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Push—Pull Electronic Effect and D-Band Center
Bi-Modulated Bio-Heterojunction Enzyme Enables All-Stage

Infected Wound Healing

Miaomiao He, Qiancun Wang, Zhijie Lin, Dan Sun, Guangfu Yin, Yi Deng,*

and Weizhong Yang*

Pathogenic infections pose a persistent threat to global public health,
necessitating innovative antibacterial strategies with well-defined disinfection
pathway. The antibacterial efficiency is confined in the contradiction between
reactants adsorption and intermediates desorption. Here, the FeMoS,/MXene
bio-heterojunction enzyme (FM BioH)zyme) is proposed and constructed.
Under the inspiration of near-infrared light (NIR), the heterostructures
between the FeMoS, and MXene facilitates efficient electron-hole separation
with localized electron accumulation at FeMoS, sites. Crucially, the electronic
push-pull effect induced by Mo polarizes oxygen-containing reactants (H,0,,
H,0, 02) toward Fe active centers, enabling sequential electron capture

for reactive oxygen species (ROS) generation. The results also reveal an
enhancement in electron density at Fe sites compared to FeS/MXene controls,

antibiotics such as penicillin heralded
an era of permanent cure in eradicating
bacterial infections.l!! Unfortunately, the
evolutionary adaptability of bacteria has
led to generate the more robust strains
with multidrug resistance.l?! This alarming
trend underscores the imperative to de-
velop next-generation antimicrobial agents.
Recent advancements in biotechnology
have yielded diverse valuable concepts
for the construction of antibacterial and
anti-biofilm platforms, which primarily fall
into four categories: i) intrinsically bac-
tericidal biomaterials (e.g., antimicrobial
peptides,’l quaternary ammonium salts,*]
silver nanoparticles,’! zinc oxide,[! etc.);

which is accompanied by a downshift in the Fe d-band center that reduces
intermediates adsorption energy. The therapeutic efficacy is systematically i)
evaluated using an S. aureus-infected full-thickness skin defect model. The
bi-modulated FM BioH)zyme exhibits favorable antibacterial efficiency under
NIR irradiation, while subsequent wound healing is facilitated through collagen
deposition and angiogenesis in the following absence of NIR irradiation.

This work offers a deep insight into the intricate mechanism-performance
relationship of BioHJzyme platform in catalytic anti-bacterial application

and proposes a sustainable approach of mechanism-guided materials design.

1. Introduction

The escalating challenge of pathogenic infections has become
a critical global public health concern. Once, the discovery of
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photothermal/sonothermal agents!’];
iiiy photocatalytic/sonocatalytic = materi-
als generating reactive oxygen species
(ROS),1®l a kind of catalytical antibacterial
therapy (CAT); iv) multimodal synergistic
therapies.’l The researches have noted
the antibacterial mechanisms involved
physical direct interaction of extremely
sharp edges of nanomaterials with cell wall
membrane,['”) ROS generation even in
dark,"! trapping the cells within the aggre-
gated nanomaterials,!'?! oxidative stress, ]
DNA damaging,'! and so on. Despite moderate disinfec-
tion efficacy, these approaches suffer from intrinsic limita-
tions including narrow-spectrum antimicrobial performance,
component-specific bactericidal mechanisms, suboptimal effi-
ciency, and compromised physiological stability.'>] Notably, ion-
release-dependent bactericidal systems further face challenges
in sustaining long-term antimicrobial activity.l'®] Consequently,
there exists an urgent need for innovative strategies to address
the shortcomings of conventional antibacterial therapies and clar-
ify the in-built mechanism for guiding the materials preparation.

In the recent advancements of biotechnology, various ma-
terials exhibit favorable effect on the catalytical antibacterial
therapy (CAT), distinguished by its high efficiency. Materi-
als like metal-based materials (Ag, ZnO, and Au, etc.), metal-
organic frameworks (MOFs) functioned through metal nodes
or organic ligands in the structure, and single-atom catalysis
characterized by tunable active sites provides ample research
perspective.['’] Moreover, these studies verify the critical role
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of polyatomic efficiency and interfacial structure modulation
in enhancing catalytic performance. Bio-Heterojunction (BioH])
with abundant heterostructure, comprising two semiconduc-
tors with distinct energy levels and bandgaps, enables tailored
structural designs, efficient electron-hole separation, and con-
trolled ion release. Our prior work had demonstrated that BioH]Js
exhibited synergistic photothermal effects and light-triggered
ROS generation (“1 + 1 > 2” effect), attributable to energy
band/gap modulation.'®! These heterostructures also display
enzyme-mimetic activities (glutathione peroxidase (GPx), peroxi-
dase (POD), catalase (CAT)), which have been nominated as Bio-
heterojunction enzyme (BioH]Jzyme).['"] Subsequent investiga-
tions revealed that heterostructure-induced d-band center shifts
critically regulate ROS generation by modulating intermediate
desorption.%! While upshifted d-band centers enhance the ad-
sorption, downshifted centers favor desorption—a dichotomy
underscoring the need for mechanistic insights into adsorption-
desorption equilibria to guide materials design.

