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Abstract

In wound healing and clinical anti-infection therapy, the current feasibility of nanocatalysts is extremely limited
because of inadequate reactive oxygen species (ROS) generation. Herein, a novel H>O» self-supplying
nanocomposite (M/C/AEK) consists of molybdenum disulfide (MoS:) decorated with calcium peroxide (CaO)
prepared at ambient temperature and encapsulated in AEK hydrogel. In the presence of H>O» and
polyvinylpyrrolidone (PVP), CaO; nanoclusters, ~30 nm, are anchored on the MoS» surface. MoS»/ CaO> can
induce both a cascaded peroxidase (POD)-like and catalase (CAT)-like catalytic activity to produce toxic
hydroxyl radicals through self-supplied H2O2 and O: responsive to the faintly acidic environment of acute
wounds. The POD-like activity is increased under acidic compared with neutral conditions, allowing selective
treatment of acute, slightly acidic wounds while avoiding the side effects of high-concentration antibacterial
agents on normal tissues. The high near-infrared photothermal effect synergistically with POD-like/CAT-like
activity of MoS,/CaO; boosts the production of more ROS to eradicate Staphylococcus aureus and Escherichia
coli bacteria (98.6% and 98.9%) effectively and selectively stimulate wound healing. The porous M/C/AEK
hydrogel in the wound microenvironment can efficiently capture bacteria and its Ca** ions and keratin stimulate

healing, revealing excellent potential in advanced wound care and infection control therapies.

KEYWORDS: MoS,/Ca0,, peroxidase-like activity, synergistic therapy, wound disinfection, photothermal
effect



1. INTRODUCTION

Bacteria-induced wound infection significantly threatens public health!!). Bacteria can compete with the
immune system and steadily infiltrate the nearby vascular tissue when the wound becomes infected'. For
instance, Staphylococcus aureus causes skin wound infections such as pneumonia, purulent, sepsis, and other
severe tissue infections®!. Persistent inflammation microenvironments of wounds feature characteristics
including acidity and chronic hypoxiawhich can further delay wound healing and induce hypertrophic scars.
Antibiotic therapy is a common and effective strategy in treating bacterial infections. Unfortunately, the
increasing prevalence of antibiotic resistance, especially in severe cases, makes the treatment more challenging.
Therefore, developing antibiotic-free strategies is of great importance.

Bactericidal approach centered on the production of reactive oxygen species (ROS) using nanomaterials
can significantly prevent the emergence of drug resistance compared to antibiotic therapy!®. Nanozyme
antibacterial therapy has become a potential therapeutic strategy with a broad range of antibacterial activity®!.
The main advantages of nanozymes over natural enzymes include low cost, overcoming deficiencies of enzymes
such as protein denaturation, and easy inactivation under extreme conditions. Recently, synthetic nanozymes,
such as metal oxides, chalcogenides and carbon-based nanomaterials, have been successfully used for wound
healing due to their unique enzyme-like catalytic activity. In particular, nanozymes can eradicate bacteria using
their intrinsic peroxidase (POD)-like activity to catalyze the generation of lethal hydroxyl radicals (-OH) from
exogenous hydrogen peroxide (H20,)l. Consequently, the -OH damage the bacteria’s proteins and DNA,
disrupting bacterial membrane integrity, and eventually leading to bacterial deactivation at the acidic infection
sites!’]. In addition, the catalase (CAT)-like activity of nanozymes can alleviate the hypoxia of the biological
microenvironment, which is more conducive to disease treatment®!. However, the ROS-dependent bactericidal
strategy is severely restrained due to the lack of sufficient POD-like activity of nanozymes and the inability of
endogenous H»O: in the infected hypoxic wound sites®). Therefore, developing new strategies to address this

problem is urgently necessary for effective wound healing.



MoS; nanosheets (NSs) have attracted significant attention due to their intrinsic POD-like activity for
biomolecule detection, antitumor, and antibacterial properties 1'% MoS, NSs possess a large surface area, good
biodegradability, and biocompatibility, making them an ideal nanocarrier. In addition, they also exhibit strong
near-infrared (NIR) photothermal efficiency!!!!. However, prolonged exposure to high-power density NIR laser

(121 Combination therapy could

may lead to skin damage, posing a significant obstacle to photothermal therapy
compensate for the shortcomings of single-mode antibacterial efficacy. CaO: is a pH-responsive and low-toxic
nanomaterial that can act as a precursor to decompose into H>O2 and O upon contact with biological fluids, so
it can supply H2O; and deliver O for enhancing bacterial killing while providing Ca?* for cell differentiation of
infected wound!!?!,

In this work, we constructed a M/C/AEK nanozyme composite consisting of MoS»/CaO; incorporated into
AEK hydrogel with NIR photothermal enhanced POD-like catalytic activity for antibacterial and accelerated
wound disinfection (Scheme 1). The ultrasmall CaO> nanoclusters were self-assembled on the MoS, NSs surface
with the assistance of H2O2 and PVP, which conclusively solves the problem of aggregation of CaOz. Then, the
MoS,/Ca02 composite induces a self-supplied H2O2 and Oz by CaO: in response to the acidic environment of
wounds and cascaded POD-like/CAT-like activity, then producing highly toxic ‘OH and O: by MoS..
Specifically, the -‘OH can initiate oxidative damage to the bacterial cell wall and membranes and the O can
further reduce hypoxia of the wound microenvironment. Meanwhile, the NIR photothermal therapy (PTT) effect
of MoS,/Ca0; can synergistically function with POD-like activity for enhanced generation of free radicals,
consequently increasing the membrane’s permeability and heat sensitivity to effectively eradicate S.areaus and
E.coli and promote wound healing. In vitro and in vivo antibacterial results reveal that the porous M/C/AEK
hydrogel has good biocompatibility and rapid hemostatic properties trapping bacteria, and the released Ca** ions
and the keratin in the hydrogel repaired infected wounds by promoting cell migration. This work paves the way

for developing targeted wound healing technology based on the multifunctionality and microenvironment

response of nanocatalytic wound dressings.
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Scheme 1; Schematic representation for the synthesis of MoS,/Ca0,/AEK (M/C/AEK) nanozyme composite as

a wound dressing and the mechanism of NIR photothermal enhanced cascaded POD-like/CAT-like activity for

antibacterial anti-infective treatment.

