar represents 200 um. (c and d) The cleaved caspase-3 immunofluorescence

staining was performed on day 7 after surgery, and cleaved caspase-3 expression was quantitatively assessed. The scale bar represents 200 um. The data represents the mean
+ SD. (*p < 0.05, ** p < 0.01, ns: no significant difference).

Discussion
In our study, we prepared a multi-functional bioactive material with slow-release gas molecules (NaSH@CeO,/CS-HA).
This formulation slowly releases H,S into skin wounds to accelerate wound closure, while CeO,-NPs control wound

infection. Further investigations using cells and animal models demonstrated that NaSH@CeO,/CS-HA has
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a cytoprotective effect under the dual action of bacterial infection and OS, while also promoting cell migration and
angiogenesis. From a clinical perspective, this material meets multi-functional requirements.

The CS-HA hydrogel was prepared by physical crosslinking method. The hydrogel design leverages the ionization
properties of CS in an acidic environment, where its amino groups carry positive charges. HA, with carboxyl groups on
its surface, interacts electrostatically with the ionized CS to form a physically crosslinked hydrogel. As depicted in
Figure lc, the three-dimensional network structure of CS-HA hydrogel is relatively uniform, with large pores, thin pore
walls, and brittle structure, likely contributing to its high swelling capacity and low hardness. As shown in Figure 1h,
hydrogels exhibit better adhesion to tissues and various substrates, possibly due to their hydrogen-rich composition,
which enables noncovalent interactions.®>’® At the same time, the low modulus of hydrogels provides mechanical
strength suitable for skin adhesion.”' In addition, nitrogen adsorption-desorption tests of CeO, demonstrate that the
hollow CeO,-NPs we successfully synthesized possess uniform mesoporous channels and extremely high specific surface
areas, providing abundant loading sites and enormous loading capacities as drug carriers, making them ideal for
constructing highly efficient and controllable drug delivery systems. Figure 1e—g demonstrates that the slow release of
H,S gas was achieved by incorporating NaSH into hollow CeO,-NPs and CS-HA. The high efficiency of the drug
loading and delivery system of NaSH has been fully demonstrated through mesoporous structure parameters and H,
S generation data. Notably, it is worth noting that H,S release is more significant under neutral and acidic conditions,
which is consistent with the acidic environment typically found in chronic infected wounds. This sustained-release
system is capable of maintaining therapeutic concentrations of H,S and CeO,-NPs.”>”® This suggests that hollow
mesoporous CeO,-NPs enable sustained release and microenvironment-responsive release of H,S, and also enable
intelligent control of H,S release kinetics through interactions between the carrier and the drug.

Figure 2 illustrates that the hydrogel dressing exhibits cell and tissue compatibility without compromising cell
survival rate. Histological analysis of liver and kidney tissues showed no difference compared to the control group.
S. aureus is a common cause of skin infections.”* Figure 3 demonstrates the anti-MRSA activity of NaSH@CeO,/CS-
HA. Although the samples were evaluated using a relatively high bacterial density (approximately 10° CFU/mL),
NaSH@CeO,/CS-HA hydrogels may be even more effective in clinical practice, where actual bacterial loads encoun-
tered are often lower. Furthermore, NaSH@CeO,/CS-HA also exhibited inhibition against the gram-negative bacteria
E. coli. The broad-spectrum antibacterial effect, coupled with sustained release of loaded CeO,-NPs, helps maintain
effective drug concentrations after wound formation, reducing the risk of contamination. Interestingly, Figure 3 suggests
that the presence of H,S may enhance the antibacterial gram-negative effect of CeO,-NPs against gram-negative bacteria.
This enhancement could be attributed to the reduction of Ce** to Ce** upon contact with the bacterial surface, activating
oxidative stress within the gram-negative bacteria,”” and H,S potentially promoting this reaction.””

ROS levels in local areas can lead to OS in surrounding tissues, damaging key biomolecules such as DNA, RNA, and
enzymes, which ultimately hinders wound healing.”® In Figure 4, we observe that hydrogel dressings reduce cell
apoptosis under OS conditions. Further, DCFH-DA staining suggests that this decrease in apoptosis may be attributed
to the reduction of excessive ROS levels in cells by NaSH@CeO,/CS-HA. Additionally, scratch test results indicate that
the addition of H,S enhanced the ability of CeO,-NPs to promote cell migration. Simultaneously, H,S enhances tube
formation under OS, highlighting its protective effect and potential to promote angiogenesis.

Untreated wound infections lead to the accumulation of persistent inflammatory cells, resulting in excessive ROS
secretion within the wound site. This excessive superoxide production damages surrounding tissues and disrupts the
normal wound regeneration process.”””’® Our MRSA-infected, difficult-to-heal full-thickness skin defect model and
in vivo experimental results further confirm that NaSH@CeO,/CS-HA not only accelerates wound healing but also
promotes skin repair in cases of severe infection. While CeO,-NPs ablates invading bacteria and reduces external
pathogen interference, H,S mitigates ROS levels, creating a pro-regenerative microenvironment that supports skin
regeneration and collagen formation. The functional status of local blood vessels is critical for treating infected wounds.
High ROS concentration impairs angiogenic ability and compromises vascular integrity, hindering wound healing.®”-”
Therefore, immunofluorescence staining results demonstrate that the addition of H,S enhances cell protection and
angiogenesis function under OS. Overall, NaSH@CeO,/CS-HA hydrogel holds promise for clinical applications due
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to its multifunctional advantages, including infection prevention, rapid wound healing promotion, and angiogenesis
support.

Although NaSH@CeO,/CS-HA hydrogel has shown good efficacy in infectious non-healing wounds, its role in long-
term chronic wounds requires further study. Additionally, although in vitro and in vivo experiments have comprehen-
sively demonstrated that the material releases H,S and exerts its function in the microenvironment of infected wounds,
the lack of real-time, dynamic in vivo H,S kinetic data is also one of the limitations of this study.

Conclusion

In this study, we successfully synthesized a novel hydrogel dressing with integrated antioxidant, antibacterial, and
wound-healing-promoting properties, which is suitable for the clinical treatment of refractory infected wounds. The
hydrogel is primarily composed of chitosan and hyaluronic acid, and is loaded with a NaSH@CeO, complex to enable
the controlled release of CeO,-NPs and H,S. In the infected wound microenvironment, the NaSH@CeO,/CS-HA
hydrogel responsively releases CeO,-NPs, which exhibit significant antibacterial activity and effectively inhibit bacterial
growth. Furthermore, the controllably released H,S promotes cell proliferation and migration. Notably, NaSH@CeO,
/CS-HA also counteracts OS-induced apoptosis and enhances angiogenesis, thereby accelerating the healing of infected
wounds. Overall, NaSH@CeO,/CS-HA demonstrates excellent biocompatibility and holds great potential for clinical
application in the management of refractory infected wounds. However, further regulatory oversight is still required to
address issues related to raw material control, stability, and the therapeutic window.
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