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Abstract
The healing of infected skin wounds remains a major clinical challenge due to persistent bacterial contamination and pro‐
longed inflammation. In this study, we report the development of a multifunctional, light-curable sodium alginate-based hy‐
drogel by grafting antimicrobial peptides (AMPs) onto oxidized sodium alginate (OSA) via Schiff base reactions and incorpo‐
rating silver nanoparticles (AgNPs). The dual-network hydrogel, formed by blending AMP@OSA with methacrylated algi‐
nate (AlgMA) and subsequent ultraviolet (UV) curing, exhibited a pH-responsive release behavior targeting the acidic micro‐
environment of infected wounds. In vitro studies demonstrated strong antibacterial activity against Staphylococcus aureus and 
Escherichia coli, significant inhibition of biofilm formation, and excellent biocompatibility, evidenced by minimal cytotoxicity 
and hemolysis. Treatment of a rat dorsal full-thickness infected wound model with the AMP-AgNPs@OSA hydrogel markedly 
accelerated wound closure, enhanced re-epithelialization, and promoted collagen deposition. Mechanistically, the hydrogel 
modulated the immune microenvironment by inducing macrophage polarization toward the anti-inflammatory M2 phenotype, 
thereby mitigating inflammatory responses and supporting tissue regeneration. These findings establish AMP-AgNPs@OSA 
hydrogel as a multifunctional dressing capable of simultaneously controlling infection and promoting wound repair, with 
strong potential for advanced clinical use in the management of infected skin defects. Moreover, the antimicrobial peptide 
component can be flexibly replaced with clinically appropriate antibiotics based on antimicrobial susceptibility testing, allowing 
personalized infection control and expanding the hydrogel’s translational relevance across diverse pathogens.
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1　Introduction

The skin, the body’s largest organ, serves as a physical bar‐
rier against external harm and participates in temperature 
regulation, sensory perception, and immune defense. Skin 
defects caused by trauma, surgery, burns, or chronic disease 
can severely compromise patients’ quality of life. Timely 
and effective wound management is therefore essential to 
prevent infection, accelerate wound healing, reduce scar‐
ring, and restore skin function [1].

Infection is among the most common complications in 
complex wound healing [2], substantially delaying recovery 
and increasing treatment costs and patients’ discomfort [3, 4]. 
Therefore, developing novel dressings that both control 
infection and promote wound healing is a key goal in bio‐
materials and skin repair research [5]. Among the various 
dressing materials, hydrogels are particularly promising due 
to their unique physicochemical properties and excellent 
biocompatibility [6]. Their high water content maintains a 
moist healing environment for wounds, supports drug load‐
ing and controlled release, reduces the number of dressing 
changes, and enhances comfort [7]. Numerous studies have 
demonstrated that nanocomposite hydrogels are valuable 
for skin defect repair [8, 9].

Sodium alginate (SA), a natural polysaccharide extracted 
from brown algae, is widely used in hydrogel preparation 
owing to its good biocompatibility, biodegradability, and 
gelation properties [10]. Alginate hydrogels can mimic the 

extracellular matrix and provide a favorable environment 
for cell growth and migration [11]. However, conventional 
alginate hydrogels have limited antimicrobial activity and 
modest effects on wound healing. Currently, hyaluronic 
acid (HA), SA, and gelatin methacrylate (GelMA) are com‐
monly used as wound dressings in clinical practice. Re‐
cently, antimicrobial peptides (AMPs) have attracted in‐
creasing attention for their broad-spectrum antimicrobial ac‐
tivity, low resistance development, and immune-modulating 
properties. AMPs are small-molecule proteins found widely 
in nature and represent a key component of organisms’ 
innate immune system. Incorporating AMPs into hydrogels 
can significantly enhance antimicrobial efficacy and reduce 
infection risk [12]. Silver nanoparticles (AgNPs) also ex‐
hibit potent antimicrobial properties [13]. Their high surface 
activity and nanoscale effects allow interaction with bacte‐
rial cell walls, disruption of bacterial metabolism, and induc‐
tion of bacterial death. Additionally, AgNPs can promote 
wound healing and reduce inflammation [14, 15]. Although 
AMPs and metallic nanoparticles offer strong potential for 
infection control and wound healing [16], their effective in‐
tegration and controlled release within hydrogels remain 
challenging [17]. Primarily, SA is selected as the base mate‐
rial due to its chemical tunability, biocompatibility, cost-
effectiveness, and multifunctionality in treating infected skin 
defects [18]. SA dressings form gentle, moisture-retentive 
gels that are easily modified to incorporate bioactive mol‐
ecules, thereby promoting cellular proliferation. Compared 
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with HA, which is costly and unstable, and GelMA, which 
requires complex processing and may contain solvent residue 
issues, SA demonstrates superior biocompatibility and con‐
trolled degradability—making it ideal for skin regeneration. 
Its easy oxidative modification, superior mechanical proper‐
ties, and broad applicability further enhance its suitability for 
antibacterial, anti-inflammatory, and wound-healing hydrogel 
design [19]. Oxidized SA introduces aldehyde groups that 
readily bind AMPs via Schiff base reactions, forming a stable, 
chemically crosslinked network. Additionally, SA exhibits 
excellent pH responsiveness, enabling controlled AMP re‐
lease under the acidic conditions typical of infected wounds, 
thereby improving antibacterial efficacy [20]. The natural 
abundance and low cost of SA, compared with HA and 
GelMA, make it particularly suitable for large-scale produc‐
tion and clinical application.

Wound healing is a complex biological process involving 
interactions among multiple cell types and signaling path‐
ways [21]. Macrophages play a central role by clearing 
pathogens and necrotic tissue, regulating inflammation, and 
promoting tissue repair through cytokine secretion [22]. 
They can polarize into distinct phenotypes in response to 
microenvironment changes, with M1 (pro-inflammatory) 
and M2 (anti-inflammatory) being the two major polariza‐
tion states [23]. Promoting macrophage polarization toward 
the M2 phenotype therefore reduces inflammation and ac‐
celerates wound healing [24].

This study developed a novel composite hydrogel system 
comprising two functional components: AMP-conjugated 
oxidized sodium alginate (AMP@OSA) and methacrylated 
alginate (AlgMA). These components form the hydrogel’s 
structural basis, whereas AgNPs were incorporated to en‐
hance antimicrobial and wound-healing performance, yield‐
ing a multifunctional dressing with robust therapeutic poten‐
tial. This study investigated the hydrogel’s preparation, 
physicochemical properties, antibacterial activity, wound 
healing efficacy, and influence on macrophage polarization. 
The findings provide a scientific basis for developing high-
efficiency wound dressings and are expected to improve the 
clinical outcomes in infected skin defect treatment.

2　Materials and methods

2.1 Preparation of photocurable sodium 
alginate-based composite hydrogel

2.1.1 Preparation of oxidized sodium alginate 

SA was dissolved in deionized water to prepare a 2% (20 g/L) 
solution. Sodium periodate (NaIO4) was added at a molar 
ratio of 1:1 (NaIO4 to sugar units in SA) and stirred under 
light-protected conditions at room temperature for 4 h. 

Ethylene glycol was then added to terminate the reaction, 
followed by dialysis against deionized water for 48 h using 
a 3500 Da molecular-weight-cutoff (MWCO) dialysis bag, 
with frequent water changes. The final product was freeze-
dried to yield powdered oxidized SA (OSA).

2.1.2 Schiff base reaction between OSA and AMP

OSA was dissolved in deionized water to prepare a 2% 
(20 g/L) solution and mixed with human β-defensin-2 (hBD2, 
100 µg/mL) solution at a 1:1 volume ratio. The mixture was 
stirred at pH 7.0 with 1 mol/L NaOH under light-protected 
conditions at room temperature for 4 h to form the AMP@
OSA solution. This reaction involved condensation between 
aldehyde groups in OSA and amino groups in AMP, form‐
ing stable Schiff base bonds that ensure successful con‐
jugation. The product was dialyzed against deionized water 
for 48 h using a 3500 Da MWCO dialysis bag with fre‐
quent water changes, and then freeze-dried to obtain pow‐
dered AMP@OSA.

2.1.3 AlgMA preparation

Unsaturated double bonds were introduced into SA AlgMA 
via an esterification reaction between methacrylic anhydride 
(MA) and hydroxyl groups on the SA side chain (Scheme 1a). 
Sodium alginate (500 mg) was completely dissolved in ultra-
pure water to prepare a 2% (mass fraction) solution by stir‐
ring for 4 h at room temperature. N,N-dimethylformamide 
(DMF) was added dropwise (water:DMF=3:2, volume ra‐
tio) and stirred well, and the mixture was cooled to 4 °C. 
MA was then added at a molar ratio of MA:SA=3:1, and 
the reaction proceeded for 24 h at pH 8–9, maintained with 
0.5 mol/L NaOH. The polymer was precipitated with ethanol, 
dissolved in ultra-pure water, and dialyzed for 3 d (MWCO=
14 kDa). The purified sodium alginate derivative was recov‐
ered by freeze-drying for later use. 

