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ABSTRACT: Effectively controlling bacterial infections
and reducing oxidative stress and inflammatory reactions
are important steps in wound healing. However, owing to
the improper use of antibiotics and inadequate control of
infections in recent years, the emergence of many broad-
spectrum drug-resistant strains has exacerbated the threat
of infected wounds to human health. Recent studies have
shown that bimetallic nanozymes may become an
effective means of treating drug-resistant bacterial
infections because of their unique physical properties and
excellent antibacterial properties. In this study, silver iron
bimetallic nanozymes with multiple enzyme activities
(peroxidase, glutathione peroxidase, and superoxide
dismutase) were successfully synthesized for the
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treatment of skin wounds. Notably, the prepared V,-AgFeO,_, exhibited different enzyme activities under different pH
conditions. In acidic environments, V,-AgFeO,_, can catalyze H,0, to generate reactive oxygen species (ROS), deplete
glutathione (GSH), and kill bacteria. In a neutral environment, V -AgFeO,_, can eliminate free radicals, control inflammatory
reactions, and accelerate wound healing. /n vivo experiments have shown that V,-AgFeO,_, can promote the healing of
infected wounds and has good biological safety. These findings suggest that it can be used as a safe and efficient
antibacterial drug to achieve effective treatment of bacterial infection-induced wounds.

KEYWORDS: V,-AgFeO,._,, infected wounds, antibacterial therapy, wound healing, anti-inflammatory, pH response

1 Introduction

The treatment of wound bacterial infections is a significant
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challenge in contemporary medicine [1, 2]. Traditionally, antibiotics
have been the primary method for treating wound bacterial
infections, and their high efficacy in killing bacteria has made them
widely used in clinical practice [3, 4]. However, with the continuous
evolution of bacterial populations, some strains have developed
resistance to antibiotics, diminishing their effectiveness [5, 6]. The
emergence of antibiotic-resistant bacteria has resulted in the
reduced efficacy of traditional antibiotics, presenting considerable
challenges, especially when infections are difficult to control and
treatment options are limited [7-9]. Furthermore, wound bacterial
infections are often associated with inflammatory responses and
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tissue damage. These inflammatory responses not only exacerbate
the pathological condition at the infection site but also may lead to
systemic complications, increasing the difficulty of recovery
[10, 11]. The repair process of tissue damage is further hindered by
persistent inflammation, resulting in prolonged recovery periods
[9, 12]. The complexity of inflammation and damage necessitates
that treatment not only targets bacterial infection but also addresses
inflammatory issues, increasing the demand for existing treatment
strategies [13—15]. Moreover, the misuse or overuse of antibiotics
undoubtedly exacerbates the emergence of resistant bacteria,
making clinical treatment more challenging [16, 17]. The overuse of
antibiotics leads to the waste of resources and medications and, in
the long term, increases public health risks [18]. The global rise in
antibiotic-resistant bacteria poses a serious threat to public health
[19]. To address these challenges, researchers are actively exploring
new therapeutic strategies. Metal-based nanomaterials with
enzymatic activities, such as oxidase (OXD), peroxidase (POD), and
superoxide dismutase (SOD), have shown significant potential in
the treatment of wound bacterial infections [20-22]. These
nanomaterials can specifically target and kill resistant bacteria,
reduce inflammation, and accelerate tissue repair, suggesting new
directions for clinical treatment [23-25].

Ag metal nanocatalysts are highly valuable in the
nanotechnology and biomedical fields because of their exceptional
catalytic performance, pronounced antimicrobial effects, good
biocompatibility, and broad application potential [26—28]. Notably,
the introduction of oxygen vacancies in metal nanocatalysts can
significantly enhance their performance characteristics [29, 30].
Oxygen vacancies notably increase the density of active sites on the
catalyst surface, thereby enhancing the overall catalytic efficiency by
improving the contact between reactants and the catalyst [31, 32].
This is crucial for increasing the catalytic ability of metal
nanocatalysts in redox reactions [33-35]. Furthermore, oxygen
vacancies can improve electron transfer properties, accelerate
reaction rates, and enhance catalytic activity, especially in complex
environments [36—38]. Additionally, oxygen vacancies contribute
to the stability and biocompatibility of nanocatalysts, maintaining
their activity in complex biological environments while reducing
potential toxicity [39, 40]. The primary goal of introducing oxygen
vacancies is to address the stability challenges faced by silver in
practical applications and enhance its persistence in wound
environments [41, 42]. In bimetallic nanomaterials, the role of iron
is also critical. Iron significantly increases the catalytic activity by
facilitating electron transfer processes, thereby improving the
overall catalytic efficiency [43, 44]. The introduction of iron also
enhances the stability of the catalyst, ensuring sustained activity in
complex biological settings [45, 46]. Furthermore, iron can
modulate catalytic performance, affecting reaction pathways and
selectivity, which optimizes the overall catalytic effect [47-49]. Iron
itself also possesses antimicrobial properties, which, when
combined with silver or other metals, further strengthen its
antimicrobial efficacy [50]. Therefore, iron plays a pivotal role in
bimetallic = nanomaterials, supporting improved  overall
performance, enhanced antimicrobial effects, and accelerated
wound healing [51, 52].