2. RESULTS AND DISCUSSION

2.1 Characterization of MoS2/CaO:

The morphology of MoS>/Ca0», nanozyme composite was observed by transmission electron microscopy
(TEM) (Figure 1A). MoS, NSs demonstrated sharp flake edges that were ~600 nm in size and had distinctive
knife-like antibacterial capabilities. The CaO> nanoparticles are homogeneously immobilized on MoS;
nanosheet with average of 30 nm cluster-like aggregation. Notably, in the absence of MoS: NSs, CaO:
nanoparticles tend to heavily agglomerate with an average size of 179 nm (Figure S1), implying that the
negative-charged MoS2 NSs can hinder the aggregation of the CaO; nanoclusters and prevent them from growing
into large particles. Energy dispersive X-ray spectroscopy (EDS) elemental mapping revealed a homogeneous

Ca, Mo, O, and S distribution on the MoS,/Ca0O; nanocomposite surface (Figure 1A).

X-ray photoelectron spectroscopy (XPS) validates the chemical states of MoS2/Ca0O2 nanocomposite

(Figure 2B) and the Ca, O, Mo, and S binding energies on the MoS,/Ca0O> nanocomposite. The binding energies



at 532.68 and 530.08 eV of O Is existed and belong to O-O and Ca-O, respectively, and peaks of Ca 2p3/2, Ca
2p1/2, S 2p3/2, and S 2p1/2 are at 346.58, 350.10, 161.45, and 162.60 eV confirm the presence of Ca and S in
the nanocomposite. The spectra of Mo 3d exhibit two distinct peaks at binding energies 228.48 and 231.78 eV,
which is attributed to the Mo 3d3/2 and Mo 3d5/2, indicating the presence of Mo (IV) oxidation state, and the S

2p spectra, along with the Mo 3d spectra, confirm the MoS,/CaO; nanocomposite.

Furthermore, the X-ray diffraction XRD pattern of MoS,/CaO- showed the nanocomposite crystalline state
(Figure 1C). The diffraction pattern with the characteristic peaks of CaO; (20 =30.34°, 35.6°,47.3°, and 53.18°)
and MoS> (20 = 14.38°, 32.8°, and 39.56°) are matched well with JCPDS card no. 03-0865 and JCPDS card no.
37-1492 respectively Y. The chemical structures of the nanozyme were examined by Fourier Transform
Infrared Spectroscopy (FTIR) (Figure 1D). The FTIR peaks of MoS,/Ca0, at 880 cm™ attributed to O-O
(peroxide ions) and 1381 cm! correspondence to O-Ca-O bonds indicated the successful interaction and
incorporation of MoS> and CaO:> structures. The UV-Vis-NIR spectrum (Figure S2A)of MoS,/CaO;
nanocomposite revealed improved NIR absorption properties due to the higher interaction of MoS2 and CaO,.
As anticipated, the zeta potential of the MoS,/CaO; also increased, indicating CaO> adsorption on the negatively
charged surface of MoS; (Figure 1E). The thermogravimetric analysis (TGA) results also confirm the successful
preparation of the nanocomposite by enhancing the thermal stability of CaO> component (Figure S2B). The

above characterization verifies the successful synthesis of MoS,/Ca0; nanocomposite.
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Figure 1; Characterization of MoS,/Ca0; nanocomposite. (A) TEM morphology and elemental mapping of the
composite, (B) XPS analysis, (C) XRD patterns, (D) FTIR spectroscopy, and (E) Zeta potential of the prepared
MoS,/Ca0; nanocomposite.

2.2 Detection of ‘OH and photothermal properties

After the successful preparation of MoS,/Ca0O> nanocomposite, the photothermal effect, POD-like/CAT-
like catalytic ability was examined. The MoS2/Ca0O2 nanocomposite reveals high POD-like catalytic activity
(Figure 2A), which is critical for -OH generation by applying 3,3,5,5-Tetramethylbenzidine (TMB) as a substrate.
Moreover, the absorbance of the reaction system increases with the increase of MoS,/CaO; concentration at 652

nm (Figure 2A), suggesting the self-supplied H>O> by CaO» converted to -OH, which promotes the oxidation of



colorless TMB into blue oxidized TMB. The MoS> nanozyme with a sheet-like structure and large surface area
have the POD-like activity, which can promote electron transfer between the substrate H> O, and TMB. Therefore,
integrating CaO, with MoS; considerably increased -OH production by catalytic decomposition of H>O». The
presence of CaO; ensures the constant supply of H>O2 and O», consequently sustaining high POD-like catalytic
activity. Therefore, this POD-mimicking activity is feasible for disinfecting wounds.