2.1.4 Incorporation of AgNPs

A 0.02% (0.2 g/L) AgNPs solution was prepared and ultrasoni‐
cated for 10 min to achieve uniform dispersion. The AgNPs 
solution was added to the AMP@OSA and AlgMA mixture 
and thoroughly stirred to ensure homogeneous distribution 
of nanoparticles.

2.1.5 Preparation of two-component hydrogel

The concentration of the AMP@OSA solution was adjusted 
to 3% (30 g/L) and AlgMA to 5% (50 g/L). The two solu‐
tions were mixed at a 3:7 (mass ratio) AMP@OSA:AlgMA 
ratio. Irgacure 2959 (I2959) was added as a photoinitiator at 
a final concentration of 0.1% (1 g/L). The mixture was stirred 
until homogeneous to prevent phase separation.
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2.1.6 Photo-crosslinking and hydrogel formation

The final mixture was cast into molds or applied to the de‐
sired surface and photo-crosslinked under ultraviolet (UV) 
light (365 nm, 5–10 mW/cm2). Curing lasted 5–15 min, de‐
pending on the hydrogel thickness. The dual-network hydrogel 
exhibited the desired mechanical and functional properties.

2.2　Quality control and manufacturability 
evaluation of the hydrogel system

2.2.1 Aldehyde content determination

The oxidation degree of SA was determined by quantifying 
aldehyde groups using the hydroxylamine hydrochloride ti‐
tration method. Briefly, OSA samples were incubated with 
hydroxylamine hydrochloride in an acidic medium, and the 

released HCl was titrated with standardized NaOH. The 
aldehyde content was calculated from the titration volume 
and expressed as mmol/g. Three independent batches were 
measured to assess batch-to-batch consistency.

2.2.2 Grafting efficiency of antimicrobial peptides

The grafting efficiency of the AMPs onto OSA was assessed 
by measuring the residual unbound peptides in the superna‐
tant after the Schiff base reaction. The initial peptide con‐
centration in the reaction system was defined as Ctotal, 
whereas the concentration of free, unreacted peptides re‐
maining in the supernatant was determined as Cfree using a 
bicinchoninic acid protein assay. Grafting efficiency (ηg) 
was calculated as follows:

ηg=(1− Cfree/Ctotal)×100%.

Scheme 1  Schematic illustration of the design, synthesis, and mechanism of the UV-curable pH-responsive sodium alginate hydrogel for infected 
wound healing. (a) AMP@OSA was first prepared via a Schiff base reaction, and the composite hydrogel was then formed by crosslinking with 
AlgMA and AgNPs under UV irradiation. (b) Application of the hydrogel on infected wounds, enabling pH-responsive AMP release and broad-
spectrum antibacterial activity. (c) Biological effects of the hydrogel, including immunomodulation, antibacterial action, and biofilm inhibition, 
in facilitating wound healing
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A higher grafting efficiency indicated a greater propor‐
tion of peptides immobilized within the hydrogel network.

2.2.3 AgNPs characterization

The average size and polydispersity index (PDI) of in situ 
synthesized AgNPs within the hydrogel matrix were ana‐
lyzed via dynamic light scattering (DLS, Zetasizer Nano-ZS, 
Malvern Panalytical, UK). Hydrogels were diluted in deion‐
ized water before measurement, and data from three inde‐
pendent batches were analyzed.

2.2.4 Microstructure and pore size distribution

Freeze-dried hydrogel scaffolds were sectioned and sputter-
coated with gold. Scanning electron microscopy (SEM) 
images were obtained under low vacuum at 5 kV. Porosity 
was calculated using image threshold analysis via ImageJ, 
and pore size distribution was measured from over 100 ran‐
domly selected pores per sample.

2.2.5 Injectability testing

The hydrogel precursor solution was loaded into syringes fitted 
with 18G, 21G, or 23G needles. A TA-XTplus texture ana‐
lyzer (Stable Micro Systems, Godalming, UK) applied com‐
pression at 1 mm/s, and the peak extrusion force was recorded 
for each needle type. Each configuration was tested in triplicate.

2.2.6 Rehydration efficiency after lyophilization

Hydrogels were lyophilized and stored for 1 month at − 40, 
− 20, 4, 15, or 25 °C. Rehydration was initiated by adding 
1 mL phosphate-buffered saline (PBS) to each sample and 
vortexing until uniform dispersion was achieved. The rehy‐
dration rate was calculated as the percentage of recovered 
mass compared with the pre-lyophilization weight.

2.3　Hydrogel characterization

The chemical composition of the hydrogel membranes was 
characterized using Fourier transform infrared spectropho‐
tometry (FTIR, Bruker Vector 22, Germany), with samples 
blended in a potassium bromide pellet and spectra acquired 
over 64 scans at a resolution of 4.0 cm−1, and by proton 
nuclear magnetic resonance (1H NMR) spectroscopy (Bruker 
AVANCE III 500, Germany; 40 °C in deuterated H2O). Hy‐
drogel surface morphology was examined using field-
emission SEM (Nova Nano 450, Thermo FEI, Czech Repub‐
lic) at an accelerating voltage of 5 kV after platinum sputter‐
ing, and elemental composition was assessed using energy-
dispersive X-ray spectroscopy (EDX). Crystallinity was ana‐
lyzed using X-ray diffraction (XRD) with Cu Kα radiation 
(λ=1.5406 Å; 1 Å =1×10−10 m) at 40 kV and 30 mA, a 

scanning range of 5°–80° (2θ) at 2 (°)/min. Hydrogel surface 
chemical bond changes were further characterized using 
X-ray photoelectron spectroscopy (AXIS Supra, Kratos, 
UK). Spectral data were processed using ESCApe software 
(Kratos Analytical, Manchester, UK), with the C 1s photo‐
electron peak at 284.8 eV as the binding-energy reference.

2.3.1 Differential scanning calorimetry

The thermal properties of lyophilized hydrogels were ana‐
lyzed using differential scanning calorimetry (DSC) under a 
nitrogen atmosphere (flow rate: 50 mg/min). Approximately 
10 mg of each sample was heated at 10 °C/min, and the cor‐
responding thermal transitions were recorded.

2.3.2 Adhesion performance

Surface hydrophilicity and wet adhesion properties of the 
SA hydrogel were evaluated using a contact angle goniom‐
eter. The hydrogel was freeze-dried into a uniform flat film, 
and measurements were performed with either deionized 
water or simulated body fluid as the testing liquid. The film 
was mounted on the measurement stage, and a droplet was 
placed on its surface. The droplet’s contact angle was cap‐
tured and analyzed using software, whereby an angle <90° 
indicated hydrophilicity. Dynamic contact angle changes, 
including droplet spreading or absorption, were also recorded 
to assess wet adhesion performance. Each sample was tested 
in triplicate, and contact angle trends were analyzed to de‐
termine hydrophilic and adhesive performance.

2.3.3 Swelling performance test

The swelling properties of freeze-dried hydrogel scaffolds 
were evaluated gravimetrically. Each hydrogel was weighed 
on an analytical balance to obtain its initial dry weight (Wa), 
and then immersed in PBS at 37 °C to monitor swelling 
over time. Samples were collected at 2, 4, 10, 12, 24, 48, and 
72 h, and excess surface water was gently removed with fil‐
ter paper before reweighing (Wb). Each group included 
three replicate samples. The hydrogel swelling degree (W) 
was calculated as follows:

W = Wb−Wa
Wa

×100%.

The swelling ratio reflects the hydrogel’s water absorption 
capacity and structural stability.

2.3.4 AMP and AgNP release tests

AMP release behavior was evaluated by immersing the hydro‐
gel samples in 2  mL PBS at 37 °C with continuous shak‐
ing. At predetermined time points (1, 3, 5, 7, 9, and 14  d), 
1 mL of release medium was withdrawn for analysis and 
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replaced with an equal volume of fresh PBS. AMP concen‐
tration in the release medium was determined using a micro‐
plate reader at 270 nm, and the cumulative release rate (rcr) 
was calculated with the following formula:

rcr= Ct
C∞

×100%,

where Ct represents the AMP concentration released at time 
t and C∞ is the total AMP amount encapsulated in the 
AMP-AgNPs@OSA hydrogel.

For AgNPs release tests, hydrogel samples were immersed 
in 10 mL PBS at 37 °C and shaken at 50 r/min. Supernatant 
aliquot (100 μL) was collected at 0, 1, 3, 5, 7, 9, and 14 d, 
filtered, and stored for analysis; equal volumes of fresh PBS 
were replenished after sampling. Atomic absorption spec‐
troscopy was used to determine the concentration of silver 
ions in the supernatant. The results were plotted as a release 
curve; the release rate per unit time and the cumulative 
release were calculated, and the release kinetics of silver 
nanoparticles over time were analyzed.