Building upon these findings, we engineered a bimetal sul-
fide aggregates (FeMoS,)/MXene BioH]zyme (FM BioH]zyme)
as illustrated in Scheme 1. The results revealed that added Mo
induces electron redistribution via a push-pull effect comparing
with FeS/MXene, polarizing adjacent reactants (H,0,, H,0, and
0,) toward Fe active sites. Notably, Mo incorporation downshifted
the Fe d-band center by 1.6 eV, reducing intermediate adsorp-
tion energy and thereby enhancing ROS generation. The ma-
terial mechanism combining push-pull effect and downshifted
d-band center exhibited favorable effect on solving the above-
mentioned dichotomy. In vitro antibacterial assays demonstrated
that the FM group with NIR irradiation can eradicate bacteria
with anti-bacterial rate of 99.99% against both Escherichia coli
(E. coli) and Staphylococcus aureus (S. aureus) mainly by Carbo-
hydrate metabolism pathway. In vivo infected wound healing on
rats revealed the bactericidal effect, while the FM accelerated
wound healing (88.66% wound closure at day 7 vs. 53.51% in
controls) through ECM-receptor interaction, TNF signaling path-
way, and biosynthesis of arginine pathways, resulting in the pro-
moted anti-inflammation and collagen deposition. The FM can
be prepared as wound dressing, which maintains the superior
property in infected wound healing, indicating the various forms
of application. This work advances the intricate mechanism-
performance relationship of BioH]Jzyme systems in the catalytic
antibacterial application and proposes a sustainable approach of
mechanism-guided materials design.

2. Results and Discussion

2.1. Characterization of Samples

The single-layer MXene was prepared by ultrasonic strip-
ping method. FeMoS,/MXene (FM) BioHJzyme was fabricated
through hydrothermal method. As shown in Figure 1A, the scan-
ning electron microscope (SEM) images displayed that single-
layered MXene nanosheets were prepared, while the FeMoS,
demonstrated a nanoparticles morphology. For the FM, the
FeMoS, was in situ grown on the MXene. The morphology
detected by the transmission electron microscope (TEM) fur-
ther verified the successful fabrication of FM, while the high-
resolution TEM (HRTEM) manifested the crossing section of the
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two phases. The interplanar spacing of the MXene was gauged to
~3.50 A in line with d-spacing of (002) plane of TiC. The interpla-
nar spacing of FeMoS, was ~1.58 A in accordance with d-spacing
of (110). TEM mapping images demonstrated that the elements
consisted by Ti, Fe, Mo, and S. The selected area electron diffrac-
tion (SAED) image of FM also indicated the successful integra-
tion of the two phases. The characteristic plane (002) and (110)
can be found. Moreover, the X-rays diffraction spectra (XRD) of
FM (Figure 1B) displayed the characteristic peaks of both MX-
ene and FeMoS,. All the above results demonstrated the success-
ful fabrication of FM. Additionally, Zeta potentials (Figure 1C) of
FeMoS,, MXene, FM, and Fe’* + MXene were —26.03, —21.05,
—23.57,and —17.34 eV, respectively, which suggested the Fe** ab-
sorbed on the surface of MXene by electrostatic interaction and
became the reaction sites to form FeMo$,.!'%"]

As shown in Figure 1D, the full X-ray photoelectron spec-
troscopy (XPS) analysis showed that the characteristic elements
of FM were Fe, O, Ti, C, Mo, and S, which were the same with
EDS mapping results. The deconvolution of Fe 2p, Ti 2p, and Mo
3d in XPS analysis were analyzed (Figure 1E). The XPS spectra
of Fe 2p appeared that the characteristic peaks at 725.1 and 707.3
eV can be attributed to the Fe (II), while the peak at 711.6 eV
can be assigned to Fe (III), indicating the two valence states of
Fe.[18a] Regarding to the Ti 2p, the binding energy at 464.5 and
459.2 eV were corresponded to Ti-O, while the binding energy at
464.6 and 455.7 eV belonged to the Ti-C.!) The Mo 3d can be
assigned in 3d;), and 3ds;,. Inductively coupled plasma optical
emission spectrometer (ICP-OES) was used to detect the released
ions of Fe and Mo (Figure 1F). It can be found that the released
ions possessed an increased trend with the soak time. Ultraviolet-
visible diffuse reflectance spectroscopy (UV-vis—DRS) as shown
in Figure 1G revealed the FM had full wavelength absorption,
therefore, FM can absorb the 808 nm light, which possessed po-
tential NIR-induced capabilities.’?? The transient photocurrent
responses and surface photovoltaic technique (Figure 1H) show
FM had the higher photocurrent intensity and the stronger pho-
tovoltage comparing with FeMoS,, indicating that FM enhanced
the electron-hole separation efficiency owing to the formed het-
erostructure, which may be conducive to the prominent NIR-
activatable ability.

Based on the above characterization of samples structure, the
NIR-induced capabilities were subsequently processed. First, the
photothermal property was conducted as shown in Figures 2A
and S2 (Supporting Information). The photothermal curves of
FM with different mass ratio of FeMoS, and MXene (1:2, 1:1, and
2:1) exhibited plateau temperature of 55, 50, and 40 °C, respec-
tively, thus, the ratio of 1:1 was chosen for subsequent experi-
ments. The plateau temperature of MXene, FeMoS,, and FM can
reach 55, 37, and 50 °C, respectively, indicating the favorable pho-
tothermal performance. The temperature of FM (500 ug mL™!, 1
mlL) remained stable over three cycles, which unveiled the supe-
rior photothermal stability. The thermal images detected by in-
frared thermography of samples with different NIR power den-
sities inferred the similar results, while the plateau temperature
increased with the improved power density.