In this study, an improved solvothermal method was employed
to synthesize AgFeO, materials by incorporating the F127 polymer
surfactant during the preparation process, which enhanced the
dispersion of the nanoparticles (NPs) and successfully produced
bimetallic nanocatalysts with oxygen defects (V,-AgFeO,_,). The V-
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AgFeO,_, nanocatalysts exhibit various enzyme activities, including
efficient antibacterial effects, effective inflammation control, and
promotion of wound healing (Scheme 1). A detailed
characterization of the oxygen vacancies in V -AgFeO, , was
conducted, an aspect not previously reported. The experimental
results demonstrated that V -AgFeO, . has POD-like catalytic
activity under acidic conditions, effectively generating reactive
oxygen species to kill bacteria. Under neutral conditions, it displays
SOD-like activity, which helps eliminate free radicals and
accelerates wound healing. In vivo experiments further confirmed
the outstanding antibacterial efficacy of V,-AgFeO, ,. These
nanoparticles not only overcome the limitations of single silver and
iron nanocatalysts but also significantly increase the stability and
broaden the antibacterial spectrum. Notably, the application of V-
AgFeO,_, in this study differs from that in previous reports in that
it focused on the multifaceted treatment of bacterium-infected
wounds. Additionally, V-AgFeO,_, has excellent biocompatibility
with negligible toxicity, making it a safe and effective antimicrobial
agent. This work highlights the multienzyme activities of V-
AgFeO,_, and its tremendous potential in combating bacterial
infections and promoting wound healing.

2 Experimental section

2.1 Chemical reagents

AgNO;, Fe(NO,);9H,0, and potassium hydroxide (KOH) were
purchased from Sinopharm Group Co., Ltd. Polyethylene-
polypropylene glycol (F127) was purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. The water used was deionized
water. All chemicals were used as received without further
purification.

2.2 Preparation of oxygen-vacancy AgFeO,, nanozymes
(V,-AgFeO,_, NPs)

The V,-AgFeO,_, NPs were prepared via a modified solvothermal
method [53]. The typical preparation process was as follows:
1.5 mmol of AgNO;, 1.5 mmol of Fe(NO;);9H,0, and 0.1 g of
F127 were dissolved in 25 mL of deionized water under stirring for
20 min. Then, 045 g of KOH was added, and the mixture was
stirred for another 20 min. Finally, the suspension was transferred
to a 50 mL Teflon-lined reactor and placed in an oven to react at
180 °C for 10 h. When the reaction finished, the mixture was cooled
naturally to room temperature. The precipitate was centrifuged and
washed with deionized water and ethanol, and then, the V-
AgFeO, , NPs were obtained.

2.3 Materials characterization

X-ray powder diffraction (XRD, Bruker D8 advance) was used to
characterize the product purity and phase structure. The
morphologies and elemental mapping were characterized via high-
resolution field emission transmission electron microscopy (TEM,
Thermo Fisher, Talos F200S). The atomic phases of the samples
were characterized via aberration-corrected scanning transmission
electron microscopy (AC-STEM). X-ray photoelectron spectroscopy
(XPS, Thermo Fisher, ESCALAB Xi+) was used to characterize the
elemental valence of the samples. Oxygen vacancies were detected
by electron paramagnetic resonance (EPR, EMX-10/12, Bruker).
The laser confocal microimaging system (CSIM-130) was obtained
from Beijing Century Sunny Technology Co. Multi-function
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Scheme 1 Scheme of the mechanism by which multiple enzymatic activities of V-AgFeO,_, promote wound healing.

enzyme labeller (SpectraMax iD3) from Meigu Molecular
Instruments (Shanghai) Co.