2.3.5 Thermogravimetric analysis

Samples (5–10 mg) were evenly distributed in crucibles for 
analysis under an air atmosphere (flow rate: 20–50 mL/min) 
using a heating rate of 10 °C/min from room temperature to 
800 °C. The thermogravimetric analysis (TGA) instrument 
recorded the mass – temperature curve to assess water loss, 
decomposition temperature, and residual mass. Uniform 
sample preparation, moderate heating rates, and regular in‐
strument calibration ensured data accuracy.

2.3.6 Injectable capacity

Freshly prepared hydrogel samples were loaded into 1 mL 
syringes and injected into glass culture dishes imprinted 
with the text “ZJU” and a spiral pattern to visually evaluate 
injectability. Following UV curing, the hydrogel was exam‐
ined to confirm its photocuring ability and shape fidelity.

2.4　In vitro biodegradation tests

The biodegradation of the dual-network hydrogel was as‐
sessed by incubating samples in degradation media at 37 °C. 
Uniform-sized hydrogel discs were prepared, dried, and 
weighed (W0). Samples were immersed in 10 mL PBS 
(pH 7.4) with or without lysozyme (1 mg/mL, 10 000 U/mL) 
to simulate physiological and enzymatic conditions. The hy‐
drogels were incubated at 50 r/min and retrieved at 1, 3, 7, 
14, and 21 d. After gentle rinsing and blotting, the wet 
weights (Wt) were recorded. Weight loss was calculated as 
(W0− Wt)/W0×100%. Degradation behavior was assessed by 
monitoring structural and morphological changes, including 
optional surface examination using SEM. This analysis elu‐

cidated the degradation profiles under enzymatic and non-
enzymatic conditions, confirming the hydrogel’s biomedical 
applicability.

2.4.1 Cell viability evaluation

NIH/3T3 fibroblasts were selected as test cells, seeded in 
96-well plates at 5×103 cells/well, and cultured with leachates 
from OSA and AMP-AgNPs@OSA hydrogels (100 μg/mL). 
The control group received no leachate, and PBS served as 
the blank. Cell cytotoxicity and proliferation were measured 
using the Cell Counting Kit-8 (CCK-8, Dojindo Laborato‐
ries, Kumamoto, Japan) at 48 and 96 h. After 2 h of incuba‐
tion with CCK-8 reagent at 37 °C, absorbance was mea‐
sured at 450 nm using a microplate reader (Multiskan MK3, 
Thermo Fisher Scientific, Waltham, MA, USA).

Cell compatibility was further assessed using a Live/
Dead Cell Staining Kit (Solarbio, Beijing, China). NIH/3T3 
cells (2×104 cells/well) were cultured in 24-well plates under 
identical conditions. Calcein acetoxymethyl ester (Calcein-
AM) and propidium iodide (PI) were used to stain live 
(green) and dead (red) cells, respectively, at 48 and 96 h fol‐
lowing the manufacturer’s instructions. Samples were 
visualized using fluorescence microscopy (Zeiss LSM 710, 
Carl Zeiss, Germany).

2.4.2 Hemolysis test

A hemolysis assay was performed to evaluate the hydrogel’s 
blood compatibility. Fresh anticoagulated rabbit blood was 
centrifuged to isolate red blood cells (RBCs), which were 
washed and resuspended in saline to obtain a 2% suspen‐
sion. Hydrogel extract solutions were incubated with RBCs 
at 37 °C for 1 h. Saline and 0.1% Triton X-100 served as 
negative and positive controls, respectively. After centrifu‐
gation, the absorbance of the supernatant was measured at 
540 nm to quantify hemolysis. The hemolysis rate (rh) was 
calculated as follows:

rh=ODtest−ODneg
ODpos−ODneg

×100%,

where ODtest, ODneg, and ODpos denote the absorbance 
values of the test sample, negative control, and positive con‐
trol, respectively. A hemolysis rate below 5% was consid‐
ered indicative of good hemocompatibility.

All data were statistically analyzed using one-way analy‐
sis of variance (ANOVA) and visualized with GraphPad 
Prism, ensuring reproducibility and robust assessment of hy‐
drogel blood safety.

2.4.3 Antibacterial activity test

Plate colony count: Staphylococcus aureus ATCC 25923 
(S. aureus) and Escherichia coli ATCC 25922 (E. coli) 
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were cultured overnight in nutrient agar. For each group 
(control, OSA, AMP-AgNPs@OSA), bacterial suspensions 
(100 µL, 1×106 CFU/mL; CFU: colony-forming unit) were 
spread evenly on agar plates. After 24 h of incubation at 
37 °C, colonies were counted using an automatic colony 
counter, and antibacterial activity was determined by com‐
paring colony counts among groups.

Crystal violet biofilm formation assay: Biofilm formation 
was quantified using crystal violet staining. Bacterial sus‐
pensions (100 µL, 1×106 CFU/mL) of S. aureus and E. coli 
were added to 96-well plates containing control, OSA, or 
AMP-AgNPs@OSA hydrogels. Following 24 h of incuba‐
tion at 37 °C, non-adherent bacteria were removed via PBS 
washing, and biofilms were stained with 0.1% crystal violet 
solution for 20 min. Excess stain was rinsed off, and bio‐
films were solubilized in 95% ethanol. Absorbance was 
read at 570 nm using a microplate reader to quantify bio‐
film biomass.

Confocal laser scanning microscopy for biofilm live/dead 
staining: Live/Dead staining of biofilms formed by S. aureus 
and E. coli on control, OSA, and AMP-AgNPs@OSA hy‐
drogels was performed using the LIVE/DEAD BacLight 
Bacterial Viability Kit (Invitrogen, Thermo Fisher Scien‐
tific) according to the manufacturer’s instructions. Biofilms 
were stained with SYTO 9 (green, live cells) and PI (red, 
dead cells) and incubated in the dark for 15 min. Biofilm 
images were captured using a confocal laser scanning mi‐
croscope (Zeiss LSM 710, Carl Zeiss) at excitation wave‐
lengths of 488 nm (SYTO 9) and 633 nm (PI).

2.5　Transcriptomic analysis of NIH/3T3 cells

NIH/3T3 fibroblasts were cultured in Dulbecco’s modified 
Eagle medium (DMEM) containing 10% fetal bovine serum 
(FBS) and 1% penicillin-streptomycin at 37 °C under 5% 
CO2. Cells were seeded in six-well plates (1×106 cells/well) 
and treated with AMP-AgNPs@OSA hydrogel extract for 
24 h; untreated cells served as controls. Total RNA was ex‐
tracted using TRIzol, and RNA integrity was assessed using 
a Nanodrop spectrophotometer (Thermo Fisher Scientific) 
and an Agilent 2100 Bioanalyzer (Agilent Technologies, 
Santa Clara, CA, USA). Libraries were constructed and se‐
quenced using an Illumina NovaSeq 6000 platform. Clean 
reads were aligned to the mouse genome, and differentially 
expressed genes (DEGs) were identified using DESeq2 
(|log2FC|>1, p<0.05). Functional enrichment was con‐
ducted via Gene Ontology and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) analyses to elucidate anti-
inflammatory mechanisms. Principal component analysis 
and heatmaps were generated for visualization, with 
multiple-testing corrections applied using the Benjamini–
Hochberg method.

2.6　Macrophage polarization assay

RAW 264.7 macrophages were cultured in DMEM with 10% 
FBS and 1% penicillin-streptomycin at 37 °C under 5% CO2. 
Cells were seeded in six-well plates (1×106 cells/well) and 
treated for 24 h with lipopolysaccharide (LPS, 100 ng/mL) for 
M1 polarization, interleukin (IL)-4 (20 ng/mL) for M2 polar‐
ization, OSA hydrogel extract, or AMP-AgNPs@OSA hydro‐
gel extract. For immunofluorescence staining, cells were fixed, 
permeabilized, and incubated with primary antibodies against 
cluster of differentiation 206 (CD206, M2 marker) and induc‐
ible nitric oxide synthase (iNOS, M1 marker), followed by 
fluorescent secondary antibodies. Nuclei were counterstained 
with 4',6-diamidino-2-phenylindole (DAPI), and images were 
obtained using confocal microscopy. For flow cytometry, cells 
were harvested, stained with fluorescently labeled anti-CD86 
(M1) and anti-CD206 (M2) antibodies, and analyzed using a 
FACS instrument to quantify macrophage subpopulations. For 
Western blotting, total protein was extracted, separated using 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, 
and transferred to polyvinylidene membranes. Primary antibod‐
ies were used to target CD86, iNOS (M1 markers), arginase-1 
(Arg-1), and CD206 (M2 markers); β-actin served as the load‐
ing control. Protein bands were visualized via chemilumines‐
cence and quantified using ImageJ. Reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) was per‐
formed to measure the expression of CD86, iNOS (M1 mark‐
ers), Arg-1, and CD206 (M2 markers). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) served as the internal con‐
trol. Gene expression was quantified using the ΔΔCt method. 
Primer sequences are listed in Table 1.

