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Purpose: The remarkable peroxidase-like activity of single-atom nanozymes (SAzymes) allows them to catalyze the conversion of
H,0, to *OH, rendering them highly promising for antibacterial applications. However, their practical in vivo application is hindered
by the near-neutral pH and insufficient H,O, levels present in physiological systems. This study was aimed at developing a SAzyme-
based nanoreactor and investigating its in vivo antibacterial activity.

Methods: We developed a hollow mesoporous molybdenum single-atom nanozyme (HMMo-SAzyme) using a controlled chemical
etching approach and pyrolysis strategy. The HMMo-SAzyme not only exhibited excellent catalytic activity but also served as an
effective nanocarrier. By loading glucose oxidase (GOx) with HMMo-SAzyme and encapsulating it with hyaluronic acid (HA),
a nanoreactor (HMMo/GOx@HA) was constructed as glucose-triggered cascade catalyst for combating bacterial infection in vivo.
Results: Hyaluronidase (HAase) at the site of infection degraded HA, allowing GOx to convert glucose into gluconic acid and H,O,.
An acid environment significantly enhanced the catalytic activity of HMMo-SAzyme to promote the further catalytic conversion of
H,0; to *OH for bacterial elimination. In vitro and in vivo experiments demonstrated that the nanoreactor had excellent antibacterial
activity and negligible biological toxicity.

Conclusion: This study represents a significant advancement in developing a cascade catalytic system with high efficiency based on
hollow mesoporous SAzyme, promising the advancement of biological applications of SAzyme.

Keywords: nanozyme, nanocarrier, glucose oxidase, reactive oxygen species, bacterial infection

Introduction

Bacterial infections pose significant health threats to humans.'* The widespread use of antibiotics in clinical practice has
led to the rise and rapid spread of antibiotic-resistant bacteria, which has caused a crisis of antibiotic use and seriously
threatens human health.>* Thus, the development of novel antibacterial agents or strategies is crucial.

Nanozymes are defined as nanomaterials that catalyze the conversion of enzyme substrates to products and follow
enzymatic kinetics.” In recent years, nanozymes, especially single-atom nanozymes (SAzymes), have been widely
investigated in the biomedical field owing to their excellent enzyme-like activity or photodynamic or photothermal
properties.®® Among them, SAzymes with peroxidase-like activity have garnered considerable attention in the field of
antibacterial research owing to their ability to effectively catalyze the generation of *OH from H,O,, causing irreversible

19713 However, the enzyme-like activity of

oxidative damage to bacteria without promoting bacterial drug resistance.
SAzymes is optimal under strongly acidic conditions with pH 3—4.'%!> Nonetheless, bacterial infection sites typically
exhibit weakly acidic or nearly neutral pH.'®!” Moreover, higher H,O, concentrations are generally required to generate

sufficient «OH for effective antibacterial applications owing to in vivo depletion of free radicals by glutathione.'® ° High
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H,0, concentrations can lead to immunogenicity, inflammation, and tissue damage,” "

severely limiting the in vivo
antibacterial application of SAzymes.

Glucose oxidase (GOx) is a commonly used and safe natural enzyme that continuously converts glucose into gluconic
acid and H,0,.*%° The use of SAzyme and GOx together is expected to solve the H,O, and pH constraints of SAzyme
in antibacterial applications in vivo. However, most of the reported SAzymes are solid structures lacking a hollow cavity,
which hinders effective loading of GOx.

Among various nanomaterials, hollow mesoporous nanomaterials have garnered considerable attention owing to their
unique structure and excellent catalytic performance.?’ >° The hollow mesoporous structure offers several advantages,
including a significant increase in specific surface area, exposure of more active sites, and enhanced mass transport
within the material, resulting in improved catalytic activity.>'*? More importantly, the hollow mesoporous structure
enables nanomaterials to have a high load capacity, opening up the possibility for synthesizing composite antibacterial
nanosystems.>> > Therefore, we propose the preparation of a SAzyme with a hollow mesoporous structure, which can
achieve an efficient catalytic cascade reaction by loading GOx to promote the in vivo antibacterial application of
SAzyme. However, such hollow mesoporous SAzymes, acting both as a nanocarrier and nanozyme, for in vivo
antibacterial applications have rarely been investigated.