Reactive oxygen species (ROS), including hydroxyl radical
(#OH), singlet oxygen (10,), and superoxide radical (¢O,’), etc., is
a vital participator of antibacterial therapy. Followed, methylene
blue (MB), tetramethylbenzidine (TMB), and rhodamine (RhB)
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Scheme 1. Schematic illustration of the preparation and functionality of FM BioH)zyme. (In the part of Materials Mechanism, the O from the H,0,,

0,, H,0; the C from MXene; the Fe and Mo from FeMoS,).

were used to detect eOH, verifying the POD-mimetic activity. As
Figure 2B showed, the absorbance had no obvious change for
FM group in the absence of NIR irradiation, while the decreased
absorbance can be found with NIR irradiation. Furthermore,
an increased absorbance tendency can be found for the TMB

Adv. Mater. 2025, 10161

experiment with a darker color (Figure 2C). The RhB also ex-
hibited an attenuated tendency as the same to the MB re-
sults (Figure 2D). The above results verified that the FM facili-
tated NIR-induced POD-mimetic activity to produce eOH. Apart
from eOH production, 1,3-diphenylisobenzofuran (DPBF) assay
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Figure 1. Preliminary characterization of samples. A) SEM images of different samples as well as TEM, HRTEM, HAADF, elemental mapping, and SAED
of FM; B) XRD spectra of samples; C) Zeta potentials; D) Full XPS spectra of FM; E) The deconvolution of Fe 2p, Ti 2p and Mo 3d in XPS analysis of FM;
F) The released Fe and Mo elements of FM at different time detected by ICP-OES; G) The spectra of UV-vis—DRS; H) The photovoltage and photocurrent
of FeMoS, and FM.
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Figure 2. A) Photothermal curves of different samples, photothermal cycle curves of FM, and photothermal images of different samples with different
NIR power densities; B) The MB absorbance spectra of FM group with/without NIR irradiation for detecting ¢OH; C) The TMB absorbance spectra of
different samples and its photos for detecting eOH; D) The RhB spectra of samples with NIR irradiation for detecting eOH; E) The DPBF spectra of
samples with NIR irradiation for detecting 'O,/e0,"; F) ESR spectra of FM for 'O, and eOH; G) The recorded pictures and its quantitative analysis of

was processed for detecting O, related ROS (*O,/¢0,’), which
stemmed from the reaction between DPBF and '0,/e0," and
convert DPBF into colorless 1,2-dibenzoylbenzene.[?*] As shown
in Figure 2E, under NIR irradiation, the comparatively lower ab-
sorbance intensity can be found in FM group, indicating the
stronger capability to produce !0,/e0,". Electron spin resonance
(ESR) was applied to confirm the species of ROS. As displayed in
Figure 2F, the representative 1:1:1 'O, signals and 1:2:2:1 ¢OH
signals are amplified dramatically with NIR irradiation, suggest-
ing the species identification of 'O, and eOH.

Glutathione (GSH), a major endogenous antioxidant secreted
by bacteria, can be oxidized to glutathione disulfide (GSSG)
under oxidative stress to protect bacteria from ROS injury.*¥]
There, the GPx-mimetic activity presenting the GSH consump-
tion ability was detected by 5,5’-dithiol-bis-(2-nitrobenzoic acid)
(DTNB).I®] Figure 2G showed the photos of color change and
its quantitative analysis in different group, both the FeMoS,
and FM groups consumed GSH, which were even further
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enhanced with NIR irradiation, resulting in a NIR-enhanced
GPx-mimetic activity. Additionally, the TMB was also used in
testing the Michaelis constant (Km), reflecting the catalytic effi-
ciency to produce eOH. The smaller Km value, the higher cat-
alytic efficiency.[?®! As Figure 2H showed, the Km of FM was
lower than FeMoS,, indicating the improved catalytic efficiency
of FM, which is originated from the special heterostructure be-
tween the phases of MXene and FeMoS,.

Owing to the favorable NIR-induced and NIR-enhanced capa-
bilities, the intrinsic mechanisms of materials structure were sys-
tematically investigated through density functional theory (DFT)
calculations. Figure 3A showed that the work functions of MX-
ene, FeMoS,, and FM were 5.79, 4.25, and 4.06 eV, respectively.
The smaller work function of FM indicated enhanced electron
transport, which facilitated electron-hole separation and under-
pins its above-mentioned NIR-induced/enhanced capabilities.
Differential charge density (Figure 3B) of FM revealed signif-
icant electron accumulation in FeMoS, and electron depletion

© 2025 Wiley-VCH GmbH
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Figure 3. DFT Calculation. A) Work function of samples; B) The differential charge-density map for the direction of electron transfer; C) O, adsorption
energy of samples; D) The energy of d-band center of FeMoS, /MXene in comparation with FeS/MXene; E) Calculated 3D charge density differences and
the top/side planes for three models. The red and blue isosurface refer to the electron accumulation and electron depletion, respectively; F) Schematic
illustration of the push—pull electronic effects owing to the produced Mo; G) Schematic illustration of the downshifted d-band center of Fe.

localized on MXene, confirming unidirectional electron trans-
fer from MXene to FeMoS,, where MXene acted as an electron
donor. The O, adsorption energies of MXene, FeMoS,, and FM
were —11.07, —3.70 and —7.60 eV, respectively (Figure 3C). The
more negative adsorption energy correlates with stronger adsorp-
tion capacity. The purple region was mainly located in the center
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of three adjacent Ti, indicating that the electron transfer direction
was from MXene to O when FM contacted with adjacent reac-
tants, such as O,. To elucidate the impact of Mo, the d-band cen-
ter of Fe atoms in FM was compared with that of the FeS/MXene
control group. As shown in Figure 3D, the d-band center shifted
from —1.33 eV in FeS/MXene to —2.93 eV in FM, indicating that
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Mo incorporation effectively lowered the d-band center of Fe. This
observation aligns with prior studies linking d-band center posi-
tion to catalyst-adsorbate interaction strength.[2!