2.7　In vivo models

To evaluate the in vivo therapeutic efficacy of the AMP-
AgNPs@OSA hydrogels, a standardized full-thickness skin 
defect model was established.

The wound-healing efficacy of the AMP-AgNPs@OSA 
hydrogel was assessed using an infected full-thickness skin 
defect model in Sprague–Dawley (SD) rats. Thirty-six female 
SD rats (200–250 g) were obtained from Shanghai Slack Ex‐
perimental Animal Company (Shanghai, China) and main‐
tained under standard laboratory conditions (12-h light/dark 
cycle) with free access to water and food. Animals were ran‐
domly divided into Control, OSA, and AMP-AgNPs@OSA 
hydrogel treatment groups. The Institutional Animal Care 
and Use Committee approved all procedure protocols. Full-
thickness skin defects (approximately 1.5 cm in diameter) 
were created on the dorsal side of each rat using a sterile 
15-mm biopsy punch. Each wound was inoculated with 
S. aureus suspension (106 CFU/mL) to induce infection, fol‐
lowed by treatment initiation on Day 0. Approximately 100 μL 
of AMP-AgNPs@OSA hydrogel was applied to the wound, 

545



Bio-Design and Manufacturing (2026) 9:539–562

whereas OSA hydrogel or saline solution was applied in the 
corresponding control groups. Treatments were renewed 
every 2 d until Day 12, and wound healing progression was 
documented on Days 0, 2, 5, 7, 10, and 12.

Body weights were recorded on Days 0, 2, 5, 7, 10, and 12 
using a digital balance to monitor animal health. On Days 2 
and 7, bacterial samples were collected from each rat for 
quantification using quantitative PCR (qPCR). Photographs 
were taken at each time point to assess wound contraction and 
healing progression. The wound area was measured using 
digital imaging software, and wound contraction was quan‐
tified relative to the initial wound size (Day 0). Wound heal‐
ing was monitored by evaluating time-dependent changes in 
wound size, which were then statistically analyzed. Rats 
were euthanized on Day 12, and their skin tissues were har‐
vested for histological analysis. Hematoxylin and eosin 
(H&E) staining was used for morphological assessment, 
Masson’s trichrome for collagen deposition, and immuno‐
histochemistry for IL-10 and IL-6 to evaluate the inflamma‐
tory response at the wound site.

2.8　Statistical analysis

All quantitative data are expressed as mean±standard devia‐
tion from at least three independent replicates. Statistical 
analyses were performed using GraphPad Prism 9.0. Two 
groups were compared using an unpaired two-tailed Stu‐
dent’s t-test, while multiple comparisons were analyzed using 
one-way ANOVA followed by Tukey’s post hoc test. Non-
normally distributed data were analyzed using the Kruskal-
Wallis test with Dunn’s multiple comparisons. Statistical 
thresholds were set at *p<0.05, **p<0.01, and ***p<0.001.

3　Results and discussion

3.1　Manufacturing consistency and 
functional performance of the hydrogel system

The synthesis of the hydrogel material and its biological 
performance are presented in Scheme 1. The chemical syn‐

thesis of the hydrogels is illustrated in Fig. S1 (supplemen‐
tary information). As illustrated in Fig. 1a, the hydrogel 
system exhibits a modular, clinically adaptable design. OSA 
provides reactive aldehyde groups that form Schiff base 
linkages, enabling efficient and stable immobilization of 
AMPs. AlgMA, synthesized through carbodiimide-mediated 
chemistry, introduces photoreactive double bonds for rapid 
UV-induced gelation, allowing in situ application. To ensure 
reproducibility, quantitative quality-control parameters were 
established across three independent fabrication batches. The 
oxidation degree of SA remained consistent, with aldehyde 
contents of (3.5±0.04) mmol/g (Fig. 1b), demonstrating 
excellent process consistency. The Schiff base conjugation 
efficiency for AMP immobilization reached (82.5±0.5)% 
(Fig. 1c).

AgNPs incorporation exhibited uniform distribution with 
a mean diameter of 100 nm and a low PDI (0.16±0.01), 
confirmed using DLS (Fig. 1d). The lyophilized hydrogel 
displayed a porous microarchitecture (average porosity: 
(72.3±2.1)%; pore size: 20–60 μm; Figs. 1e and 1f), which 
supports nutrient diffusion and cellular infiltration—key fac‐
tors in wound healing.

From a translational perspective, the hydrogel demon‐
strated excellent injectability, requiring a manual injection 
force of 4.6 N through a 21G needle (Fig. 1g), suitable for 
clinical application. Lyophilized hydrogel powders re‐
tained  >91% rehydration capacity after a 1-month storage, 
with optimal recovery at − 20–4 °C (Fig. 1h), indicating 
strong storage stability and convenience for point-of-care 
deployment.

Overall, the hydrogel system showed robust and control‐
lable synthesis, as evidenced by the consistent aldehyde con‐
tent, stable peptide grafting efficiency, and uniform AgNPs 
dispersion across multiple batches. Its well-defined pore struc‐
ture facilitates cellular infiltration and nutrient exchange, while 
its injectability through standard clinical needle gauges and 
excellent rehydration performance after lyophilization favor 
practical, on-demand application and long-term storage. More‐
over, the dynamic Schiff base chemistry for antimicrobial 
peptide conjugation allows facile substitution of AMP 

Table 1  Primers used for RT-PCR analysis
Gene
iNOS

CD86

CD206

Arg-1

β-actin

Primer direction
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Primer sequence
5'-CAACAGGGAGAAAGCGCAAA-3'
5'-ATTCTGTGCTGTCCCAGTGAG-3'
5'-CCACGATGGACCCCAGATG-3'
5'-CCTTTGTAAATGGGCACGGC-3'
5'-ACGAGCAGGTGCAGTTTACA-3'
5'-ACATCCCATAAGCCACCTGC-3'
5'-GTGAAGAACCCACGGTCTGT-3'
5'-AGAAAGGACACAGGTTGCCC-3'
5'-GACTGTTACTGAGCTGCGTTT-3'
5'-ACTTTGGGGGATGTTTGCTC-3'
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Fig. 1  Fabrication and quality control of the modular photocurable hydrogel. (a) Hydrogel synthesis and formation. (b) Oxidation degree consis‐
tency across batches. (c) AMP conjugation efficiency via Schiff base linkage. (d) Size and uniformity analysis of AgNPs. (e, f) Porosity and 
pore size distribution of the hydrogel. (g) Injection force evaluation for clinical handling. (h) Rehydration performance after storage under vari‐
ous temperatures. Data are presented as mean±standard deviation (n=3). PDI: polydispersity index
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components according to patient-specific microbial profiles, 
supporting personalized antimicrobial therapy. These features 
highlight the hydrogel’s scalability, precision, and potential 
for clinical wound management.

3.2　Enhanced structural characteristics and 
controlled release properties of AMP-AgNPs@OSA 
hydrogel

The FTIR spectra (Fig. 2a) revealed that SA exhibited a 
strong stretching vibration peak around 3400 cm−1, corre‐
sponding to the O–H absorption band of hydroxyl groups in 
its side chains. Peaks near 1600 and 1410 cm−1 were attrib‐
uted to the stretching vibrations of the carboxylate (–COO−) 
groups, while the absorption band near 1030 cm−1 indicated 
the vibrational absorption of ether bonds within the sugar 
ring. The peak near 820 cm−1 represented the vibrational 
absorption of hydroxyl groups. The modified AlgMA re‐
tained these characteristic SA stretching vibration peaks, 
confirming that the primary SA structure remained un‐
changed after modification. A new vibrational absorption 
peak at 1720 cm−1 in AlgMA, corresponding to the C=O 
stretching vibration of ester bonds, confirmed the successful 
introduction of ester groups. Additionally, a peak at 1630 cm−1 
was assigned to C=C stretching vibration, confirming the 
successful conjugation of MA to SA and the presence of po‐
lymerizable carbon-carbon double bonds, enabling photopo‐
lymerization. Modified OSA and AMP@OSA retained the 
key SA absorption peaks, suggesting structural preservation 
after modification. In OSA, a new peak at 1726 cm−1, at‐
tributed to –CHO stretching vibration, confirmed successful 
oxidation of SA and the introduction of reactive aldehyde 
(–CHO) groups. In AMP@OSA, the peak at 3400 cm−1 
shifted to a lower frequency, corresponding to aliphatic –NH2 
stretching, while a new band appeared at 890 cm−1 due to 
–NH2 bending vibration, indicating the successful conjuga‐
tion of AMPs to OSA.

