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The cutaneous wound in diabetic patients frequently encounters intractable pathogenic infections due to the
hyperglycemia micromilieu which is conducive to bacterial growth and multiplication. Despite the extensive
clinical use of antibiotics to treat bacterial infections, the emergence of drug-resistant and super pathogens as
well as the potential side effects of antibiotics have elicited alarming challenges to public health. To address this
daunting concern, we devise and develop a photo-activated cascade bio-heterojunctions (C-bio-HJs) for rapid
sterilization and diabetic cutaneous regeneration. In the designed C-bio-HJs, photo-generated electron-hole pairs
of graphite-phase carbon nitride (g-C3Ny4) are effectively separated with the marriage of molybdenum disulfide
(MoS,), which achieves the augmented photodynamic antibacterial effect. Moreover, glucose oxidase (GOx)
tethered on the bio-HJs catalyzes glucose into hydrogen peroxide (H203) in diabetic wounds for starvation
therapy. Furthermore, Mo*" enables the catalysis of HyO, into a highly effective hydroxyl radical (-OH) for
chemodynamic-photothermal combined antibacterial therapy. Both in vitro and in vivo results authenticate the
cascading antibacterial properties and skin regeneration-promoting effects of the C-bio-HJs, which provide a
facile strategy to combat diabetic wound healing through the synergistic GOx-primed dynamic therapies.

1. Introduction new antibiotics are desperately needed, whereas the time required to

develop a new antibiotic far outweighs the time required to develop

The wound healing process is frequently accompanied by pathogenic
infections, especially in diabetic patients [1-3]. As the chronic state of
hyperglycemia provides a breeding ground for bacteria, the skin wound
in diabetic patients becomes difficult to heal and more susceptible to
bacterial infections [4,5]. Furthermore, the clinical abuse of antibiotics
has led to the emergence of drug-resistant bacteria and superbugs,
making bacterial infections a serious threat to human health, especially
for patients with chronic diseases [6,7]. As bacterial resistance develops,
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antibiotic resistance. In addition, small-molecule antibiotics could cause
certain detrimental reactions and damage to the normal tissues [8].
Therefore, there is a pressing necessity to develop novel therapeutic
methods to combat bacterial infections and drug resistance.

In recent years, numerous advanced nanomaterials have been
developed, which demonstrated great potential in disease treatment [9,
10]. For instance, Dong et al. developed mesoporous silica supported
silver-bismuth nanoparticles, which exhibited excellent performance
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against drug-resistant bacteria [11]. In addition, Zhang et al. fabricated
metal-organic frame nanoparticles with superior mechanical strength
and interconnected pore support structure for the treatment of bone
tissue repair engineering [12]. Based on the development of functional
nanomaterials, many effective novel antibacterial therapeutic strategies
have been exploited, including phototherapy, chemodynamic therapy
(CDT), sonodynamic therapy (SDT), microwave therapy (MWT), and ion
therapy [13-15]. Among these, phototherapy that contains photo-
thermal therapy (PTT) and photodynamic therapy (PDT) has garnered
ever-increasing attention as a highly promising remedial strategy with
unique antibacterial features such as flexibility and controllability,
rapidity, efficiency, and safety [16-18]. During near-infrared (NIR)
irradiation, photothermal converters can produce hyperthermia to
interfere with metabolism and damage DNA in the organism and pho-
tocatalyst causes bacterial damage by utilizing light irradiation that
creates electron-hole pairs and then generates reactive oxygen species
(ROS), including superoxide anion (-O3), singlet oxygen (102),
hydrogen peroxide (H20) and hydroxyl radical (-OH) [19,20]. Overall,
the wide-spectrum antibacterial activity and negligible drug resistance
have resulted in the considerable development of phototherapy strate-
gies in the antibacterial field [21,22]. Despite the advantages, poor
tissue penetration depth and unavoidable phototherapeutic tissue
damage have limited their clinical applications. The implementation of
PTT individually in the antibacterial process tends to cause damage to
the surrounding healthy tissues due to the diffusion of high temperature
whereas effective bacterial killing is difficult to be achieved at relatively
low temperatures [23]. Similarly, normal tissue lesions may occur in a
single-modality PDT antibacterial with the spread of high concentra-
tions of ROS [24]. Therefore, to avoid the limitations of a single treat-
ment method, a synergistic approach of phototherapy with other
therapies has been widely implemented, which can achieve better
therapeutic effects [25-30]. For example, Deng et al. developed gold
nanorods which was coated with polydopamine (PDA) and silver ions
(Ag™) to efficiently eliminate bacteria and promote wound healing
through the combined effect of CDT/PTT [26]. Besides, Wu et al.
designed a TiOp-modified AgsPO4 nanoparticle, which could achieve
efficient antibacterial activity through the synergistic effect of PDT and
ion therapy [27]. Furthermore, they proposed a non-invasive treatment
strategy by embedding sodium ions in prussian blue to deal with deep
bacterial infections through the synergistic effect of MWT, PTT, and CDT
[28].

Due to the advantages of easy availability, high chemical stability,
and suitable energy band structure, graphite-phase carbon nitride (g-
C3Ny, CN), a two-dimensional nanosheet, has currently received wide-
spread attention and becomes a research hotspot in the fields of pho-
tocatalysis, environmental remediation and biomedicine [31,32].
Notably, CN could split water molecules to produce oxygen under the
irradiation of sunlight, which could relieve hypoxia and enhance the
PDT effect [33,34]. Nevertheless, the ROS generation of CN is relatively
low because of its high recombination rate of photo-generated elec-
tron-hole pairs [35]. To address this challenge, the coupling of CN with
other semiconductors to form nano-heterojunctions is an effective
strategy to enhance photocatalytic efficiency [36-39]. Molybdenum
disulfide (MoS;), with photothermal effect and peroxidase-like activity,
has been applied in the antibacterial field [40-42]. The suitable band
edge position of MoS, and the good lattice matching with CN could
enhance the light collection and promote the separation of
photo-generated charges [43]. In addition, MoS; exhibits strong
light-matter interaction, high carrier mobility and spin characteristics,
and weak van der Waals force combination. Therefore, the combination
of MoS, with CN may exert multi-modality synergistic antibacterial
functions and avoid the disadvantages of a single-modality treatment.

In the process of cutaneous infection, bacteria have a desperate de-
mand for glucose uptake to fuel their rapid growth [44]. Thus, reducing
glucose concentration at the bacterial infection site can profoundly
block bacterial growth. Glucose oxidase (GOx), an endogenous
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oxidoreductase enzyme in organisms, can catalyze glucose into gluconic
acid and H302, which enables the rapid glucose consumption at the
infection site [45,46]. Moreover, when GOx is used in combination with
photosensitive materials or Fenton-like reagents, the generated H2O,
could be further catalyzed into highly germicidal ROS, leading to an
excellent cascade and synergistic antibacterial effect [47,48]. Therefore,
the combination of GOx with other therapies such as PTT, PDT, or CDT
could further elevate the antibacterial effect and enrich the strategy of
antibacterial therapy.

Given the aforementioned considerations, we propose a new concept
of cascade bio-heterojunctions (C-bio-HJs) consisting of CN/MoS; het-
erojunctions (CN/M bio-HJs) and GOx. The CN/MoS; heterojunctions
are firstly fabricated via the hydrothermal method, followed by GOx
loading onto the surface. In the designed C-bio-HJs system, photo-
generated electron-hole pairs of CN are remarkably separated with the
combination of MoSy, which could dramatically escalate the photody-
namic antibacterial effect of CN. Moreover, as an agent with excellent
performance in converting light into heat, MoSy can empower CN/M/
GOx with robust photothermal antibacterial properties. Furthermore,
GOx can effectively consume glucose in diabetic wounds and generate a
plethora of Hy09, which achieves the starvation therapy effect. There-
fore, the cascade antibacterial effect integrating PDT, PTT, and CDT is
explored in detail in the present study. As a proof-of-concept, both in
vitro and in vivo experiments were done to verify the antibacterial and
biological efficiency of the proposed C-bio-HJs.