Molybdenum is an indispensable trace element in the human body. It is widely present in a variety of molybdenum
enzymes and plays an important role in maintaining the stability of various body functions.*® In recent years, Mo-based
nanozymes have gained widespread attention in the biomedical field owing to their excellent peroxidase-like activity and
biosafety.’” >? In this study, we developed a novel hollow mesoporous molybdenum single-atom nanozyme (HMMo-
SAzyme) that exhibits high catalytic activity while also serving as a carrier. Building upon this foundation, we
constructed a nanoreactor (HMMo/GOx@HA) capable of in vivo antibacterial activity. The nanoreactor involved
encapsulating GOx with HMMo-SAzyme and further modifying it with hyaluronic acid (HA) (Scheme 1). During
in vivo antibacterial activity, hyaluronidase (HAase) at the site of infection degraded the outer layer of HA, allowing
GOx to continuously convert glucose into gluconic acid and H,O,. This approach avoids the direct use of higher
concentrations of H,O,, thereby, minimizing potential side effects. Additionally, the generated gluconic acid lowered the
local pH around the HMMo-SAzyme, further enhancing its catalytic activity and promoting *OH production. In vitro and
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Scheme | Schematic illustration of the construction of the HMMo/GOx@HA nanoreactor and the cascade catalytic antibacterial therapy.

in vivo experiments validated the outstanding antibacterial activity of the HMMo/GOx@HA nanoreactor based on the
cascade catalytic reaction, demonstrating minimal biological toxicity, rendering it a safe and efficient antibacterial agent.

Materials and Methods

Materials
2-Methylimidazole (C4H¢N,, 98.0%), molybdenyl acetylacetonate (MoO,(acac),), tannic acid, 3,3°,5,5’-tetramethylben-
zidine (TMB, >99%) and hyaluronidase (HAase) were purchased from Aladdin Biochem Technology Co., Ltd (Shanghai,
China). Zinc(II) nitrate hexahydrate (Zn(NOj3),-6H,0, 99.0%), methanol (CH30H, AR), hydrogen peroxide (H,O,, 30%
aqueous solution), terephthalic acid (TA, 99%), sodium hydroxide (NaOH) and hydrochloric acid (HCI) were bought
from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Glucose oxidase (GOx) was ordered from Sigma-Aldrich
(St. Louis, MO, USA). Hyaluronic acid (HA), glucose and methyl red (95%) were obtained from Macklin Biochemical
Co., Ltd (Shanghai, China). Enhanced BCA protein assay kit and reactive oxygen species assay kit were bought from
Beyotime Biotechnology Inc. (Shanghai, China). LB broth agar and LB broth were bought from Sangon Biotechnology
Inc. (Shanghai, China). Live/dead baclight bacterial viability kits and cell counting kit-8 (CCK-8) were obtained from
Thermo Fisher Scientific Inc (Waltham, MA, USA). Dulbecco’s modified eagle’s medium (DMEM), fetal bovine serum
(FBS), phosphate buffered saline (PBS), penicillin, streptomycin and trypsin were purchased from Gibco BRL
(CA, USA).

Hematoxylin-Eosin (H&E) staining kit, Masson staining kit, and Interleukin-6 antibody were purchased from Servicebio
Technology Co., Ltd (Wuhan, China). Ultrapure water was used in all experiments and supplied by Milli-Q Advantage A10
(CA, USA). All reagents were purchased from commercial sources and used without any further purification.

Characterization

Scanning electron microscope (SEM, Hitachi, S4800, Japan) was used to observe the morphology of nanoparticles and bacteria.
Transmission electron microscope (TEM, Hitachi, HT-7700, Japan) was used to observe the morphology and structure of
samples. The high-angle annular dark-field scanning TEM (HAADF-STEM) images were collected on a high-resolution
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transmission electron microscope (Thermo Scientific, Themis Z, USA). The elemental mappings were performed using
a transmission electron microscope (Thermo Scientific, Talos F200X, USA). X-ray diffraction (XRD, BrukerAXS D8) was
applied to measure the crystal structure. Nitrogen adsorption/desorption isotherms and pore size distributions of samples were
measured by surface area and porosimetry analyzer (Micromeritics, ASAP2460, USA). The metal loadings of nanoparticles were
collected by an iCAP7600 inductively coupled plasma optical emission spectroscopy (ICP-OES) instrument (Thermo Scientific,
ICAP 7200, USA). The hydrodynamic size and Zeta potential were measured by Zetasizer Nano S (ZEN 3600; Malvern,
England). The UV-vis absorption spectrum was detected with UV spectrophotometer (Shimadzu, UV-2600, Japan). The
fluorescent spectra was measured on a fluorescence spectrophotometer (Shimadzu, RF-6000, Japan). The fluorescence images
were recorded with confocal laser scanning microscope (CLSM, Nikon AIR, Japan). The H&E and Masson samples were
examined under a digital microscope (IX73, OL YMPUS, Japan).

Preparation of HMMo-SAzyme and HMMo/GOx@HA Nanoreactor
2-methylimidazole (3700 mg) was dissolved in 80 mL of methanol. Zn (NO3),-6H,O (1666 mg) and MoO;(acac),
(130 mg) were dissolved in 40 mL of methanol, then the two solutions were mixed and stirred for 12 h at room
temperature. The obtained product was centrifugated at 8500 rpm, washed with methanol three times, and then freeze-
drying for 12 h to obtain Mo-ZIF-8. Subsequently, 100 mg Mo-ZIF-8 was dispersing in 20 mL ultrapure water, 1.25 mL
tannic acid aqueous solution (25 mg/mL) was added and stirred at room temperature for 10 min. The obtained product
was centrifuged at 12,000 rpm, washed with ultrapure water three times, and then freeze-drying for 12 h to obtain HMo-
ZIF-8. Finally, the HMo-ZIF-8 sample was pyrolyzed at 900 °C for 3 h under N, atmosphere to obtain HMMo-SAzyme.
HMMo-SAzyme (4 mL, 1 mg/mL) was mixed with GOx (4 mL, 2 mg/mL) and stirred slightly at 4 °C for 12 h. The
mixture was then centrifuged to obtain HMMo/GOx, which was added to an aqueous solution of HA (4 mL, 8 mg/mL)
and the mixture was gently stirred at room temperature for 6 h. The obtained product was centrifuged at 12,000 rpm and
washed with ultrapure water three times to obtain HMMo/GOx@HA.