The structures of SA, AlgMA, OSA, and AMP@OSA 
were characterized using 1H NMR with D2O as the solvent. 
Figure 2b shows that the peak at δ 4.79 ppm corresponded 
to the solvent signal, where δ denotes the chemical shift in 
parts per million (ppm, equivalent to 10−6), whereas the 
resonances at δ 3.5–4.5 ppm were attributed to the charac‐
teristic sugar ring protons of SA. Compared with SA, AlgMA 
displayed new peaks at δ 5.73 ppm and δ 6.16 ppm (olefinic 
protons of MA) and at δ 1.93 ppm (methyl hydrogen adja‐
cent to the amide group), confirming successful grafting of 
MA anhydride onto SA. OSA exhibited a new hemiacetal 
proton peak at δ 5.5 ppm, validating the successful introduc‐
tion of aldehyde groups into SA through oxidation of the C2 
and C3 hydroxyls. The chemical environment of the protons 
was altered, resulting in a new peak approximately δ 3.5 ppm, 
which persisted in OSA. In AMP@OSA, a distinct amide 

proton signal near δ 8.0 ppm confirmed successful AMP 
conjugation.

SEM images (Fig. 2c) revealed that OSA and AMP-
AgNPs@OSA had significant microstructural differences. 
OSA displayed a relatively uniform, small-pore structure 
with a dense surface, suitable as a structural scaffold mate‐
rial for non-infected skin defects. In contrast, AMP-
AgNPs@OSA showed an interconnected porous architecture 
with larger, irregularly distributed pores, a rougher surface, 
and more prominent crosslinks between pores conducive to 
cell migration and proliferation. Energy-dispersive spectros‐
copy (EDS) mapping confirmed the presence and uniform 
distribution of C, O, Na, Ag, and N elements in AMP-
AgNPs@OSA, verifying the successful incorporation of 
AgNPs and AMPs within the OSA matrix. The detected Ag 
and N signals further validated AgNP and AMP loading, re‐
spectively. This well-organized porous structure supports 
antibacterial activity and wound healing, while AMP incor‐
poration enhanced both pore structure diversity and func‐
tional drug-release capacity—crucial for inhibiting micro‐
bial growth, reducing inflammation, and promoting wound 
healing in infected skin defects.

The comparison of the SA structure and performance be‐
fore and after modification indicated that the modification 
significantly altered the material’s microstructure. Before 
modification, the XRD spectrum (Fig. 2d) of SA exhibited 
typical amorphous characteristics, with a broad peak be‐
tween 20° and 30°, indicating that its internal structure was 
primarily amorphous. After modification, AgNP introduc‐
tion generated new diffraction peaks in the 2θ range of 40°–
45°, confirming the successful incorporation of AgNPs 
with crystalline structures. These structural modifications 
also altered SA chain spacing and reduced peak intensity, 
indicating molecular reorganization. XPS (Fig. 2e) further 
verified successful functionalization, revealing prominent 
N 1s (approximately 400 eV) and Ag 3d (approximately 
368–374 eV) signals corresponding to AMP grafting and 
AgNP incorporation, respectively. The N 1s signal con‐
firmed nitrogen introduction from the AMPs, whereas the 
Ag 3d signal indicated Ag presence. Shifts in the C 1s and 
O 1s peaks suggested possible Ag–O bond formation or co‐
ordination between AgNPs and peptide amino/carboxyl 
groups. Collectively, these results confirm that AMP and 
AgNP modification synergistically enhanced the hydro‐
gel’s structural integrity, antibacterial functionality, and 
long-term stability.

Figures 2f and 2g present the cumulative release profiles 
of AgNPs and AMPs from the hydrogel. Approximately 
80% of Ag was released within 10 d, providing rapid initial 
antimicrobial action crucial for early-stage infection control. 
In contrast, AMP release exhibited pH-sensitivity—occurring 
significantly faster at pH 5.5 than at pH 7.4—allowing tar‐
geted release in acidic, infected wound environments. This 
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Fig. 2  Characterizations of AMP-AgNPs@OSA. (a) FTIR spectra. (b) NMR spectra. (c) SEM images of OSA, AgNPs, and AMP-AgNPs@OSA, 
and EDS mapping of AMP-AgNPs@OSA, showing element distributions of C, O, Na, Ag, and N. (d) XRD patterns of SA and SA–Ag, confirming 
AgNP crystallinity. (e) XPS spectra of the AMP-AgNPs@OSA hydrogel, confirming elemental composition. (f) Cumulative silver ion (Ag+) re‐
lease over time. (g) pH-responsive AMP release (faster at pH 5.5). (h) Swelling behavior of OSA and AMP-AgNPs@OSA hydrogels over time. 
Data are presented as mean±standard deviation (n=3). ppm: parts per million, equivalent to 10− 6
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dual release system ensures both immediate and sustained 
antimicrobial activity, addressing acute infection control and 
prolonged microbial suppression. Figure 2h shows the swell‐
ing behavior of pure OSA and AMP-AgNPs@OSA hydro‐
gels over 72 h. Both displayed rapid initial swelling, reach‐
ing equilibrium within 12 h. Incorporation of AMP-AgNPs 
slightly reduced equilibrium swelling (approximately 130%) 
compared with pure OSA (approximately 150%), reflecting 
enhanced structural stability from nanoparticle–peptide inte‐
gration. Such controlled swelling maintains optimal mois‐
ture levels, promoting wound healing while preventing exces‐
sive structural deformation.

Figure 3a shows the sol–gel transition and photocuring 
behavior of the AMP-AgNPs@OSA hydrogel. The hydro‐
gel exhibited a fluid state before UV exposure and rapidly 
transitioned into a stable gel upon curing. Compared with 
OSA, the AMP-AgNPs@OSA hydrogel showed enhanced 
gelation and excellent injectability, forming uniform drop‐
lets that solidified into predefined patterns under UV light 
while maintaining structural integrity (Fig. 3b). These char‐
acteristics confirm its reliable photocuring performance, mak‐
ing it suitable for biomedical applications requiring local‐
ized gelation.

Grafting AMPs onto OSA via Schiff base reactions and 
embedding AgNPs improved both hydrophilicity and func‐
tional performance (Figs. 3c and 3d). The static contact angle 
decreased from 73° to 53°, indicating enhanced wettability 
due to the introduction of polar groups from AMPs and uni‐
form AgNP distribution. This modification exposed more 
hydrophilic segments, improved water interaction, and in‐
creased biocompatibility. Enhanced hydrophilicity facili‐
tated AMP release, while AgNPs added synergistic antibac‐
terial effects, making the hydrogel ideal for wound-healing 
and antibacterial applications. As shown in Figs. 3f and 3e, 
both the storage modulus (G′) and loss modulus (G″) in‐
creased with increasing oscillation frequency. Compared 
with OSA, AMP-AgNPs@OSA exhibited higher G′ and G″ 
values, indicating enhanced viscoelasticity after incorpora‐
tion of AMP and AgNPs.

Thermal analysis (Figs. 3g and 3h) demonstrated that 
AMP-AgNPs@OSA possessed a higher degradation tem‐
perature and superior thermal stability than OSA, suggest‐
ing enhanced material robustness from nanoparticle incor‐
poration. Crystallinity analysis (Fig. 3i) further showed that 
AMP-AgNPs@OSA possesses a more ordered structure, con‐
tributing to improved mechanical and thermal performance. 
The degradation profile (Fig. 3j) revealed a slower degrada‐
tion rate for AMP-AgNPs@OSA than OSA, indicating pro‐
longed functional effectiveness during wound healing. Collec‐
tively, these findings demonstrate that AMP-AgNPs@OSA 
hydrogel exhibits superior mechanical strength, swelling 
capacity, thermal stability, and controlled degradation, mak‐
ing it a strong candidate for skin wound-healing applications.