2. Materials and methods
2.1. Synthesis of C-bio-HJs

The CN was manufactured by a traditional method through thermal
polymerization [49]. In detail, 5 g of melamine (Chengdu KeLong Re-
agent, China) was placed into a ceramic crucible with a cover (50 mL in
volume) and then calcined in a muffle furnace with a ramp rate of
10 °C/min for 4 h at 600 °C. Finally, a yellow solid was attained cooling
from the muffle furnace to room temperature.

A one-step hydrothermal method was used to synthesize g-C3N4/
MoS; (CN/M). Briefly, 1 g of CN was sonicated for 2 h to form a ho-
mogenous dispersion in 100 mL deionized (D.I.) water. In parallel, a
certain amount of ammonium paramolybdate (H3aMo7NgO2g)/thiourea
(CH4N3S) tetrahydrate (see Table 1 for the specific mass ratio) (Chengdu
KeLong Reagent, China) was dissolved in the same volume of D.I. water.
The two solutions mentioned above were mixed by vigorous stirring and
then sealed in a Teflon-lined stainless steel autoclave with nickel and
heated at 180 °C for 12 h. After the reaction, CN/M was washed three
times with ethanol and water, filtered, and then dried at 60 °C.

To obtain GOx-decorated samples, 20 mg CN/M was firstly added to
the dopamine solution (100 mM) with Tris/HCI buffer (50 mM, pH =
8.5) and stirred overnight. Then, 200 pL of GOx (2 mg/mL in PBS,
Aladdin, Shanghai) solution was tethered to the above PDA-modified
CN/M material, which was soaked for 12 h. Finally, CN/M/GOx C-bio-
HJs were obtained by washing three times with PBS and then drying in
an oven at 37 °C.

2.2. Materials characterisation

The sizes and surface morphologies of the materials were observed
via field-emission scanning electron microscopy (FE-SEM, JSM-7610F,

Table 1
The ingredients list of CN/MoS; heterojunction synthesis.
CN/MO0.1 CN/MO0.15 CN/MO0.2 CN/MO0.25
CN 10g 10g 10g 10g
H35M07NgO2g 0lg 0.15¢g 0.2¢g 025¢g
CH4N2S 02g 03¢g 04¢g 05¢g
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JEOL, Japan). The microscopic morphologies and crystalline structure
of samples were further characterized using a transmission electron
microscope (TEM) equipped with high-resolution Energy Dispersive
Spectrometer (EDS) (TEM, JEM-F200, JEOL, Japan). The phase struc-
ture was characterized by powder X-ray diffractometer (XRD, XRD-
6100, SHIMADZU, Japan) with Cu Ka radiation with a measuring
angle ranging from 10° to 90°. The optical absorption properties of
samples were determined by ultraviolet-visible diffuse reflectance
spectroscopy (UV-vis DRS), and the data were fitted using the Tauc plot
method. The extension line set from the image region of linear
approximation perpendicular to the x-axis was the wide-band gap
semiconductor. X-ray photoelectron spectroscopy (XPS, AXIS Supra,
Kratos, USA) analysis was performed to measure the elemental compo-
sition of the CN/M heterojunction. XPS valence band spectra were used
to derive the valence band positions of MoS; and CN. Raman spectros-
copy was performed to confirm whether MoS, was successfully loaded
onto the surface of CN by probing their vibrational states. The junction
of CN and MoS; was verified by Fourier Transform Infrared spectrom-
eter (FTIR, Nicolet iS50, Thermo Scientific, USA). The zeta potential
before and after loading of GOx was evaluated using Zetasizer Nano ZS
(Malvern, England). The separation of the electron-hole pairs in the
heterojunction was investigated by comparing the photoluminescence
(PL) spectra of CN and CN/M.

2.3. Density functional theory calculations

The Vienna Ab initio Simulation Package was used to perform first-
principles calculations in an attempt to elucidate the surface electron
transfer mechanism of CN and MoS,. Furthermore, the projector-
augmented wave method was used to evaluate the valence-core elec-
tron interaction, and the transfer of electrons and connected interaction
was explained using the GGA PBE function. In addition, a conjugate
gradient algorithm was used to optimize the structure of CN, MoS,, and
CN/M at the same time. To obtain a more realistic portrayal of the
intermolecular interaction at the bio-HJs interface, the van der Waals
interaction was evaluated using Grimme’s DFT-D3 correlation [50]. In
particular, the plane-wave basis function’s dynamic energy cut-off was
set to 400 eV. A 3 x 3 x 1 k-point grid was used to resolve the
Monkhorst-Pack meshes. The convergence criterion for energy was
established at 1 x 10~# eV, and the shape of the ground-state atoms was
optimized by lowering the force to 0.05 eV/A. Furthermore, the change
in energy (AE) for Oy adsorption by CN/M was calculated using the
equation below:

AE=E,-Ey (€D)]

where E, denotes the gross energy of the O, adsorbed CN/M and Ep
denotes the energy of the pure CN/M surface.

2.4. Photothermal performance

To evaluate the photothermal performance, a Xenon (Xe) lamp
simulated solar light (100 mW/cmZ), NIR laser (808 nm, 1.5 W/cmz),
and dual light (Xe lamp first and then 808 nm laser) was chosen as the
light conditions. Firstly, 10 mg samples of CN, MoS2, CN/MO0.1, CN/
MO0.15, CN/MO.2, and CN/MO0.25 were disseminated in PBS (10 mL) and
continuously exposed to light for 20 min. Then, the photothermal effect
was evaluated by recording the temperature change of CN/MO0.2 bio-HJs
suspension (50, 100, 200, 500, and 1000 pg/mL), each with a 1-min
interval, and irradiated by dual light. In addition, all photothermal
images were captured by a thermal imager (FLIR-E6, FLIR). Further-
more, the photothermal stability of C-bio-HJs was investigated. The CN/
MO.2 bio-HJs solution (200 pg/mL) was irradiated under dual light. The
light was then turned off after a continuous 10-min exposure and
allowed to drop to ambient temperature naturally, a process that was
replicated five times. The photothermal stability was explored using the
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temperature recorded at 1 min of each interval.

2.5. Oxygen generation

20 mg samples of CN, MoS;, CN/M0.1, CN/M0.15, and CN/M0.2
were disseminated in 10 mL of deoxygenated PBS before being sealed
with liquid paraffin. The solution was irradiated for 20 min with a Xe
lamp, and the time-dependent O2 concentration was measured using a
real-time oxygen concentration meter.

2.6. Photocatalytic performance

2.6.1. Electron spin resonance (ESR) detection

The ESR spectrometer was further used to verify the -OH and -O3
generation of CN/MO.2. Briefly, 1 mL of sample (1 mg/L) and glucose
solution (5 mg/L) were mixed for 30 min and then illuminated by a 808
nm laser for different time points (0, 10, and 30 min). After the illumi-
nation, 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was added as a trap-
ping agent for testing.

2.6.2. Generation of hydroxyl radical (-OH)

The -OH generation was measured using methylene blue (MB,
Aladdin) as the detection agent. Briefly, 700 pL (1 mg/L) of sample was
first added into MB solution (20 mg/L, 4.3 mL), and then the mixture
was incubated statically in darkness for 30 min at room temperature
until the adsorption-desorption equilibrium was reached. Subsequently,
1 mL of glucose solution (5 mg/L) or Hy0, (10 mM) was added to the
solution. The system was left to react for 60 min, and the absorbance
spectra were then measured using a UV-vis spectrophotometer
(UV1800PC, AoE, China) in the range of 550-750 nm.

2.6.3. Consumption of glutathione (GSH)

Ellman’s test was used to assess the capacity of substances to deplete
GSH through quantitative analysis of free thiols. Each experimental
group (2 mg/L, 50 pL) was mixed with GSH (1 mM, 450 pL) in PBS (pH
= 8) and incubated for 60 min in darkness. Simultaneously, a similar
concentration of GSH solution (1 mM, 500 pL) with or without HyO4
(0.1 mM, 50 pL) was adopted as negative and positive controls,
respectively. All samples were exposed to light for 10 min after incu-
bation. Then, tris/HCI buffer (50 mM, pH = 8.0, 450 pL) and 5,5'-dithio-
bis-(2-nitrobenzoic acid) (DTNB, Aladdin, 1 mM, 100 pL) were incor-
porated into the solution. After 30 min of reaction, the absorption of the
supernatant at 410 nm was measured using a UV-vis spectrophotometer
throughout 250-550 nm.