Detection of Peroxidase-Like Catalytic Activity of HMMo-SAzyme

Experiment was performed in 4 mL PBS (0.01 M, pH 3.0), including 50 pg/mL of HMMo-SAzyme, 5 mM of H,O,, 1
mM of TMB, and the reaction was carried out for 5 min at room temperature. The change in color of each reaction
solution was observed, and the absorbance at 652 nm was measured. TA was used as a fluorescent probe to detect the
production of *OH. Experiment was performed in 4 mL PBS (0.01 M, pH 3.0), and the reaction mixture contained
HMMo-SAzyme (50 pg/mL), HO, (5 mM), and TA (0.5 mM). After 12 h, the fluorescence spectra of the product,
2-hydroxyterephthalic acid, was recorded.

Cascade Reaction of HMMo/GOx + Glucose

Following reaction system groups were prepared: (1) PBS, (2) glucose, (3) HMMo/GOx, (4) glucose + HMMo-SAzyme,
(5) glucose + GOx, and (6) glucose + HMMo/GOx. The reactions were performed in PBS (0.5 mM, pH 7.0). Each
reaction included HMMo/GOx (100 pg/mL), HMMo-SAzyme (100 pg/mL), GOx (5 pg/mL), and glucose (5 mM). The
reactions were performed at 37 °C for 3 h, and the pH values were measured for each group. Subsequently, | mM of
TMB was added to each reaction, and the absorbance of each solution was measured. Similarly, 50 mM 5.5-dimethyl-
1-pyrroline N-oxide (DMPO) was added to each of the above reaction systems and the generated ROS were identified
using electron spin resonance (ESR) spectroscopy.

In vitro Antibacterial Activity of HMMo/GOx@HA

Staphylococcus aureus Rosenbach (S. aureus, ATCC25923) and Escherichia coli (E. coli, ATCC 25922) were purchased
from Fuxiang Biotechnology Co., Ltd (Shanghai, China). Single colonies of S. aureus and E. coli were transferred from
solid LB agar plate to liquid LB broth. The bacteria were cultured with shaking at 37 °C for 8 h and then diluted to
a concentration of 1x10” CFU/mL. The bacterial suspensions were treated with the following solutions: (1) PBS, (2)
glucose, (3) HMMo/GOx@HA, (4) glucose + HMMo-SAzyme, (5) glucose + GOx, and (6) glucose + HMMo/
GOx@HA. The bacterial suspensions were incubated at 37 °C with shaking at 180 rpm. The concentrations of glucose,
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HMMo/GOx@HA, HMMo-SAzyme, and GOx were 15 mM, 100 pg/mL, 100 pg/mL and 5 pg/mL, respectively. After 5
h of incubation, the bacterial suspensions were diluted 10,000 times with LB broth. Subsequently, 100 pL of the diluted
bacterial suspension was spread onto solid medium and cultured for 24 h at 37 °C. The number of colony-forming units
(CFU) was counted to evaluate the antibacterial effect of the nanoreactor.

SEM Characterization of Bacterial Samples

The bacterial suspensions in the above six groups were centrifuged, washed with aseptic PBS, and fixed with 2.5%
glutaraldehyde at 4 °C for 2 h. The fixed bacteria were sequentially dehydrated with 30%, 50%, 70%, 80%, 90%, 95%,
and 100% ethanol. Finally, the dried bacteria were sputter-coated with gold, and observed using SEM.

Staining of Live/Dead Bacteria

The bacterial suspensions in the above six groups were centrifuged and washed. The bacteria were then stained with
a fluorescent nucleic acid stain containing a mixture of propidium iodide (PI) (3 pL, 20 mM) and SYTO 9 (3 pL, 3.34
mM) for 30 min at room temperature in the dark. Finally, the stained bacteria were washed three times to remove excess
dyes and imaged using CLSM.

Detection of ROS Levels in Bacteria

The bacterial suspension was treated with glucose + HMMo/GOx@HA for 3 h, and then 10 uM DCFH-DA was added. This
suspension was further incubated at 37 °C in the dark for 30 min. Finally, the bacteria were washed three times, and imaged using
CLSM.