3.3　Antibacterial and anti-biofilm activity

The AMP-AgNPs@OSA hydrogel showed significantly 
fewer S. aureus and E. coli colonies than both the control 
and OSA-only groups (p<0.05; Figs. 4a and 4b), confirm‐
ing its superior antibacterial efficacy. The AMPs likely dis‐
rupted bacterial membranes through electrostatic interac‐
tions, whereas AgNPs inhibited growth by releasing silver 
ions and generating reactive oxygen species (ROS). This 
dual mechanism markedly reduced bacterial viability on 
agar plates. Crystal violet staining (Figs. 4c and 4d) showed 
that AMP-AgNPs@OSA also suppressed biofilm formation 
more effectively than the control or OSA group. Biofilms 
formed by S. aureus and E. coli are typically resistant due 
to their protective extracellular polymeric matrix that im‐
pedes the diffusion of antimicrobial agents, making biofilm 
removal crucial for treating infected skin defects [25]. How‐
ever, the integrated AMP-AgNPs system appeared to dis‐
rupt biofilm formation, likely by preventing bacterial adhe‐
sion at an early stage and interfering with intercellular sig‐
naling required for biofilm maturation. Confocal laser scan‐
ning microscopy (CLSM) images confirmed these effects 
(Figs. 4e and 4f). AMP-AgNPs@OSA-treated samples 
showed predominantly lower-intensity green fluorescence 
(live cells) and increased red fluorescence (dead cells), indi‐
cating strong bactericidal activity against established bio‐
films. The incorporation of AMP and AgNPs within an OSA 
carrier provided sustained antibacterial activity and a stable 
interface that suppressed bacterial colonization. The syn‐
ergy between AMP membrane disruption and AgNP ion re‐
lease with ROS generation enhanced inhibition. Further‐
more, the hydrogel’s pH-responsive AMP release ensured 
targeted antimicrobial activity in acidic, infected environ‐
ments, minimizing cytotoxicity while maximizing bacterial 
eradication. The persistent antibacterial activity highlights 
its suitability for long-term infection control. Clinically, spe‐
cific antimicrobial peptides could be selected based on bac‐
terial susceptibility at wound sites and grafted onto the 
hydrogel for tailored, potent antibacterial effects. This multi‐
functional approach holds strong potential for preventing 
and managing biofilm-related infections in diverse biomedi‐
cal applications.

3.4　Biocompatibility evaluation of 
AMP-AgNPs@OSA hydrogel

To assess the suitability of AMP-AgNPs@OSA hydrogel 
for treating infected wounds, we first assessed its cellular 
and blood compatibility. For in vitro cytotoxicity, NIH/3T3 
fibroblasts were cultured with extracts of OSA and AMP-
AgNPs@OSA hydrogels for 48 and 96 h. Live/Dead stain‐
ing revealed a high proportion of viable cells in both hydro‐
gel groups, indicating minimal cytotoxicity. Quantitative 
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Fig. 3  Characterization of the AMP-AgNPs@OSA hydrogel. (a) Optical images showing the sol–gel transition of the hydrogel before and after 
UV curing. (b) Injectability and shape adaptability of the hydrogel under UV exposure. (c) Contact angle measurements of SA, OSA, and AMP-
AgNPs@OSA, indicating hydrophilicity changes. (d) Quantification of water contact angles. (e, f) Loss modulus and storage modulus of OSA 
and AMP-AgNPs@OSA. (g– i) Thermal stability (DTG, TGA, and DSC). (j) Hydrogel degradation profile over 14 d. Data are presented as 
mean±standard deviation (n=3). *p< 0.05 and **p<0.01. DTG: derivative thermogravimetry 
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Fig. 4  Antibacterial and anti-biofilm performance of AMP-AgNPs@OSA against S. aureus and E. coli. (a) Representative agar plate images 
showing colony formation in the control, OSA, and AMP-AgNPs@OSA groups. (b) Quantitative analysis of colony counts. (c) Crystal violet 
staining of biofilms formed by S. aureus and E. coli in each group. (d) Biofilm quantification by absorbance measurements. (e) Confocal laser 
scanning microscopy images of live (green)/dead (red) staining in biofilms. (f) Quantification of live/dead fluorescence ratios. Data are presented 
as mean±standard deviation (n=3). *p<0.05, **p<0.01, and ***p<0.001. OD: optical density
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proliferation assays corroborated these findings, showing com‐
parable cell proliferation rates between hydrogel-exposed 
and control groups after 48 h (Figs. 5a and 5b). These results 
confirm that neither OSA nor AMP-AgNPs@OSA hydro‐
gel extracts adversely affected fibroblast viability or growth, 
demonstrating favorable cytocompatibility.

Given the clinical importance of blood compatibility for 
wound dressings, a hemolysis assay was performed using 
PBS as the negative control and 0.1% Triton X-100 as the 
positive control. Hemolysis levels were quantified spectro‐
photometrically, with the positive control defined as 100% 
hemolysis. Both OSA and AMP-AgNPs@OSA hydrogels 
exhibited hemolysis rates below 2% across extract concen‐
trations (Fig. 5c), confirming excellent blood compatibility 

well within the accepted threshold for materials in direct 
blood or tissue contact, highlighting the safety profile of the 
hydrogels.

The AMP-AgNPs@OSA hydrogel is composed mainly of 
OSA, AlgMA, AMPs, and AgNPs. Upon degradation, algi‐
nate components yield low-molecular-weight oligosaccha‐
rides or methacrylate fragments—biocompatible products 
known to support tissue repair [26]. AMPs degrade into 
amino acids or short peptides that are readily metabolized 
by the body without long-term toxicity [27]. The primary 
component warranting close monitoring is AgNPs, as high 
systemic doses can elicit acute toxicity. However, multiple 
studies indicate negligible chronic toxicity at low, clinically 
relevant levels [28]. In this formulation, AgNPs are topically 

Fig. 5  Biocompatibility evaluation of the AMP-AgNPs@OSA hydrogel. (a) Live/Dead staining of NIH/3T3 cells cultured with different hydrogels 
(Control, OSA, and AMP-AgNPs@OSA) at 48 h and 96 h. Live cells are stained green, whereas dead cells are stained red. Scale bars: 100 µm. 
(b) Cell viability assay showing no significant cytotoxicity of the AMP-AgNPs@OSA hydrogel after 48 h and 96 h of incubation. (c) Hemolysis 
assay demonstrating the hemocompatibility of the AMP-AgNPs@OSA hydrogel compared with PBS and a positive control (0.1% Triton X-100). 
Inset: corresponding hemolysis test images. Data are presented as mean±standard deviation (n=3)
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delivered within an alginate-based hydrogel, minimizing 
systemic uptake through matrix binding, local sequestra‐
tion at the wound bed, and Ag+ complexation with exudate 
proteins—collectively reducing bioavailable Ag+ fraction 
relative to injectable dosing. These factors indicate that the 
AgNP concentration used remains within a conservative safety 
margin, supporting its clinical relevance for localized anti‐
microbial therapy in infected skin defects without incurring 
appreciable long-term systemic burden. Consistent with this 
rationale, our biocompatibility testing further confirmed 
that OSA-based hydrogels exhibited no significant cytotox‐
icity toward fibroblasts in vitro and caused minimal hemo‐
lytic activity, suggesting localized release without systemic 
toxicity. Moreover, the alginate matrix provides a biocom‐
patible scaffold conducive to cell adhesion and proliferation. 
These properties are critical in wound dressings, in which 
balancing antimicrobial efficacy with tissue compatibility is 
essential. Demonstrating both low cytotoxicity and excel‐
lent hemocompatibility, the AMP-AgNPs@OSA hydrogel 
shows strong clinical potential for effectively controlling 
infection while preserving the integrity of surrounding tis‐
sues and blood components.

3.5　Transcriptomic insight into the 
immunomodulatory effects of 
AMP-AgNPs@OSA hydrogel

Transcriptome sequencing of NIH/3T3 fibroblasts was con‐
ducted to investigate the molecular mechanisms underlying 
the biological effects of AMP-AgNPs@OSA. The volcano 
plot (Fig. 6a) comparing the AMP-AgNPs@OSA and con‐
trol groups revealed numerous DEGs. Significantly upregu‐
lated genes in the AMP-AgNPs@OSA group appear in red, 
whereas downregulated ones in blue, indicating a substan‐
tial transcriptional shift induced by the hydrogel. KEGG 
enrichment analysis (Fig. 6b) identified key pathways related 
to oxidative stress response and inflammatory regulation, 
aligning with the hydrogel’s dual antimicrobial and immu‐
nomodulation functions. The heatmap (Fig. 6c) further high‐
lighted distinct gene expression patterns induced by AMP-
AgNPs@OSA, with clusters of genes involved in antioxidant 
defense and tissue repair being upregulated, whereas pro-
inflammatory and tissue-damaging genes were suppressed 
compared with the control group. These findings suggest 
that the hydrogel promotes a cellular environment favoring 
reduced oxidative injury and enhanced tissue regeneration.

The Nrf2 and NF-κB pathways play opposing but interre‐
lated roles in infected skin defects [29]. Nrf2 induces cyto‐
protective gene expression, mitigates oxidative stress, and 
supports tissue repair [30], whereas NF-κB activation trig‐
gers pro-inflammatory cytokine release that can exacerbate 
tissue damage if excessive [31]. Thus, coordinated modula‐
tion of these pathways—activating Nrf2 while suppressing 

overactive NF-κB—is critical for reducing inflammation, 
promoting M2 macrophage polarization, and accelerating skin 
healing, making them critical targets for treating infected skin 
wounds [32]. Gene set enrichment analysis (GSEA) showed 
positive enrichment of the Nrf2 signaling and related anti‐
oxidant pathways in cells treated with AMP-AgNPs@OSA 
(Fig. 6d), indicating enhanced cytoprotective gene expres‐
sion. Currently, NF-κB-related inflammatory pathways are 
negatively enriched, reflecting a broad immunomodulatory 
response. Collectively, these transcriptomic results demon‐
strate that AMP-AgNPs@OSA hydrogel modulates cellular 
stress and inflammatory networks, fostering an environment 
conducive to wound healing and inflammation resolution.