Crucially, comparative differential charge density analyses (top
and side views, Figure 3E) between FeS/MXene and FM re-
vealed the expanded electron accumulation/depletion zones in
FM, validating enhanced electron-hole separation driven by the
Mo-induced push-pull electronic effect. The proposed mecha-
nism is schematically summarized in Figure 3F,G. In terms
of FeS/MXene, Fe cations interact with bridging O via z-
donation.!?””] Upon Mo incorporation, the electron repulsion be-
tween Mo cations and O strengthens the z-donation between
Fe cations and O, enabling partial electron transfer from Mo
to Fe.?8] The push—pull electronic effect promotes electron re-
distribution endows the reactants adopt more electron to pro-
duce ROS.[®! Concurrently, electron-rich MXene as one of
the components, mitigates electron deficiency through charge
donation.l’%] Mo optimizes the d-orbital configuration of Fe, in-
ducing a pronounced downward shift in the d-band center. This
shift corresponds to increased occupancy of antibonding states,
thereby weakening intermediate adsorption and improving cat-
alytic efficiency.?]

Building on the favorable NIR-induced and NIR-enhanced
properties, as well as the elucidated structure-dependent mech-
anisms, the in vitro antibacterial performance of the samples
was systematically evaluated under both NIR-irradiated and non-
irradiated conditions. The antibacterial ability of FM at different
concentrations and NIR irradiation times has been detected as
shown in Figures S6 and S7 (Supporting Information). The re-
sults indicate that the concentration of 0.2 mg L~! and 10 min
NIR irradiation time are suitable parameters. Figure 4A showed
the Live/Dead staining, SEM images, and florescent ROS stained
by DCFH-DA of E. coli and S. aureus, respectively. In the ab-
sence of NIR irradiation, the proportion of dead bacteria (red)
followed the trend: FM > FeMoS, > MXene > PBS. Remarkably,
NIR irradiation boosted FM’s bactericidal efficiency to 99.99%
against both E. coli and S. aureus. From the bacterial SEM im-
ages, an obvious bacterial surface wrinkling and breakage can be
found in the groups of FeMoS, + NIR and FM + NIR. ROS levels
within the bacteria were also detected. The optimum ROS inten-
sity can be found in the FM + NIR group. The corresponding
quantitative analysis was also displayed in Figure 4B. The bac-
terial ROS intensities were significantly improved under NIR ir-
radiation. Figure 4C,D shows the spread plate photographs and
the corresponding antibacterial efficiency against S. aureus and
E. coli, respectively. The bacterial colonies in FM + NIR are sig-
nificantly decreased, indicating most of the bacteria are dead.
The corresponding antibacterial rate against E. coli and S. au-
reus were 99.99% and 99.99%, respectively. The bacterial TEM
images of FM group with/without NIR irradiation were captured
as shown in Figure 4E. The markedly deformed shape (green ar-
row), blurry bacterial membranes (purple arrow), leaked intra-
cellular substrates (light purple arrow) can be found in FM +
NIR group. It stemmed from the local hyperthermia and pro-
duced ROS, which disturbed bacterial membrane permeability
and damaged the phospholipid bilayers of the bacterial mem-
brane, conclusively leading to bacterial matrix leakage.®?] The
leaked protein and ONPG content of S. aureus in the supernatant
were further explored (Figure 4F). The significantly elevated
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absorbance can be detected under NIR irradiation, especially for
the groups of FeMoS, + NIR and FM + NIR.

Biofilms represent surface-adhered microbial communities
embedded within a self-secreted extracellular polymeric matrix,
exhibiting significantly enhanced resistance compared to plank-
tonic bacteria.l¥] To address this challenge, we systematically
evaluated the anti-biofilm efficacy of the synthesized materials.
Crystal violet staining assays (Figure 4G,H) revealed markedly
reduced purple coloration in MXene + NIR, FeMoS, + NIR,
and FM + NIR groups, with FM demonstrating the most pro-
nounced biofilm inhibition. Quantitative analysis corroborated
this visual observation, showing a reduction in biofilm biomass
for FM + NIR compared to untreated controls. These results fully
prove that the FM BioH]zyme provides sufficient inhibitory abil-
ity against pathogenic bacteria including both Gram-positive and
Gram-negative bacteria as well as their biofilms.

To elucidate the antibacterial mechanism of FM + NIR, we
conducted transcriptomic profiling of S. aureus using RNA-seq
technology. Principal component analysis (PCA) revealed dis-
tinct clustering patterns between PBS-treated and FM-treated
groups (Figure 5A), establishing a statistically valid founda-
tion for subsequent differential expression analysis. Compara-
tive transcriptomic analysis demonstrated significant gene ex-
pression alterations, with volcano plot visualization identify-
ing 323 up-regulated and 46 down-regulated differentially ex-
pressed genes (DEGs) in the FM group compared to PBS con-
trols (Figure 5B). The main genes were marked by different color,
which indicated the genes were enriched in metabolic pathway.
Hierarchical clustering analysis of DEGs shown in the heating
mapping (Figure 5C) confirmed pronounced transcriptional di-
vergence between the groups. Gene Ontology (GO) enrichment
analysis (Figure 5D) revealed significant modulation of biologi-
cal processes and molecular functions, with particular emphasis
on metabolic pathway regulation. Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis (Figure 5E) identified
differential pathway activation patterns: up-regulated pathways
were predominantly associated with metabolic processes (includ-
ing selenocompound metabolism, purine metabolism, and thi-
amine metabolism), cellular processes (biofilm formation), and
environmental information processing (phosphotransferase sys-
tem), while down-regulated pathways primarily involved organis-
mal systems (notably the NOD-like receptor signaling pathway).
Further pathway annotation (Figure 5F) highlighted significant
enrichment in ko01100 (Carbohydrate metabolism), particularly
glycolysis/gluconeogenesis.[** These collective findings demon-
strate that FM-mediated ROS generation exerts significant in-
hibitory effects on critical metabolic pathways in S. aureus, pro-
viding mechanistic insights into its growth-suppressive activity.