Hemolysis Assay

Fresh whole blood was collected from the inner canthus vein of mice, and red blood cells were isolated from serum by
centrifugation. Red blood cells were incubated with 31.25, 62.5, 125, 250, or 500 pg/mL. HMMo/GOx@HA at 37 °C for
4 h. Each sample was then centrifuged and the absorbance of the supernatant at 540 nm was measured to evaluate the
hemolysis rate. The hemolysis rate was calculated according to the following formula:

Hemolysis Rate(%) = (Ay—As)/(Ap—As)x100%

Where Ay is the absorbance of red blood cells incubated with HMMo/GOx@HA, Ag is the absorbance of red blood cells
incubated with saline, and Ap is the absorbance of red blood cells incubated with ultrapure water.

In vitro Cytotoxicity Test

Human umbilical vein endothelial cells (HUVECs) were obtained from the Cell Bank of Type Culture Collection of the
Chinese Academy of Sciences (Shanghai, China). The cytotoxicity of HMMo/GOx@HA was determined using the CCK-8
assay. HUVECs were seeded into a 96-well plate (5 x 10? cells/well) and cultured in a humidified 5% CO, incubator at 37 °C
for 24 h. The HMMo/GOx@HA solutions at various concentrations were added to the 96-well plate, which were then
incubated for 24 h. The cells were rinsed with PBS after the solution was removed from the wells. Finally, 10% CCK-8 was
added to the wells. The absorbance at 450 nm was measured and the cell viability was determined using the following formula:

Cell Viability(%) = (Ay—As)/(Ap—As)x 100%

Where Ay, is the absorbance of cells treated with HMMo/GOx@HA, Ag is the background absorbance, and Ap is the
absorbance of the well with control treatment.

In vivo Bacterial Infection Treated with the HMMo/GOx@HA Nanoreactor

Male BALB/c mice, aged 6—8 weeks, were obtained from the Experimental Animal Center of the Air Force Medical
University. To establish the infected wound model, a 6 mm wound was created on the back of mice, and S. aureus cells (3
x 107 CFU, 50 pL) were injected into the wound. After 24 h, the mice infected with S. aureus were randomly divided
into six groups, each consisting of five mice. The mice were treated with the following samples every 24 h for 7 days: (1)
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PBS, (2) glucose, (3) HMMo/GOx@HA, (4) glucose + HMMo-SAzyme, (5) glucose + GOx, and (6) glucose + HMMo/
GOx@HA. The concentrations of glucose, HMMo/GOx@HA, HMMo-SAzyme, and GOx were 15 mM, 100 pg/mL, 100
pg/mL and 5 pg/mL, respectively, and their volume were 100 pL. The wounds in each group were measured and
photographed every other day to monitor the healing progress. After 7 days, the infected wound tissue of the mice was
homogenized and placed in 1 mL of aseptic saline, followed by incubation at 37 °C for 24 h. The bacterial content at the
infected sites was analyzed using the plate colony method. Furthermore, wound tissue from the mice was collected for
H&E and Masson staining, and IL-6 immunofluorescence staining.

Statistical Analysis

SPSS 20.0 was used to analyze the data. Data are presented as mean + SD from at least three independent experiments.
The independent samples #-test was used to compare the group differences. P-values were two-tailed and a p-value <0.05
was considered statistically significant.

Results and Discussion
Preparation and Characterization of the HMMo/GOx@HA Nanoreactor

The process for preparation of HMMo-SAzyme is depicted in Scheme 1. Initially, MoO, (acac), molecules were encapsulated
within a zeolitic imidazolate framework-8 (ZIF-8) to form a molybdenum-doped zeolitic imidazolate framework (Mo-ZIF-8).
The proper diameter of the MoO,(acac), molecule (9.06 A) allowed it to be in situ encapsulated within ZIF-8, as it was
between the size of the pores (3.4 A) and the cavities (11.6 A) of the host ZIF-8 structure.*” SEM and TEM images (Figure S1)
revealed a uniform rhombic dodecahedron configuration of the resulting Mo-ZIF-8, which was consistent with the previously
reported structure of ZIF-8 crystals.*! Furthermore, XRD patterns of Mo-ZIF-8 and ZIF-8 were found to be mostly identical
(Figure S2), indicating that the introduction of MoO, (acac), did not affect the main structure of ZIF-8.

Next, Mo-ZIF-8 was subjected to etching with tannic acid. During the etching process, some tannic acid molecules
were absorbed onto the surface of Mo-ZIF-8, providing protection to its outer layer. The protons released by tannic acid

were able to penetrate the inner core of Mo-ZIF-8 and subsequently etched its internal core,

resulting in the
formation of a hollow molybdenum-doped zeolitic imidazolate framework (HMo-ZIF-8). As evident from the SEM
and TEM images (Figure S3), HMo-ZIF-8 largely retained the morphology of Mo-ZIF-8, while an internal hollow
structure appeared. The XRD patterns of HMo-ZIF-8 and ZIF-8 were found to be mostly identical (Figure S2), indicating
that the etching process did not alter the original skeleton unit structure of ZIF-8.