24 In vitro antibacterial experiments

Both gram () bacteria (PA) and gram (+) bacteria (Mu50) were
used as infecting strains. Glycerol-stored strains were removed from
—80 °C for inoculation into Luria-Bertani media. The samples were
incubated for 12 h at 37 °C. The bacterial concentration was
measured via a UV spectrophotometer at an absorbance value of
600 nm. In a typical antibacterial assay, PA and MRSA were divided
into the following four groups: (I) control (bacteria + PBS), (II)
bacteria + H,O, (0.08 mM), (III) bacteria + V,-AgFeO,_, NPs, and
(IV) bacteria + V,-AgFeO,_, + H,0, (0.08 mM). The V -AgFeO,_,
concentration gradient was set at 0, 0.01, 0.1, 0.2, 0.5, and 1 mg/mL.
H,0, (80 uM) was used, and the bacterial concentration was 1 X
10° CFU/mL. Thirty microlitres of the bacteria were incubated in
the oven for 3 h, and 30 pL of the bacteria was spread uniformly on
LB. The colonies were counted via incubation for 15 h at 37 °C via
Image]J. The incubation was repeated three times.

25 Scanning electron microscope (SEM) measurements

Bacteria were treated for 3 h according to the four subgroups: (I)
control (bacteria + PBS), (II) bacteria + H,O, (0.08 mM), (III)
bacteria + V,-AgFeO,_, NPs, and (IV) bacteria + V,-AgFeO,_, +
H,0, (0.08 mM). The samples were subsequently centrifuged at
4000 rpm for 5 min, after which the supernatant was removed. One
milliliter of 2.5% glutaraldehyde was added, and the mixture was
placed in a refrigerator at 4 °C for 12 h for fixation. A gradient wash
using 10%, 30%, 50%, 70%, and 90% ethanol was subsequently
performed for dehydration. Finally, 20 pL bacterial samples were
placed dropwise on a silicon wafer for SEM.

2.6 Live/dead fluorescence staining

NO1 (green) and propidium iodide (PI) (red) were used for
live/dead fluorescence staining. Four subgroups were treated as

(& 27w | Sci@pen 94907899 (3 of

follows: (I) control (bacteria + PBS), (I) bacteria + H,O, (0.08
mM), (IIT) bacteria + V,-AgFeO, , NPs, and (IV) bacteria + V-
AgFeO,_, + H,0, (0.08 mM). Live and dead bacteria were stained
with NOI (live) and PI (dead). Fluorescent photographs were taken
via laser confocal microscopy.

2.7 In vivo antibacterial activity and wound healing

All animal procedures were performed in compliance with the
guidelines of the Institutional Animal Care and Use Committee of
the Department of Anhui Medical University. The mice were
divided randomly into eight groups of five groups: (a) MRSA +
control (PBS); (b) MRSA + H,O,; (c) MRSA + V,-AgFeO,_, NPs;
(d) MRSA + V,-AgFeO,_, NPs + H,0,; (e) PA + control (PBS); (f)
PA + H,05; (g) PA + V,-AgFeO,_, NPs; and (h) PA + V,-AgFeO,
NPs + H,0,. The concentration of V,-AgFeO, , NPs used was
1 mg/mL and the concentration of H,0, used was 0.08 mM. The
right sides of the mice were shaved, and the mice were then
anesthetized with pentobarbital sodium. A skin wound of ~ 40 mm’
was created by nicking with a sterile scalpel. Then, the bacterial
suspension (50 pL, 1 x 10° CFU/mL) was gradually inoculated onto
the wound, and the moisture was allowed to evaporate naturally.
After 12 h, the mouse infected wound model was constructed.
Then, 50 L of V,-AgFeO, , NPs (1 mg/mL) and 50 pL of H,0,
(100 puM) were added directly dropwise to the infected wounds in
the V,-AgFeO, , NP + H,0O, treatment group. The other three
groups were subjected to the same procedure. The wound healing
images were recorded via a video camera, and the wound area was
calculated at 3, 5, 7, 9, and 11 days via Image]. The percentage of
unhealed area was calculated as [Ag s 7 o 11/Aq] X 100%. A, and
Ag,s 7,0, 11) Tepresent the unhealed areas on day 0 and days 3, 5, 7, 9
and 11, respectively. The body weights of the mice were recorded
daily. On day 11, mouse skin tissues were collected for caseological
analysis. Wounds were subjected to hematoxylin and eosin (H&E)
staining and Masson’s trichrome. Mouse organs heart, liver, spleen,
lung, and kidney were stained with H&E.
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3 Results and discussion

