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ARTICLE INFO ABSTRACT

Keywords: Traditional antibiotics are often ineffective against biofilm-associated infections, and biofilm-induced macro-
Chronic infectious wounds phage immune evasion directly halts the wound healing process. Disrupting biofilms and regulating macrophage
Hydrogels immune functions are critical to improving wound healing. In this study, we synthesized g-C3N4 with peroxidase
r;zz;zh:gezlmon (POD) enzyme activity via thermal polymerization and copper alginate microspheres (CAM) via gas cutting.
Macrophages These were co-encapsulated into GelMA hydrogels to form a functionalized wound repair system (GelMA/

CAM@g-C3N4) with both anti-biofilm and local immune microenvironment remodeling capabilities. In vitro, this
system exhibited excellent biocompatibility and promoted endothelial cell migration, vascular formation, and
CD31 expression. It also polarized macrophages toward the M1 phenotype, restoring their pro-inflammatory
functions, upregulating inflammatory cytokines (IL-1, IL-6, TNF-a), and inhibiting Staphylococcus aureus and
Escherichia coli. In vivo, the system suppressed S. aureus growth, promoted angiogenesis and collagen deposition,
and reshaped the pathological microenvironment to achieve wound repair and regeneration. Conclusions: This
system offers a new therapeutic strategy for chronic infectious wounds.

1. Introduction

Chronic wounds are those that fail to restore anatomical and func-
tional integrity within three months post-injury, affecting approxi-
mately 1-2 % of the global population [1]. Infection is considered one of
the key factors contributing to chronic wounds, as it impedes the healing
process, increases wound pain, places a significant economic burden on
healthcare systems, and lowers patients’ quality of life [2]. Over the past
few decades, many new antibiotics have been developed, and antibiotics
have long been considered the ultimate solution for biofilm-related
bacterial infections in humans [3]. Unfortunately, the formation of
biofilms is highly resistant to antibiotics, making infections increasingly
challenging [4-6]. Biofilms are complex bacterial aggregates composed
of bacterial cells, extracellular polymeric substances (EPS), and other
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microorganisms, which aid in bacterial colonization, enhance resistance
to antimicrobial agents, evade host immunity, and facilitate inter-
bacterial signaling within the community [7-9]. Staphylococcus aureus is
the most common organism isolated from human chronic wounds [10].
Currently, clinical biofilm treatments involve removing infected tissue
and using antibiotics in combination. However, this approach has
several drawbacks, including invasive procedures, uncertain efficacy,
and high treatment costs [11,12]. Therefore, there is an urgent need to
develop alternative therapeutic platforms to control pathogenic
biofilm-associated infections.

The normal wound healing process progresses through four over-
lapping cascades: hemostasis, inflammation, proliferation, and remod-
eling [13]. Macrophages are the first line of defense against pathogens
and possess high plasticity, rapidly adapting to the complex
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microenvironment triggered by tissue infection or inflammation
through polarization. M1 macrophages recognize, phagocytose, and kill
invading bacteria, and after completing their pro-inflammatory mission,
they polarize to the M2 phenotype, which promotes tissue repair.
Macrophages are key regulatory factors in wound healing and tissue
regeneration, ultimately leading to wound healing [14-17]. However, in
chronic wounds, mature biofilms have dense EPS, which makes it
difficult for macrophages to phagocytose, leading to “frustrated
phagocytosis” [18]. Reactive oxygen species (ROS) have been shown to
promote M1 macrophage polarization (pro-inflammatory and bacteri-
cidal) and activate macrophage oxidative bursts, acidification, and
enzyme-mediated phagocytosis, including phagolysosome formation, to
eliminate invading bacteria [19,20]. Thus, reactivating the
pro-inflammatory function of M1 macrophages in chronically infected
wounds, reversing the immune environment, and reshaping the “phys-
iological healing process” of the wound through ROS are considered
promising therapeutic strategies for chronically infected wounds caused
by biofilm-induced immune evasion [8,21,22].

In the past thirty years, significant progress has been made in the
research of the biological functions and physical properties of nano-
materials for applications such as anti-biofilm and anti-tumor fields
[23-25]. Novel nanomaterials with high peroxidase (POD)-like activity,
such as noble metals, iron-based nanomaterials, transition metal
dichalcogenides, and polyoxometalates, are known [19,26,27]. Unfor-
tunately, these nanomaterials still have limitations, such as inherent
cytotoxicity and oxidative stress under low HoO» concentrations, which
can damage cellular function. Photocatalytic antibacterial therapy is an
effective strategy relying on external stimuli. Due to its controllability,
safety, and non-invasiveness, it has garnered increasing attention over
the past few decades, with many photosensitizers developed. The
metal-free polymer two-dimensional nanomaterial graphitic carbon
nitride (g-C3N4) is particularly attractive as a photosensitizer for
non-antibiotic antibacterial applications due to its abundance, ease of
synthesis, appropriate band structure, high stability, and low toxicity
[28,29]. More importantly, g-C3sN4 has been recently shown to generate
micromolar concentrations of HyO5 continuously, which can success-
fully combat established biofilms [30]. However, although the gener-
ated HpO, can fight biofilms, a single antibacterial mechanism is
insufficient to completely prevent biofilm formation or provide
long-term antibacterial effects at the wound site. Metal nanoparticles are
known for their non-specific bacterial toxicity mechanisms, which pre-
vent bacteria from developing resistance and broaden their antibacterial
activity [31]. Copper is a classical antimicrobial metal that has been
widely used to combat Gram-negative, Gram-positive, and fungal in-
fections due to its recognized antibacterial and pro-angiogenic proper-
ties, making it essential in wound healing [32]. Studies have shown that
copper ions exert antimicrobial effects through various mechanisms,
including altering membrane permeability, DNA structure, metabolism,
and enzyme activity [33,34]. Thus, we aim to incorporate antimicrobial
ions to achieve synergistic antibacterial effects. Alginate is a naturally
occurring anionic polysaccharide extracted from brown algae, which
forms stable complex structures upon contact with divalent cations
(such as calcium and copper) and promotes the release of these ions in
acidic conditions [35]. We developed copper alginate microspheres
(CAM) for slow release, achieving long-term antibacterial effects for
chronically infected wounds.

To ensure the therapeutic effects of the composite system of nano-
materials and metal nanoparticles, and considering its potential as an
ideal medium for wound healing, we further encapsulated the system in
hydrogels, which are widely used for wound treatment due to their
excellent hydrophilicity, drug-loading capacity, and sustained release
properties [36]. Gelatin methacrylate (GelMA) is a gelatin derivative
and denatured collagen product known for its excellent solubility and
low antigenicity. The incorporation of the Arg-Gly-Asp (RGD) sequence
enhances biological interactions between cells and the GelMA scaffold,
making GelMA an ideal biomaterial for wound healing, morphogenesis,
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and tissue restoration [37].

In summary, based on the pathogenesis of biofilm formation and
macrophage immune evasion in chronic infected wounds, we developed
a functionalized hydrogel microsphere system. This system combats
bacterial biofilms through ROS and reactivates the M1 phenotype of
macrophages, while the slow release of antimicrobial metal ions pro-
vides long-lasting antibacterial effects and promotes angiogenesis,
reshaping the physiological repair process of the wound. We synthesized
g-C3N4 with POD enzyme activity through thermal polymerization and
CAM via a gas-cutting method, and finally encapsulated g-CsN4 and
CAM in GelMA hydrogel to construct a chronic infected wound healing
system (GelMA/CAM@g-C3Ny4) (Scheme 1). This system demonstrated
excellent biocompatibility in vitro, promoted endothelial cell migration
and vascular tube formation, reactivated M1 macrophages, and
enhanced the expression of inflammatory cytokines (IL-1, IL-6, TNF-a).
It significantly inhibited Staphylococcus aureus and Escherichia coli. Gene
expression analysis showed that the system induced copper-like death of
S. aureus by downregulating metabolic pathways such as glycolysis,
oxidative phosphorylation, purine, and pyrimidine. In vivo, the system
inhibited S. aureus growth, reactivated M1 macrophages by day 3,
polarized macrophages to the M2 phenotype by day 7, promoted
angiogenesis, and enhanced collagen deposition. This system provides a
novel approach for treating biofilm-infected wounds and lays a foun-
dation for addressing biofilm-related infectious diseases.

2. Methods and methods
2.1. Experimental materials

Urea, sodium alginate, copper chloride, and gelatin were purchased
from Aladdin Reagent (Shanghai, China); CCK-8 was obtained from
Biyuntian Biotechnology (Shanghai, China); dialysis bags (8000D) were
purchased from Macklin Biochemical Co., Ltd. (Shanghai, China); the
bacterial live-dead staining kit was purchased from Maokang Biotech-
nology Co., Ltd. (Shanghai, China); Matrigel was obtained from Gelcon
BioTech (Shanghai, China); photo-initiator and methacrylic anhydride
were purchased from Sigma-Aldrich Trading Co., Ltd. (Shanghai,
China); DAPI was purchased from Wuhan Boster Biological Technology
Ltd.; CD31 antibody, CD86 antibody, and CD206 antibody were pur-
chased from Affinity Biosciences (Jiangsu, China); the DCFH-DA probe
was purchased from Uelandy Biotechnology (Suzhou, China); FITC
phalloidin was purchased from Sagon Biotech (Guangzhou, China);
DMEM culture medium and fetal bovine serum were purchased from
Gibco (USA).

2.2. Experimental equipment

The following equipment was used: intelligent biochemical incu-
bator (SPX-280Y, Ningbo Ke sheng Laboratory Instruments Co., Ltd.,
China), thermostatic shaker (THZ-82, Guohua Instruments Co., Ltd.,
China), high-speed centrifuge (5804R, Eppendorf China Co., Ltd.,
China), microbiological workstation (HCB-900V, Haier Biomedical Co.,
Ltd., China), PCR machine (T100, Bio-Rad, USA), transmission electron
microscope (HT7700, Japan), biosafety cabinet (1374, Thermo Fisher
Scientific, Suzhou, China), high-speed centrifuge (5702, Eppendorf In-
ternational Trading Co., Ltd., Shanghai, China), confocal microscope
(Olympus, Japan), UV-Vis spectrophotometer (Shimadzu UV-2700,
Japan), microplate reader (Bio-Rad, USA), fluorescence inverted mi-
croscope (CKX53, Japan), and magnetic stirrer (MS-H-Pro, Dragonlab
Instrument Co., Ltd., Beijing, China).

2.3. Synthesis of g-C3N4 and H202 generation
10 g of urea was accurately weighed and dissolved completely in 30

mL of deionized water. The solution was then transferred to a crucible at
60 °C and continued to be dried for 8 h to obtain a white crystalline
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Scheme 1. Schematic illustration of the construction of the GelMA/CAM@g-C3N, system and its application to infected wounds.

solid. This solid was subsequently transferred to a muffle furnace. It was
calcined at a heating rate of 5 °C/min until the temperature reached
600 °C, after which the calcination was continued for 2 h. The resulting
light yellow solid was g-C3Ng4. Its morphology was observed using TEM,
its elemental composition and chemical bonds were confirmed by XPS,
and its crystal structure was analyzed by XRD.

Initially, standard Hy0 solutions (0, 0.05, 0.1, 0.2, 0.4, 0.8 mmol/L)
were reacted with an HyO9 assay kit for 10 min. The absorbance was
measured using a microplate reader at 405 nm to establish a standard
curve. Different concentrations of g-C3N4 (50, 100, 200 pg/mL) were
prepared and measured at various time points (0, 0.5, 1, 1.5, 2 h) under
visible light using the HyO, assay kit. The generation of HyO2 was
calculated based on the standard curve.

2.4. Synthesis and characterization of copper alginate microspheres
(CAM)

Copper alginate microspheres were synthesized by air cutting. First,
10 g of sodium alginate was weighed and dissolved in deionized water to
prepare a 0.5 % sodium alginate solution. Then, 1 g of CuCly was
weighed and dissolved in 99 mL of deionized water under ultra-
sonication to prepare a 1 % CuCl; solution. The sodium alginate solution

was loaded into a 10 mL syringe and pushed into a microfluidic system
at a rate of 5 mL/h, where nitrogen (0.1 mpa) was used to cut the mi-
crospheres, which were then dropped into the CuCl; solution for cross-
linking. The copper alginate microspheres were stored at 4 °C. Their
morphology and structure were observed using an optical microscope,
particle size was measured by Image J, and their microstructure and
elemental composition were analyzed by SEM.

2.5. Synthesis of GelMA and combination with copper alginate
microspheres

First, a carbonate buffer was prepared by dissolving 0.3427 g Na;CO3
and 3.0915 g NaHCOs3 in 200 mL of deionized water. Then, 20 g of
gelatin was dispersed in 200 mL of carbonate buffer (pH 9.0) and heated
in a 50 °C oil bath until completely dissolved to make a 10 % gelatin
solution. Next, 2 mL of MA (methacrylic anhydride) was slowly added to
the gelatin solution using a syringe pump at a rate of 0.2 mL/min while
protecting from light. After the addition, the reaction continued for 3 h
in the oil bath. Then, 100 mL of PBS was added to terminate the reaction.
The mixture was centrifuged (7000 rpm, 15 min) to remove unreacted
MA. The GelMA was then placed in a dialysis bag (MWCO 3500) and
dialyzed at 38 °C for 2 days. Finally, the GelMA was lyophilized and
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stored at —20 °C.

A suitable amount of GelMA was dissolved in PBS to prepare a 5 %
GelMA solution, to which 0.25 % LAP (photo-initiator) was added by
mass-volume ratio. Copper alginate microspheres and g-C3N4 were then
added to the solution, and the mixture was exposed to UV light for 30 s.
The morphology of the GelMA hydrogel containing microspheres and g-
C3Ny4 was observed by SEM after lyophilization.

2.6. Adhesion experiment of functionalized hydrogels

The functionalized hydrogels were prepared as described above and
applied evenly to glass slides. Rat hearts, livers, spleens, lungs, and
kidneys were individually placed on the hydrogel-coated slides. The
adhesion was evaluated by visual observation and photographic
documentation.

2.7. Swelling property test of functionalized hydrogels

Different systems of functionalized hydrogels were prepared (GelMA
(G), GelMA/g-C3N4 (G-g), GeIMA/CAM (G-C), GelMA/CAM@g-C3N4 (G-
C-g)), lyophilized, and weighed (A;). The lyophilized hydrogels were
then soaked in 50 mL PBS (pH 7.4) at 37 °C for 24 h. After soaking, the
hydrogels were blotted dry with filter paper and weighed again (Ayp).
The swelling ratio was calculated using the following formula:

Swelling ratio = % x100 % (@D)]
1

Each experiment was repeated three times.
2.8. Drug release curve of functionalized hydrogels

A UV standard curve for g-C3N4 was established using UV spectros-
copy. Specifically, different concentrations of g-C3N4 (1000, 500, 250,
125, 62.25, 31.125 pg/mL) were prepared, and the UV absorption peaks
were measured to create the standard curve.

To obtain the drug release curve of g-C3N4, GelMA/g-C3Ny4 hydrogels
were prepared. A 10 mL hydrogel was placed in 200 mL PBS and incu-
bated in a thermostatic shaker (37 °C; 70 rpm). At specific time points
0,1, 2,4,6, 8,10, 12, 24, 36, 48, 72 h), 2 mL of release medium was
removed for UV analysis, and the release amount was calculated based
on the standard curve. The following formula was used to calculate the
release rate:

Release rate = :—j x100 % 2
where A; was the total amount of the drug, and A, was the amount of
drug released at a specific time point.

Similarly, the copper ion release curve was obtained. A copper ion
detection kit was used to establish a standard curve based on standard
copper ion concentrations (0, 10, 20, 30, 40, 50 pg/mL) measured with a
microplate reader. GelMA/CAM hydrogels were prepared, and a 10 mL
hydrogel was placed in 200 mL PBS. Samples were taken at specified
times (0, 1, 2, 4, 6, 8, 10, 12, 24, 36, 48, 72 h) for copper ion analysis,
and the release amount was calculated according to the standard curve.
The release rate was calculated using the same formula as above.

2.9. CCK-8 assay to evaluate the biocompatibility of g-CsN4 and copper
ions

The biocompatibility of g-C3N4 was evaluated using a CCK-8 assay.
Human umbilical vein endothelial cells (HUVECs) at a density of 5 x 10®
cells were seeded into a 96-well plate and treated with DMEM (serum-
free) medium containing different concentrations of g-C3Ny4 (0, 50, 100,
150, 200, 250 pg/mL) for 24 h. After incubation, 100 pL of CCK-8 so-
lution was added to each well and further incubated at 37 °C for 0.5 h.
The absorbance at 450 nm was measured using a microplate reader, and
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cell viability was calculated. This same method was used to evaluate the
biocompatibility of g-C3N4 in RAW264.7 cells, with the experiment
repeated three times.

Next, the biocompatibility of copper ions was assessed using the
CCK-8 assay. HUVECs at a density of 5 x 10° cells were seeded into a 96-
well plate and treated with DMEM (serum-free) medium containing
various concentrations of copper ions (0, 10, 20, 30, 40, 50 pg/mL) for
24 h. After incubation, 100 pL of CCK-8 solution was added to each well
and further incubated at 37 °C for 0.5 h. The absorbance at 450 nm was
measured using a microplate reader to calculate cell viability. This
method was similarly applied to evaluate the biocompatibility of g-CsN4
in RAW264.7 cells, with the experiment repeated three times.

2.10. Live/dead staining of functionalized hydrogels

To assess the biocompatibility of different functionalized hydrogels,
an indirect extraction method was used. Functionalized hydrogel sys-
tems, including PBS, GelMA, GelMA/g-C3Ny4, GelMA/CAM, and GelMA/
CAM@g-C3N4, were incubated with DMEM medium at a ratio of 0.2 g/
mL in accordance with national standards (GB/T 16886.5-2017) for 24
h to obtain hydrogel extracts. HUVECs at a density of 5 x 10* cells were
seeded into a 24-well plate and treated with different hydrogel extracts
for 24 h. Live/dead staining solution was added, followed by three
washes with PBS. The cells were observed and photographed using an
inverted fluorescence microscope. The experiment was repeated three
times.

2.11. Cell migration assay

HUVEGCs at a density of 1 x 10° cells were seeded into a 6-well plate
and cultured in a CO: incubator (37 °C, 5 % CO2) until they reached
confluency. A pipette tip was used to scratch the cell monolayer,
creating a narrow wound gap. The cells were then incubated with ex-
tracts of PBS, GelMA, GelMA/g-C3Ny4, GelMA/CAM, or GelMA/CAM@g-
C3Ny in serum-free medium. The wound area was photographed using
Cap Studio software, and Image J was used to analyze the wound area.
The cell migration rate was calculated using the following formula:

A;-A
Migration rate = ; 2 X100 % 3
1
Where A1 is the wound area at t = 0 h, and Az is the wound area at the
specified time.

2.12. Tube formation assay

HUVECs at a density of 1 x 10° cells were seeded into a 6-well plate.
Once attached, the cells were incubated with serum-free DMEM extracts
of PBS, GelMA, GelMA/g-C3N4, GelMA/CAM, or GelMA/CAM@g-C3N4
for 24 h. Matrigel was stored at 4 °C overnight and diluted with DMEM
at a 2:1 ratio. After thoroughly mixing, 75 pL of Matrigel was added to
each well of a 96-well plate and allowed to solidify at 37 °C for 30 min.
HUVECs were then digested with trypsin and seeded into each well of
the 96-well plate at a density of 3 x 10 cells per well. After 12 h, the
formation of tube-like structures was observed under an inverted fluo-
rescence microscope in Brightfield. The number of nodes and tube for-
mation were quantified using Image J. The experiment was repeated
three times.

2.13. Promotion of CD31 expression in HUVECs by functionalized
hydrogels

HUVECs at a density of 1 x 10° cells were seeded into confocal dishes
and allowed to adhere. The cells were then treated with extracts of PBS,
GelMA, GelMA/g-C3N4, GelMA/CAM, or GelMA/CAM@g-CsN, for 48 h.
The extracts were aspirated, and the cells were fixed with 4 % para-
formaldehyde for 30 min, permeabilized with 0.1 % Triton X-100 for 10
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min, and washed three times with PBS. After blocking for 20 min, the
cells were incubated with a primary CD31 antibody at 4 °C overnight,
followed by a secondary antibody incubation at room temperature in the
dark for 2 h. The cells were then stained with phalloidin for 30 min in the
dark at room temperature and counterstained with DAPI for 10 min.
Images were captured using a confocal microscope. The fluorescence
intensity of CD31 was quantified using Image J software, with the
experiment repeated three times.

2.14. Reactivation of RAW 264.7 macrophage function by functionalized
hydrogels

RAW 264.7 cells at a density of 1 x 10° were seeded into confocal
dishes and allowed to adhere. The cells were then treated with extracts
of PBS, GelMA, GelMA/g-C3N4, GelMA/CAM, or GelMA/CAM@g-C3N4
for 24 h. The extracts were aspirated, and DCFH-DA working solution
was added. After incubation at 37 °C in the dark for 30 min, the cells
were stained with DAPI for 10 min. Images were taken using a confocal
microscope, and ROS expression was quantified using Image J software.
The experiment was repeated three times.

Similarly, RAW 264.7 cells at a density of 1 x 10° were seeded into
confocal dishes and treated with extracts of PBS, GelMA, GelMA/g-C3Ny,
GelMA/CAM, or GelMA/CAM@g-C3N4 for 24 h. After the extracts were
aspirated, the cells were fixed with 4 % paraformaldehyde for 30 min at
room temperature, permeabilized with 0.1 % Triton X-100 for 10 min,
and blocked for 20 min. The cells were then incubated with a rabbit anti-
CD86 polyclonal antibody at 4 °C overnight, followed by incubation
with a secondary antibody at room temperature in the dark for 2 h.
Nuclei were stained with DAPI, and images were captured using a
confocal microscope. CD86 fluorescence intensity was quantified using
Image J software, with the experiment repeated three times.

2.15. qPCR analysis of RAW 264.7 inflammatory cytokine expression

RAW 264.7 cells at a density of 1 x 10° were seeded into a 6-well
plate and treated with extracts of PBS, GelMA, GelMA/g-C3Ny,
GelMA/CAM, or GelMA/CAM@g-C3N4 for 24 h. Total RNA was
extracted using a rapid RNA extraction kit, and the RNA concentration
was determined. The RNA was reverse-transcribed into cDNA using a
reverse transcription premix kit, and qPCR was performed using primers
designed for the target genes (Table S 1). Gene expression was analyzed
semi-quantitatively. The experiment was repeated three times.

2.16. Evaluation of antibacterial activity of functionalized hydrogels by
spread plate method

The antibacterial activity of hydrogels was evaluated using the
spread plate method. Briefly, 200 pL of GeIMA, GelMA/g-C3N4, GelMA/
CAM, and GelMA/CAM@g-C3N4 hydrogels were prepared in 48-well
plates. After complete gelation, 10 pL of bacterial suspension (107
CFU mL 1) was added to the surface of the hydrogels and incubated at
37 °C for 2 h under natural light. Subsequently, 1 mL of sterile PBS was
added to each well to resuspend the bacteria. As a negative control, 10
pL of bacterial suspension (1 0’ CFU mL™!) was added to 1 mL of PBS.
Then, 100 pL of the bacterial suspension was spread evenly onto agar
plates, and incubated at 37 °C in a biochemical incubator for 20 h. The
colonies were photographed and counted using Image J software, with
each experiment repeated three times.

2.17. Evaluation of antibacterial activity of hydrogels by live/dead
staining

The antibacterial activity of hydrogels was further assessed using a
bacterial live/dead staining kit according to the manufacturer’s in-
structions. SYTO 9 and PI were diluted in PBS (1:1000) and mixed with
the bacterial suspension at room temperature for 20 min. The bacterial

Materials Today Bio 31 (2025) 101571

suspension was then placed on a slide and observed under a confocal
microscope, with images captured for further analysis. The experiments
were repeated three times.

2.18. Observation of bacterial morphology

The bacterial morphology after treatment with different functional-
ized hydrogels was observed by scanning electron microscopy (SEM).
Briefly, bacterial suspensions from different treatment groups were
centrifuged at 4000 rpm for 10 min at 25 °C, and the bacterial pellet was
collected. The bacteria were fixed in 2.5 % glutaraldehyde at 4 °C
overnight. After centrifugation, the fixed samples were washed with PBS
several times, followed by gradient dehydration using ethanol solutions
at concentrations of 30 %, 50 %, 70 %, 85 %, 95 %, and 100 %, with each
step lasting for 15 min. Finally, 20 pL of the dehydrated bacterial sample
was dropped onto a silicon wafer and air-dried. The samples were coated
with gold and observed under SEM to examine bacterial morphology.

2.19. Evaluation of anti-biofilm activity of functionalized hydrogels by
crystal violet staining

Bacterial suspensions (180 pL/well) were seeded in a 96-well plate
and incubated at 37 °C in a humidified environment for 24 h. After in-
cubation, the planktonic bacteria were removed, and the wells were
washed with PBS to remove loosely attached bacteria. PBS, GelMA,
GelMA/g-C3N4, GeIMA/CAM, and GelMA/CAM@g-C3N4 extracts were
added to the wells, and the plates were incubated at 37 °C in a humid-
ified environment for another 24 h. After incubation, the extracts and
dead bacteria were washed away with PBS, and the remaining biofilm
was fixed with 4 % formaldehyde for 15 min. The fixed biofilms were
washed with PBS, and stained with 0.1 % crystal violet for 15 min at
room temperature, and unbound dye was removed by washing with PBS.
The plates were air-dried, and the crystal violet bound to the biofilm was
solubilized using 33 % acetic acid. The absorbance was measured at 590
nm, with each experiment repeated three times.

2.20. Animals experiments

All animal experiments were reviewed and approved by the Animal
Ethics Committee of North Sichuan Medical College (Approval No:
2024094) and conducted by national animal protection guidelines. All
surgical procedures were performed under anesthesia, and all efforts
were made to minimize pain, suffering, and death. A total of 100 healthy
male SD rats (SPF grade, 8 weeks old, weighing 220-250 g) were
anesthetized with sodium pentobarbital (20 mg/kg), and their backs
were shaved. Full-thickness skin wounds (10 mm in diameter) were
created on the rat backs using a circular punch and surgical scalpel. The
rats (n = 3) were randomly divided into different groups. The wounds
were infected with Staphylococcus aureus suspension (107 CFU/mL, 50
pL) for 24 h to establish an infected wound model. The wounds were
then treated with PBS, GelMA, GelMA/g-C3N4, GelMA/CAM, and
GelMA/CAM@g-C3N4 hydrogels. On days 0, 3, 7, and 14, the infected
wounds were photographed, and the healing process was observed. The
wound area was measured using Image J software. Additionally, on day
3, the infected wound tissues and surrounding skin were excised, ho-
mogenized in 1 mL of sterile PBS, serially diluted, and plated on solid
culture media for bacterial growth. The plates were incubated in a
bacterial incubator for 12 h and photographed. During the wound
healing process, skin tissue around the wound in each group was
collected and fixed in 4 % paraformaldehyde. The tissue specimens were
stained with hematoxylin-eosin (H&E), Masson’s trichrome, Giemsa,
and subjected to immunofluorescence staining for CD31, CD86, and
CD206 (Chengdu Lilai Biotech Co., Ltd.). Additionally, to evaluate the in
vivo toxicity of the hydrogel samples, visceral organs (heart, liver,
spleen, lungs, kidneys) from the rats were collected for H&E staining.
The experiments were repeated three times.
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2.21. Statistical analysis

All data were statistically analyzed using SPSS 24.0 and GraphPad
Prism 8 software. Independent sample t-tests were used to evaluate
statistical differences between the two groups, while one-way ANOVA
was employed for multiple-group comparisons. Data are presented as
mean =+ standard deviation (X +s). “ns” indicates no significant differ-
ence; *p < 0.05, **p < 0.01, and ***p < 0.001 indicate statistically
significant differences.

3. Results and discussion
3.1. Synthesis and characterization of g-C3Ny4

Fig. 1a showed the synthesis of g-C3Ny via a thermal polymerization
method. Under TEM, g-C3Ny4 exhibited a layered sheet-like structure
(Fig. 1b). XPS analysis confirmed that g-C3N4 consists of carbon (C) and
nitrogen (N) elements (Fig. 1c). The XPS valence band spectrum indi-
cated that g-C3sN4 was composed of C-C, C=N-C, and N-C=N bonds
(Fig. 1d and e). XRD results showed two characteristic peaks at 13.0°
and 27.5°, confirming the successful synthesis of g-CsNy4 (Fig. 1f) [38]. A

' \%
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hydrogen peroxide assay kit was used to detect the production of ROS
and a standard curve was established, showing that the amount of ROS
produced by g-C3Ny4 was positively correlated with its concentration and
light exposure time (Fig. 1g and Figure S 1).

3.2. Synthesis of copper alginate microspheres and construction of
functionalized hydrogel system

Fig. 2a illustrated the schematic of the gas-cutting method used to
synthesize copper alginate microspheres. Under a light microscope, the
microspheres exhibit uniform round structures with a diameter of
approximately 290.1 + 16.3 pm (Fig. 2b and c). Fig. 2d showed that
different hydrogels formed a gel state after 30 s of UV light exposure.
SEM analysis revealed a smooth surface for GelMA hydrogels, which
became rough after incorporating g-C3N4. In the G-C-g group, micro-
spheres were attached to the surface, and element mapping showed that
the gel surface was composed of C, N, O, and Cu, confirming the suc-
cessful construction of the hydrogel-microsphere system (Fig. 2e and f).
The swelling curves of the hydrogels in different systems were similar,
with no significant changed in swelling properties after the incorpora-
tion of g-C3N4 and CAM. The hydrogels demonstrated excellent adhesion
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Fig. 1. Synthesis and characterization of g-C3N4. (a) Schematic illustration of g-C3N4 synthesis. (b) Morphology of g-C3N4 under transmission electron microscopy
(TEM). (c) XPS spectrum of g-C3N4. (d) Valence band spectrum of C 1s in g-C3Ny. (e) Valence band spectrum of N 1s in g-C3Ny. (f) XRD pattern of g-C3Ny. (g) H202

production by g-C3N, at different concentrations and time points.
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Fig. 2. Synthesis of copper alginate microspheres and characterization of the functionalized hydrogel system. (a) Schematic illustration of copper alginate
microsphere synthesis via the air-cutting method. (b) Image of copper alginate microspheres under a light microscope. (c) Microsphere size distribution under a light
microscope. (d) Images of different functionalized hydrogel systems post-gelation. (e) Microstructure of different functionalized hydrogels under a scanning electron
microscope (SEM). (f) Elemental mapping of GelMA/CAM@g-C3N,4 hydrogel. (g) Adhesion test of GelMA/CAM@g-C3N4 hydrogel.

to the heart, liver, spleen, lungs, and kidneys (Fig. 2g). The swelling and
rheological properties of GelMA hydrogel did not change significantly
after loading g-C3N4 and CAM step by step (Fig. S 2-S 3). Using a copper
ion assay Kkit, a standard curve for copper ions was established, and the
UV spectra of different concentrations of g-CsN4 were measured to
create a standard curve. The release curves of functionalized hydrogel
microspheres showed rapid release of g-C3N4 and copper ions within
0-12 h, followed by sustained release (Fig. S 4-S 7).

3.3. Biocompatibility, scratch, and tube formation assays of
functionalized hydrogel microspheres

The CCK-8 assay showed that g-C3N4 concentrations exceeding 150
pg/mL significantly affect RAW264.7 cell viability, and copper ion
concentrations exceeding 40 pg/mL notably reduce HUVEC cell
viability. Therefore, a concentration of 150 pg/mL for g-C3N4 and 40 pug/
mL for copper ions was selected for subsequent experiments (Fig. S 8-S
11). Live-dead cell staining with extracts from different hydrogel groups
showed that the functionalized hydrogel microspheres exhibited excel-
lent biocompatibility with RAW264.7 and HUVECs (Fig. 3a and Fig. S
12-S 14).
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Scratch assay results showed that the G-g group extract slowed cell
migration, while the G-C-g group significantly accelerated cell migration
compared to the PBS group (Fig. 3b and d). Tube formation assays
revealed that the G-g group extract reduced tube formation and total
length in HUVECs, while the G-C-g group significantly promoted tube
formation and total length compared to the PBS group (Fig. 3c-e, and f).
After 24 h of intervention with different hydrogel systems on HUVECs,
the G-C-g group significantly promoted CD31 expression compared to
the PBS group (Fig. S 15 and S 16).

3.4. Functionalized hydrogel microspheres re-roused macrophage M1
function

After treating MO macrophages with extracts from different systems,
the DCFH-DA probe results showed that both the G-g and G-C-g groups
induced macrophages to exhibit a pro-inflammatory phenotype, with
significantly higher ROS expression than the PBS group (Fig. 4a and
Fig. S 17). CD86 immunofluorescence analysis showed that the G-g and
G-C-g groups had higher fluorescence intensity than the PBS group
(Fig. 4b and Fig. S 18). Further RNA extraction and PCR results indicated
that the expression of pro-inflammatory factors (IL-1, IL-6, TNF-a)
significantly increased in the G-g and G-C-g groups compared to the PBS
group (Fig. S 19).

3.5. Antibiofilm activity and mechanism of functionalized hydrogel
microspheres in vitro

In infected environments, bacteria protect themselves from immune
system attacks and exogenous bactericides by secreting EPS (extracel-
lular polymeric substances) to form biofilms, which contribute to the
persistence and resistance of biofilm-related infections. In this study,
bacteria were seeded on the hydrogel surface, plated on agar, and
observed through photographs and quantitative Image J analysis. Plate
coating results indicated that a large number of colonies grew on the
surfaces in the PBS and G groups. However, after intervention with the
G-g and G-C groups, Staphylococcus aureus growth was inhibited, with
the G-C-g group showing a significant reduction in bacterial colonies
(Fig. 5a and Fig. S 20). Bacterial live-dead staining revealed a marked
increase in dead bacteria in the G-C-g group compared to the PBS group
(Fig. 5b). SEM analysis showed intact bacterial cell walls in the PBS and
G groups, while the G-C-g group displayed disrupted bacterial walls and
cytoplasmic leakage (Fig. 5c). Similar results were obtained when the
system was tested on Escherichia coli, where the G-C-g group exhibited
significant inhibitory effects on bacterial growth compared to the PBS
group (Fig. 5d and Fig. S 21). Live-dead bacterial staining further
confirmed that the G-C-g group had a higher proportion of dead bacteria
compared to the PBS group (Fig. 5e). SEM observations revealed dis-
rupted E. coli cell walls in the G-C-g group compared to the PBS group
(Fig. 5f). Using crystal violet staining, hydrogels from different groups
demonstrated that the G-C-g group exhibited significant inhibitory ef-
fects on both S. aureus and E. coli compared to the PBS group (Fig. S 22
and S 23).

Further, after intervening with PBS and the G-C-g group on S. aureus,
bacterial gene sequencing revealed similar gene distribution patterns
between the G-C-g and PBS groups, which can be used for subsequent
experimental validation (Fig. 6a). Compared to the PBS group, the G-C-g
group exhibited upregulation of 302 metabolites and downregulation of
349 metabolites (Fig. 6b). A clustering heat map illustrated the consis-
tency of metabolite changes after treatment, highlighting differences in
metabolite expression between the two groups (Fig. 6¢). KEGG enrich-
ment analysis indicated that the functionalized hydrogel microspheres
downregulated glycolysis, oxidative phosphorylation, the phospho-
transferase system, amino acid metabolism (alanine, aspartate, and
glutamate metabolism), purine, and pyrimidine metabolism (Fig. 6d).
GO enrichment analysis revealed that the system inhibited processes
such as carbohydrate derivative biosynthesis, lipoteichoic acid

Materials Today Bio 31 (2025) 101571

metabolism, and lipoteichoic acid biosynthesis (Fig. 6e). Fig. 6f illus-
trated the antibacterial mechanism of the functionalized hydrogel mi-
crospheres. The diagram showed that the ROS generated by g-C3Ny4
disrupts the biofilm, followed by the release of copper ions from copper
alginate microspheres, which blocked bacterial ABC transporters, lead-
ing to impaired nutrient exchange. Copper ions overload within the
bacteria first induced downregulation of glycolysis and oxidative
phosphorylation, resulting in reduced energy metabolism. This was
followed by downregulation of purine and pyrimidine metabolism,
impairing DNA replication and repair systems. Additionally, triglyceride
metabolism was downregulated, and copper ions induced lipid peroxi-
dation, ultimately leading to bacterium-like copper-induced cell death.

3.6. Functionalized hydrogel microspheres promote biofilm-associated
wound healing in vivo

Fig. 7a illustrated the schematic diagram of biofilm-associated
chronic wound healing and the application of functionalized hydrogel
microspheres on the wound site. A circular wound model with a 10 mm
diameter was created on the backs of SD rats, followed by inoculation
with S. aureus. When the wound exhibited purulent exudation, suc-
cessful model establishment was confirmed. Subsequently, hydrogels
from different groups were applied to the wounds, and healing progress
was documented. Gross images of wound healing demonstrated that
interventions with the g-C3N4 and CAM groups accelerated wound
healing, while the G-C-g group, through the synergistic effects of g-C3N4
and CAM, significantly accelerated wound healing compared to the PBS
group (Fig. 7b-d). On day 3 of wound healing, wound exudates were
collected for plate analysis, revealing a reduction in bacterial numbers in
the g-C3N4 and CAM groups, with the G-C-g group exhibiting the most
significant reduction compared to the PBS group (Fig. 7e and Fig. S 24).
On day 3, Giemsa staining of wound tissues showed large aggregations
of S. aureus in the PBS and G groups, whereas bacterial numbers were
reduced in the G-g and G-C groups. The G-C-g group showed only a few
residual bacteria, significantly fewer than in other groups (Fig. 7f). H&E
staining on day 7 demonstrated partial wound contraction in the G-g and
G-C groups, while the G-C-g group showed significant wound contrac-
tion, leaving the shortest wound length compared to the PBS group
(Fig. 8a and c). By day 14, wound healing had further progressed in all
groups, with the G-C-g group displaying the shortest wound diameter
(Fig. 8a). Masson’s staining on day 7 revealed higher collagen deposition
in the G-g and G-C groups compared to the PBS group, while the G-C-g
group showed the highest collagen deposition with statistical signifi-
cance (Fig. 8b and d). By day 14, collagen deposition had further
increased in all groups, with the G-C-g group exhibiting the highest
collagen deposition (Fig. 8b). Immunofluorescence staining of wound
tissues on day 3 revealed lower CD86 and CD206 expression in the PBS
and G groups, whereas CD86 expression significantly increased in the G-
g and G-C-g groups compared to the PBS group (Fig. 9a and Figure S 25).
On day 7, immunofluorescence results showed increased CD206
expression in the G-g and G-C groups, with the G-C-g group exhibiting
significantly higher CD206 expression compared to the other groups
(Fig. 9b and Figure S 26). Additionally, CD31 immunofluorescence
staining of wound tissues showed significantly higher CD31 expression
in the G-C-g group compared to the other groups, indicating that the
wound healing had progressed to the proliferation phase (Fig. S 27 and S
28). On day 14 of wound healing, H&E staining of the heart, liver,
kidneys, lungs, and spleen of SD rats showed no significant signs of
inflammation, necrosis, or other pathological changes (Fig. S 29).

4. Discussion

Bacterial infectious diseases are an increasing public health chal-
lenge [39,40]. The formation of biofilms and the immune evasion they
induce in macrophages both hinder the wound healing process. There-
fore, disrupting bacterial biofilms and re-rousing macrophage M1
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Fig. 4. Functionalized hydrogel microspheres Re-rousing macrophage M1 function. (a) ROS probe for different functionalized hydrogel systems. (b) CD86
immunofluorescence of different functionalized hydrogel systems.
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Fig. 5. Functionalized hydrogel microspheres exhibiting antibacterial effects in vitro. (a) Plate streaking of Staphylococcus aureus after intervention with
different functionalized hydrogels. (b) Live/dead staining. (¢) SEM imaging. (d) Plate streaking of Escherichia coli after intervention with different functionalized

hydrogels. (e) Live/dead staining. (f) SEM imaging.

functionality are key strategies for promoting chronic wound regener-
ation. In this study, we developed a chronic wound repair system by
synthesizing g-C3N4 through thermal polymerization and CAM using
gas-cutting methods. Further, we encapsulated g-CsN4 and CAM into
GelMA to construct a system capable of disrupting biofilms and
reawakening macrophage M1 function.

In recent years, with the rapid development of nanotechnology, the
application of nanomaterials in the field of antibacterial therapy has
achieved significant success. The g-C3N4 is a novel inorganic non-
metallic photoactive material with a two-dimensional layered aro-
matic polycyclic structure composed of sp2-hybridized C and N atoms,

11

and its C-N bond length is uniform [41,42]. In this study, g-C3N4 was
successfully synthesized via thermal polymerization and characterized
by TEM, XRD, and XPS analyses, including its valence band spectrum.
Using an Hy0» assay kit under light exposure, we demonstrated that
g-C3Ny4 exhibits peroxidase (POD) activity.

Microsphere structures can effectively encapsulate active in-
gredients, achieving protection and sustained release [43]. Sodium
alginate exchanges its Na* with divalent cations such as Ca®*, Cu?*, and
Ba2*, forming a stable biopolymer with a unique three-dimensional
structure [44]. In our constructed system, copper alginate micro-
spheres were successfully synthesized via gas-cutting methods, and
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Fig. 6. Antibacterial mechanism analysis of functionalized hydrogel microspheres. (a) Gene expression distribution across different treatment groups. (b) MA
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illustration of copper-like bacterial death induced by Staphylococcus aureus. G re
represents GelMA/CAM@g-C3Ny.

uniform spherical structures were observed under a light microscope,
showing sustained release of Cu?t during degradation. Hydrogels are
one of the most important biomaterials, attracting attention for medical
applications such as wound healing, tissue engineering, and drug de-
livery [45]. SEM analysis revealed a uniform porous three-dimensional
network structure, with microspheres and g-C3N4 attached to the

of different treatment groups. (d) KEGG analysis. () GO analysis. (f) Schematic
presents GelMA; G-g represents GelMA/g-C3N4; G-C represents GelMA/CAM; G-C-g

surface, confirming the successful construction of the functionalized
hydrogel microsphere wound healing system. The RGD sequence in
GelMA hydrogels promoted adhesion between the hydrogel and cells.
Additionally, the water molecules in the hydrogel could form hydrogen
bonds with water molecules on the wound surface, enhancing the con-
tact between the hydrogel and the wound [46]. Furthermore, water
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Fig. 7. Functionalized hydrogel microspheres promoting biofilm wound healing in vivo. (a) Schematic illustration of biofilm model establishment and
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Masson staining after treatment with different functionalized hydrogels. (c) Quantitative analysis of wound length after intervention with different functionalized
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molecules penetrated the wound tissue via physical osmosis, forming a
water layer that further consolidates the connection between the
hydrogel and the wound. These adhesion mechanisms played a critical
role in tissue repair and regeneration.

Biocompatibility aims to assess the toxicity and safety of bio-
materials in cells, ensuring that therapeutic effects are achieved while
minimizing potential side effects. In this study, the CCK-8 assay results
indicated that when the g-C3N4 concentration did not exceed 150 pg/mL
and Cu®" concentration did not exceed 40 pg/mL, there was no signif-
icant toxicity to the cells. However, higher concentrations of nano-
materials and metal ions may cause toxicity through various
mechanisms, such as disrupting the cell membrane, inducing oxidative
stress, triggering intracellular metabolic disorders, and causing ionic
homeostasis imbalance. Based on CCK-8 and live-dead staining assays,
the functionalized hydrogel microspheres demonstrated excellent
biocompatibility.

Macrophages possess high plasticity and are polarized into “classi-
cally activated” pro-inflammatory M1 and “alternatively activated” anti-
inflammatory M2 phenotypes during different phases of wound healing
[47]. In this study, g-C3N4 successfully mimicked POD enzyme activity
and generated ROS. Through ROS probing, CD86 immunofluorescence,
and PCR assays, the results showed that g-C3N4 could promote macro-
phage ROS production and upregulate the expression of CD86, IL-1, IL-6,
and TNF-a pro-inflammatory cytokines, successfully re-rousing macro-
phage M1 pro-inflammatory function. ROS, as a driving signal for M1
macrophage polarization, initiates cell cycle and metabolic reprogram-
ming through pathways such as ATM-CHK2, NF-xB, and MAPK, regu-
lating macrophage M1 phenotype polarization, inducing the expression
of inflammatory cytokines, and enhancing their phagocytic function
[47-49]. Microbial aggregation at wound sites and the development of
resistance to available antibiotics are major concerns [50]. To survive
under harsh conditions, including exposure to known antibiotics, mi-
croorganisms form biofilms a unique structure whose formation in-
volves quorum sensing, environmental stress, nutrient availability,
hydrodynamic conditions, intercellular communication, signaling cas-
cades, and secondary messengers. Alternative therapies that disrupt
bacterial structure and function by generating ROS and binding metal
ions have gained considerable attention in recent years [51].

Neovascularization supplies wounds with sufficient blood and oxy-
gen to support cell survival and tissue regeneration [52]. In chronic
wounds, insufficient blood perfusion exacerbates infection symptoms
associated with microbes and often complicates the healing process
[53]. In this study, the migration assay, tube formation assay, and CD31
immunofluorescence analysis results indicated that the functionalized
hydrogel microspheres could promote endothelial cell migration, tube
formation, and CD31 expression. Current research suggests that Cu®*
can activate signaling pathways such as Wnt, PI3K/Akt, MAPK, and
hypoxia-inducible factor la (HIF-1a), upregulating the expression of
angiogenic factors, including vascular endothelial growth factor
(VEGF), platelet-derived growth factor (PDGF), and HIF-1a, thereby
inducing angiogenesis [49,54]. Using a chronic wound infection model
with S. aureus, our system re-rousing macrophage M1 function by day 3,
clearing pathogens and cellular debris, and shifting the chronic wound
microenvironment towards an inflammatory phase. By day 7, macro-
phages had transitioned to the M2 phenotype, further promoting CD31
expression and collagen deposition, enabling the transition from the
inflammatory phase to the proliferative remodeling phase, thereby
greatly enhancing chronic wound healing efficiency.

In summary, based on the pathological conditions of biofilm for-
mation and macrophage immune evasion in wound sites, the function-
alized hydrogel microspheres developed in this study effectively
disrupted bacterial biofilms and reawakened pro-inflammatory macro-
phage function, thereby transforming the microenvironment of chroni-
cally infected wounds into one conducive to physiological healing,
ultimately promoting wound healing.
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5. Conclusion

This study addresses the critical mechanisms of biofilm formation
and macrophage immune evasion, which lead to impaired wound
healing, by constructing a functionalized hydrogel microsphere wound
repair system (GelMA/CAM@g-C3N4) with antibiofilm properties and
the ability to re-rousing macrophage M1 function. This system effec-
tively disrupted bacterial biofilms by generating ROS and re-roused
macrophage M1 function. Additionally, the release of cu®* interfered
with bacterial energy metabolism, biosynthesis, and lipid metabolism
processes, leading to copper-like bacterial cell death. Furthermore, this
system promoted CD31 expression in endothelial cells, effectively
transforming the pathological microenvironment of chronic wounds
into one that facilitated regeneration. This innovative approach provides
a promising solution for the treatment of chronic wounds.
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