Finally, HMo-ZIF-8 was subjected to pyrolysis at 900 °C. During this process, the MoO,(acac), molecules confined
within the cage underwent pyrolytic conversion, transforming into Mo anchored on nitrogen-doped porous carbon (C-N)
substrates.** The Zn atoms of the host material gradually evaporated at high pyrolysis temperature, leading to the
decomposition of C-N skeletons and facilitating the formation of Mo-N bonds,*** resulting in the formation of
HMMo-SAzyme. SEM and TEM images (Figure 1A and B) revealed that the prepared HMMo-SAzyme retained the
rhombic dodecahedron morphology of HMo-ZIF-8, exhibiting a hollow and porous structure. Nitrogen adsorption-deso-
rption isotherms further confirmed the mesoporous framework of HMMo-SAzyme (Figure S4). The pore size, total pore
volume, and specific surface area were determined to be 7.54 nm, 0.33 cm®/g, and 346.72 m%/g, respectively. Energy-
dispersive X-ray spectroscopy (EDS) mapping demonstrated homogeneous distribution of C, N, and Mo within HMMo-
SAzyme (Figure 1D). Additionally, the Mo concentration in HMMo-SAzyme was quantified to be 0.78 wt.% using ICP-
OES. The XRD pattern of HMMo-SAzyme (Figure S5) displayed only two (002) and (101) diffraction peaks, characteristic
of graphitic carbon, with 20 at approximately 24° and 43°, respectively. No crystalline peaks corresponding to metallic Mo
were observed, indicating the absence of large crystalline particles of Mo-containing species. Furthermore, bright dots
visible in the HAADF-STEM image (Figure 1C) corresponded to isolated Mo atoms dispersed on the nitrogen-doped
carbon framework owing to the higher Z-contrast of Mo atoms compared with that of N and C atoms.*’** These
comprehensive results validated the successful preparation of the HMMo-SAzyme.

Furthermore, we loaded GOx inside the HMMo-SAzyme and coated it with HA to construct the HMMo/GOx@HA

nanoreactor. Results of UV—vis spectroscopy (Figure S6) revealed cross-fused absorption peaks after GOx was loaded
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Figure | (A) SEM and (B) TEM images of HMMo-SAzyme. (C) HAADF-STEM images of HMMo-SAzyme exhibiting dispersive single Mo atoms as bright dots (indicated by
red circles). (D) EDS mapping images of HMMo-SAzyme. (E) Hydrodynamic size and (F) zeta potential of HMMo-SAzyme, HMMo/GOx, and HMMo/GOx@HA. Data are
shown as mean + SD. (G) TEM images of HMMo/GOx@HA.

onto HMMo-SAzyme, indicating the successful loading of GOx. Additionally, changes in hydrodynamic size (Figure 1E)
and zeta potential (Figure 1F) at each step confirmed the successful preparation of the nanoreactor. The zeta potential of
HMMo-SAzyme, HMMo/GOx, and HMMo/GOx@HA was +16.85, +4.55, and —13.21 mV, respectively. These values
indicated that both GOx loading and HA encapsulation were achieved through electrostatic adsorption. Notably,
elemental S is an important component of GOx. EDS elemental mapping of the nanoreactor demonstrated a uniform
distribution of S throughout the interior and surface of HMMo-SAzyme, providing direct evidence of successful GOx
loading (Figure S7). Quantitative analysis through bicinchoninic acid (BCA) assay confirmed that the amount of GOx
assembled on HMMo/GOx@HA accounted for approximately 4.87 wt.% (Figure S8). Moreover, TEM images revealed
that the surface of HMMo/GOx was coated with a sticky HA layer (Figure 1G). Collectively, these results provide strong
evidence for the successful construction of the HMMo/GOx@HA nanoreactor.
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Catalytic Activity of the HMMo/GOx@HA Nanoreactor

The peroxidase-like activity of HMMo-SAzyme was detected using TMB as a peroxidase substrate. Figures 2A and S9
demonstrated that, in the presence of H,O,, HMMo-SAzyme efficiently catalyzed the oxidation of TMB, resulting in the
formation of a dark blue product, oxTMB, with a characteristic absorption peak at 652 nm. Conversely, when either

HMMo-SAzyme or H,O, was absent, negligible changes in color and absorbance were observed, indicating that HMMo-
SAzyme indeed possessed peroxidase-like activity. To further explore the catalytic activity of HMMo-SAzyme,
Michaelis—Menten steady-state catalytic kinetics were determined. By employing the Michaelis—Menten equation and
linear double-reciprocal plots, the Michaelis—Menten constant (Kyr) and maximum velocity (V,.x) for HMMo-SAzyme
toward H,0, were determined to be 8.46 mM and 2.66x1077 M/s, respectively (Figure S10). HMMo-SAzyme showed
higher catalytic activity compared with other reported SAzymes (Table S1).

To detect the generation of *OH during the reaction that HMMo-SAzyme catalyze H,O,, TA was employed as
a fluorescent probe. TA itself does not fluoresce; however, upon reaction with *OH, it converts into the highly fluorescent
product 2-hydroxyterephthalic acid (TAOH), exhibiting a characteristic fluorescence signal at 435 nm.**~° Hence, the
fluorescence of TAOH indirectly reflects the amount of *OH generated. When both HMMo-SAzyme and H,O, were
present, a strong fluorescence signal was detected (Figure 2B).

Owing to its peroxidase-like activity, HMMo-SAzyme holds potential for antibacterial applications. However, akin to
many previously reported peroxidase-like nanozymes, the catalytic activity of HMMo-SAzyme was influenced by
temperature (Figure S11) and pH (Figure 2C). Particularly, under near-neutral conditions, HMMo-SAzyme exhibited
diminished catalytic activity, which substantially limits its application in bacterial infection microenvironments. To
address this, we investigated the effect of GOx catalyzing the conversion of glucose to gluconic acid for pH reduction.
When glucose and GOx coexisted, the pH of the system significantly decreased from 7.2 to 3.9 (Figure SI2A). Moreover,
the pH decreased gradually with increasing glucose concentration (Figure S12B). The use of methyl red as a pH indicator
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Figure 2 (A) UV-vis spectra and photographs of different reaction systems: (1) H,O, + TMB, (2) HMMo-SAzyme + TMB, and (3) HMMo-SAzyme + H,O, + TMB. (B)
Fluorescence spectra of different reaction systems: (1) H,O, + TA, (2) HMMo-SAzyme + TA, and (3) HMMo-SAzyme + H,O, + TA. (C) Peroxidase-like activity of HMMo-
SAzyme at different pH values. Data are shown as mean * SD. (D) pH value versus reaction time under different reaction systems; insets are the corresponding photographs
in the presence of methyl red. Data are shown as mean * SD. (E) UV-vis spectra and photographs of different reaction systems in the presence of TMB. (F) Fluorescence
spectra of different reaction systems in the presence of TA. Different reaction systems in (D-F): (I) PBS, (2) glucose, (3) HMMo/GOx, (4) glucose + HMMo-SAzyme, (5)
glucose + GOx, (6) glucose + HMMo/GOx.
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more explicitly demonstrated the pH changes in the solution (Figure S12C and D). These findings confirm that GOx-
catalyzed decomposition of glucose can effectively reduce the pH of the system.

The cascade catalytic performance of HMMo/GOx was further investigated through different reaction setups, and the
pH changes in each reaction system were monitored using a pH meter and methyl red. The results revealed a significant
decrease in pH when glucose and HMMo/GOx coexisted, with the reduction nearly equivalent to that when the same
concentrations of glucose and GOx were used (Figure 2D). This indicated that GOx within HMMo/GOx retained robust
catalytic activity. When TMB was added to each reaction system, group (6) exhibited a distinct blue color and strong
characteristic absorption at 652 nm, whereas control groups (1)—(5) showed negligible changes in color and absorbance
(Figure 2E). These findings indicated that the catalytic cascade reaction of HMMo/GOx could proceed smoothly in the
presence of glucose as a substrate. Furthermore, the generation of *OH in each group was analyzed by adding TA
(Figure 2F); a substantial amount of *OH was generated in group (6), whereas only negligible fluorescence signals were
observed in groups (1)—(5). ESR spectra showed characteristic peaks, with an intensity ratio of 1:2:2:1, in group (6),
whereas negligible ESR signals were obtained in groups (1)—(5) (Figure S13). These results confirm that HMMo/GOx
could efficiently generate *OH through a catalytic cascade reaction utilizing glucose as a substrate.

To mitigate damage to normal cells and tissues caused by *OH generated in the cascade catalytic reaction, HA was
used to encapsulate HMMo/GOx. The activation of HMMo/GOx@HA was studied in PBS to simulate the physiological
microenvironment of infection. The results showed that the pH of the HMMo/GOx@HA group without HAase treatment
only decreased to 6.4 (Figure S14A), and no significant changes in color or absorbance were observed after the addition
of TMB (Figure S14B). However, upon HAase treatment, the changes in the HMMo/GOx@HA group were similar to
those in the HMMo/GOx group, suggesting that HMMo/GOx@HA could be activated by HAase to initiate the cascade
catalytic reaction.

In vitro Antibacterial Activity of the HMMo/GOx@HA Nanoreactor

Given the capability of HMMo/GOx@HA to convert glucose into *OH, we proceeded to investigate its antibacterial
activity against both gram-positive S. aureus and gram-negative E. coli. Initially, we examined the effects of glucose and
HMMo/GOx@HA concentrations on the antibacterial performance. The survival rates of both S. aureus and E. coli were
<10% when the concentrations of glucose and HMMo/GOx@HA were 15 mM and 100 pg/mL, respectively (Figures S15
and S16). These results demonstrated that HMMo/GOx@HA exhibited high antibacterial activity in the presence of
glucose, and its antibacterial effect was directly dependent on glucose and HMMo/GOx@HA concentrations.

The antibacterial mechanism of HMMo/GOx@HA was further explored by subjecting the bacteria to different
treatments. As depicted in Figure 3A and B, the survival rates of bacteria in groups (2)—(4) remained essentially
unchanged compared with that in group (1), indicating that the antibacterial activity of glucose, HMMo/GOx@HA, or
glucose + HMMo-SAzyme was negligible. Following treatment with group (5), the survival rates of S. aureus and E. coli
were 64.77% and 70.26%, respectively. This insufficient antibacterial effect can be attributed to the production of H,O,,
which could only partially kill the bacteria. In contrast, the survival rates of S. aureus and E. coli in group (6) were
significantly lower, being 5.41% and 8.32%, respectively. The enhanced antibacterial performance in this group was
attributed to the occurrence of the cascade catalytic reaction, wherein H,O, produced by the oxidation of glucose was
further catalyzed to generate *OH, which possesses stronger antibacterial activity. This cascade catalytic reaction
effectively amplified the bactericidal effect, rendering HMMo/GOx@HA a highly effective antibacterial agent.

The results of live/dead bacterial staining experiments showed that both S. aureus and E. coli in groups (1)—(4)
displayed strong green fluorescence and minimal red fluorescence (Figure 3C), indicating that the majority of bacteria
survived. Group (5) exhibited partial red fluorescence, indicating that H,O, produced by glucose oxidation failed to
effectively kill the bacteria. However, in group (6), intense red fluorescence was observed, indicating a significant
increase in the number of bacterial deaths. These findings were consistent with the colony counts, providing further
evidence that HMMo/GOx@HA displayed superior antibacterial properties in the presence of glucose.

The morphological changes in bacteria under different treatment conditions were observed using SEM (Figure 3D).
After (1) PBS treatment, S. aureus exhibited a smooth surface, normal morphology, and intact cell membranes. Similarly,
after (2) glucose, (3) HMMo/GOx@HA, and (4) glucose + HMMo-SAzyme treatments, almost negligible damage was
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Figure 3 (A) Photographs of bacterial colonies formed by S. aureus and E. coli. (B) Relative bacterial survival of S. aureus and E. coli. Data are shown as mean * SD, ¥**P <
0.001. (C) CLSM images for live/dead bacterial staining assay of S. aureus and E. coli. (D) SEM images of S. aureus and E. coli. Red arrows indicate the location of bacterial

rupture. S. aureus and E. coli in (A-D) treated with (1) PBS, (2) glucose, (3) HMMo/GOx@HA, (4) glucose + HMMo-SAzyme, (5) glucose + GOXx, and (6) glucose + HMMo/
GOx@HA.

observed in S. aureus, indicating minimal antibacterial effect on S. aureus. In group (5), the surfaces of S. aureus showed
only partial wrinkling, suggesting that H,O, had weak antibacterial activity against S. aureus. However, in group (6),
following glucose + HMMo/GOx@HA treatment, the cell walls of S. aureus displayed severe damage and the cell surface
displayed irregularly shaped holes, signifying that S. aureus was subjected to severe oxidative damage by *OH produced
through the catalytic cascade reaction. The integrity of the bacterial cell membrane system was disrupted, and the bacterial
contents leaked, resulting in the death of bacteria. Similar morphological changes were observed for E. coli. DCFH-DA
probe was used to detect ROS in bacteria. When the bacteria were incubated with glucose + HMMo/GOx@HA, green
fluorescence was observed, whereas almost no fluorescence was emitted in the control group (Figure S17), which further
suggested that the death of bacteria was caused by ROS produced by the cascade catalysis of the nanosystem.
Furthermore, under the same concentrations of H,O, and glucose, the antibacterial performance of the glucose +
HMMo/GOx@HA group was notably superior to that of the H,O, + HMMo-SAzyme group (Figure S18). These results
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clearly demonstrated that gluconic acid, generated from glucose oxidation, can significantly enhance the catalytic activity
of HMMo-SAzyme, thereby, promoting the production of *OH.

In vivo Bacterial Infection Treated with the HMMo/GOx@HA Nanoreactor

Bacterial infection models were established on the back of BALB/c mice. After successful modeling, the mice were
randomly divided into six groups and subjected to different treatments. Compared with the control group, the wound area
treated with glucose + HMMo/GOx@HA showed a significant reduction and was almost completely healed by the
7th day of treatment, with the appearance of new pink skin (Figure 4A and B). This indicated that *OH produced by the
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Figure 4 (A) Photographs of wounds of mice infected with S. aureus after receiving different treatments. (B) Relative wound area of mice. Data are shown as mean * SD,
*##*P < 0.001. (C) Photographs of bacterial colonies formed by bacteria obtained from wound tissues. (D) Number of surviving bacteria in the infected wounds of mice with
different treatments. Data are shown as mean * SD, ***P < 0.001. (E) H&E staining, Masson staining, and immunofluorescence staining for IL-6 of wounds after 7 days of
treatment. Yellow arrows indicate the infiltration of inflammatory cells. Different treatments in (A-E): (1) PBS, (2) glucose, (3) HMMo/GOx@HA, (4) glucose + HMMo-
SAzyme, (5) glucose + GOX, (6) glucose + HMMo/GOx@HA.
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catalytic cascade reaction in group (6) effectively inhibited bacterial infection and promoted wound healing. The
antibacterial effect was further evaluated by determining the number of bacteria on the wounds using the plate colony
counting method (Figure 4C and D). The results revealed that the bacterial survival rate in group (6) decreased
significantly to 4.28%, which was significantly lower than that in the other treatment groups, consistent with the results
of the wound healing experiment.