Subsequently, the biocompatibility profile and therapeutic ef-
ficacy were systematically evaluated through in vitro cytocom-
patibility assays and in vivo infectious wound models. Mouse
fibroblast L929 cell line was selected to assess the biocompati-
bility of samples. The SEM and CLSM images of cells on Day 1
(Figure 6A) revealed preserved cellular integrity, with cells cul-
tured on material surfaces demonstrating normal adhesion and
spreading morphology. Cell counting kit-8 (CCK-8) results of
cells with/without NIR irradiation on Day 1, 3, and 5 (Figure 6B)
presented that the cell proliferated with the increased time, in
which the cells of MXene group grew comparatively slower. A
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Figure 4. In vitro antibacterial capabilities. A) Live/Dead staining, SEM images and florescent ROS stained by DCFH-DA of E. coli and S. aureus;
B) The quantitative analysis of ROS intensity;
tibacterial efficiency; E) Bacterial TEM images of FM group with/without NIR irradiation; F) The protein and ONPG content of S. aureus leaked in the
supernatant after different treatments with/without NIR irradiation; G) Graphs of crystal violet staining of biofilms and H) its quantitative analysis. (n =
5; %p < 0.05, *¥p < 0.01, **%p < 0.001).

standardized scratch assay was conducted to evaluate cell migra-
tion capacity (Figure 6C). The FeMoS, and MXene groups exhib-
ited preferable cell migration compared with the others, revealing
the potential wound healing promotion in vivo. The above results
indicated that the added FeMoS, enhanced the biocompatibility
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C) Spread plate results of E. coli and S. aureus with different samples and D) the corresponding an-

of MXene, while the FM possessed the strongest antibacterial
capability.

The rat animal models with infectious wound were established
and used to evaluated the antibacterial and wound healing capa-
bilities in vivo. The Vancomycin (Van) drug was set as a positive
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ss (Figure 6D) with  cating the favorable antibacterial capability, which is conducive

the increased time showed a decreased tendency, in which the  to the wound healing. The wound closure was further quantita-
FM + NIR group has a similar wound closure with Van group. tively analyzed (Figure 6F). It can be found that the NIR irradia-
The bacteria in the wound were obtained and cultured on AGAR  tion can accelerate wound healing owing to the superior bacterial

medium as shown in Figure 6E. The number

of bacterial colonies  killing, while the FM + NIR group had 88.66% wound closure

obviously reduced for the groups of FM and FM + NIR, indi-  at day 7% vs 53.51% in PBS control. In the therapeutic process,
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the mice weight maintained stable, indicating the health state
(Figure 6G).

After treatment, the wound skin of the mice was obtained,
fixed, and first stained by hematoxylin and eosin (H&E), Mas-
son, and Gram staining (Figure 6H). From the H&E staining,
there were no obvious scab for the Van, FeMoS, + NIR, and FM
+ NIR groups, suggesting preferable skin repair. Masson stain-
ing can reflect the collagen deposition. The bluer staining, the
more deposited collagen. The statistical analysis of H&E staining
represents the inflammatory cell number, while the quantitative
analysis of Masson staining reflects the percentage of collagen
deposition (Figure 6I). Gram staining confirms the FM + NIR
group exhibited minimum amount of bacterial residue, in which
the green arrow represented bacteria. Subsequently, the immu-
mohistochemical staining was processed. M1 related markers,
such as Tumor Necrosis Factor-a (INF-a) and Interleukin-6 (IL-
6), and M2 related markers, including Transforming Growth Fac-
tor beta (TGF-p) and Interleukin-10 (IL-10) as well as the markers
associated with angiogenesis (a-Smooth Muscle Actin (a-SMA)
Vascular Endothelial Growth Factor (VEGF)) were stained to in-
dicate the pro-inflammatory property, anti-inflammatory prop-
erty and angiogenesis promotion of the samples (Figure 6K).
The brown staining indicates the positive area. The significantly
down-regulated TNF-a and IL-6 can be detected in the FM + NIR
group, while the anti- inflammatory cytokine TGF-# and IL-10
was overexpressed in the FM + NIR group. The quantitative anal-
ysis of TNF-q, IL-6, TGF-f, and IL-10 was also shown in Figure 6].
The results implied that the FM can accelerate epithelialization,
enhance collagen deposition, and angiogenesis to promote infec-
tious wound healing, which was comparable to Van antibiotics
without developing drug resistance.