Interestingly, when the MoS2/Ca0O2 nanocomposite was exposed to 808 nm NIR laser, the oxidation rate of
TMB was further enhanced, reflecting the augmenting POD-like catalytic activity due to the photothermal effect
of MoS> NSs (Figure 2B). The changes in the pH of the wound environment and the temperature caused by the
NIR laser may affect MoS2 enzyme-like activity. Furthermore, the influence of pH and temperature on the
catalytic activity of MoS» shows that catalytic activity varies as the pH and temperature change (Figures 2C and
D). The MoS; catalyst can facilitate the oxidation of TMB in the presence of CaO; exhibiting a blue color. The
color variation in the inset (Figures 2C and D) also verified that the MoS,/CaO; catalytic activity correlates with
the pH and temperature!!®). The optimal temperature and pH of MoS,/Ca0, were 37 °C and 4, respectively,
which will benefit the microenvironment of infected wounds.

The influence of the intrinsic photothermal properties of MoS: on the nanocomposite aqueous solution with
different concentrations was also recorded under NIR 808 nm laser. Throughout the experiment, temperature
increased as a function of MoS,/Ca0O; concentration and irradiation time, and a maximum raise was recorded
for 300 pg/mL at 62.3°C after 10 min of irradiation (Figure 2E). This data revealed that the photothermal
efficiency of MoS»/CaO> nanocomposite is controlled via tuning its content and irradiation time. The
photothermal properties of 100 pg/mL MoS,/CaO> nanocomposite was also compared with MoS> and CaO>
(Figure 2F). The higher photothermal conversion capacity of MoS2/CaOz nanocomposite is mainly attributed to
MoS; rather than CaO» nanoclusters. Additionally, the MoS>/CaO; photothermal reversibility was tested by
heating and cooling experiments. The CaO2@MoS2 nanocomposite has a high photothermal stability after five
successive laser irradiations (Figure S3). Its photothermal conversion efficiency was calculated to be 31.49%,
as shown inset (Figure 2G) ) These results emphasize the dual function of MoS,/Ca0, composite, which

combines POD-like catalytic effect and photothermal effects to raise oxidative stress therby promoting bacterial



eradication, making them efficient for accelerated wound disinfection.

Additionally, the CAT-like activity of MoS»/CaO; that decomposes self-supplied H>O» into O» was verified
by the detection of O concentration from various nanocomposite concentrations (Figure 2H) and different pH
levels (Figure 21). The O release from MoS,/CaO> nanocomposite increased with the increasing concentration
of the composite, and the maximum released O> concentration of 17.40 mg/L was detected from 100 ug/mL of
MoS,/Ca0,, which can be seen from the inset (Figure 2H). The O2 released from 100 pg/mL MoS./CaO: at
different pH levels indicated that O; released was higher in the acidic condition at pH 4.5 than in neutral
condition (Figure 2I), implying that this nanocomposite has the potential to relieve hypoxia in the infected acidic
wound and promote cellular repair and tissue oxygenation ['”!, In addition, the released O could inhibit anaerobic
bacteria and help disinfect wounds. These nanocomposites will be further integrated with hydrogel to enhance

contact between the hydroxyl radicals and bacteria,overcoming the short lifespan of hydroxyl radicals.
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2.3 Characterizations of AEK/C@M hydrogel
To further extend the antibacterial application, CaO>/MoS, nanocomposite was embedded in AEK

(modified polyethylene glycol-block-polypropylene glycol-block-polyethylene glycol diacrylate (A), e-
polylysine (E), and keratin (k)) hydrogel. The AEK hydrogel provides a versatile and biocompatible matrix that
can encapsulate MoS,/CaO; effectively, leveraging their synergistic properties for wound healing and
disinfection. Therefore, the morphology of AEK hydrogel containing MoS,/Ca0O, was examined by SEM and
revealed a porous structure (Figure 3A), which can support cell proliferation and nutrient exchange. The EDS
elemental mapping confirms the homogeneous distribution of Ca, O, Mo, and S, revealing the integration of
MoS»/Ca0; with hydrogel (Figure 3B). Furthermore, the effect of CaO2/MoS: nanocomposite on the hydrogel
mechanical properties and flexibility was examined by rheology test with temperature, frequency, and strain
scan (Figure 3C). The applied rheological examination demonstrates that the MoS2/CaO- composite embedded
in AEK hydrogel has stable mechanical properties across temperature, frequency, and strain sweep. The storage
modulus (G') remains consistently high, confirming the hydrogel elasticity and structural integrity, while the loss
modulus (G") stays lower, showing preserved viscous properties. This stability will support controlled ROS

release, enhancing the composite antibacterial ability and safety in wound healing.

Moreover, the viscosity of the M/C/AEK hydrogel significantly reduced as the shear rate increased,
signifying a shear-thinning behavior (Figure 3D). The viscosity starts at around 90 Pa.s at low shear rates and
rapidly drops below 10 Pa.s as the shear rate approaches 100 1/s, affording excellent injectability. The self-
healing properties were further verified by step strain test (Figure 3E). The results show that, even at high strain,
hydrogel sustains elastic properties, revealing its toughness and flexibility. Sustaining structural integrity under
mechanical stress is essential for wound healing and tissue support; therefore, high G' values must be sustained.
Additionally, the macroscopic self-healing of M/C/AEK was examined under ambient light, as shown in (Figure
3F). When two pieces of hydrogel with pink and yellow color came together, they quickly healed and joined
together to form a single piece of hydrogel that its own weight could lift (Figure 3F). This result revealed that

hydrogel had self-healing ability and could be employed for wound dressing.

12



To summarize, the M/C/AEK hydrogel demonstrates favorable rheological and self-healing characteristics,
which enable the controlled release of MoS:/Ca0O-, prolong the lifespan of ROS, and mitigate toxicity.
Embedding this nanocomposite in hydrogel will also facilitate ROS contact with bacteria, maximizing
antibacterial activity and leveraging the photothermal effect of NIR irradiation. This functionalization will

support sustained therapeutic action, making it a safe and efficient wound healing and disinfection solution.