3.1 Synthesis and characterization of the V-AgFeO,., NPs

Here, V,-AgFeO,, NPs were successfully prepared via a
solvothermal method. The purity and phase structure of the
obtained samples were examined via XRD, and the results revealed
that the obtained sample had a hexagonal-phase V -AgFeO,_,
(JCPDS No. 21--1081) structure [53]. The morphologies and sizes
of the obtained V-AgFeO,_, products were characterized via TEM.
As shown in Fig. 1(a), V,-AgFeO,_, particles with sizes ranging
from approximately 100-200 nm were observed. The high-
resolution TEM (HRTEM) image (Fig. 1(b)) shows that the clear
lattice spacing is 0.26 nm, which can be attributed to the (101)
crystal plane of the hexagonal phase V -AgFeO,_, (JCPDS No. 21--
1081). The selected area electron diffraction (SAED) pattern
(Fig. 1(c)) shows that the as-prepared V,-AgFeO,_, NPs have a
single-crystal structure, and the three typical diffraction points can

be indexed to the (102), (009), and (104) crystal planes of hexagonal-
phase V,-AgFeO, . (JCPDS No. 21--1081). High-angle circular
dark field scanning TEM (HAADEF-STEM, Fig. 1(d)) and
corresponding energy-dispersive spectroscopy (EDS) elemental
mapping images (Figs. 1(e)-1(h)) of the V-AgFeO,_, NPs indicate
that Ag, Fe, and O are evenly distributed on the NPs. Aberration-
corrected-STEM (AC-STEM) images (Fig. 1(i)) show that the
interior of the NPs is highly crystalline and that the surface layer of
approximately 1 nm on the NPs is amorphous, which proves the
existence of a surface defect layer. Furthermore, we enlarged area A
in Fig. 1(i), and the high-resolution AC-STEM image (Fig. 1(j))
shows that its regular atomic arrangement also indicates its high
crystallinity. The intensity profile image (Fig. 1(k)) along area B in
Fig. 1(j) shows that the lattice spacing is approximately 0.2 nm,
which can be indexed to the (009) of the hexagonal phase V-
AgFeO,_ (JCPDS No. 21--1081).

XPS was further used to determine the presence of Ag, Fe, and O

s .
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Figure1 Characterization of the V -AgFeO,_, NPs. (a) TEM, (b) HRTEM, (c) SAED, (d) HAADF-STEM, and ((e)-(h)) corresponding EDS elemental mapping images
of the V,-AgFeO,_, NPs. (i) AC-STEM image and (j) local magnified AC-STEM image from (i) (area A). (k) Intensity profile along area B in (j).
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in the V-AgFeO, , NPs. The survey XPS spectrum revealed that
Ag, Fe, and O were present. The typical Ag 3d XPS spectrum
(Fig. 2(a)) shows that the binding energies at 374 and 368 eV are
indexed to Ag 3ds;, and Ag 3ds;,, respectively. The Fe 2p XPS
spectrum (Fig. 2(b)) shows that the binding energies at 724.6 and
711.1 eV are attributed to Fe 2p,, and Fe 2p,,, respectively, and
those at 732.2 and 719 eV are attributed to satellite (Sat.) peaks.
Excitingly, we detected the absorption of H,O in the O 1 s XPS
spectrum (Fig. 2(c)), indicating the presence of V, in the V-
AgFeO, . NPs. To further confirm the existence of V,, the V,-
AgFeO,_, NPs were characterized by EPR spectroscopy (Fig. 2(d)).
According to calculations, the g value of the V -AgFeO,_, NPs is
2.007, which proves the existence of V, in the V,-AgFeO, , NPs.
The successful preparation of oxygen vacancy materials has laid a
foundation for their application and development in biomedicine.