The pro-inflammatory and anti-inflammatory mechanism was
explored by RNA-seq through co-culturing with mouse mononu-
clear macrophage leukemia cells (RAW264.7).°) According to
the PCA analysis (Figure 7A), the PBS and FM groups exhibit sig-
nificant difference, which is valid for further analysis. Figure 7B
showed the volcano graph of PBS and FM. The obvious up- and
down-regulated DEGs were found with number of 26 and 1352,
respectively. The top 5 genes were marked, which were Assl,
Bmpr2, Ap5Sm1, Apbb3, and Bclaf3, respectively. The heat map-
ping (Figure 7C) largely confirmed the distinct genetic differ-
ences between the groups. According to GO enrichment anal-
ysis (Figure 7D), all terms (biological process, cellular compo-
nent, and molecular function) were regulated. The up-regulated
GO analysis focused on the metabolic process and protein bind-
ing, while the down-regulated GO analysis referred to cellu-
lar metabolic process, membrane-bounded organelle, and DNA
binding. KEGG enrichment analysis (Figure 7E) noted that the
up-regulated pathways pointed to the Genetic information pro-
cess (including Ribosome), Environmental information process
(such as DNA-sensing pathway, Chemokine signaling pathway,
and NOD:-like receptor pathway etc.), and Metabolism (Biosyn-
thesis of arginine, amino acids, et al.). The down-regulated path-
ways enriched at genetic information process (including Spliceo-
some, Protein processing in endoplasmic transport), Environ-
mental information process (such as ECM-receptor interaction,
TNF signaling pathway, etc.), and Organismal systems (Circadian
rhythm, NOD-like receptor signaling pathway, and Dopamin-
ergic synapse etc.). Additionally, the genes enriched by GO
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were analyzed by protein-protein interaction (PPI) as shown in
Figure 7F, indicating a strong expression relationship between
them. Figure 7G illustrates the selectively splicing event types, in-
cluding the retained intron (RI), mutually exclusive exons (MXE),
alternative 5’ splice site (A5SS), alternative 3’ splice site (A3SS),
and skipped exon (SE) to compare FM and PBS groups. The re-
sults verified the obvious modulation at the genetic level.

Furthermore, the samples used for in vivo treatments in-
evitably contact with blood, therefore, the hemocompatibility of
the samples also needs to be carefully evaluated. The hemocom-
patibility were evaluated by the hemolysis assay and coagula-
tion tests. The hemolysis results (Figure S11, Supporting Infor-
mation) show that all samples expect for DI water group main-
tained at a normal level with the hemolysis rate less than 5%. In
addition, the coagulation indicators, including activated partial
thromboplastin time (APTT), prothrombin time (PT), thrombin
time (TT), and fibrinogen (FIB) are in a normal state (Figure S12,
Supporting Information). These results show that the samples
have favorable hemocompatibility without hemolysis and coagu-
lation. The main organs of mice (spleen, lung, heart, liver, and
kidney) were performed to H&E staining, as seen in Figure S15
(Supporting Information), the samples have no obvious negative
effect on all organs, demonstrating the biological safety of the
samples.

The additional application forms of FM BioHJzyme with ex-
cellent antibacterial and wound healing capabilities were ex-
plored through the in-situ fabrication of FM/bacterial cellulose
(FM/BC) wound dressing. The BC as extracellular polysaccharide
is produced in the metabolic process of acetobacter xylinum. The
FM/BC wound dressing can be prepared by co-culturing the FM
and acetobacter xylinum. The SEM images and EDS mapping
(Figure 8A) showed that the pure BC exhibited a fiber reticular
structure, while the FM/BC demonstrated the FM nested in the
fibrous network. XPS was applied to detect the chemical states,
which reflected a similar conclusion with the above-mentioned
XPS analysis of FM. The water absorption of FM/BC (Figure 8D)
showed that the wound dressing can absorb PBS solution with a
percentage of 94.41% + 4.96 %. More important, in vivo wound
healing of PBS, BC-, BC+, FeMoS, + BC- (Fe/BC-), Fe/BC+,
FM/BC-, and FM/BC+ groups were applied. The staining of IL-6,
IL-10, VEGF, and Gram and its corresponding quantitative anal-
ysis were shown in Figure 8E,F. The FM BioH]zyme in a form of
wound dressing can maintain superior anti-inflammatory prop-
erty and angiogenic property and anti-bacterial property. The re-
sults verify that the FM BioH]zyme can be applied in diversified
forms.

3. Conclusion

Collectively, FeMoS,/MXene BioHJzyme exhibited robust
enzyme-mimetic properties to improve ROS yield. Under NIR
irradiation, the electron-hole separation occurred between MX-
ene and FeMoS, owing to the heterostructure. Furthermore, in
the phase of FeMoS,, the added Mo pushed adjacent reactants
(H,0,, H,0, and O,) closer to Fe by electronic push-pull effect,
making the feedstocks more likely to capture electrons. Addi-
tionally, the decreased d-band center owing to the added Mo
weakened the adsorption energy of intermediates enhancing
the ROS production, resulting in the excellent antibacterial
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efficiency. Followed, in the absence of NIR irradiation, the FM
showed favorable anti-inflammatory and angiogenic property.
This work enhanced the understanding of the intricate cat-
alytic antibacterial mechanism in the BioHJzyme platform,
verified the mechanism-performance relationship, and provided
a mechanism-guided materials design. The FM can also be
applied as a formation of wound dressing presenting the same
remediation effect, providing a transformative strategy for
developing adaptive wound management systems.

4. Experimental Section

Synthesis of FeMoS, and FM BioH|zyme: Single-layered MXene
was prepared via ultrasonic stripping method.[?'l For FM synthesis,
400 mg ammonium tetrathiolybolybylate ((NH,),MoS,) was dispersed in
deionized (DI) water, followed by addition of 140 mg iron oxyhydroxide
(FEOOH). Subsequently, 200 mg MXene was introduced into the mixed
solution and sonicated for 20 min. The dispersion was hydrothermally
treated at 160 °C for 10 min in a sealed reactor. The resulting product was
centrifuged at 8000 rpm for 10 min, with the supernatant discarded and
the precipitate collected as FM BioH)zyme. The FeMoS, control group was
synthesized through an identical procedure excluding MXene addition.