HO-1, Nrf2, p65, and IκBα are critical regulators of the 
Nrf2 and NF-κB pathways, which play central roles in in‐
fected skin defect repair [33]. Nrf2, a transcription factor, 
activates antioxidant and cytoprotective genes, including 
HO-1, which mitigates oxidative stress, reduces inflamma‐
tion, and promotes tissue regeneration [34]. Conversely, p65, 
a core NF-κB subunit, drives inflammation by inducing pro-
inflammatory cytokines, exacerbating tissue damage, whereas 
IκBα inhibits NF-κB activation by sequestering p65 in the 
cytoplasm; its degradation leads to NF-κB activation and in‐
flammation [35]. The interplay of these molecules governs 
macrophage polarization: Nrf2/HO-1 activation promotes M2 
macrophages with anti-inflammatory and regenerative effects, 
whereas NF-κB activation skews macrophages toward the 
pro-inflammatory M1 phenotype. Balancing these pathways 
is thus vital for reducing inflammation, enhancing collagen 
deposition, and promoting vascularization during wound 
healing. Western blotting (Fig. 6e) provided mechanistic 
confirmation of transcriptomic findings, showing that AMP-
AgNPs@OSA treatment upregulated HO-1 and Nrf2—
key antioxidant mediators—while downregulating p65 and 
IκBα, thereby decreasing NF-κB activity. Quantitative data 
(Fig. 6f) corroborated these results, with HO-1 and Nrf2 lev‐
els significantly increased and p65 levels markedly reduced 
(p<0.05). Collectively, these molecular shifts indicate that 
AMP-AgNPs@OSA operates via a dual mechanism: acti‐
vating Nrf2-dependent antioxidant defenses while suppress‐
ing NF-κB-driven inflammation.

These results highlight the capacity of AMP-AgNPs@OSA 
to induce coordinated transcriptional and translational changes 
that strengthen cellular stress resistance and suppress inflam‐
matory signaling. By upregulating Nrf2-HO-1 and inhibit‐
ing NF-κB, the hydrogel establishes a microenvironment fa‐
vorable for tissue repair and infection control—an essential 
balance for wound-healing applications, where excessive 
oxidative stress and persistent inflammation often impede 
regeneration. Overall, the transcriptomic and protein-level 
data support AMP-AgNPs@OSA as a multifunctional bio‐
material capable of synergizing antimicrobial efficacy with 
robust immunomodulatory and cytoprotective functions.
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Fig. 6  Transcriptomic and protein expression analyses after AMP-AgNPs@OSA hydrogel treatment. (a) Volcano plot of differentially ex‐
pressed genes between the AMP-AgNPs@OSA and control groups. (b) KEGG pathway enrichment identifying activated signaling pathways. 
(c) Heatmap of differentially expressed genes (upregulated in red, downregulated in blue). (d) GSEA showing activation and inhibition of the 
Nrf2 and NF-κB signaling pathways, respectively. (e) Western blotting of HO-1, Nrf2, p65, and IκBα expression levels. (f) Quantification of 
protein expression levels. Data are presented as mean±standard deviation (n=3). **p<0.01 and ***p<0.001. NC: negative control
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3.6　Macrophage polarization and immune 
modulation

Macrophages play a crucial role in wound healing through 
dynamic M1/M2 polarization [36]. Pro-inflammatory M1 
macrophages combat infection in the early stages by releas‐
ing cytokines such as tumor necrosis factor-α (TNF-α) and 
IL-1β but can impair healing if overactivated. In contrast, 
M2 macrophages promote tissue repair by secreting anti-
inflammatory cytokines such as IL-10 and transforming 
growth factor-β (TGF-β), facilitating collagen synthesis and 
angiogenesis [37]. Effective wound repair requires a timely 
transition from M1 to M2 polarization [38]. Photocurable 
biomaterials enhance this immunomodulation by providing 
spatiotemporal control over local microenvironments, de‐
creasing NF-κB-mediated cytokine cascades while promot‐
ing M2-associated repair [39]. To evaluate the immunoregu‐
latory effects of AMP-AgNPs@OSA, macrophage polariza‐
tion was analyzed via immunofluorescence staining, flow 
cytometry, and Western blotting. The results demonstrated 
that the hydrogel effectively promoted M1 to M2 polariza‐
tion, suggesting its role in inflammation regulation and tissue 
regeneration. As shown in Figs. 7a and 7b, IL-4 treatment 
increased the M2 marker CD206 expression, whereas LPS 
induced the M1 marker inducible nitric oxide synthase 
(iNOS). The OSA group exhibited moderate modulation, 
whereas the AMP-AgNPs@OSA group markedly enhanced 
CD206 expression and reduced iNOS expression. Quantita‐
tive fluorescence confirmed significantly higher CD206 
intensity and suppressed iNOS expression in the AMP-
AgNPs@OSA group compared with the OSA and LPS 
groups (p<0.05; Fig. 7c), indicating that AMP-AgNPs@OSA 
hydrogel effectively facilitated macrophage polarization 
toward the M2 phenotype and attenuated M1-mediated in‐
flammation. Flow cytometry further demonstrated the phe‐
notypic shifts in macrophage populations under different 
treatment conditions (Fig. 7d). The IL-4-treated group ex‐
hibited a substantial increase in the proportion of CD206+ 
macrophages, whereas LPS treatment resulted in a predomi‐
nance of CD86+ macrophages, indicative of M1 polarization. 
Notably, the AMP-AgNPs@OSA group demonstrated a sig‐
nificantly higher percentage of CD206+ cells and a lower 
percentage of CD86+ cells compared with the OSA group, 
closely resembling the IL-4-induced M2 polarization pattern 
(Fig. 7e). These results suggest that AMP-AgNPs@OSA 
hydrogel both reduced pro-inflammatory macrophage accu‐
mulation and increased the formation of reparative macro‐
phages, thereby contributing to a favorable immune micro‐
environment for tissue regeneration. Western blotting results 
(Figs. 7f and 7g) validated these findings, showing down‐
regulation of M1 markers CD86 and iNOS, alongside up‐
regulation of M2-associated proteins Arg-1 and CD206, 

further confirming that the AMP-AgNPs@OSA hydrogel 
effectively suppresses M1-driven inflammation and promotes 
M2-mediated tissue repair.

These immunoregulatory outcomes align with the transcrip‐
tomic data. First, the incorporation of AMPs and AgNPs con‐
ferred potent antibacterial activity, lowering pathogen burden 
and reducing M1-promoting inflammation [40]. Second, the 
bioactive hydrogel microenvironment activates signaling 
pathways such as Nrf2 to enhance M2 polarization [41]. Ad‐
ditionally, its pH-responsive nature allows controlled AMP 
release under acidic conditions, enabling infection control 
while maintaining immune equilibrium. This controlled re‐
lease is crucial for preventing excessive immune activation 
and fostering efficient tissue repair.

3.7　Enhanced wound healing and 
immunomodulatory effects of 
AMP-AgNPs@OSA hydrogel

The wound closure process was monitored over 12 d to evalu‐
ate the healing efficacy of the AMP-AgNPs@OSA hydro‐
gel in an infected full-thickness skin defect model. Figure 8 
depicts the progression of wound healing and bacterial clear‐
ance in a rat model of S. aureus-infected skin defects treated 
with the AMP-AgNPs@OSA hydrogel. As shown in Fig. 8a, 
infection and treatment were initiated on Day 0, with obser‐
vations and histological analyses performed on Day 12. Rep‐
resentative images in Fig. 8b illustrate accelerated wound 
healing at different time points (Days 0, 2, 5, 7, 10, and 12) 
in the AMP-AgNPs@OSA group compared with the con‐
trol and OSA groups. Although the OSA hydrogel group 
enhanced wound healing compared with the control group, 
the AMP-AgNPs@OSA group achieved the most significant 
wound size reduction by Day 12, confirming superior heal‐
ing performance.