3.2 Multiple enzyme activities of the V,-AgFeO,_, NPs

Iron-based nanozymes mimic many oxidoreductases with multiple
enzyme activities and have been widely studied for antibacterial
treatment and wound healing (Fig. 3(a)). However, silver iron
bimetallic nanomaterials have not been reported to use multiple
enzyme activities to kill bacteria and promote wound healing.
Phenylenediamine (OPD) is easily oxidized by a variety of oxidants
to produce the yellow fluorescent substance 2,3-diaminophenazine
(0x-OPD), which has a characteristic peak at 416 nm. Owing to its
high sensitivity and strong anti-interference ability, we used OPD as
a chromogenic substrate to evaluate the POD enzyme activity of V-
AgFeO,_,. Compared with those of the other groups, the reaction
solutions containing V,-AgFeO,_,, H,O,, and OPD presented a
deeper color and a greater absorbance peak at 416 nm. These
findings indicate that V,-AgFeO,_, has good POD-like activity
(Fig. 3(b)). The POD-like activity of V,-AgFeO, , was closely

related to the concentration of H,O, and the material, and its
activity significantly increased with increasing H,O, concentrations
or material concentrations (Figs. 3(c) and 3(d)). EPR spectroscopy
was used to detect the free radicals generated in the reaction system.
The results showed that the reaction of V,-AgFeO,_, with H,O,
could produce superoxide anions and hydroxyl radicals (Fig. 3(e)).
Controlling the inflammatory reaction at the wound site is one of
the key steps in promoting wound healing. To evaluate the anti-
inflammatory activity of V,-AgFeO, ,, we performed ABTS and
DPPH scavenging experiments to verify the antioxidant capacity of
V,-AgFeO, ,. Researchers usually wuse 2,2' -azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) and 2,2-diphenyl-1-
picrylhydrazyl (DPPH) to evaluate the ability of nanomaterials to
scavenge reactive nitrogen species (RNS). The absorbance of the
ABTS radical solution treated with different concentrations of V-
AgFeO,_, attenuated the most at the 734 nm characteristic peak,
and the color change was the most obvious (Fig. 3(f)). Its clearance
was then determined by the change in absorbance at 734 nm
(Fig. 3(g)). During the reaction with the DPPH radical solution, the
characteristic peak at 517 nm also changed significantly (Fig. 3(h)),
and the clearance rate was determined accordingly (Fig. 3(i)). The
changes in the ABTS and DPPH results indicated that V-AgFeO,_,
had the ability to scavenge RNS. Glutathione (GSH) is an important
member of the cellular antioxidant system. Many studies have
shown that GSH consumption can improve the therapeutic effect of
ROS-based therapy [45, 46]. 5,5-Dithiobis (2-nitrobenzoic acid)
(DTNB) was used as a probe to test the GSH depletion ability of V-
AgFeO,_,. After the reaction between GSH and V,-AgFeO,_,, the
depletion rate of GSH was determined on the basis of the change in
absorbance at its characteristic peak (Fig. 3(j)). Following
incubation with V-AgFeO, , for 6 h at a concentration of
50 ug/mL, GSH was entirely consumed (Fig. 3(k)), suggesting that
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Figure3 Multienzyme activity of V,-AgFeO, . NPs. (a) Diagram of the mechanism underlying the activity of the enzyme. (b) UV—-vis spectra of solutions containing
OPD alone, H,0,, OPD + H,0,, V,-AgFeO,_, + OPD, V-AgFeO, , + H,0,, and V,-AgFeO,_, + OPD + H,0, after a 20 min reaction. (c) POD-like activity at different
V,-AgFeO, _, concentrations determined via the OPD probe. (d) POD-like activity at different H,O, concentrations determined via the OPD probe. (e) EPR detection of
free radical generation. (f) ROS scavenging activity and (g) scavenging rate of V,-AgFeO,_, at different concentrations measured using the ABTS probe. (h) ROS
scavenging activity and (i) scavenging rate of V,-AgFeO,_, at different concentrations measured using the DPPH probe. (j) GSH consumption rates of the V,-AgFeO,_,
NPs at different times. (k) Time-dependent GSH scavenging activity of V,-AgFeO, , NPs at a concentration of 50 pg/mL. (1) POD-like activity absorbance curves for
different concentrations of V,-AgFeO,_, NPs. (m) SOD-like activity of the V,-AgFeO,_, NPs determined at different concentrations via a WST-8 total SOD detection kit.