Synthesis of BC, Fe-BC, and FM-BC: Bacterial cellulose (BC) mem-
branes were biosynthesized using acetobacter xylinum (ATCC 23767) cul-
tured in yeast-glucose-chloramphenicol (YGC) agar medium. The medium
was refreshed every 48 h for 14 days. Harvested BC films were purified by
boiling in 2.5% NaOH solution at 80 °C for 3-4 h, followed by five DI water
rinses under boiling conditions. For Fe-BC fabrication, FeMoS, nanopar-
ticles (200 ug mL™") were incorporated into the YGC medium during bac-
terial culture. FM-BC was prepared analogously using FM BioH)zyme in-
stead of FeMoS,.

Material Characterization: Morphological features were analyzed by
scanning electron microscopy (SEM, JSM-7600F, JEOL, Japan) and trans-
mission electron microscopy (TEM, SHZ-D, JEOL, Japan) with energy-
dispersive X-ray spectroscopy (EDS). Crystalline structures were deter-
mined via X-ray diffraction (XRD, Empyrean, Panalytical, Netherlands).
Chemical bonding states were characterized by X-ray photoelectron spec-
troscopy (XPS, Kratos AXIS Ultra, Shimadzu, Japan) and Fourier-transform
infrared spectroscopy (FTIR, Nicolet 1S20, Thermo Scientific). Surface
charge properties were evaluated using a Zetasizer Nano-ZS-90 (Malvern).
Reactive oxygen species (ROS) generation under irradiation was moni-
tored by electron spin resonance spectroscopy (ESR, JES-FA200, JEOL)
and UV-vis spectroscopy (U-3010, Hitachi, Japan). Photoelectrochemi-
cal properties were assessed via |-t curves recorded on a workstation
(CH Instruments) using a standard three-electrode system (Ag/AgCl refer-
ence, Pt counter). Elemental release was quantified by inductively coupled
plasma optical emission spectroscopy (ICP-OES, Thermo).

Photothermal Capability: An 808 nm NIR laser (0.5-2 W cm~2) cou-
pled with an FLIR E6 thermal imager monitored temperature profiles. Sam-
ples (50, 100, 200 ug mL~") were irradiated at varied power densities (0.5,
1.0, 1.5 W cm~2) for 10 min. Cyclic stability tests comprised three heating-
cooling cycles (10 min irradiation at 1.5 W cm~?2 followed by 10 min natural
cooling).

NIR-Induced ROS Production: POD-mimetic activity, which generate
oOH, was assessed through methylene blue (MB) and rhodamine B (RhB)
degradation under NIR-Il irradiation (1.5 W cm~52). Reaction mixtures
containing sample (400 pL, 1 mg mL™"), H,0, (100 pL, 30%), and dye
(400 pL, 80 mg L™1) were equilibrated in darkness for 30 min prior to irra-
diation. After NIR-II irradiation (1.5 W cm™2) for 10 min, UV-vis absorp-
tion spectra (550-750 nm) were recorded using a spectrophotometer.[3]
3,3',5,5-tetramethylbenzidine (TMB, Aladdin) was also used to explore the
POD-mimetic activity of different samples. TMB solution (400 uL, 0.2 v)
was mixed with H,O, (100 pL, 30 %) in acetate buffer (300 L), and then
the sample (200 uL, T mm) were added to the above mixture. Additionally,
TMB was applied to calculate the Michaelis constant (Km). The reaction
mixture was prepared in 100 mm sodium acetate-acetic acid buffer (2 mL,
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pH 4.0) containing 1 mL of sample solution (0.1 mv), 40 uL of 10 mg mL~!
TMB substrate, and 50 pL of 1M H,O,. The catalytic oxidation process was
monitored by recording the time-dependent absorbance changes by UV-
vis spectroscopy. Catalytic efficiency was determined through Michaelis-
Menten steady-state analysis to quantify the catalytic efficiency of the sys-
tem. K., can be calculated based on the Michaelis-Menten Equation.[3’]
Singlet oxygen ('0,) was detected via 1,3-diphenylisobenzofuran (DPBF)
trapping (600 pL ethanol solution), with absorbance measured at 410 nm.
600 pL sample (1 mm) was dispersed in 600 uL DPBF (in ethanol) solution
and incubated for 30 min. After NIR-I irradiation (10 min, 1.5 W cm’z),
the optical density (OD) value of the supernatant was measured using an
ultraviolet spectrophotometer (UV-1800PC, AOELAB, China).[12b]

GPx-Mimetic Activity: As an important antioxidant in bacteria, GSH
can prevent the damage of reactive oxygen species to bacteria. GSH con-
sumption capacity of the samples was evaluated using Ellman’s reagent-
based colorimetric assay. The experimental setup comprised: 0.5 mm
carbonate-buffered saline (CBS, pH 9.6), 0.8 mm GSH solution, 5 mm
Tris-HCl buffer (pH 8.0), and 10 mm DTNBS. H,0, (1 mm) served as
positive control, and PBS (pH 7.4) was as negative control. Following
sample-GSH mixture preparation, experimental groups underwent 10 min
NIR irradiation (808 nm, 1.5 W cm~2) while non-irradiated controls were
maintained in light-proof conditions at 37 °C for 15 min. Post-reaction su-
pernatants obtained by centrifugation. The recorded optical density (OD)
values were used to calculate GSH depletion efficiency according to the
standard formula.[33]