A B
108 —+—WC/AEK G 108 AR 10° e WCIEKC
—e—o—o—YICIREKS —-—MIC/AEK G —o— MCIAEK G"
_g-0-9-0-0-0, P-e—e—o—g—g_
© = _.---O""""'.-.'. e 1.\ © . e
f.') o— o0 —omomomi 5 - -
o] o3 =] N
010 0 10° i 10°
107 102 10?
20 25 30 35 40 0.01 01 1 10 100 04 1 10 100
Temperature () Frequency (Hz) Strain (%)
D E F
- 10° o MICIAEK G
5 1% strain ® MICIAEK G"
! 5 P emm = e
g 604 a 10
2 L -y N - - e
8 a0 .‘ J 3 150% strain
r 3
Lﬂ’ - o 10 SR S o
> 204 N
20 k S
= QLT 2
o 50 100 150 200 0 100 200 300 400 500 60O 700 B0O 900
Shear rate (1/s) Time (s)

Figure 3; Characterization of M/C/AEK hydrogel. (A) SEM morphology of M/C/AEK hydrogel, (B) EDS
elemental mapping of the hydrogel, (C) Rheological properties containing temperature scan, Frequency scan
and Strain weep profile of the M/C/AEK hydrogel, (D) Shear thinning test of M/C/AEK hydrogel, (E) Elasticity
of the hydrogel, and (F) Self-healing properties of M/C/AEK hydrogel.
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2.4 Biocompatibility

Before using in vivo, the in vitro analysis of the biomaterial in a cell culture medium is considered an
exciting tool for investigating biocompatibility in the early stages. Therefore, cell proliferation and live/dead
staining experiments were conducted to evaluate the biocompatibility of M/C/AEK hydrogel. The fibroblast
(L929) cell cultured with hydrogel demonstrated higher proliferation throughout the experiment, showing no
significant difference compared to the control group (Figure 4A and B). The enhanced cell viability endorsed
the biocompatibility of M/C/AEK hydrogel.

Furthermore, keratin has been shown to promote the migration of various cell types, particularly
keratinocytes. Therefore, we investigated whether M/C/AEK hydrogels could retain this property, as retention
would significantly enhance wound healing. To this end, we performed scratch assays. As shown in (Figures 4C
and D), both the AEK hydrogel and M/C/AEK hydrogel groups exhibited excellent cell migration promotion
compared to the control group. However, the migration effect was slightly reduced due to the exposure of NIR.
This decrease may be attributed to the higher production of Ca** ions induced by NIR, which as an agonist
specifically activating calmodulin, , increases in situ cell adhesion and consequently reduces cell migration

capacity. However, the effect of its M/C/AEK+NIR group was still very significant compared to the control

group.p

2.5 Antimicrobial activity

The biomaterial must possess biocompatibility and provide simultaneous protection to the host’s wound
against infection. Therefore, the antibacterial ability of MoS,/Ca0O; containing hydrogel (M/C/AEK-I,
M/C/AEK-2, and M/C/AEK-3) was examined based on its enzymatic activity by plat counting method. All
AMoS,/Ca0;-containing hydrogel exhibits higher antibacterial against E.coli and S.areaus. Compared to the
others, M/C/AEK-3 demonstrated higher antibacterial efficiency in combating E.coli (90.2%) and S.areaus
(91.1%) (Figure S4). The antibacterial activity increases with higher MoS,/Ca0O, nanocomposite concentration
in the hydrogel. However, large doses of H2O> can harm normal tissue for antibacterial therapy and even slow

wound healing!'?®!. Nevertheless, -OH exhibits superior antibacterial efficacy than H>O», and Mo0S>/Ca0O:

14



possesses peroxidase-like activity that can efficiently catalyze the conversion of optimal concentrations of H>O»
into -OH. In order to induce the antibacterial properties while simultaneously avoiding the toxicity of highly
concentrated H>O» (higher content of MoS»/Ca0>), NIR light irradiation was utilized to create a POD-like
catalysis/NIR synergetic antibacterial system.

Therefore, the M/C/AEK-1 hydrogel group was used because of its optimized MoS,/Ca0O concentration,
photothermal effect, and POD-like catalytic activity (Figures 2 and 3). The antibacterial results revealed a sharp
increase in the antibacterial ability in the M/C/AEK hydrogel group under NIR irradiation, with bactericidal
efficiency of S.areaus 98.6% and E.coli 98.9%, followed by M/C/AEK, AEK hydrogel and control group
(Figures 4E and F). The antibacterial activity of M/C/AEK was significantly enhanced with NIR irradiation and
synergized with the nanocomposite POD-like activity and NIR effect. Furthermore, the bacterial morphological
change was also investigated by SEM. As shown in (Figure 4G), the bacteria treated with control have a smooth
and intact typical morphology of both strains. However, the bacteria incubated with M/C/AEK showed wrinkled
morphology and disruptions were found in cell walls, which verified that bacteria could be partially killed
via ‘OH by peroxidase-mimicking activity from MoS2/CaO; (Figure 4G). Notably, when M/C/AEK hydrogel
was exposed to NIR irradiation, the bacteria suffered substantially more severe damage, with complete lysis of
bacteria occuring, M/C/AEK + NIR revealed an excellent antibacterial ability of the synergistic system.