To assess wound healing at the tissue level, H&E and Masson staining were performed on the wound tissue sections.
With H&E staining, a large number of inflammatory cells and incomplete epidermal structures were observed in groups
(1)—(5), whereas in group (6), inflammatory cells were significantly reduced, a relatively complete epidermal structure
was evident, and the thickness of the dermal increased.(Figures 4E and S19A). With Masson staining, group (6)
exhibited the highest collagen fiber (blue) formation compared with that in the other groups (Figures 4E and S19B).
Additionally, the levels of interleukin 6 (IL-6), a typical inflammatory cytokine, were examined in the wound tissue to
assess inflammation. IL-6 levels were significantly lower after treatment with glucose + HMMo/GOx@HA compared
with that in the other groups (Figures 4E and S19C), indicating a milder inflammatory response around the wounds.
Overall, these results showed that the designed HMMo/GOx@HA nanoreactor, in the presence of glucose, exhibited
excellent antibacterial activity and effectively promoted wound healing in vivo.

Biosafety of the HMMo/GOx@HA Nanoreactor

As a potential antibacterial agent, the HMMo/GOx@HA nanoreactor was assessed for its biosafety. First, a hemolysis assay
was performed. Generally, a hemolysis rate of less than 5% indicates that no hemolysis is observed. Compared with the
control group, hemolysis was not observed even when the concentration of HMMo/GOx@HA was as high as 500 pg/mL
(Figure 5A), indicating excellent hemocompatibility of HMMo/GOx@HA. Next, the in vitro cytotoxicity of HMMo/
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Figure 5 (A) Relative hemolysis ratio of red blood cells after treatment with different concentrations of HMMo/GOx@HA. Data are shown as mean + SD, ***P < 0.001.
(B) Cell viability of HUVECs after incubation with HMMo/GOx@HA at various concentrations for 24 h. Data are shown as mean * SD. (C) Changes in body weight of
healthy mice following tail vein injection of PBS or HMMo/GOx@HA. Data are shown as mean + SD. (D) H&E staining images of major organs of mice after treatment with
PBS or HMMo/GOx@HA.
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GOx@HA was investigated using HUVECs. The results demonstrated that HMMo/GOx@HA showed negligible cytotoxi-
city (Figure 5B). Furthermore, in vivo toxicity was evaluated by injecting HMMo/GOx@HA into the tail vein of BALB/c
mice. Over a period of 7 days, no significant changes in body weight were observed (Figure 5C), indicating that HMMo/
GOx@HA did not adversely affect the normal development of the mice. Blood biochemical examination revealed no
significant differences in the biochemical indices between the HMMo/GOx@HA and control groups (Figure S20),
indicating that HMMo/GOx@HA did not cause significant damage to the liver and kidneys in the mice. Additionally,
H&E staining of major organs showed that HMMo/GOx@HA did not induce notable inflammation or damage to the heart,
lung, spleen, liver, and kidney (Figure 5D). These comprehensive results demonstrate that the HMMo/GOx@HA nanor-
eactor is a safe and biocompatible antibacterial system, with negligible toxicity both in vitro and in vivo.

Conclusion

In this study, a novel HMMo-SAzyme was synthesized using a controlled chemical etching approach and pyrolysis
strategy. Compared with SAzymes reported previously, this unique SAzyme exhibited not only exceptional perox-
idase-like activity, but also the capability to act as a carrier for loading macromolecular substances owing to its
mesoporous structure and large internal voids. On this basis, a nanoreactor (HMMo/GOx@HA) was constructed by
loading GOx into the HMMo-SAzyme and encapsulating it within HA. The designed nanoreactor exhibited
a cascade catalytic antibacterial mechanism in vivo. Upon reaching the infected site, the outer HA layer of the
nanoreactor could be degraded by HAase, exposing GOx, which continuously converted glucose into gluconic acid.
This process significantly enhanced the catalytic activity of HMMo-SAzyme. Moreover, substantial amount of the
generated H,O, underwent further conversion to *OH by HMMo-SAzyme, leading to effective antibacterial action.
Biological experiments confirmed the excellent antibacterial efficacy and safety of the nanoreactor. The successful
construction of a functional hollow mesoporous nanoreactor for antibacterial therapy represents a significant
advancement in the field, offering a promising strategy for further developments in biomedical applications of
SAzymes.
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