2.6.4. Detection of singlet oxygen

The generation of single oxygen was determined using 1,3-dipheny-
lisobenzofuran (DPBF, Aladdin) as the probe. The CN, MoS;, CN/MO0.2
in D.I. water (1.5 mg/mL) was mixed uniformly with DPBF (2 mg/mL in
DMSO) for 10 min in darkness. Each sample was continuously illumi-
nated for 0, 25, 50, 75, or 100 s, and the absorption of the supernatant
was detected using a UV-vis spectrophotometer ranging between 300
and 500 nm.

2.7. Invitro antibacterial performance evaluation

2.7.1. Bacterial culture

Escherichia coli (E. coli, ATCC 25923) and Staphylococcus aureus (S.
aureus, ATCC 25923) were utilized to assess the antibacterial efficacy.
The strains were grown using liquid broth (LB) medium that contained
beef extract (0.3 g), polypeptone (1 g), glucose (0.5 g), and D.I. water
(100 mL), while the solid medium was supplemented with additional
agar powder (2.3 g, Aladdin). The entire LB medium was sterilized
through autoclaving before the experiment.
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2.7.2. The antibacterial activity assay

The number of surviving bacteria was determined by spread plate
assay to calculate the antibacterial ratio after darkness, Xe lamp, 808 nm
laser, and dual light irradiation treatments, which was associated with
the antibacterial properties. The bacteria were cultured in LB media as
described previously and were incubated at 37 °C with constant shaking
until the medium was turbid. Finally, the bacteria were collected and
enumerated, and diluted to a concentration of 1 x 10° CFU/mL. Then,
40 pL of the nanomaterial suspension (200 pg/mL) was mixed with 160
pL of bacterial liquid and illuminated for 10 min. The bacterial sus-
pension was therefore covered on agar plates and cultured for 24 h at
37 °C. Following that, the bacterial colonies were photographed and
quantified by computing the antibacterial ratio using the equation
below (2).

Antibacterial ratio (%) = (C-C,)/C x 100% (2)

where C and C, represent the number of bacteria in the control and
experimental groups, respectively.

2.7.3. Bacterial characterisation by SEM

Briefly, 1 x 10’ CFU/mL of bacterial suspension was treated with
different samples, and bacterial suspension with no sample was served
as the control group. After 10 min of light/dark treatment, the samples
were fixed in 2.5% glutaraldehyde for 2-4 h before being dehydrated for
15 min with a gradient ethanol solution with concentrations ranging
from 30% to 100% (v/v). SEM was then used to examine the bacterial
morphology.

2.7.4. Bacterial viability analysis by live/dead staining

To visualize the live and dead state of microorganisms, Live/Dead
staining (Aladdin) was applied. Briefly, 1 x 10”7 CFU/mL of bacteria
were cultured in a 48-well plate for 12 h, and then samples at different
concentrations were added into bacterial suspension under light expo-
sure for 10 min. The bacteria were rinsed three times with water and
stained for 15 min with SYTO9 (green colour denotes living bacteria)
and PI (red colour denotes dead bacteria). The bacteria were examined
by fluorescence microscopy after three times of washing.

2.8. Cell culture

Cell culture experiments were performed using mouse L929 fibro-
blasts that were purchased from ATCC (USA). All cells were grown in
DMEM (high-glucose, Gibco, USA) supplemented with 10% FBS (Gibco,
USA) and 1% penicillin-streptomycin (Beyotime, Shanghai) at 37 °C in
5% COs, and the culture medium was renewed every 2 days.

2.8.1. Cell proliferation and morphology

The CCK-8 test was used to assess the proliferation and viability of
L1929 cells (Beyotime, Shanghai). In 48-well plates, L929 cells were
seeded at a density of 1 x 10% cells/well and subsequently incubated
with the prepared nanomaterial suspension (200 pg/mL). Each well was
filled with cell culture media containing 10% CCK-8 reagent and co-
cultured for 1, 3, or 5 days. After incubating the cells in the dark for
1 h, 1100 L of cell medium was moved to a 96-well plate for measure-
ment. The optical density (OD) of the supernatant at A = 450 nm was
measured using a microplate reader (SAF-6801, BAJIU, China).

2.8.2. Cytotoxicity assay

Cell cytotoxicity test was conducted using a calcein/propidium io-
dide (calcein/PI) staining kit (Beyotime, Shanghai). To begin, L929 cells
were planted at a density of 1 x 10* cells/well in 48-well plates for 1-3
days, with medium replaced every other day, until the cells achieved
roughly 90% confluency. The Live/Dead working solution (2 M AM, 8 M
PI) was then added to the well plates seeded with cells as described
above, after 2 h incubation, the stained cells were observed under a
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fluorescence microscope (CKX53, OLYMPUS, Japan).

2.9. Animal experiments

2.9.1. Establishment of infectious skin wound model

All animal experiments in this work were authorized and followed
the instructions of the Animal Care and Experiment Committee of the
West China Hospital of Sichuan University (No.2021605A). Further-
more, all animals were housed and handled in full conformity with the
National Regulation of China for the Care and Use of Laboratory Ani-
mals. The Balb/c mice aged 4-6weeks (17-25 g) are acclimatized to
husbandry conditions for at least 3 days before the experiment. Firstly,
according to the standard protocol, modeling could be started after 1
week of acclimatization on normal chow, fasting for more than 12 h. A
single dose of approximately 200 mg/kg of streptozotocin (STZ, Sigma)
solution was injected into all-male mice to establish a diabetes model. To
show that the mice were diabetic, blood glucose levels in tail vein blood
were monitored 7 days after injection using an electronic glucometer,
and body weight was recorded. (Accu-Check Performa, Roche Di-
agnostics, USA). Hyperglycemia mice (e.g. blood glucose levels of more
than 16.7 mmol/L and weight loss) were chosen for further research.

To construct the infectious wound model, mice were firstly anes-
thetized with 2% sodium pentobarbital (10 mL/kg) in general, and an 8
mm diameter circular incision was made on the dorsal side of the shaven
hair mice. Then, 20 pL of S. aureus was injected onto the incision, which
was covered with clear airtight tape. (1 x 10”7 CFU/mL). After being kept
in an anaerobic environment for 24 h, an obvious inflammatory wound
was obtained. Next, the mice were selected and divided randomly into
four experimental groups as follows: dark, Xe lamp, 808 nm laser, and
dual light. Then, 10 pL of the C-bio-HJs suspension (200 pg/mL) was
applied to the wound and then treated in the dark or under illumination.
Regarding the illumination group, Xe lamp (100 mW/cm?), 808 nm
laser (1.5 W/cmz), and dual light (Xe lamp first and then 808 nm laser)
was used. Similarly, PBS was used as blank control without treatment.
To minimize burns, wounds were kept moist during the treatment by
using normal saline (0.9%). The thermogram of each mouse was
recorded at 5-min intervals using a thermal infrared imager. Then, after
each group of wounds was treated with light or in the dark for 10 min,
wound exudate from each mouse was extracted with 1 mL of sterile
saline and deposited in a centrifuge tube containing 1 mL of sterile PBS,
which was used to assess the wound infection. The body weight and
wound area of mice were recorded and photographed at 1-, 3-, 5- and 7-
day intervals, and mice were sacrificed on day 7. The tissues around the
wounds were collected and fixed for histological analysis. In addition,
blood was collected from the veins in the tail for routine blood
biochemistry analysis.

2.9.2. Assessment of wound healing

To monitor the process of wound healing, the wound area was
photographed and documented every day with a digital camera. The
relative wound area was calculated using the equation below.

Relative wound area = A /A; x 100%

3

A; represents the original wound area, A, represents the wound area
treated with various samples on days 1, 2, 3, 4, 5, 6, and 7.

2.9.3. In vivo antibacterial efficiency

The number of surviving bacteria was determined by plate assay to
calculate the antibacterial ratio. First, we collected bacteria in vivo,
specifically, after the mice were exposed to light for 10 min, the secre-
tion from the wound was collected with a cotton swab into an EP tube
containing PBS, and then the supernatant was transferred to an LB
medium for incubation, and surviving bacteria were obtained after 24 h.
The bacterial colonies were counted and photographed. Finally, the
antibacterial efficiency was calculated by the previous equation (2).
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2.9.4. Histopathologic analysis

Tissue samples surrounding the wound were collected and fixed for
24 h in 4% paraformaldehyde. H&E staining was utilized to get a proper
view of the infected wounds. Furthermore, Masson’s trichrome staining
was used to calculate the changes in healing processing via collagen fi-
bers. Light microscopy (DMI 4000, Leica. Germany) was used to capture
the images. Immunohistochemical staining for TNF-a, CD34, and Gi-
emsa as well as immunofluorescence staining for VEGF, were used to
examine the expression of inflammation-related proteins and tissue
regeneration. To assess the in vivo biocompatibility of the C-bio-HJs, the
hearts, livers, spleens, lungs, and kidneys of euthanized mice were
stained with H&E.
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2.10. Statistical analysis

The above tests were done three times and the results were repre-
sented as mean standard deviation (n > 3). All quantitative data were
subjected to one-way ANOVA or two-way ANOVA, with significant
differences calculated. Within the research, values of *p < 0.05 and **p
< 0.01 were considered statistically significant.

3. Results and discussion

We create a CN/M/GOx C-bio-HJs therapeutic system that produces
a glucose oxidase-primed dynamic therapy with rapid antibacterial
properties and tissue repair capabilities. As depicted in Scheme 1,
briefly, g-C3sN4 nanosheets are first synthesized from melamine, and

9

ut N

(NH,)Mo,0,,-4H,0  CHN,S
Hydrothermal \ /
Reaction 1
180°C, 12h
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Scheme 1. (a) Synthesis of the g-C3N4/MoS,-based C-bio-HJs; (b) The GOx-primed cascaded antibacterial actions for the remedy of infected cutaneous regeneration.
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then transition metal MoS; is introduced via hydrothermal reaction to
prepare CN/MoS; bio-HJs. Next, the CN/M/GOx C-bio-HJs therapeutic
system is created by using dopamine-loaded GOx, and its bactericidal
properties have been investigated. Furthermore, dual light irradiation is
used in this study. On the one hand, the presence of MoS; can promote
the photo-generated electron-hole separation to enhance the photo-
catalytic ability of CN and endow it with excellent photothermal prop-
erties, allowing C-bio-HJs to exert PTT and PDT under 808 nm laser; on
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the other hand, solar light can cause g-C3N4 to split water to generate
more Oy, allowing C-bio-HJs to generate a large amount of ROS, which
greatly solves the problem of insufficient oxygen supply to deep tissues
during PDT. At the same time, because MoS; possesses properties of the
Fenton-like reaction, it serves as a catalase-like catalyst. When GOx
catalyzes the production of Hy05 from glucose, the HyO5 can subse-
quently be decomposed by MoS; into extremely toxic -OH, resulting in
high-performance CDT. After 7 days of treatment with C-bio-HJs, the
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Fig. 1. The FE-SEM images of (a) CN, MoS;, CN/MO0.2, and CN/MO0.2/GOx samples; (b) TEM, and (c) HR-TEM images of the CN/MO0.2 bio-HJs, (d) EDS mapping of C,
N, S and Mo of CN/MO.2; (e, f) The high-resolution XPS spectra of C 1s and N 1s for CN and CN/MO.2; (g, h) The high-resolution XPS spectra of S 2p and Mo 3d for

MoS, and CN/MO.2.
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inflammation in animal wounds is reduced, collagen begins to deposit,
new blood vessels are formed, and wound repair is significantly
improved. Ultimately, the C-bio-HJs achieves a multimodal antibacte-
rial effect by integrating with PDT, PTT, and CDT.

3.1. Preparation and characterisation of C-bio-HJs

The morphology and structure of each product during the synthesis
process were firstly characterized by FE-SEM. As shown in Fig. 1a, CN
exhibits a laminated block structure formed by lamellar nanosheets,
whereas MoS; has a typical flower-like structure stacked by several
uniform-sized nanoleaves with a diameter of approximately 2 pm
observed under higher magnification [51]. For the CN/M bio-HJs sam-
ple, MoS; nanoclusters are evenly covered on the surface of CN, indi-
cating that the CN/M bio-HJs is successfully fabricated. After
combination with GOx, the nano flower-like structure is not as clear as
observed earlier, and the surface of CN/M is coated with a thin film-like
substance, indicating the successful loading of GOx. Then, the structure
of CN/MO.2 bio-HJs was further characterized and analyzed by TEM. As
shown in Fig. 1b, CN/MO0.2 bio-HJs exhibits a typical two-dimensional
structure because of the close combination of CN and MoS,. In addi-
tion to this, two series of clear mesh fringes with lattice spacings of 0.27
and 0.6 nm are present, corresponding to the plane (100) and (002) of
the MoS; hexagonal plane (green arrows in Fig. 1¢). Simultaneously, the
EDS mapping images of the selected area of CN/MO0.2 also show the
presence of C, N, Mo, and S (Fig. 1d), which proves that MoS; and CN are
tightly integrated and validates the successful fabrication of CN/MO0.2
bio-HJs.

We used XPS to analyze the surface elemental composition of the
sample, as well as the interaction between MoS; and CN. Fig. 1e-h shows
the signal peaks deconstructed from the high-resolution spectra analysis
of each element in CN, MoS,, and CN/MO0.2. The C 1s spectra of CN and
CN/MO0.2 (Fig. 1e), deconstructed five peaks matching the C-C bond,
N—C-N bond, C-S bond-C-N bond-C-O bond, respectively. When
compared to the C 1s pattern of pure CN, the existence of C-S bonds
(284.08 eV) in CN/MO.2 indicates that MoS; is successfully doped. And
the N—C-N peak of CN/MO0.2 shifts to the high binding energy position
by approximately 0.25 eV, perhaps due to the decline of electron density
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around C atoms in CN/MO.2. The above-described results indicate that a
strong interaction exists between MoS; and CN. For the N 1s spectrum,
as shown in Fig. 1f, both CN and CN/MO0.2 can decompose three
consecutive peaks that match the sp? hybridized N (C=N-C) on the
triazine ring, tertiary nitrogen bond (N-(C)3) combined with carbon and
the amino functional group (C-N-H), respectively. Here the functional
groups between CN and CN/MO0.2 remain unchanged, indicating that the
structure of CN is stable during the hydrothermal reaction. However, it
should be noted that all the peaks of C=N-C, N-(C)3, and C-N-H have
shifted in CN/MO0.2, and the N-(C)3 area increases significantly. Fig. 1g
shows the S 2p XPS spectra of MoS, and CN/MO.2, the peaks of S 2p3/2
and S 2p1/2 of pure MoS; are 162.47eV and 163.66 eV, respectively. In
contrast, the respective peaks of CN/MO0.2 are 161.51 eV and 162.80 eV,
which are reduced by 0.96 eV and 0.86 eV, respectively, indicating there
is a directional electron transfer between CN and MoS,. At the same
time, according to the Mo 3d XPS spectra of MoSy; and CN/MO.2
(Fig. 1h), similar to the above results for S 2p, the 3d peak of Mo also
shifts towards lower binding energy, further verifying the above-
mentioned electron transfer result. Furthermore, the CN/MO0.2 sample
in Fig. 1g exhibits two additional peaks of C-S 2p3/2, C-S 2p1/2 at
162.13 eV and 163.43 eV, and a Mo-N peak at 228.73 eV also appears in
Fig. 1h, confirming that C-S and Mo-N bonding are formed through the
chemical bonding. These results also convince us that the CN/MO0.2 bio-
HJs is successfully formed.

After confirming the surface chemistry of the materials, XRD was
further used to analyze the phase structure and crystallinity of the
synthesized samples. Fig. 2a shows the two typical diffraction peaks of
CN at 14.8° and 27.4°, which are attributed to the repeated in-plane and
interlayer conjugated heptazine unit of the aromatic carbonitride sys-
tem, indicating the successful preparation of CN (JCPDS no. 87-1526). It
is also found that there is almost no change in the XRD peak of CN after
the doping of MoS,. The CN/M bio-HJs samples contain two peaks at
33.5° and 57.7°, which may be attributed to the faces (100) and (110) of
the hexagonal MoS, (JCPDS no. 37-1492). Interestingly, all samples
have no diffraction peak at the (002) crystal of MoS,, suggesting that
MoS; prepared by the hydrothermal method is a nanosheet with a few
layers, which is advantageous to the heterojunction’s photocatalytic
performance. Raman spectroscopy was further used to characterize the
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composition and structure of the heterojunction. As shown in Fig. 2b,
there are two strong peaks located near 375. 8 cm ™ and 470. 8 cm ™! in
the Raman spectra of CN/MO0.2 and MoS,, which correspond to the E§g
and A;g photon vibration modes of MoS,, respectively. These results
jointly demonstrate that we have synthesized a type of high-quality CN/
M bio-HJs through the hydrothermal method and are also corroborated
with TEM and XRD analysis results. In addition, it can be found that the
peak intensity of CN/MO.2 is significantly lower than that of pure MoS,
due to the strong interaction between CN and MoS; [52]. Moreover, the
MoS, Raman vibration mode E§g is blue-shifted, and that of A is
red-shifted, indicating that the layer number of MoS; is reduced after
combined with CN [53], which is highly beneficial for the photocatalytic
performance of CN/MO0.2 bio-HJs.

To examine the changes in CN before and after the addition of MoS,,
we affirmed their structures by FT-IR. CN and CN/MO.2 exhibit almost
similar characteristic vibration modes as CN. As depicted in Fig. 2c, the
characteristic peaks of CN are clearly visible at 800 cm™! and
1200-1620 cm !, and these peaks are related to the out-of-plane
bending of one-sixth of the arson ring and the stretching vibration of y
(C-NH-C) and y (C=N). Therefore, it can be concluded that the aro-
matic CN system has a stable skeleton structure. We next measured the
zeta potential of each sample to understand the bonding modality of
GOx and CN/MO.2. As shown in Fig. 2d, the zeta potential of CN/MO0.2 is
—24.83 + 1.18 mV, while GOx is —22.60 + 2.61 mV, When GOx is
combined, the zeta potential of CN/MO0.2 decreases from —24.83 +1.18
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mv to —29.77 + 1.40 mV, indicating that GOx is attached to the surface
of CN/MO0.2 bio-HJs through PDA coating [54].

To better elucidate the photocatalytic enhancement mechanism of
the prepared material, ultraviolet-visible diffuse reflectance spectros-
copy was used to determine the light absorption capability. As depicted
in Fig. 2e, pure CN has an absorption edge close to 460 nm, which is
consistent with its inherent absorption. This characteristic enables CN to
absorb only visible light but not the NIR band. And MoS exhibits strong
absorption in the entire wavelength range between 200 and 900 nm
(Fig. 2e). After the introduction of MoS,, the CN/M absorption edge
undergoes a significant red shift, which not only expands the absorption
spectrum with absorption in the NIR (position marked by the blue
background color), but also further enhances the light absorption in-
tensity. It is particularly clear that CN/MO0.2 and CN/MO0.25 have better
light absorption than either neat CN or MoS,. The results indicate that
the light absorption capacity of CN/M bio-HJs is enhanced. Finally, the
band gap graph is fitted using the Tauc plot function (Fig. 2f), and the
band gaps of pure CN and MoS; are 2.64 eV and 1.95 eV, respectively,
and compared to 2.44 eV for CN/MO0.2. The calculated equation is as
follows:

()™ = A(hv-Ep) )

Where « is absorption coefficient, A is a constant, v is frequency, h is
Planck’s constant, E, is a wide-band gap semiconductor, n = 1/2 with a
direct band gap, n = 2 with an indirect band gap). hv in the x-axis is

Fig. 3. (a) Crystal structure of CN, MoS, and CN/M
of different perspectives after structure optimization;
(b) The lattice matching method of MoS,(4 x 4) and
CN(v/3 x v/3); (¢) Adsorption structure of O, vertical
and horizontal absorption onto CN/M, respectively.
Red atoms indicate O atoms; (d) Electronic band gap
structure of CN, MoS, and CN/M; (e) Electrostatic
potential of CN/M; (f) The schematic diagram of the
electron transfer process between CN and MoS; based
on DFT calculation and the synergistic treatment
mechanism of CN/M/GOx C-bio-HJs.
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plotted vs. ahv in the y-axis.

3.2. DFT calculation

DFT calculation was conducted to demonstrate the interfacial
interaction between CN and MoS,. As shown in Fig. 3a, the structure of
the heterojunction is obtained from doped MoS; and CN, with the lattice
constant being calculated to a = b = 12.710 A, and the constant corre-
sponding to monolayer MoSy and CNisa=b = 3.177 Aanda=b =
7.115 A, respectively. According to the lattice matching model (Fig. 3b),
when a 4 x 4 MoS; cell contacts with a v/3 x /3 CN cell, the tensile
stress of lattice mismatch applied to CN is 3.13%, which contains 90
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atoms for the entire heterojunction. To better understand the photo-
catalytic properties, the O, adsorption state on the bio-HJs surface was
stimulated because O, is involved in photogenerated electrons reaction
and then affects the generation of ROS [55]. Fig. 3¢ shows the adsorbed
O, site on the surface of CN/M bio-HJs in horizontal and vertical
adsorption, and the distance between the O3 molecule and CN is about
3.5 A, which is approximately similar to the interlayer distance between
CN and MoS;,. Moreover, for further exploration, we calculated the
adsorption energy for O, on the same adsorption sites to facilitate
comparison. Specifically, formula (5) is as follows:

Ea = EOZ/heterojunction - Eheterojunction (5)
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E, is the adsorption energy, which is equal to the energy of the
heterojunction with O, minus the energy of the mono-heterojunction
and O, molecule. After calculation, it is found that the adsorption en-
ergy values are —0.101 eV and —0.092 eV, respectively. This clearly
indicates an electron transfer on the interface, as illustrated in Fig. 3f. In
this case, Oy can be adsorbed more due to a redistribution of electrons,
which increases the generation of ROS. Fig. 3d illustrates the contribu-
tion of the energy band structure of CN (marked in blue curves) and
MoS; (marked in purple curves), which clearly shows that the band gap
of CN/M decreases to 1.27 eV, since the VB and CB of the heterojunction
are separately provided by those two structures, and it belongs to a type
II heterojunction structure [40]. Here, we would like to point out that
the band gap value is calculated from the PBE function in this calcula-
tion, which results in an underestimated band gap compared with the
experimental band gap (1.95 eV shown in Fig. 2f) [56,57].

However, these results can be used to estimate tendencies, such as an
increase or decrease in band gap. To ensure the validation of the band
gap reduction results, a heterostructure formed by MoS; and CN was
again constructed. As shown in Figs. S1a-b, Supporting Information, this
sample is more computationally intensive, which contains 113 atoms for
the entire heterojunction, and the compression stress of lattice mismatch
applied to CN is 2.67%. Besides, Fig. S1c, Supporting Information, shows
the corresponding energy gap diagram, confirming that the band gap
value has reduced, which is consistent with the above-described analysis
result.

3.3. Photothermal and photostability of C-bio-HJs

Heating curves and photothermal pictures were used to assess the
PTT potential after 20 min irradiation at 808 nm laser. As shown in
Fig. 4a, the final temperature is in the order of MoSz > CN/MO0.25 > CN/
MO0.2 > CN/MO0.15 > CN/MO.1 > CN, indicating that MoS; is the major
source of the photothermal effect. Moreover, the temperature of each
sample increases rapidly after 10 min of irradiation and then stabilizes,
reaching the maximum after 20 min of continuous light exposure. These
findings clearly indicate that the CN/MO0.2 bio-HJs possesses excellent
photothermal conversion efficiency. Based on this result, the CN/MO0.2
bio-HJs is selected to evaluate the subsequent photothermal perfor-
mance for its appropriate final temperature (47.5 °C, Fig. 4a). Fig. 4f
shows the photothermal images for each sample, and almost no tem-
perature change is observed in the CN and PBS groups, while the tem-
perature of the other groups is significantly elevated in comparison. This
shows that the final temperature of the heterojunction originates from
MoS,, which is consistent with the results of the heating curve in Fig. 4a.
However, as shown in Fig. 4b, the final temperature of all samples de-
pends on the level of concentration, wherein the higher the concentra-
tion of the sample, the higher the final temperature. This suggests that
the temperature of CN/MO0.2 bio-HJs can be regulated by the concen-
tration, which will be a high potential application in the antibacterial
field.

The heating curve was evaluated utilizing a Xe lamp as the solar light
source to further investigate the influence of visible light alone on the
photothermal performance of CN, CN/M0.1, CN/MO0.15, CN/MO0.2, CN/
MO.25. As illustrated in Fig. 4c, after the continuous illumination using
Xe lamp for 20 min, all samples do not exhibit obvious photothermal
performance with a change in temperature of <5 °C at any concentra-
tion (Fig. 4d). Moreover, under the dual light and 808 nm laser illumi-
nation (Fig. S2a, Supporting Information), the photothermal curve of
CN/MO.2 is similar to that of 808 nm laser, implying that the Xe lamp
cannot trigger the photothermal effect of CN/MO0.2. Surprisingly, how-
ever, as shown in Fig. 4e, CN has excellent O generation ability, which
is retained after the heterojunction is formed with MoS;. These O3 will
provide a favorable supply for the generation of ROS during the process
of PDT. As depicted in Fig. 4g, the temperature of CN/MO0.2 exhibits a
good photostability with or without the dual light irradiation, and the
same phenomenon can also be observed in successive cycles, indicating
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that the repetitive irradiation does not affect the photothermal proper-
ties of the CN/MO.2 bio-HJs.

3.4. Photocatalytic performance

Given that the separation efficiency of the photo-generated electron-
hole pairs can greatly influence the photocatalytic activity of a photo-
catalyst, we employed PL spectroscopy to evaluate the separation effi-
ciency of the electron-hole pair on our CN/MO0.2 bio-HJs. As shown in
Fig. 5a, the recombination of photo-generated electron-hole pairs pro-
duce a strong emission peak at about 460 nm, which is responsible for
the strong emission peak of CN. This result implies that pure CN has a
strong light absorption capacity, but its electron-hole pairs can easily
recombine, making photocatalytic performance poor. In comparison,
CN/MO.1 has a stronger PL quenching effect, as CN/M bio-HJs can
promote the interfacial electron transfer. Moreover, as the relative
content of MoS, increases, the PL quenching effect becomes more
obvious. However, when the MoS, content increases to a certain extent,
the PL peak intensity increases instead (CN/MO0.25 > CN/MO0.2),
because a high MoS; content may provide a platform for the recombi-
nation of the electron-hole pairs.

To assess the ROS yield efficiency in greater depth, we detected the
generation of 10y using the DPBF probe. As expected, the DPBF ab-
sorption peak in the CN/MO0.2 group decreases with the irradiation time
of dual light (Figs. S3a-c), as well as under Xe lamp (Figs. S3g-i),
implying the generation of 105. We also found that CN/MO0.2 consumes
much more DPBF than neat CN and MoS,. The reason for this is that bio-
HJs can not only effectively separate photoexcited electron-hole pairs
and enhance charge transfer rates, but they can also undertake water
splitting of CN, generating oxygen for the formation of more 1o, [58].
However, the absorption peak of all groups under the 808 nm laser
condition displays a negligible change (Figs. S3d-f), indicating that
these samples cannot produce 'O, under 808 nm laser irradiation.
Another probe, DMPO, was used to confirm the type of ROS production
of CN/MO.2 by ESR under dual light. As shown in Fig. 5b—c, no ESR
signal peak appears under dark condition, indicating that CN/MO0.2
cannot produce ROS and there is no photocatalytic effect. However, the
ESR signal can be clearly detected with 10 min light exposure. As the
illumination time is extended to 30 min, the intensity of the signal peak
increases. In Fig. 5b, it can be seen that four characteristic peaks are
detected under successive excitations and the heights of these peaks are
in the ratio of 1:2:2:1, which is convincing evidence for the production
of DMPO--OH. At the same time, a strong ESR signal is observed in
Fig. 5c, where the characteristic peak of DMPO--O3 is detected under
dual light. This result completely demonstrates that the heterojunction,
CN/MO0.2 can well promote the separation of photo-generated elec-
tron-hole pairs, and more ROS can be generated, confirming the previ-
ous PL results.

In recent years, a newly defined CDT effect through increased free
radical production by Fenton-like reaction has attracted considerable
attention in anti-tumour and antibacterial therapies [47,58]. Our pre-
vious study has demonstrated that MoS; heterojunction nanomaterials
can exhibit outstanding CDT effects on the basis of the Fenton-like re-
action [30]. Therefore, to confirm whether CN/M bio-HJs have the
potential Fenton-like reaction activity in the present study, we deter-
mined the consumption of MB by measuring it in the presence of HyO2
and glucose, and the specific mechanism is illustrated in Fig. 5d. As
shown in Fig. Se, in the presence of Hy05, MoS;, CN/MO0.2, and
CN/MO0.2/GOx groups, all show a significant decrease in peak intensity
at 660 nm, indicating that -OH is produced with increasing irradiation
time. This is primarily because MoS; has peroxidase-like properties and
the released Mo** that can catalyze HyO5 to form -OH [42] (Formula
(6)).

Mo** + H,0, - Mo®t + -OH + OH™ (6)
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Similarly, as shown in Fig. 5f, only the CN/MO0.2/GOx group exhibits
a decrease in the MB absorption peak, whereas the other groups show no
degradation of MB. In the presence of glucose, GOx can produce HyO5
(Formula (7)), which is then catalytically yielded -OH for enhancing the
chemodynamic effect of CN/M0.2/GOx C-bio-HJs.

Glutathione (GSH), a tripeptide with a thiol group, has been proven
to have antioxidant properties and become a well-known “self-defense
system” in bacteria by oxidizing organic thiols (R-SH) to disulfides (R-S-
S-R) via the mechanism described in Fig. 5g, which is a self-protective
system in bacteria [59]. The oxidation of GSH was determined
through Ellman’s method, and the GSH consumption rate obeys positive
linearity with the sample concentration, i.e. as the concentration of
CN/MO.2 increases, the consumption of GSH increases significantly
(Fig. 5h). Fig. 5i shows that both the CN/M0.2 and MoS; groups exhibit
approximately 80% GSH consumption in the presence and absence of
light, whereas the CN group exhibits comparable GSH consumption rate
only under Xe lamp irradiation. This is due to the fact that Mo** in MoS,
has glutathione peroxidase activity, which oxidizes glutathione to GSSG
(Formula (8)) [17]. Therefore, the exhaustion of GSH in each group can
be attributed to the oxidative damage of MoS,.

Mo*" + GSH — Mo*" + GSSG 8)

Altogether, based on DFT calculations and previous results, the
photothermal and photodynamic antibacterial mechanism of CN/MO0.2/
GOx C-bio-HJs is illustrated in Fig. 3f. Electrons in CN can absorb light
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energy to produce photogenerated electron-hole pairs. Due to the con-
struction of CN/M/GOx C-bio-HJs, MoS; can promote the separation of
CN photogenerated electron-hole pairs and inhibit their complexation
by accelerating carrier transfer. Moreover, according to the above-
described DFT calculations, from the electrostatic potential of the sam-
ple shown in Fig. 3e, also confirms that electrons transfer from MoS; to
CN [43]. Under light irradiation, electrons are captured by O, generated
from CN splitting water to produce -O3. GOx catalyzes the surrounding
glucose to produce H20,, and then MoS; further catalyzes H2O; to
produce -OH. With the simultaneous absorption of photoelectron heat
production by MoS,, bacteria can be more sensitive to these photo-
activated ROS, thus achieving serious antibacterial effects. The specific
electron transfer process is shown in the following equations (9) (10):

)]
10$)

e (MoS,/CN) + Oy = -0y
e (MoS,/CN) + H,O, — -OH + OH™

Then, it is necessary to state importantly here that g-C3Ny4, a material
reported to separate water under white light with a band gap of 2.7 eV,
can produce Og, which facilitates the alleviation of deep hypoxia in vivo
and thus enhances the PDT effect. Furthermore, MoS; has a high pho-
tothermal conversion efficiency under 808 nm laser, and the heat can
not only render the bacteria to become more sensitive to ROS but can
also further enhance the GOx cascade catalytic ability, so the
photothermal-photodynamic synergistic antibacterial effect can be
realized.
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In addition, as mentioned earlier, GOx can oxidize glucose to pro-
duce H;0;, and MoS; exhibits peroxidase-like and Fenton-like reaction
activities, which can achieve chemodynamic anti-bacterial effect via
-OH generation. Therefore, the CN/MO0.2/GOx C-bio-HJs with dual light
illumination exerts a triple synergistic antibacterial effect of PTT/PDT/
CDT and have significant application potential in the field of antibac-
terial therapy.

3.5. Invitro antibacterial effect

The antibacterial performance of CN/MO0.2/GOx C-bio-HJs was
tested utilizing S. aureus and E. coli in this work. The spread plate results
of S. aureus (Fig. 6a) reveal that CN has no significant antibacterial ac-
tivity when cultured with bacteria for 10 min under dark or light con-
ditions, compared with the control group; hence, it cannot produce
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sufficient ROS to kill bacteria. The results shown in Fig. 6a-b indicate
that the anti-bacterial effect of MoS, has certainly improved under
darkness (15.82 + 9.18%), whereas it also increases to 43.15 + 8.26%
and 51.78 + 5.69% under a single 808 nm laser and dual light irradia-
tion, respectively. This result indicates that although a single PTT can
play a role in killing bacteria, the anti-bacterial effect is far from ideal.
Moreover, the antibacterial effect of MoS, against S. aureus does not
have a significant difference between Xe lamp and dark condition. For
CN/MO0.2, the antibacterial effect, shown in Fig. 6b, is almost consistent
with a mono MoS; in darkness. The antibacterial effect is significantly
improved to 43.46 £+ 3.56% and 32.71 + 10.4% under the single irra-
diation of 808 nm laser and Xe lamp conditions, respectively, but not
exceeding 50%. When the Xe lamp is combined with and 808 nm laser
illumination, the antibacterial efficiency of CN/MO0.2 is remarkably
increased (> 95%). This is because CN can split water to produce more

Fig. 6. In vitro antibacterial activity: Spread plate
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oxygen under Xe lamp irradiation, and then when exposure to the 808
nm laser, the local high temperature and large amounts of ROS produced
through the PTT and PDT effects simultaneously, so the use of dual light
causes a significant increase in the antibacterial rate [30]. In addition,
once GOx is loaded, the antibacterial effect of CN/MO0.2/GOx C-bio-HJs
also increases by 24.31 + 9.71% in darkness (Fig. 6b); this is because
GOx can effectively consume glucose via catalytic oxidation and
generate HoOo, whereas MoS; can catalyze the decomposition of HoO5 to
produce -OH, producing a chemodynamic effect, although not yet
satisfactory. The antibacterial performance of CN/MO0.2/GOx C-bio-HJs
increases to 47.55 + 5.01% under 808 nm laser, and it may achieve the
synergistic antibacterial effect of CDT and PTT. In particular, its anti-
bacterial performance is the largest, under dual light illumination
because of the combined effect of PDT/PTT/CDT. Similarly, the trend of
antibacterial effect against E. coli agrees with that against S. aureus
(Fig. 6¢). The CN/MO0.2/GOx group has the smallest colony area after
exposure to Xe lamp and 808 nm laser irradiation, with antibacterial
performance displayed in Fig. 6d at 97.42 + 0.31%, and that of CN/M at
92.53 + 4.34%; while the other groups still show large colony area,
confirming the superiority of synergistic antibacterial effect over the
single modality.

To investigate the interaction between CN/MO0.2/GOx C-bio-HJs and
bacteria, we examined the bacterial membrane morphology and integ-
rity after treatment with or without light and then observed it by SEM.
The live bacterial membrane in both S. aureus and E. coli is smooth
morphologically, whereas that of dead bacteria is shattered, as illus-
trated in Fig. 6e. The bacterial membrane is intact and has no wrinkles in
the control group and the group treated under dark condition, illus-
trating that no damage has been made to the bacteria. Moreover, after
treatment with Xe lamp or 808 nm laser, there are slight deformation
and cytoplasmic leakage that are more deteriorating under 808 nm laser
condition (indicated by green and red arrows, respectively). The mem-
brane of S. aureus and E. coli exposed to dual light exhibits serious
irreversible damage with unsmooth dimples and bulges (indicated by
green and red arrows, respectively), further confirming the results of
spread plate experiment.

The Live/Dead viability assay was also used to determine the anti-
bacterial efficacy of the samples. Fig. 6f shows images of S. aureus and
E. coli obtained from fluorescence staining analysis. Obviously, all the
bacteria are stained with green fluorescence (representing alive), indi-
cating that the negligible antibacterial activity of CN/M0.2/GOx C-bio-
HJs under dark condition, with limited toxicity to the bacteria in a short
period. Fewer bacteria are stained with red fluorescence (representing
dead), whereas more bacteria exhibit green fluorescence in the single Xe
lamp or 808 nm laser irradiation, indicating that most bacteria cannot be
killed by singe PDT or PTT. In sharp contrast, after combined irradiation,
the bacteria are almost entirely labeled with red fluorescence, suggest-
ing that they are destroyed by the synergistic impact of CDT/PDT/PTT.

3.6. In vitro biocompatibility

We performed Live/Dead staining and CCK-8 assay to evaluate the
biocompatibility of CN, MoS,, CN/MO0.2, and CN/M0.2/GOx. The Live/
Dead staining results after culturing with L929 cells at 37 °C for 1 day
are shown in Fig. S4a, Supporting Information. The MoS, group presents
the fewest number of cells and the strongest red fluorescence, repre-
senting a lower cell survival assay than CN. Correspondingly, the CN/
MO0.2 and CN/MO0.2/GOx groups exhibit little red fluorescence, with
almost green fluorescence, indicating that good cytocompatibility.
Moreover, the CCK-8 assay result (Fig. S4b, Supporting Information)
shows that MoS, exhibits the worst cell viability after 1 day of cell
culture, which may be explained by the fact that MoS; can consume
glutathione and then induce oxidative stress in cells. However, the cell
viability of CN/M0.2 and CN/MO0.2/GOx is significantly potentiated,
indicating that the CN and MoS, composite preparation into a hetero-
junction can improve their biocompatibility. When the incubation time
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is extended to 3 and 5 days, the cell activity in each group increased
steadily, except for MoS,. In short, at the cellular level, the CN/MO0.2/
GOx C-bio-HJs shows relatively good biocompatibility under long-term
local treatment, and it will also be further verified in subsequent in vivo
experiment.

3.7. In vivo antibacterial activity

To evaluate the antibacterial and cutaneous regeneration of CN/
MO0.2/GOx C-bio-HJs in vivo, we designed a diabetic mouse skin wound
infection model on the dorsal of diabetic mice. Fig. 7a shows the entire in
vivo experimental healing process. Briefly, the mouse-infected wound
model was established followed by light treatment and histological
analysis. The alterations in the wound area during the treatment are
shown in Fig. 7b. Due to severe bacterial infection, the wound is in a
state of inflammation and suppuration in the control group during the
entire repair process, and there are numerous secretions and pus visible
with the naked eye. The wound is also not completely healed, indicating
that self-immunity is far from sufficient to repair the infected skin.
Similarly, both the single light and dark groups show conspicuous crusts
but incomplete recovery. In contrast, in the dual light group, the se-
cretions and pus in the wound are significantly reduced at 1 day and the
wound basically was healed at 7 days, with no suppuration and crusting.
This result indicates that CN/M0.2/GOx C-bio-HJs can effectively kill
bacteria and promote cutaneous regeneration under dual light. Fig. 7e
shows the corresponding quantitative data throughout the wound
healing process, confirming that the wound healing effect is the best at
dual light conditions. Although the wound healing effects of light and
dark groups are superior to that of the control group, the difference is
not statistically significant after 5 and 7 days. Based on the body weight
curve for 7 days (Fig. 7f), the trend in each group is essentially similar.
The body weight shows less variation during the entire treatment pro-
cess, revealing almost no side effects during treatment. The infrared
images shown in Fig. 7c indicate that there is little change in wound
temperature in mice either under dark conditions or under Xe lamp
irradiation, suggesting that the 808 nm laser trigger is required to exert
the photothermal properties of C-bio-HJs. The wound temperature in
the CN/MO0.2/GOx group increases considerably under 808 nm laser and
dual light, reaching approximately 48 °C and 51 °C, respectively, within
5 min and then stabilized. The corresponding temperature change curve
is displayed in Fig. S5a, Supporting Information. As we previously
mentioned, although the bacteria cannot be killed directly in a short
period at this temperature, it can augment the sensitivity of the bacteria
to ROS stimulation, thus enhancing the antibacterial effect.

To further confirm the antibacterial properties of CN/MO0.2/GOx C-
bio-HJs in vivo, we extracted wound tissue fluid after 10 min of light
treatment and incubated it in beef paste peptone medium for 24 h before
performing plate coating experiments. The spread plate results are dis-
played in Fig. 7d, which show only a few bacterial colonies in the dual
light treated group, with an antibacterial efficacy of 94.05 + 1.87%
(Fig. 7g). The colony area decreases in the dark, Xe lamp and 808 nm
laser groups sequentially compared with the PBS group, and the corre-
sponding antibacterial rates are 6.38 + 4.97%, 22.38 + 8.26%, and
47.13 + 4.16%, respectively. These results are also consistent with the in
vitro antibacterial parts.

We collected wound tissue for the histological investigation to
analyze the level of bacterial infection and inflammation in the skin
tissue. As shown by the H&E staining results in Fig. 8a, there is obvious
acute inflammation and neutrophil infiltration, presenting a typical
feature of soft tissue infection in the PBS and dark groups, with orange
lines outlining the state of the epithelial layer. Under Xe lamp or 808 nm
laser irradiation separately, the inflammatory response is milder, and
the number of inflammatory cells is also reduced to a certain extent, but
there is still a large subcutaneous distance, which suggests that the skin
is healed incompletely. However, improvement can be found under dual
light, with all mice wounds showing the best recovery with no scar.
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Fig. 7. Evaluation of antibacterial activity in vivo. (a) The following therapies are depicted in a schematic diagram of the diabetic mouse with infected wound; (b)
Photographs of changes in the wound area of mice during treatment; (c) Infrared images of each group after 10 min of illumination; (d) In vivo spread plate photos
following dark treatment or irradiation with NIR light after 10 min; (e) Quantitative data of the wound area of mice during treatment; (f) Body weight of mice during
treatment; (g) In vivo antibacterial efficacy following dark therapy or irradiation with NIR light for 10 min (* represents p < 0.05, ** represents p < 0.01).
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Fig. 8. Histological analysis of wounds after a 7-day treatment with CN/MO0.2/GOx C-bio-HJs (a) H&E staining images; (b) Masson’s trichrome images; (c) CD34
staining images; (d) TNF-a staining images; and (e) VEGF fluorescence images of wound skin tissue.

Furthermore, a complete epidermis is formed generally with a thickness
of approximately 100 pm, and new blood vessels and hair follicles
marked by permanent red asterisks can be observed in the dual light
group (Fig. 8a). There are no obvious inflammation and infection,
confirming the antibacterial results of the above-described CN/MO0.2/
GOx C-bio-HJs in vivo experiments. Masson’s trichrome staining was
used to confirm the development of collagen fibers to better understand
tissue regeneration around the lesion. As shown in Fig. 8b, the collagen
fibers of the wound are arranged continuously in the dual light irradi-
ation group, with several new hair follicles (red arrows), whereas the
other groups show disordered and sparse collagen fibers in the inflam-
matory infiltrated areas. In addition, Giemsa staining was used to further
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characterize the bacteria in the tissues. As can be seen in Fig. S6, Sup-
porting Information, the PBS and dark groups show bacteria (yellow
arrows), while a small amount is also present in the single light treat-
ment group and almost no bacteria in the dual light treatment group.
Hence, the implementation of CN/M0.2/GOx C-bio-HJs can effectively
kill bacteria while also encouraging wound healing and regeneration.
The role of various cell-secreted growth factors, such as CD34 protein
molecule, tumor necrosis factor-a (TNF-a), and vascular endothelial
growth factor (VEGF), all of which have a vital function in wound
healing, was further explored [60]. In fact, CD34 is expressed on a major
subset of stem cells known as fibrocytes and has recently been investi-
gated in clinical trials to hasten wound healing, predominantly due to its
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potential to enhance angiogenic activity [61]. We observe more CD34
expression in diabetic mice in the wound healing process (day 7), with
the strongest CD34 expression under exposure to dual light conditions
(Fig. 8¢), indicating the formation of microvessels. TNF-a is an inflam-
matory cytokine whose production prolongs the healing time of chronic
wounds in an inflammatory environment, which can be detrimental to
wound recovery in diabetic patients [62]. As shown in Fig. 8d, TNF-a
levels are reduced with the illumination of Xe lamp and 808 nm laser
continuously, indicating that CN/M0.2/GOx C-bio-HJs exerts a promi-
nent beneficial effect on wound healing. VEGF is also well known to play
an essential role in tissue repair, which contributes to inflammatory
processes. VEGF may accelerate wound closure and promote wound
healing, primarily by stimulating the production of angiogenesis.
Moreover, wound healing in patients with diabetes is generally delayed,
which is commonly characterized by a lower local VEGF production [64,
63]. Therefore, enhancing the expression levels of VEGF could be
employed topically to accelerate wound healing in diabetic patients. As
shown in Fig. 8e, the fluorescence intensity is obviously enhanced in the
epidermis under the dual light illumination, indicating an augmentation
in VEGF expression, which facilitates wound healing. Also, the corre-
sponding quantitative data, in Fig. S5b, Supporting Information, directly
shows the enhancement of fluorescence intensity under dual light
treatment.

To test whether CN/MO0.2/GOx C-bio-HJs could cause severe in vivo
toxicity, we conducted hematological and pathological examinations in
mice. After 7 days of different light treatments, the analysis result,
shown as a heatmap (Fig. S7, Supporting Information), the number of
white blood cells (RBC) and neutrophils (NEUT) in the dual light illu-
mination group is significantly lower than that of the other groups,
indicating that the wound inflammation became less. CN/M0.2/GOx C-
bio-HJs could efficiently protect the skin from inflammation and infec-
tion by rapidly killing bacteria in the presence of dual light. For the rest
of blood indicators like red blood cells (RBC), hemoglobin (HGB), red
blood cell ratio (HCT), and platelet count (PLT), none of the groups of
mice showed significant differences, which indicates that CN/MO0.2/
GOx C-bio-HJs can not cause toxicity of normal cells in vivo. Finally, the
main organs, including the heart, liver, spleen, lung, and kidney, were
taken and stained with H&E to validate the above-mentioned findings.
As shown in Fig. S8, Supporting Information, no alteration in cellular
morphology and shape is observed after 7 days, and no obvious organ
damage or abnormality is evident, indicating a favorable biosafety
profile. At present, the application and research of CN based materials in
the field of biomedical engineering are in their infancy and exploration
stage, and there is still a broad space for exploration and development.
The future development and research of such antibacterial materials will
need to combine various approaches and strategies to improve the
biocompatibility of the materials and promote wound healing, and to
obtain a therapeutic system with both rapid antimicrobial and tissue
repair functions.

4. Conclusion

In summary, we successfully developed the CN/M/GOx C-bio-HJs
with a combined therapeutic effect for cutaneous healing in the diabetic
microenvironment. The C-bio-HJs facilitates the separation of the photo-
generated electron-hole pairs of CN, which considerably boosted the
efficiency of ROS generation. GOx in C-bio-HJs could consume a high
level of glucose in diabetic wounds, leading to the generation of large
amounts of HyO,. Furthermore, C-bio-HJs not only have outstanding
water splitting capability to O, generation for augmented photodynamic
effect, but they can also catalyze the GOx-generated HyO» into highly
reactive bactericidal hydroxyl radicals via the Fenton-like reaction of
MoS,, which can lead to bacterial death. The CN/M0.2/GOx C-bio-HJs
have exceptional synergistic antibacterial activity and good biosafety,
according to in vitro and in vivo studies. Such C-bio-HJs can be suc-
cessfully combined with PDT, PTT, and CDT to kill pathogens and
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combat bacterial infections. This work offers a new avenue for cascaded
nano-heterojunction catalysts providing for diabetes therapy.
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