The MoS./Ca0: nanozyme exhibits noteworthy catalytic properties that increase the decomposition of H20-,
leading to the production of ROS (-OH), which are highly effective against bacteria. This catalytic effect is
further improved by NIR laser irradiation, which induces a photothermal response in the MoS: component,
increasing local temperatures and hastening ROS production. The combined MoS./Ca0O: nanozyme hydrogel
under NIR irradiation exhibits substantially amplified antibacterial ability, as evidenced by the marked reduction
in bacterial viability and pronounced morphological damage in both E. coli and S. aureus. In summary,
combining photothermal therapy and catalytic effect in M/C/AEK + NIR demonstrated good biocompatibility,
antimicrobial efficacy, and pro-cell migration abilities. This suggests a promising future for its application in the

treatment of acute infected wounds.
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Quantitative analysis of migration rate (***p<0.0001), (E) Representative digital images of colonies of different
bacteria under various treatments, (F) Quantitative analysis of plate colony number (***p<0.0001), and (G)

Representative SEM photos of different bacteria under different treatments.

2.6 Determination of the hemostatic effect of M/C/AEK hydrogel in rats in vivo

Hemostasis is crucial in the initial stages of wound healing, as it forms a temporary barrier that protects
underlying tissues from further injury and potential infection. Given that acute wounds are frequently
accompanied by hemorrhage, an effective wound dressing should possess the capability to expedite the
hemostatic process '8l M/C/AEK hydrogels contain keratin and EPL components that facilitate hemostasis by
enhancing platelet adhesion through activation!”!. Additionally, CaO., catalyzed by MoS., generates a
substantial amount of Ca** ions, which act as coagulation factor IV, playing a pivotal role in activating numerous
coagulation factors in both intrinsic and extrinsic pathways!?’! (Figure 5A).

Prior to conducting formal hemostasis experiments, we evaluated the blood compatibility of M/C and
M/C/AEK hydrogels. Inadequate blood compatibility can lead to severe complications such as jaundice and
shock. As illustrated in (Figure 5B), the positive control, the supernatant, exhibited a discernible bright red
coloration due to erythrocyte rupture and hemoglobin release. However, even at a M/C concentration of up to
500 pg/ml, there was no significant color change in the supernatant. Subsequently, we conducted hemolysis
experiments using a 100 pg/ml concentration of M/C/AEK hydrogel, consistent with previous experiments
(Figure 5C). The supernatant again showed no significant changes, indicating that both M/C and M/C/AEK
hydrogels possess good blood compatibility.

The hemostatic efficacy of the M/C/AEK hydrogel was initially quantified using a mouse liver model. As
illustrated in (Figure 5D), a 5 mL syringe needle was employed to puncture the liver, creating a penetrating
wound accompanied by severe bleeding. Immediately afterward, various test materials were injected and applied
to the corresponding bleeding sibltes, with both bleeding volume and bleeding time recorded (Figure 5E). In

comparison to the blood loss of 894 + 41.3 mg observed in the blank group, the AEK hydrogel significantly
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reduced blood loss to 127.6 + 8.7 mg, while the M/C/AEK hydrogel nanocomplexes further decreased blood
loss to just 101.6 + 7.6 mg (Figure S5). The average bleeding time in the blank group was 3 min and 54 s,
whereas the M/C/AEK hydrogel reduced this time to 2 min and 17 s, effectively halving the bleeding duration.

To further confirm the adaptability of the M/C/AEK hydrogel to various acute wound types, a mouse tail
excision model was utilized. The results mirrored those of the hepatic hemostasis experiment, with the bleeding
volume for the M/C/AEK hydrogel being only one-tenth of that in the control group, and the bleeding time
significantly reduced (Figure 5F, G and S5). These findings underscore the superior hemostatic capabilities of

the M/C and AEK hydrogels when used in synergy.
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different times and with different treatments, (F) Illustration of the construction and treatment of a murine tail
hemorrhage model, and (G) Representative digital photographs of caudal hemorrhage at different times and with

different treatments (n=5, Scar bar=3 cm).

2.7 Therapeutic efficacy of M/C/AEK hydrogel in acutely infected wounds.

The above results demonstrate that the biocompatible M/C/AEK hydrogel possesses good injectability,
antimicrobial activity, oxygen release, and rapid hemostatic properties. Therefore, this hydrogel exhibits
significant potential in the treatment of infected wounds. To more accurately evaluate the therapeutic efficacy
of the M/C/AEK hydrogel, we utilized Balb/c mice to construct a full-thickness skin defect model. (Figure 6A)
illustrates the entire process, including model construction, application of the hydrogel, acquisition of imaging
data, and collection of tissue samples. Wound photography showed that the M/C/AEK hydrogel+NIR group
exhibited significantly faster healing compared to the other groups, especially during the proliferation phase
from day 3 to day 9. Intriguingly, the Control and Control+NIR groups showed significant infection and
inflammation on days 3 and 5, with visible yellow pus adhering to the wounds, while the remaining groups did
not show significant infection (Figure 6B and C). To further evaluate the antimicrobial effect, we selected the
time point of day 5, when pus exudation was most pronounced. Cotton swabs were used to collect wound-
colonized bacteria from each group for smear plate culture. As illustrated in (Figure S6), the bacterial
colonization rate in the AEK hydrogel group was 46% relative to the first two groups. Notably, the M/C/AEK
hydrogel+NIR group exhibited the highest antimicrobial rate, surpassing the efficacy of M/C alone. The superior
performance of the M/C/AEK+NIR group can be attributed to the AEK hydrogel, which restricted the movement
of M/C and bacteria. This limitation increased the duration of in situ contact between M/C and bacteria, thereby
enhancing its antibacterial effect. Meanwhile, the NIR photothermal therapy synergy the photothermal-increased
POD-like catalytic efficiency of M/C promoted the generation of more ROS to accelerate bacterial killing.