Quantitative analysis (Fig. 8c) demonstrated significantly 
faster wound closure in the AMP-AgNPs@OSA group at 
Days 5, 7, 10, and 12 compared with the control and OSA 
groups (p<0.05). Wound trace maps, as shown in Fig. 8d, 
further confirmed reduced wound size in the AMP-AgNPs@
OSA group over time. The color-coded circles represent 
wound size at each time point, with the AMP-AgNPs@OSA 
group showing the smallest residual wound area by Day 12. 
Body weight data (Fig. 8e) revealed no significant inter‐
group differences, indicating that treatment did not compro‐
mise systemic health, thereby supporting the in vivo bio‐
compatibility of both the hydrogel and AgNP degradation 
products. Bacteria quantification (Fig. 8f) showed a more 
significant reduction in S. aureus load at Days 2 and 7 in 
the AMP-AgNPs@OSA group than in the control and OSA 
groups (p<0.05), demonstrating the hydrogel’s effective an‐
tibacterial properties.
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Fig. 7  Immunomodulatory effects of the AMP-AgNPs@OSA hydrogel on macrophage polarization. (a) Immunofluorescence staining of CD206 
(M2 marker, green) and iNOS (M1 marker, red) in macrophages treated with IL-4, LPS, OSA hydrogel, or AMP-AgNPs@OSA hydrogel. Nuclei 
were stained with DAPI (blue). Scale bars: 50 μm. (b) Quantification of CD206 and iNOS fluorescence intensity across treatment groups. (c) Relative 
mRNA expression levels of iNOS, CD86, Arg-1, and CD206 in macrophages under different treatments. (d) Flow cytometry analysis of macro‐
phages labeled with CD86 (M1 marker) and CD206 (M2 marker) under different conditions. (e) M1/M2 macrophage ratio derived from flow 
cytometry. (f) Western blotting of M1 (CD86, iNOS) and M2 (Arg-1, CD206) macrophage markers in different groups. β-actin served as the 
loading control. (g) Quantification of relative protein expression levels of CD86, iNOS, Arg-1, and CD206 from Western blotting results. Data 
are presented as mean±standard deviation (n=3). *p<0.05, **p<0.01, and ***p<0.001
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The enhanced wound healing efficacy of the AMP-
AgNPs@OSA hydrogel can be attributed to its multifunctional 
design. Its pH-responsive release of AMP effectively sup‐
pressed S. aureus proliferation, mitigating infection and in‐
flammation at the wound site. Additionally, AgNPs exerted 
broad-spectrum antibacterial effects, further preventing sec‐
ondary infection. The hydrogel’s Schiff base-crosslinked 
double-network structure maintained mechanical stability 

and a moist wound environment—conditions essential for 
tissue regeneration.

Immunomodulation also contributed significantly to wound 
healing. Previous studies have shown that macrophage 
polarization toward the M2 phenotype is critical for tissue 
repair [42]. The AMP-AgNPs@OSA hydrogel promoted M2 
polarization, thereby reducing inflammation and accelerat‐
ing tissue regeneration. Its bioactive matrix likely enhanced 

Fig. 8  Evaluation of wound healing and bacterial clearance in an infected skin defect model treated with the AMP-AgNPs@OSA hydrogel. (a) 
Schematic of the experimental timeline for S. aureus-infected wound treatment. (b) Representative images of wound healing progression in the 
different groups (Control, OSA, and AMP-AgNPs@OSA) at Days 0, 2, 5, 7, 10, and 12. Scale bar: 10 mm. (c) Quantification of the relative wound 
rate over time. (d) Wound trace maps showing wound size reduction across groups. (e) Body weight changes throughout the study. (f) Quantifica‐
tion of S. aureus bacterial load in wound tissue at Days 2 and 7 using RT-PCR. Data are presented as mean±standard deviation (n=3). *p<0.05, 
**p<0.01, and ***p<0.001
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extracellular matrix deposition, consistent with the acceler‐
ated re-epithelialization observed in the wound images. Histo‐
logical and immunohistochemical analyses were further con‐
ducted to assess tissue regeneration and inflammatory re‐
sponses in a rat dorsal wound model treated with OSA-
based hydrogels. H&E, Masson’s trichrome, and immuno‐
histochemical staining for IL-10 and IL-6 were used to 
evaluate re-epithelialization, collagen deposition, and 

inflammatory modulation across control, OSA, and AMP-
AgNPs@OSA groups. As shown in Fig. 9a, H&E staining 
revealed pronounced tissue regeneration and reduced in‐
flammation in the AMP-AgNPs@OSA group; the OSA 
group showed moderate improvement compared with the 
control group. Figure 9b displays Masson’s trichrome stain‐
ing, which highlights greater collagen deposition in the 
AMP-AgNPs@OSA group, indicating enhanced wound 

Fig. 9  Histological and immunohistochemical analysis of wound healing in the infected skin defect model. (a) H&E staining of wound sections 
from different treatment groups (Control, OSA, and AMP-AgNPs@OSA). Scale bar: 200 μm. (b) Masson’s trichrome staining to assess collagen 
deposition in wound tissue. Scale bar: 200 μm. (c) Quantification of granulation tissue thickness among different groups. (d) Collagen matrix 
percentage in the different groups based on Masson staining. (e) Epidermal thickness assessment of healed skin. (f) Dermal gap measurements 
among groups, demonstrating wound closure efficiency. (g) Immunohistochemical staining and quantification of IL-6 and IL-10 in wound tissue to 
evaluate inflammatory responses. Scale bar: 100 μm. Data are presented as mean±standard deviation (n=3). *p<0.05, **p<0.01, and ***p<0.001
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healing and tissue repair. Quantitative analysis (Figs. 9c and 
9d) confirmed a significantly higher thickness and collagen 
area percentage (p<0.05). Figure 9e shows that the AMP-
AgNPs@OSA treatment produced a thicker epidermal layer 
than both comparison groups, while Fig. 9f illustrates a 
smaller dermal gap, confirming improved wound closure. 
Immunohistochemical staining (Fig. 9g) showed that AMP-
AgNPs@OSA treatment significantly reduced IL-6 and in‐
creased IL-10 expression compared with the control and 
OSA groups, further supporting a shift toward an anti-
inflammatory milieu. Quantitative analysis corroborated 
these trends, highlighting the hydrogel’s capacity to sup‐
press inflammation while promoting tissue repair.

Collectively, these results demonstrate that the AMP-
AgNPs@OSA hydrogel enhanced fibroblast activity and ac‐
celerated dermal remodeling, which is crucial for stable 
wound healing. IL-10 and IL-6 are key cytokines involved 
in infected skin repair [43]. IL-10 exerts anti-inflammatory 
effects by suppressing pro-inflammatory cytokine produc‐
tion, promoting M2 macrophage polarization, and facilitating 
tissue regeneration [44]. In contrast, IL-6 plays a dual role: 
it recruits immune cells and supports early inflammation but 
may cause chronic inflammation if persistently elevated [45]. 
Thus, maintaining an appropriate IL-10/IL-6 balance is criti‐
cal for modulating inflammation, promoting angiogenesis, and 
accelerating wound healing—making these cytokines im‐
portant therapeutic targets. Immunohistochemical staining 
for IL-10 and IL-6 confirmed the hydrogel’s immunomodu‐
latory properties. Strong IL-6 staining in the control group 
indicated persistent inflammation while the OSA hydrogel 
group showed lower IL-6 and higher IL-10 expression, sug‐
gesting partial inflammation resolution. In the AMP-
AgNPs@OSA group, IL-10 expression was significantly 
upregulated, whereas IL-6 expression was significantly 
downregulated, confirming an anti-inflammatory microenvi‐
ronment. This immunomodulatory effect likely resulted 
from the synergistic actions of the AMPs and AgNPs, 
which suppress excessive immune activation and promote 
M2 macrophage polarization. However, further in vivo 
mechanistic studies are needed to verify whether the hydro‐
gel directly induces macrophage polarization or activates 
the proposed signaling pathways. Further studies will also 
include commercially available wound dressings or other 
bioactive hydrogels as controls to better contextualize the 
immunomodulatory effects.

4　Conclusions

This study demonstrates the strong therapeutic potential of 
the light-curable AMP-AgNPs@OSA hydrogel—composed 
of OSA, AlgMA, AMPs, and AgNPs—for treating infected 
skin defects. The hydrogel exhibited broad-spectrum anti‐
bacterial activity and pH-responsive AMP release, enabling 

targeted antimicrobial action in acidic wound environments. 
It promoted M2 macrophage polarization, reduced inflam‐
mation, and accelerated tissue regeneration. In a rat dorsal 
wound infection model, AMP-AgNPs@OSA significantly 
reduced wound size compared with the control and OSA 
groups. Histological analyses revealed increased collagen 
deposition and extracellular matrix formation, while immuno‐
histochemical staining showed lower IL-6 expression, reduced 
inflammatory cell infiltration, and elevated IL-10 levels. 
Collectively, these findings confirm the hydrogel’s ability to 
suppress inflammation, promote angiogenesis, and enhance 
wound healing. The AMP-AgNPs@OSA hydrogel thus rep‐
resents a multifunctional platform for managing infected 
skin wounds, integrating antibacterial, anti-inflammatory, and 
pro-regenerative properties. Furthermore, the AMP compo‐
nent can be replaced with clinically relevant antibiotics based 
on antimicrobial susceptibility testing, allowing personal‐
ized infection control. These results underscore the hydro‐
gel’s strong translational potential for advanced clinical ap‐
plications in infected skin repair.
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