Cu-GA had good GSH-Px-like nanozyme activity. In accordance
with the principle of H,0, catalysis by POD, the POD-like activity
of V,-AgFeO, , was determined by measuring the change in
absorbance at 420 nm (Fig. 3(1)). The SOD activity of V,-AgFeO,_,
was determined via the WST-8 method (Fig. 3(m)), and the results
revealed that V -AgFeO,_, had good SOD-like activity. In addition,
POD-like and GSH-Px-like enzymes with peroxidase activity
maintained higher catalytic activity under acidic conditions (pH
5.0) than at pH 7.0. This result is consistent with the acidic
microenvironment in bacterium-infected wounds, which facilitates
the efficient production of ROS by enzymes to kill bacteria (Figs.
S1(a) and S1(b) in the Electronic Supplementary Material (ESM)).
However, SOD-like activity had optimal catalytic activity at pH 7.0
and reduced catalytic activity at slightly acidic (pH 6.0) and slightly
alkaline (pH 8.0) pH values, possibly because the changes in acidic
and alkaline environments are related mainly to the structure of the
enzyme and the nature of the active center. This result favors a
reduction in the inflammatory response after bacteria are cleared
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(Fig. S1(c) in the ESM). The long-term stability of nanomedicines is
important for their medical applications. To verify the long-term
stability of V,-AgFeO, ,, POD-like, GSH-Px-like, and SOD-like
activities were tested using V,-AgFeO,_, stored for 0-100 days. The
enzymatic activities of V,-AgFeO,_, remained stable after 100 days
of storage (Fig. S2 in the ESM).

3.3 In vitro antibacterial activity of the V-AgFeO,_, NPs

To evaluate antibacterial activity, we initially conducted in vitro
experiments to assess the antimicrobial effects of V-AgFeO,_, NPs
against various bacteria. Given the significant antibacterial
properties of silver, we chose two representative bacterial strains:
methicillin-resistant ~ Staphylococcus  aureus ~ (MRSA)  and
Pseudomonas aeruginosa (PA). Different concentrations of V-
AgFeO,_, NPs were applied to agar plates to observe their effects on
bacterial growth. The results indicated that at a concentration of
0 pg/mL V -AgFeO,_, NPs, the agar plates were covered with
numerous bacterial colonies, suggesting that there was no
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significant antibacterial effect at this concentration. However, as the experiments were carried out with the following control groups:
concentration of V,-AgFeO, ., NPs increased, the number of PBS control, H,0, (0.08 mM), V,-AgFeO, . NPs,and V-AgFeO, .+
bacterial colonies for both types of bacteria significantly decreased. H,0, (0.08 mM). Compared with the PBS control group, the H,0,
This observation suggested that the V,-AgFeO, , NPs exhibited group presented weaker antibacterial effects, whereas the V-
strong antibacterial activity (Figs. 4(a) and 4(b)). This superior AgFeO,_, NP group presented significantly greater antibacterial
antimicrobial capacity is closely related to the possible presence of activity than the H,O, group. This result may be attributed to the
silver nanocatalysts and silver ions. Previous studies have indicated concentration of H,O,, as high concentrations of H,O, can cause
that silver nanoparticles (AgNPs) exert their antibacterial effects by cellular damage, limiting its antibacterial effects. H,0,, a commonly
altering cell membrane permeability, inhibiting intracellular used disinfectant and antimicrobial agent, exerts its antibacterial
enzyme activity, and blocking DNA synthesis and replication. mechanism primarily through the generation of hydroxyl radicals
Additionally, silver ions, as heavy metal ions, can work (-OH), which can damage major biomolecules in cells, including
synergistically with AgNPs to induce oxidative stress, further DNA, proteins, and phospholipids, ultimately leading to bacterial
enhancing their antibacterial efficacy. To further validate the death. Given that -OH is a highly toxic ROS with broad-spectrum
antibacterial performance of the V,-AgFeO, , NPs, comparative antimicrobial activity, the synergistic effect of V,-AgFeO, , NPs
0.2 mg/mL
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Figure4 In vitro antibacterial performance of the V -AgFeO,_, NPs. (a) Photographs of bacterial colonies of (a) MRSA and (b) PA treated with V,-AgFeO, , NPs at
various concentrations. (c) Photographs of bacterial colonies and colony-forming units of MRSA (d) and PA (e) after different treatments. (f) SEM images of MRSA after
various treatments. (g) SEM images of PA after various treatments. