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ARTICLE INFO ABSTRACT

Keywords: Wound infections are prevalent and can result in prolonged healing times. In this study, we referred to the “trap-
Wound infection capture-kill” antibacterial strategy to create a wound dressing (DS/PDA@GO-L) by coupling graphene oxide
Antibacterial

(GO) with lysine and coating it onto the decellularized mushroom stem (DS) using polydopamine (PDA). The
mechanism of action of the bacteria-killing process involves lysine chemotaxis and the siphoning effect of DS
aerogel, with the process of killing the bacteria being initiated via near-infrared photothermal treatment. In vitro
studies demonstrated that DS/PDA@GO-L exhibited excellent blood and cell compatibility, while in vivo ex-
periments revealed its remarkable efficacy in combating bacterial infections. Specifically, the combination of DS/
PDA@GO-L with photothermal therapy led to the elimination of over 95 % of S. aureus, E. coli, and Pseudomonas
aeruginosa. Furthermore, the aerogel, when used in conjunction with photothermal therapy, significantly reduced
bacterial infection at the wound site and accelerated wound healing. During the wound’s proliferative phase, it
notably enhanced vascularization and extracellular matrix deposition. Furthermore, immunohistochemical
staining revealed that bacterial clearance led to a reduction in pro-inflammatory responses and a decrease in the
expression of pro-inflammatory cytokines, thereby restoring the wound’s inflammatory environment to a pro-
regenerative state. Taken together, the developed DS/PDA@GO-L holds great potential in the field of infected
skin wound healing.

Photothermal therapy
Wound healing

1. Introduction on the development of antibiotic-free strategies, leveraging innovative

biomaterials with antibacterial properties to address these challenges.

Infectious wounds pose a significant clinical challenge due to their
propensity for delayed healing, persistent inflammation, and the
increasing prevalence of antibiotic-resistant pathogens [1,2]. Although
antibiotics have been widely used in anti-infection treatment, their
overuse and misuse have accelerated the emergence of
multidrug-resistant bacteria, necessitating alternative therapeutic ap-
proaches [3]. Recent advances in wound healing research have focused
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To this end, people have developed a variety of antibacterial materials
for antibiotic-free treatment, including antimicrobial peptides [4,5],
cationic polymers [6,7], oxygen free radicals [8,9], etc. Despite the
evident benefits of these materials in terms of their excellent antibac-
terial properties, there are inherent limitations in terms of their practical
applications. For instance, cationic polymers require chemical synthesis,
which necessitates the use of organic solvents or catalysts, thereby
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compromising their biocompatibility and resulting in a high hemolysis
rate [10]. In light of these advancements, the current focus is on
developing next-generation wound care solutions that integrate robust
antibacterial efficacy with biocompatibility and regenerative properties.
Such strategies are critical for addressing the growing burden of infected
wounds in clinical settings and advancing patient outcomes.

When treating infected wounds, the conventional approach typically
involves the direct application of antibacterial materials to the wound
surface. However, bacteria do not remain confined to the surface of the
wound; rather, they frequently invade deeper into the tissue, a partic-
ularly problematic occurrence in cases of wound infection caused by
biofilms. Biofilm formation creates a protective barrier that not only
shields the bacteria but also seals the wound, making it significantly
more challenging to eliminate the infection completely. Effective
treatment strategies must therefore address both surface-level and deep-
tissue bacteria. The chemotactic properties of bacteria themselves pro-
vide ideas for our research. One promising avenue involves leveraging
the chemotactic properties of bacteria. Bacterial chemotaxis refers to the
movement of bacteria toward favorable environments by sensing envi-
ronmental stimuli, particularly chemical gradients [11]. This mecha-
nism allows bacteria to migrate toward nutrients, such as glucose and
amino acids, which are essential for their survival [12]. Xing et al.
demonstrated that lysine-loaded nanoparticles can induce bacterial
chemotaxis, offering a novel approach to manipulating bacterial
behavior for therapeutic purposes [13]. In addition, the lysine biosyn-
thetic pathway, in which lysine is involved, is essential for the bacteria
to survive. It inspires a novel approach to addressing bacterial infections
in wounds. If bacteria can first be induced to migrate out of the biofilm
or deep tissue of the wound through chemotaxis and subsequently
eliminated, it could represent a highly effective therapeutic strategy.

After bacteria are effectively “fished” out, the critical next step is to
kill the bacteria rapidly and efficiently to prevent further infection and
promote wound healing. Several advanced approaches have been
developed to address this issue. Among the various antibacterial stra-
tegies, photothermal therapy (PTT) has emerged as a promising
approach due to its mild yet effective mechanism, high efficiency,
spatiotemporal controllability, and deep tissue penetration [14-16].
Unlike traditional antibiotics, PTT leverages near-infrared (NIR) radia-
tion to induce localized hyperthermia, disrupting bacterial membranes
and effectively killing pathogens without promoting bacterial resis-
tance. This characteristic makes PTT a compelling alternative to con-
ventional antibacterial treatments, particularly in the context of
drug-resistant infections [17]. Recent advancements in photothermal
functional materials have expanded the potential of PTT for clinical
applications. Inorganic nanomaterials such as noble metal nanoparticles
(e.g., gold and copper) [18-20], and carbon-based materials (e.g., car-
bon nanotubes and graphene derivatives) [21,22], have been exten-
sively explored for their antibacterial properties. Among these,
graphene oxide (GO) has gained attention due to its exceptional optical
properties, which enable efficient light absorption and conversion into
heat [23]. Furthermore, GO exhibits high water solubility and a surface
enriched with functional groups like carboxyl and hydroxyl groups,
facilitating chemical modification and functionalization [24,25].

In our previous study, we have reported a decellularized Agaricus
bisporus hemostatic sponge (DS foam) [26]. First of all, DS sponges have
been proven to have good cell adhesion and proliferation abilities, blood
compatibility, as well as it can be well integrated with surrounding
tissues [26]. Moreover, the interior of the DS sponge exhibits a large
number  of  vertically aligned channels. The  unique
parallel-arranged-channel structure of DS sponge endows it with good
liquid absorption ability and capillary action, which is beneficial for
absorbing wound exudate [27]. In addition, these vertically aligned can
induce cells to migrate from the wound bed to the center of the wound,
accelerating wound vascularization and the formation of granulation
tissue [28]. According to the aforementioned reports, we hypothesized
that using DS sponge as a substrate matrix to design an antibacterial
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material that could first trap bacteria and then kill them. For one thing,
lysine was employed as a modulator for the GO, serving as both a bac-
terial trap and a photothermal conversion material. For another, the
polymerization reaction of dopamine was utilized to anchor
lysine-modified GO to the surface of DS sponge. Moreover, in addition to
quickly absorbing wound exudate, the interconnected channel structure
of the DS sponge can also be used to recruit and store bacteria, facili-
tating the concentrated elimination of bacteria. In the present study, the
effects of functionalized DS foam on bacteria elimination, regulation of
local inflammation, and wound healing will be explored.

2. Materials and methods
2.1. Materials

Agaricus bisporus was purchased from China Resources Vanguard
Supermarket (Nanchang, China). GO (catalog number G405797), lysine
(catalog number 56-87-1), dopamine hydrochloride (catalog number
51-61-6), and Tris-HCl (catalog number 1185-53-1, pH = 8.5) were
purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China). N-Hydroxysuccinimide (NHS, catalog number 6066-82-6) and
N-(3-dimethylaminopropyl)-N"-ethylcarbodiimide hydrochloride (EDC,
catalog number 7084-11-9) were purchased from Sigma-Aldrich (St.
Louis, USA). Sodium dodecyl sulfate (SDS, 98 %, AR, catalog number
151-21-3) and sodium chlorite bleach (AR, catalog number 7758-19-2)
were provided by Shanghai MacLean Biochemical Technology Co., Ltd.
Fetal bovine serum (FBS, catalog number 10099-141C) and Dulbecco’s
modified Eagle’s medium (DMEM, catalog number 11965118) were
from Gibco, Invitrogen, USA. Modified Giemsa staining solution (catalog
number C0131) was purchased from Beyotime (Shanghai, China). Anti-
Ly6G antibody (catalog number 551459) was purchased from BD
pharmingen. Anti-CCR7 antibody (catalog number ab253187) was
purchased from Abcam (Shanghai, China). Anti-CD206 antibody (cata-
log number PA5-101657) was purchased from Invitrogen. Anti-IL4
antibody (catalog number TA5142M), anti-IL6 antibody (catalog num-
ber TD6084), anti-IL10 antibody (catalog number TD6894) and anti-
TNF-a antibody (catalog number TA7014) were all provided by Abmart
(Shanghai, China).

2.2. Preparation of GO-L

GO-L was synthesized using an amide reaction according to literature
reports [29]. Briefly, 100 mg GO (0.2 % w/v), 0.25 g NHS (0.5 % w/v)
and 0.25 g EDC (0.5 % w/v) were successively added to 50 mL of
Tris-HCl solution and stirred for 30 min, then 0.3 g Lysine (0.6 % w/v)
was added and stirred for 12 h, and finally centrifuged at 8000 g for 10
min, washed 3 times, and freeze-dried to obtain GO-L.

2.3. Preparation of DS/PDA

DS foams (10 x 10 x 3 mm) were obtained from decellularized stems
of Agaricus dispora according to previous studies [26]. 100 mg DS foam
(0.1 % w/v) and 200 mg PDA (0.2 % w/v) were added to 100 mL of
Tris-HCI solution. After 24 h of stirring at room temperature, and then
the DS/PDA was washed three times. Freeze dried overnight.

2.4. Preparation of DS/PDA@GO-L

DS/PDA@GO-L was produced as previously reported [30]. In brief,
100 mg DS/PDA (0.1 % w/v) and 100 mL Tris-HCI (10 mM, pH 8.5) were
added to a beaker, followed by the addition of 80 mg GO-L (0.08 % w/v)
and stirring for 12 h at room temperature. Next, DS/PDA@GO-L was
collected and washed 3 times. The samples were dried under vacuum
overnight.
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2.5. Physical characterization

The morphology of GO and GO-L was tested by Transmission Elec-
tron Microscopy (TEM) (Tecnai F30, Holland). The particle sizes of GO
and GO-L were recorded by Zetasizer Nano ZSP (Malvern, UK). FITR
spectra were recorded using Nivolet IS20 (Thermo Scientific, China).
The surface morphology of DS/PDA@GO-L was observed using scanning
electron microscopy (SEM) (FEI/Phillips XL30 FEG). Elemental
composition information of DS/PDA@GO-L was studied by X-ray
photoelectron spectroscopy (XPS, Kratos AXIS 165, UK).

2.6. Swelling ratio and porosity measurement

The samples were immersed in PBS solution (pH 7.4, 37 °C) and
removed after 24 h. We wiped off the water attached to the surface and
weighed the samples. Wb and Wa are the weight of the sample before
and after water absorption, respectively, and Ss is the swelling ratio of
samples.

Swelling ratio (%) = (Wa — Wb) / Wb x 100%

The porosity of DS, DS/PDA and DS/PDA@GO-L groups were
measured by liquid displacement method. The initial weight (m1) and
volume (V) of the sample were assessed, then we immersed them in
absolute ethanol and measured their mass by wiping off the liquid with
filter paper until the mass held constant Porosity was calculated as fol-
lows: (p is the density of alcohol) (n = 3):

Porosity (%) =(m2—m1l) /pv x 100%

2.7. Evaluation of antibacterial properties of DS/PDA@GO-L

We evaluated the antibacterial properties of DS/PDA@GO-L using a
plate count assay [31]. To evaluate whether DS/PDA@GO-L has spectral
antibacterial properties, Staphylococcus aureus (S. aureus), Escherichia
coli (E. coli) and Pseudomonas aeruginosa (PAO1) were selected for the
experiments. In brief, 50 pL bacterial solution from the plateau phase
were added droppers to the sample. The laser irradiation at 808 nm was
performed (1 W/cm?) for 5 and 10 min. The bacteria were then washed
down diluted using PBS and spread evenly on nutrient agar plates. After
incubation for 24 h at 37 °C, colonies were photographed and counted
on nutrient agar plates.

Calcein-AM/PI staining was used to further test the antibacterial
properties of the materials by staining the bacteria after different
treatments. 100 pL PAO1 bacterial solution and different samples were
mixed and incubated at 37 °C specifically. After laser irradiation (808
nm, 1.0 W/cm?) or no laser irradiation, bacteria were washed down with
0.9 % NacCl solution, collected by centrifugation (8000 rpm/min, 5min),
stained with Calcein-AM and PI (Solarbio, China) for 15 min, and rinsed
3 times with 0.9 % NacCl solution. Finally, the staining was observed by
fluorescence microscopy (DM6B, Leica, Germany). We further used
scanning electron microscopy (SEM, FEI/Phillips XL30 FEG) to observe
the morphology of bacteria after different treatments.

2.8. Biocompatibility evaluation of DS/PDA@GO-L

Red blood cells obtained from whole blood of SD rats were diluted to
5 % with PBS solution. The powdered sample was dissolved in PBS to
obtain different solutions (2500 pg/mL, 1250 pg/mL, and 625 pg/mL).
Equal volumes of the red blood cell solution and the sample solution
were mixed and incubated in an incubator at 37 °C for 1 h. Next, the
solution was centrifuged at 1000 rpm for 10 min, and the supernatant
was taken to detect the OD value at 562 nm.

Hemolysis rate (%) =(0s-Op)/(Ow-Op) x 100 %, Os, Ow and Op
were OD values of samples, water and PBS, respectively (n = 3).

The proliferation of L929 cells was assessed using the CCK-8 assay. 1
x 10* 1929 cells were seeded into a 96-well plate and cultured
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overnight. Then, the extract was added to the 96-well plate and
continued to be cultured. At the indicated time points, the culture me-
dium was replaced with 100 pL of 10 % CCK-8 solution and then incu-
bated for another 2 h. Subsequently, the absorbance at 450 nm was
measured using a microplate reader (BioTek, USA).

The biocompatibility of DS/PDA@GO-L was detected by Live/Dead
Cell Staining Kit (Solarbio, China). On days 1 and 3, cells were stained
according to the manufacturer’s operating manual. The cells were
photographed using a fluorescence microscope (DM6B, Leica, Ger-
many). In addition, the cell-loaded DS/PDA@GO-L foams were collected
and fixed with 4 % paraformaldehyde, and then the samples were sub-
jected to gradient dehydration and freeze-dried, and the cell
morphology was photographed under a scanning electron microscope.

2.9. In vivo wound healing

We evaluated the infected wound healing properties of DS/
PDA@GO-L using a S. aureus rat infected skin defect model [32]. All
animal experiments were approved by the Animal Experiment Ethics
Committee of Wenzhou Institute, University of Chinese Academy of
Science in Wenzhou, China (WIUCAS24092402).

An infected skin defect model was established on the back of rats
after hair removal. The wound diameter was about 10 mm, and the
number of S. aureus bacteria injected was 10”7 CFU. After 12 h, the
wound was treated with DS, DS/PDA, and DS/PDA@GO-L, respectively.
The illumination group was irradiated with 808 nm light (1 W/cm?) for
10 min. At the same time, on the 3rd and 7th days, bacterial exudate
from the wound was collected with a wet cotton swab, dissolved in 1 mL
of 0.9 % NaCl solution for culture, and the number of bacteria was
counted by the standard plate counting method. Wound photos were
taken at the specified time points and wound skin tissue samples were
collected, fixed with 4 % paraformaldehyde solution, and sliced and
stained.

2.10. Giemsa staining

The skin of the infected wound of the rats was taken on the 7th day
after different treatment, and was spread at 60 °C for 1 h, then dewaxed
in xylene and hydrated in a gradient manner (100 % ethanol 8-10 min,
95 % ethanol 4-6 min, 90 % ethanol 4-6 min, 80 % ethanol 4-6 min, 70
% ethanol 5 min, pure water 5 min). Dilute the Giemsa staining solution
20 times, take 500 pL of the diluted staining solution and drop it on the
tissue section, observe under the microscope and color for 20 s. Place the
section in a fume hood, air dry and seal the section, scan to obtain the
picture, and observe the S. aureus colony on the rat wound surface.

2.11. Immunohistochemical staining

Following a week-long treatment period, skin tissues from infected
wounds of rats were collected and fixed with 4 % paraformaldehyde.
Subsequently, the tissue samples were dehydrated, embedded, sectioned
and stained for immunohistochemistry. Sections were first subjected to
pretreatment steps such as antigen repair, removal of endogenous
peroxidase and sealing. During the staining process, PBS was used to
dilute primary antibodies at the following ratios: Ly6G (1/600), CCR7
(1/200), CD206 (1/200), IL-6 (1/300), TNF-a (1/300), IL-4 (1/300),
and IL-10 (1/300). Sections were then incubated overnight at room
temperature, washed, and secondary antibodies were used. The DAB
colour development reaction time was 20-30 s, followed by hematoxylin
staining for 1 min. Finally, the inflammatory response of rat wounds was
assessed by rinsing under running water for 5 min, hydrochloric acid
fractionation for 3 s, dehydration, xylene permeabilisation and sealing.

2.12. Histological observations

After 3 and 7 days of treatment, the infected wounds and
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surrounding skin of rats were fixed with 4 % paraformaldehyde and then
stained with hematoxylin-eosin (H&E). The skin tissue was first dehy-
drated, embedded, and sliced, then dewaxed and hydrated. After he-
matoxylin staining, the wounds were rinsed with tap water,
differentiated with 0.5 % hydrochloric acid alcohol, and blued with tap
water. The formation of granulation tissue and re-epithelialization of the
infected wounds of rats were evaluated by eosin staining. Masson tri-
chrome staining was then performed to evaluate the collagen deposition
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and vascular regeneration of the wounds of rats after 7 days of

treatment.

2.13. Statistical analysis

Data were analyzed using Graphpad or Origin software. Data are
presented as mean + standard deviation (SD). One-way analysis of
variance (ANOVA) was performed to determine statistically significant
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Fig. 1. Fabrication and characterization of GO-L and DS/PDA@GO-L. (A) Schematic diagram of the preparation of DS, DS/PDA, and DS/PDA@GO-L. (B) TEM
images and particle size distribution of GO and GO-L. (C) XPS spectra of GO, lysine, and GO-L. (D) SEM images of DS, DS/PDA, and DS/PDA@GO-L. (E) FTIR spectra
of DS, DS/PDA, and DS/PDA@GO-L. Swelling ratio (F) and porosity (G) of DS, DS/PDA, and DS/PDA@GO-L.
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differences (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
3. Results

3.1. The preparation and characterization of DS/PDA@GO-L

Fig. 1A illustrates the preparation process of DS/PDA@GO-L.
Decellularized Agaricus bisporus was combined with lysine-modified
graphene oxide (GO-L) through dopamine self-polymerization at pH
8.5. Fig. 1B shows that synthesized GO exhibited a flaky, naturally
unfolding structure, while lysine grafting resulted in a rougher surface,
increased thickness, and irregular curling. Particle size analysis revealed
larger dimensions for GO-L (3.74 pm) compared to GO (2.14 pm), likely
due to lysine aggregation during synthesis. XPS analysis confirmed
lysine grafting on GO (Fig. 1C), validating the successful synthesis of
GO-L. The macroscopic images of DS, DS/PDA, and DS/PDA@GO-L
show their porous structures (Fig. S1). The DS sponge showed larger
pores in the SEM image (Fig. 1D), which slightly decreased after coating
with PDA due to uniform deposition. In DS/PDA@GO-L, pore size
decreased significantly, with surface sediment accumulation indicating
successful composite formation. Fourier transform infrared (FTIR)
analysis (Fig. 1E) identified characteristic absorption peaks at 2922 and
1035 cm ™! [33], corroborating the successful integration of GO-L with
DS/PDA. These characteristics facilitate wound exudate absorption. XPS
further confirmed nitrogen presence in GO-L-modified DS (Fig. S2).
Porosity and swelling ratio measurements showed decreases in DS/PDA
and DS/PDA@GO-L due to pore filling by PDA and GO-L. However,
DS/PDA@GO-L retained a swelling rate of 1549.96 + 97.43 % and a
porosity of 36.89 + 4.68 % (Fig. 1F and G), ensuring adequate water
absorption and porosity for infected wound management. These char-
acteristics facilitate wound exudate absorption, keep wounds dry, and
support cellular proliferation and nutrient exchange [34].

3.2. Photothermal properties of DS/PDA@GO-L

As shown in Fig. 2A, the DS does not have a photothermal effect,
while the adsorption of PDA makes DS (DS/PDA) possess a photo-
thermal effect. By compression, DS/PDA@GO-L exhibited superior
photothermal performance, primarily due to the large specific surface
area and high thermal conductivity of GO. This enhanced photothermal
property supports effective antibacterial photothermal therapy (PTT)
and facilitates the reconstruction of the infected wound microenviron-
ment [35]. Thermal imaging results revealed that under near-infrared
(NIR) irradiation (1 W/cmz), the temperature of DS/PDA@GO-L
increased from 23.2 °C to 51.4 °C within 10 min, outperforming DS
(22.9 °C-25.1 °C) and DS/PDA (23.4 °C-45.7 °C). Fig. 2B-D further
confirms DS/PDA@GO-L’s rapid and efficient NIR-induced heat gener-
ation, underscoring its ability to effectively convert NIR light into
thermal energy. The enhanced photothermal conversion efficiency of
DS/PDA@GO-L, compared to DS and DS/PDA, is likely attributed to the
addition of PDA and GO [36]. Photostability testing demonstrated that
DS/PDA@GO-L retained stable thermal performance across five cycles
of NIR laser irradiation (1 W/ cmz, 808 nm) (Fig. 2E). In order to further
verify the photothermal effect of the DS/PDA@GO-L in vivo, we
implanted the DS/PDA@GO-L underneath the skin of the head. Under
808 nm laser irradiation for 10 min, the temperature of local area
treated with DS/PDA@GO-L reached 46.3 °C, which was higher than the
41.5 °C observed for DS/PDA (Fig. 2F and G). These findings confirm
DS/PDA@GO-L’s robust photothermal performance and stability, mak-
ing it a promising material for PTT-based antibacterial applications
(Fig. 2H). Eliminating bacterial infection in the wound is conducive to
changing the inflammatory microenvironment of the wound from a
pro-inflammatory type to a pro-regenerative type, thereby further
accelerating wound closure (Fig. 2I).

236

Bioactive Materials 50 (2025) 232-245
3.3. In vitro biocompatibility evaluation of DS/PDA@GO-L

Following, we examined the biocompatibility of the developed DS/
PDA@GO-L. Firstly, we explored the blood compatibility of DS/
PDA@GO-L (Fig. 3A). Hemolysis testing was performed using erythro-
cytes, with ultra-pure water and PBS serving as positive and negative
controls, respectively. At the highest concentration (2.5 mg/mL), the
hemolysis rate of DS/PDA@GO-L was only 3.64 + 0.63 %, well below
the international safety threshold of 5 %. Hemolysis rates were 0.93 £+
0.32 % (0.625 mg/mL), 1.99 + 0.20 % (1.25 mg/mL), and 3.64 + 0.63
% (2.5 mg/mL), indicating excellent hemocompatibility suitable for
therapeutic use (Fig. 3B and C). Then, we continued to examine the
cytocompatibility of the DS/PDA@GO-L (Fig. 3D). The L929 fibroblasts
were cultured with extracts (0.2 g/mL) of DS, DS/PDA, and DS/
PDA@GO-L sponges for 1, 3, and 5 days. As shown in Fig. 3E, no sig-
nificant differences in cell viability were observed between the treat-
ment and control groups, confirming minimal cytotoxicity. The Live/
Dead staining revealed abundant viable cells (green) and only a few
dead cells (red) were found (Fig. 3F). SEM imaging demonstrated that
L1929 fibroblasts treated with DS/PDA or DS/PDA@GO-L spread well,
showing no notable morphological changes or growth inhibition
(Fig. 3G). These findings establish the excellent biocompatibility of DS/
PDA@GO-L for wound management.

3.4. In vitro antibacterial test of DS/PDA@GO-L under NIR irradiation

To verify our scaffold’s “Trap and Capture” ability. We immersed the
scaffold material in a low-concentration bacterial solution and cultured
it for 30 min, then placed it in a Petri dish and continued to culture it for
24 h. SEM characterization showed that the surface, interior, and bottom
surfaces of the materials in the DS/PDA@GO-L group could attract more
bacteria (Fig. S3), which was caused by the chemotaxis of lysine.

To evaluate bactericidal efficacy, gram-positive Staphylococcus
aureus (S. aureus), gram-negative Escherichia coli (E. coli), and Pseudo-
monas aeruginosa (PAO1) were tested. The bacteria treated with DS or
without treatment as the control because DS has no photothermal ef-
fects. Each bacterial solution (100 pL) was introduced onto the DS/PDA
and DS/PDA@GO-L sponges and irradiated with near-infrared (NIR)
light (Fig. 4A). Plate count analysis revealed significant antibacterial
effects in the DS/PDA and DS/PDA@GO-L groups in combination with
NIR exposure compared to control, DS, DS/PDA only, and DS/PDA@GO-
L only groups. In addition, prolonging the NIR radiation time (10 min) is
more conducive to killing bacteria than 5 min NIR radiation. Moreover,
the DS/PDA@GO-L + NIR group showed a more pronounced antibac-
terial effect than DS/PDA + NIR, likely due to the higher temperature
achieved during NIR irradiation. Specifically, the DS/PDA@GO-L + NIR
group exhibited >95 % antibacterial efficacy against all three bacterial
strains, confirming its broad-spectrum antibacterial activity
(Fig. 4B-4D). The antibacterial effect was further assessed using Live/
Dead assay (Fig. 4E). Without NIR, bacteria predominantly survived
(green fluorescence) in the control, DS, DS/PDA only, and DS/
PDA@GO-L only groups. While NIR irradiation led to significant bac-
terial death (red fluorescence) in both DS/PDA and DS/PDA@GO-L
groups, with DS/PDA@GO-L showing more extensive bacterial killing,
consistent with plate count results. Morphological changes in bacteria
were observed via SEM after a 12-h co-culture (Fig. 4F). Without NIR
exposure, S. aureus retained a spherical shape, E. coli had a rod-like
morphology, and PAO1 had a smooth rod structure. After NIR irradia-
tion, all bacteria cultured on the DS/PDA and DS/PDA@GO-L exhibited
shrinkage, desiccation, and rupture morphologies. Moreover, the bac-
terial cell wall of DS/PDA@GO-L + NIR group collapsed more seriously
than DS/PDA + NIR group. These results suggest that DS/PDA@GO-L
effectively kills bacteria through a combination of photothermal ef-
fects and disruption of bacterial membranes, resulting in bacterial death
and structural collapse.
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3.5. Invivo antibacterial effect of DS/PDA@GO-L under NIR irradiation

The biodegradation behaviors of the decellularized mushroom scaf-
fold had been investigated in our previous study [26]. We found the
decellularized mushroom has a long degradation time in vivo. However,
the biocompatibility of the scaffold is very high. After subcutaneous
implantation, no obvious fibrous capsule is formed. Cells can infiltrate
into the interior of the scaffold and form new granulation tissue. In the
presented study, this scaffold was used as a wound dressing. The impact
of DS/PDA@GO-L on wound healing was evaluated using an infected
wound model, with the healing process recorded (Fig. 5A). In the Con-
trol and DS groups, a significant amount of yellow purulent fluid was
observed in the wounds (Fig. 5B). In contrast, wounds in the DS/PDA +
NIR and DS/PDA@GO-L + NIR groups didn’t observe yellow purulent
fluid and showed progressive closure. By day 14, the wound healing
areas for the Control, DS, DS/PDA, and DS/PDA@GO-L groups were
(81.38 + 0.55)%, (82.77 + 2.59)%, (83.16 + 2.93)%, and (85.17 +
1.72 %), respectively—markedly lower than the DS/PDA + NIR (87.27
+ 1.30)% and DS/PDA@GO-L + NIR group (91.12 + 0.89)% (Fig. 5C
and D). The residual bacteria in wound tissue was assessed using stan-
dard plate counting on day 3 and 7 (Fig. 5E and F). The DS/PDA + NIR
and DS/PDA@GO-L + NIR groups showed significantly lower bacterial
counts compared to all other groups, and the DS/PDA@GO-L + NIR
group had less residual bacterial than DS/PDA + NIR group on both day
3 and day 7. The antibacterial rate of the DS/PDA@GO-L + NIR group
and DS/PDA + NIR group was (92.94 + 2.03)% on day 3 and (96.77 +
3.17)% on day 7. Furthermore, Giemsa staining on day 7 (Fig. 5G)
revealed minimal bacteria in the DS/PDA@GO-L + NIR group, while the
other groups retained substantial bacterial presence. Quantitatively, the
number of S. aureus in the DS/PDA@GO-L + NIR group was reduced to
only 17.00 + 3.58 % (Fig. 5H). These in vivo results confirm that
DS/PDA@GO-L + NIR significantly reduces bacterial load and promotes
wound healing, demonstrating its potent antibacterial and regenerative
capabilities.

3.6. Modulation effect of DS/PDA@GO-L on inflammation in vivo under
NIR irradiation

To assess the anti-inflammatory effects of DS/PDA@GO-L, the
inflammation levels in infected wound tissue were analyzed on day 7,
when the inflammatory response is most active. Inmunohistochemical
staining of monocytes, neutrophils, and macrophages was performed to
identify the local inflammation. The DS/PD + NIR and DS/PDA@GO-L
+ NIR groups demonstrated a significant reduction in the expression of
Ly6G (a marker for granulocytes, monocytes, and neutrophils) and CCR7
(indicative of pro-inflammatory M1 macrophages) compared to other
groups (Fig. 6A-D). Concurrently, the expression of CD206, a marker for
anti-inflammatory M2 macrophages, was notably increased in the DS/
PDA + NIR and DS/PDA@GO-L + NIR groups (Fig. 6E and F). Moreover,
the ratio between the numbers of Ml-type macrophages and the
numbers of M2-type macrophages in the DS/PDA + NIR and DS/
PDA@GO-L + NIR groups was significantly less than 1, indicating a
transition of local inflammation from a pro-inflammatory to a pro-
regenerative status (Fig. 6G). Further analysis of inflammatory media-
tors showed that the DS/PDA + NIR and DS/PDA@GO-L + NIR groups
had significantly lower levels of pro-inflammatory cytokines IL-6 and
TNF-a in the wound area compared to the other groups (Fig. 7A-D).
Conversely, anti-inflammatory cytokines IL-4 and IL-10 were markedly
elevated (Fig. 7E-H). These findings indicate after effectively removing
bacterial biofilms with DS/PDA + NIR and DS/PDA@GO-L + NIR
treatments; these treatments can transform the pro-inflammatory in-
flammatory response caused by bacterial infection into a normal pro-
repairing status, thereby creating a conducive microenvironment for
wound healing (Fig. 71).
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3.7. Evaluation of the effect of DS/PDA@GO-L + NIR in promoting the
repair of infected wounds

To further evaluate wound healing, H&E staining was performed to
assess re-epithelialization and granulation tissue formation. As shown in
Fig. 8A, the DS/PDA + NIR and DS/PDA@GO-L + NIR groups exhibited
a notably longer epithelial tongue and granulation tissue formation
compared to the Control, DS, DS/PDA, and DS/PDA@GO-L groups.
Quantitative analysis revealed that on day 7, the thickness of new
granulation tissue (Fig. 8B) and the re-epithelialization rate (Fig. 8C) in
the DS/PDA + NIR and DS/PDA@GO-L + NIR groups were significantly
higher than in the other groups, especially in the DS/PDA@GO-L + NIR
group. The granulation tissue thickness was 1.71 + 0.11 mm, and the re-
epithelialization rate reached 72.80 + 3.61 %, significantly out-
performing the other groups. Additionally, Masson staining results
(Fig. 8D) indicated more extensive collagen deposition in the DS/
PDA@GO-L + NIR group by day 7, with a collagen volume proportion of
82.83 + 4.26 % (Fig. 8E), far exceeding that of the other groups.
Furthermore, vascular density analysis (Fig. 8F) showed that the DS/
PDA@GO-L + NIR group had the highest vascular density, at 113.19 +
5.16/mm?, indicating enhanced angiogenesis. In conclusion, DS/
PDA@GO-L + NIR accelerates wound repair by mitigating inflamma-
tion, enhancing collagen deposition, and promoting angiogenesis
(Fig. 8G). This demonstrates its potential as a promising therapeutic
material for infected wound healing.

4. Discussion

In the presented study, we developed a functionalized decellularized-
sponge (DS sponge) according to the principle of Trap-Capture-Kill
(TCK) antibacterial system. The lysine and vertically arranged long
channels in the scaffold can induce bacteria to migrate from the wound
area into the scaffold. After the cell trapping is completed, the trapped
bacteria are killed through the photothermal effect of GO in the scaffold.
The Trap-Capture-Kill antibacterial system is an innovative approach
that integrates the physical, chemical, and biological mechanisms of
antibacterial activity. This system offers significant advantages for
addressing bacterial infections, particularly in scenarios where tradi-
tional antibiotics face limitations, such as the rise of antibiotic resistance
[37]. For example, the TCK system can enhance antibacterial efficiency.
The synergistic effect of trapping, capturing, and killing ensures that
bacteria are not only removed but also effectively eradicated. This
multi-step approach minimizes the risk of bacterial escape and regrowth
[38]. And it reduces risk of resistance development, the mechanical
trapping and physical destruction bypass the reliance on antibiotics. In
addition, it has broad-spectrum activity. The TCK system is effective
against a wide range of pathogens, including bacteria, fungi, and viruses
[39]. This makes it suitable for diverse applications, such as wound
dressings. Finally, it also has high biocompatibility and safety. Many
TCK systems use biocompatible materials, such as chitosan, hydrogels,
or biodegradable polymers, ensuring safety for human cells while tar-
geting pathogens [40].

The “trap” of the presented DS sponge TCK system utilizing bacterial
chemotaxis to lysine [41], which is one of nutrients that bacteria love
and play an important role in bacteria chemotactic migration [42]. In
our study, we just want to use the chemotaxis of bacteria to lysine to
“fish” the bacteria out of the wound tissue. On the one hand, it can
reduce the difficulty of treating infectious wounds, and on the other
hand, it can also improve the inflammatory microenvironment of the
wound. The “capture” of the presented DS sponge TCK system depend-
ing on large pore size and long channel structure of DS sponge to
physically capture bacteria. These structures often mimic natural anti-
microbial surfaces like cicada wings or gecko skin, utilizing topogra-
phies that attract and immobilize bacteria [43,44]. The porous and
parallel long channel structure of DS sponge can store large amounts of
migrated bacteria. The “kill” the presented DS sponge TCK system using
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GO to generate localized heat under light exposure to kill bacteria.
Notably, the material demonstrated over 95 % antibacterial activity
against both gram-positive and gram-negative pathogens, including
S. aureus, E. coli, and Pseudomonas aeruginosa. This synergistic mecha-
nism of bacterial capture and eradication reduces the risk of bacterial
escape and regrowth, addressing a critical challenge in managing
biofilm-associated infections.

The material’s therapeutic effects extend beyond antibacterial ac-
tivity, as evidenced by its capacity to modulate the wound microenvi-
ronment. The DS/PDA@GO-L dressing significantly reduced
inflammation by lowering the expression of pro-inflammatory cytokines
(IL-6 and TNF-a) while enhancing anti-inflammatory cytokines (IL-4 and
IL-10). This shift from a pro-inflammatory to a pro-regenerative state is
further supported by the increased polarization of macrophages from the
M1 to the M2 phenotype. Such immunomodulatory effects are critical
for resolving chronic inflammation and enabling wound repair. In vivo
results on a rat model further confirmed the efficacy of the DS/
PDA@GO-L system in promoting wound healing. The dressing
enhanced vascularization, extracellular matrix deposition, and collagen
synthesis, leading to faster wound closure compared to conventional
treatments. The thermal stability and biocompatibility of the material
ensure safe application, with hemolysis rates well below the interna-
tional safety threshold and no observed cytotoxic effects.

5. Conclusion

In this study, GO-L particles with bacterial trapping, photothermal
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enhancement and synergistic antimicrobial effects, inspired by bacterial
chemotaxis, were synthesized and loaded onto DS sponge carriers. The
particles were then combined using auto-polymerization of dopamine to
develop a novel dressing for the treatment of infected skin wounds. The
combination of the strong water absorption of the DS tubes and the
bacterial chemotaxis of GO-L enhanced the bacterial retention capacity
of DS/PDA@GO-L. In addition, DS/PDA@GO-L has excellent biocom-
patibility, strong antimicrobial effect, and effective anti-inflammatory
action, and thus has great potential for clinical translation. Specif-
ically, this dressing is expected to address a key challenge in the man-
agement of diabetic ulcers, where the hyperglycaemic
microenvironment exacerbates persistent ulcer infection and delays
healing. In turn, the dressing has the ability to absorb exudates and
disrupt biofilms, making it also suitable for severe burns, with dual
functions of infection control and tissue regeneration. Furthermore, the
material’s capacity to eradicate multidrug-resistant pathogens renders it
a promising solution for the prevention of postoperative infections,
particularly in high-risk surgical contexts. Subsequent research en-
deavours will centre on the optimisation of scalability and the validation
of its safety.
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