In vitro Antibacterial Assays: S. aureus and E. coli were exploited
as representatives of typical Gram-positive and Gram-negative bacteria
models.[%] Spread plate method, SEM, TEM, Live/Dead staining, crystal
violet staining, bacterial membrane permeability assay and ROS level in
bacteria were detected, respectively to investigate the antibacterial effect.
Quantitatively, the spread plate method was employed to measure the an-
tibacterial efficiency in accordance of our lab’s protocol. Specifically, the
samples (0.2 mg L") were mixed with bacterial suspension (600 pL, 1
x 10° CFU mL™"), which were irradiated by 10 min 1.0 W cm~2 NIR laser
and in dark as control. The mixture was evenly spread on Luria Bertani (LB)
agar and cultured at 37 °C for 24 h. The colony units (CFU) was counted,
and the antibacterial efficiency was calculated.[*]

SEM and Live/Dead BacLight bacterial viability Kit (Solarbio, China)
was applied for evaluating the antibacterial ability of the samples. The bac-
terial suspension (600 uL, 1 x 103 CFU mL~") was incubated in 48-well
plates for 12 h and then treated by different samples with/without NIR
for 10 min. The bacteria were then stained with a Live & Dead BacLight
bacterial viability kit for 15 min and detected by Inverted fluorescence mi-
croscope (CKX53, OLYMPUS, Japan).

In vitro anti-biofilm activity was evaluated through crystal violet stain-
ing. The bacterial fluid (1 x 108 CFU mL~", 600 uL) was continuously cul-
tured in 48-well plates containing cell slide for 5 days to form biofilms.
The media were replaced every 24 h and washed with sterile PBS. After
treated with different samples (1 mm, 200 uL) + 1 pg mL™" lactic acid
under 1.5 W cm™2 NIR for 10 min, the cell slide with biofilm was fixed
with 2.5 % glutaraldehyde for 20 min and dyed by 0.5 % crystal violet.
The stained biofilm was imaged using a scanner (Epson Perfection V19).
The ROS level in bacteria was detected by ROS assay kit (Solarbio, Bei-
jing, China). 1 mL bacterial suspension was cultured in a 48-well plate for
12 h, which was illuminated by 1.5 W cm=2 NIR-II laser for 10 min after
treated with 1 mg mL~" different samples + 1 pg mL™" lactic acid. The
other samples were placed in the darkness for 10 min. After sucking out
the supernatant, 200 uL dyeing working solution was added to the plate
and incubated with different samples for 30 min. Fluorescent images were
taken using an inverted fluorescence microscope (CKX53).

Evaluation of Hemolysis and Cytocompatibility: Hemocompatibility as-
sessment was conducted through a standardized hemolysis assay. Fresh
ovine whole blood was subjected to 50-fold dilution using phosphate-
buffered saline (PBS, pH 7.4). Test samples were subsequently introduced
into the diluted blood suspension, with deionized water and PBS serving
as positive and negative controls, respectively. All experimental groups
underwent controlled incubation at 37°C for 3 h in a thermostatic water
bath. Following incubation, centrifugation was performed at 3500 rpm for
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5 min (4°C) to separate erythrocyte debris. The hemoglobin release in su-
pernatants was quantified by measuring optical density at 545 nm using a
UV-vis spectrophotometer. Hemolysis percentage can be calculated. CCK-
8 (Solarbio, Beijng, China) was selected to detect the biocompatibility of
samples on day 1, 3, and 5, while cell morphology was recorded by SEM
and Live/Dead staining (Solarbio, Beijing, China).

RNA-Seq Analysis:  The samples were co-cultured with 1929 cells
overnight, the cells were digested and centrifuged (3000 rpm, 5 min), the
supernatant was aspirated, and quickly stored in liquid nitrogen for fur-
ther transcriptome analysis. Shanghai BIOZERON Biotechnology Co., Ltd
accomplished total RNA extraction, RNA sequencing, and bioinformatic
analysis.

Animal Experiments:  All animal procedures were approved by the Ani-
mal Care and Use Committee of West China Hospital, Sichuan University
(No. 2022045A). A full-thickness circular wound (8 mm diameter) was ex-
cised. Bacterial inoculation was performed by applying 20 uL of S. aureus
suspension to the wound bed. After 24 h post-infection, 50 uL of sample
solution (200 mg L™') was topically administered. The treatment group
underwent 10 min irradiation with an 808 nm NIR laser, while real-time
thermal imaging was captured using an infrared camera (FLIR E8, +0.1°C
resolution). Post-treatment, peri-wound exudates were collected via sterile
swabs, serially diluted in sterile PBS, and inoculated onto LB agar plates
using the spread plate technique. At day 7 post-treatment, mice were eu-
thanized for tissue harvest. Wound beds and major organs (spleen, liver,
heart, lungs, and kidneys) were fixed in 4% paraformaldehyde for 48 h. Tis-
sue were subjected to H&E staining, immunofluorescence staining, and
immunohistochemical staining. The main organs were stained by H&E
staining.

Statistical Analysis: Three copies of the afore-mentioned tests were
made. The mean value and standard deviation were used to display all
experimental statistics. Based on a one-way analysis and the student’s -
test, significant differences were determined using GraphPad Prism 8.0. In
the current investigation, a value of *p < 0.05 and **p < 0.01 was deemed
statistically significant.
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