Throughout the trial period, we observed significant weight loss on the first day of the trial, which was
mainly attributed to loss of appetite triggered by decreased gastrointestinal motility as a complication of

postoperative anesthesia. However, in the follow-up, the weight of the animals began to rise, and a significant
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weight gain was observed on day 9 (Figure 6D).

Pathohistologic evaluation is undoubtedly the gold standard for diagnosing disease. To assess the
therapeutic effects of various treatments, tissue samples were collected on day 11 and examined using
hematoxylin and eosin (H&E) staining and Masson trichrome staining, focusing on epidermal thickness,
inflammatory cell infiltration, and the regeneration of appendages. The H&E staining results revealed
pronounced inflammatory cell infiltration in the Control and Control + NIR groups, accompanied by
significantly increased epidermal thickness and an absence of associated skin appendages. In contrast, the
M/C/AEK hydrogel + NIR group exhibited no significant inflammatory cell infiltration and a thinner epidermal
layer, indicating a more balanced healing response. This thinner epidermal layer is advantageous as it reduces
the likelihood of thick scab and keloid formation. Additionally, hair follicles and neovascularization were
observed in the dermis of the M/C/AEK hydrogel + NIR group, along with increased dermal thickness,
suggesting that improved anaerobicity of the wound tissue resulted in a more robust healing process and more
effective tissue repair. Masson staining further demonstrated that the M/C/AEK hydrogel + NIR group exhibited
a more mature fiber phenotype, characterized by an ordered and complex topology (Figure 6E).

During mouse euthanasia, blood and tissue samples were collected to assess the biocompatibility of
different treatments. As depicted in (Figure. S7), we observed no abnormalities in red blood cell count, mean
red blood cell volume, hemoglobin content, mean hemoglobin content, mean hemoglobin concentration, red
blood cell pressure, platelet count, mean platelet volume, or platelet pressure. Furthermore, sections of major
organs showed no signs of inflammatory cell infiltration or tissue damage (Figure S8). These findings
collectively indicate that the combination of M/C/AEK hydrogel with NIR laser treatment exhibits outstanding

in vivo biocompatibility.
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Figure 6; In vivo effect in a mouse model of acute wound infection. (A) Illustration of model construction and

treatment measures, (B) Representative digital photographs of wounds with different treatments and traces of
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wound closure, (C) Quantification of the area of wounds under different treatments (**p<0.001,***p<0.0001,
n=5), (D) Changes in body weight after different treatments (n=5), and (E) Representative H&E-stained and

Masson-stained images of traumatized tissue on day 11 (Scar bar= 200 pum).
3. CONCLUSION

In this study, we prepared a MoS,/Ca0O> nanozyme composite and then embedded it in the AEK hydrogel
(M/C/AEK) for acidic microenvironment responsive antibacterial and accelerated wound disinfection. This
multifunctional hydrogel exhibits shape adaptability, rapid healing, and good mechanical properties without
compromising each other. Apart from these, MoS>/Ca0O> nanozyme overcomes the confine of ROS production
in wound healing and infection therapy by ensuring proficient catalytic performance via the self-assembly of
CaOz nanoclusters on MoS> and NIR photothermal enhanced POD-like catalytic activity. In a distinctive acidic
wound environment, the MoS,/CaO; produces self-supplied H>O; and O», causing cascaded POD-like and CAT-
like activities that produce -OH and continued O». The antibacterial study in vitro and in vivo verified that these
free radicals with NIR photothermal impact synergistically increased the antibacterial ability. Furthermore, the
attachment of the M/C/AEK hydrogel in situ, exhibits good hemostatic function. At the same time, O> relieved
the hypoxia in the wound tissue site, avoiding further necrosis of the tissue cells. With further wound healing,
the released Ca** ions and keratin in the AEK hydrogel dissociated to promote fibroblast migration, greatly
accelerating the rate of wound healing. This research highlights the potential of the M/C/AEK hydrogel as a
multifunctional and microenvironment-responsive wound dressing, offering a promising solution for targeted

wound healing and infection control.

4. EXPERIMENTAL SECTION
4.1 Materials

Molybdenum disulfide (MoS:), ethanol, ammonia (NH3-H2O, 28-30%), hydrogen peroxide (H202, 1000
ug/mL in H>0), e-polylysine (e-EPL), Dess-Martin periodinane, isocyanoethyl methacrylate, dichloromethane,
and 3,3',5,5'-tetramethylbenzidine (TMB) were obtained from Macklin. Polyvinylpyrrolidone (PVP) and
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calcium chloride (CaCl,) were purchased from Shanghai Yuanye, while polyethylene glycol-block-
polypropylene glycol-block-polyethylene glycol diacrylate (F127) was procured from Sigma-Aldrich.
4.2 Synthesis of M0S2/Ca0:

To synthesize M0S,/Ca0; nanocomposites, 60 mg of CaCl, and 350 mg of PVP were dissolved in 15 mL
of anhydrous ethanol. After achieving a colorless, transparent solution, 30 mg of MoS, NSs was added and
mechanically stirred. Subsequently, 1 M of NH3-H>O was added, followed by the dropwise addition of 100 pL
of 0.8 M H2O; at one drop per minute. The resulting solution was subjected to centrifugation at 8000 rpm. The
nanocomposites were collected, washed with ethanol and water three times, and centrifuged again. Finally, the
collected MoS,/Ca0O2 nanocomposites were freeze-dried.

4.3.1 Characterizations of M0S2/Ca0O2

The morphological characterization of the as-synthesized MoS,/CaO, nanocomposite was carried out by
scanning electron microscopy (SEM, SU8010, HITACHI, Japan) and transmission electron microscopy (TEM,
FEI Talos F200S, USA). The hydrodynamic diameter of the MoS,/CaO2 nanocomposite was examined through
dynamic light scattering (DLS, Zetasizer Nano ZS ZEN3600, Malvern, England). Ultraviolet-visible-near-
infrared (UV-Vis-NIR) spectrophotometry was employed to measure the absorption of MoS2/Ca02, and the
crystal structure was examined via X-ray diffraction (XRD, D§ ADVANCE, Bruker, Germany). The MoS,/CaO
nanocomposite functional groups and chemical bonds was examined by the Fourier transform infrared
spectroscopy in the range of 400 to 4000 cm™'. A thermogravimetric analysis (TGA) was executed on the various
samples using a TGA in a nitrogen environment. The sample was heated from room temperature to 800°C at a
rate of 15°C per minute, and weight loss was recorded. All measurements were performed at room temperature.
4.3.2 Evaluation of peroxidase-like activity

The peroxidase (POD)-like activity of the MoS,/Ca0O> nanocomposite was inspected by oxidizing TMB
with the aid of self-supplied H2O2 by MoS2/CaO,. Four experimental groups were evaluated: TMB + MoS2/Ca0O-
+ NIR, TMB + MoS,/Ca0O,, TMB, and H,0O, + TMB. The final concentrations of MoS,/Ca0O; nanozyme
composite and TMB in the reaction mixtures were 100 pg/mL and 1 mM, respectively. Following a 5-minute

UV-NIR spectroscopy was employed to measure the ROS. MoS; was used as a nanozyme with POD-like activity,

24



and the effects of temperature and pH (4.0-8.0) on the POD-like catalytic activity of MoS,/CaO, were
investigated. The maximum absorbance at 652 nm for each group was defined as 100% relative activity, allowing
for analysis of changes in absorbance as a function of temperature and pH.

4.3.3 Detection of catalase-like activity

To measure the catalase (CAT)-like activity of the MoS./CaO: composite, a dissolved oxygen meter (JPSJ-
605F, INESA) was used to measure O concentration, as shown in our previous work®!. In brief, A 10 mM H:0
solution was prepared in phosphate-buffered saline (PBS, pH 7.4). A reaction vessel with a magnetic stirrer was
utilized to mix various amounts of the MoS2/Ca0O. composite with 10 mL of the H20: solution. The O:
concentration was then recorded at different time points. The data were plotted to observe the change in O:
levels, and the rate of O formation was calculated from the linear portion of the O concentration-time curve.
This rate measured the composite catalase-like activity quantitatively, reflecting its efficiency in decomposing
H20: into water and oxygen.

4.4 Synthesis and characterizations of AEK hydrogel

F127 can conveniently modified by functional groups, including aldehyde!?!!. Therefore, F127 (20.16 g)
was dissolved in dichloromethane (1600 mL), and Dess-Martin periodinane (1.69 g) was added under a nitrogen
atmosphere, followed by heat treatment at 40°C in an oil bath for 24 h. After solvent evaporation, the residue
was redissolved in dichloromethane, extracted with saturated sodium hydroxide and sodium chloride solutions,
and washed three times. Following final dichloromethane evaporation, deionized water was added, and the
mixture was centrifuged, frozen, and lyophilized to yield the modified F127 (AF127) product!??.

Modified human hair keratin was prepared separately based on our previously reported work[?*l. Briefly,
clean crushed hair (5 g) was mixed with sodium sulfide (4.85 g) in deionized water (500 mL) and heated at 40°C
for 4 h. The resulting solution was filtered, the filtrate was dialyzed against deionized water for 3 days, and then
the dialyzed solution was frozen at -80°C. Next, the lyophilized (5 g) was dissolved in dimethyl sulfoxide
(DMSO, 350 mL) under a nitrogen atmosphere, and isocyanoethyl methacrylate (630 uL) was added. This
reaction mixture was heated at 60 °C in an oil bath for 16 h before terminating with deionized water (80 mL).

The solution was dialyzed with a dialysis bag for 3 days, frozen at -80 °C, and the final product is lyophilized
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modified human hair keratin (KeMA).

Then, the final hydrogel product was prepared by mixing AF127 (600 uL), EPL (60 nL), and (340 uL)
KeMA. After adding a photoinitiator, gels were formed via blue light irradiation at room temperature, named is
AEK. Then, the rheological properties of the AEK hydrogels were evaluated by analyzing changes in storage
modulus (G') and loss modulus (G") under three different modes. All rheological tests were performed using 8
mm flat molds. Temperature scanning tests were conducted between 15-40 °C at a frequency of 1 Hz and 1%
strain. Oscillation frequency scanning tests were performed from 0.1-100 rad/s at 1% strain. Finally, amplitude
scanning tests were conducted from 0.1%-100% strain at 1 Hz.

4.5 Functionalizing AEK hydrogel with MoS2/Ca0O:

AKE hydrogel was functionalized with MoS,/Ca0O; nanocomposite by adding 100 pg of MoS,/CaO; into

deionized water and dispersed, then EPL, AF127, and KeMA were added according as given above. After
contentious mechanical stirring, the photoinitiator was added, and then the gel was finally formed by irradiating
with blue light at room temperature, denoted as M/C/AEK-1. Similarly, M/C/AEK-2 and M/C/AEK-3 were
prepared by increasing the MoS,/Ca0; nanocomposite concentration, as shown in (Table S1). In the in vitro and
in vivo experiments, M/C/AEK-1 samples were further used due to their biocompatibility with and without NIR
irradiation and then denoted as M/C/AEK and with NIR irradiation M/C/AEK + NIR.
4.6 Photothermal response of M0S2/Ca02 and MoS2/Ca0O2/AEK hydrogel

MoS>/Ca0; nanocomposite aqueous solution of M/C/AEK hydrogel with the same volume of PBS was
exposed to near-infrared light with an optical power density of 2 W/cm? for 600 s. Hydrogels underwent cycles
of light-induced heating, cooling to room temperature, and subsequent light-induced heating to assess cyclic
photothermal behavior. The photothermal conversion efficiency (1) of the MoS,>/CaO> was calculated based
on a previously reported method!'®),
4.7 Antimicrobial evaluation
4.7.1 In Vitro antimicrobial ability

Staphylococcus aureus (gram-positive S.areaus) and Escherichia coli (gram-negative E.coli) were
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employed for the antibacterial experiment against all groups. Before the experiment, the bacteria was activated
according to the previous work!>*l. Then, the bacteria were diluted to (1x10® CFU/mL) and incubated with all

groups (Control, M/C/AEK-1, M/C/AEK-2, and M/C/AEK-3) in 1 mL bacteria solution for 1 hour, after

incubation 80 UL bacterial solution was plated on to the agar plates and incubated for 24 h at 37 °C. After

optimization, the M/C/AEK-1 group was further exposed to NIR at 808 nm for 10 min and then culture on the
plate as above. The M/C/AEK-1 group represented as M/C/AEK without NIR and M/C/AEK+NIR with NIR.
The number of colonies was counted according to the equation.

Antibacterial ratio = No of the control group-No of the experimental group)/No of the control group x 100%.
4.7.2 Bacterial morphology

The bacterial solution was collected from each treatment group. The samples were centrifuged at 4°C, 5000
rpm to collect the precipitate, which was then fixed in a 2.5% glutaraldehyde solution overnight and washed
with PBS twice. Then the samples were treated with gradient ethanol (30%, 50%, 70%, 85%, 90%, 100% ethanol)
for 15 min each, resuspend the bacteria in PBS. Then 10 pL of the suspension was spotted onto a silicon wafer
and air-dried at room temperature. Finally, the dried bacteria were gold-coated and examined by SEM.

4.8 In Vitro biocompatibility
4.8.1 Cytotoxicity assay

The mouse fibroblast (L929) cells (1x10* cells/well) were seeded on the AEK, M/C/AEK, and M/C/AEK
+ NIR in the 96 well plates, while cells cultured directly on the plates treated as control group. After culturing
for 1, 3, and 5 days, 100 pL of cell medium containing 10 pL. CCK-8 reagents was added to each well and
incubated for 2 h. The absorbance was measured with a microplate reader under 450 nm.

For the live/dead staining assay, 1929 cells (1x10* cells/well) were seeded on the AEK, M/C/AEK, and
M/C/AEK +NIR in the 24 well plates. After culturing for 1, 3, and 5 days, the samples were rinsed with PBS
and stained with calcein-AM/PI solution for 30 min. The live and dead cells were examined by fluorescence
microscopy.

4.8.2 Cell migration assay
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The effect of the hydrogels on L929 cell migration was assessed using a scratch wound assay. Hydrogels
were evenly spread on 6-well plates, and 1929 cells were seeded at an appropriate density and allowed to adhere
overnight. A scratch was created in the cell monolayer using a pipette tip, and the wells were rinsed with PBS.
Following incubation with hydrogel extract at 37°C and 5% CO2, cell migration into the scratch area was
monitored and photographed at predetermined time points.

4.8.3 Hemolysis analysis

The hemocompatibility of the hydrogels was assessed using diluted anticoagulated rabbit blood. Samples
were divided into five groups: a positive control (pure water) and negative controls containing PBS, MoS,/Ca0;
at various concentrations (20-500 pg/mL), AEK, and M/C/AEK hydrogel. Following a 30-minute preheating
step at 37°C, samples were mixed with rabbit blood and incubated for 60 minutes at 37°C. After centrifugation
at 2100 rpm, the absorbance of the supernatant was measured at 545 nm to determine the hemolysis rate.

4.8.4 Hemostatic properties of M/C/AEK hydrogel

All the animal experiments were conducted according to the instructions of the animal care committee of
Wenzhou Institute, University of Chinese Academy of Sciences. In vivo experiments were performed on rats
using liver bleeding and severed tail models. The liver and tail of rats were cut, and the material was placed
above the incision. Blood was carefully collected with pre-weighed filter paper to observe the amount of
bleeding while the bleeding time was recorded, according to previous studies!®*.

4.9 In vivo therapy

An infected wound model was established in mice by creating 10 mm full-thickness wounds on their shaved
and disinfected dorsal skin. Wounds were inoculated with S. aureus (1x107 CFU/mL) and covered with a
transparent dressing. After 24 hours, mice (n=5 per group) were randomized into five groups: Control, Control
+ NIR, AEK, M/C/AEK, and M/C/AEK + NIR. The M/C/AEK + NIR group was exposed to 808 nm laser
irradiation (10 minutes, maintaining 45°C wound temperature) every 24 hours. Photographs of the infected
wounds were taken at specific time points (days 0, 3, 5, 7, and 9), and the wound healing rate was calculated
using Image J. Changes in body weight were recorded at corresponding time points to assess the impact of the

model and treatments on the mice's physiological status. Wound healing was evaluated over 9 days by measuring
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the wound area and calculating the healing rate. On day 5, wound pus was collected for bacterial quantification.
Blood samples were collected on day 11 for hematological analysis. On day 11, mice were euthanized, and skin

and organs were collected for histological processing and examination.
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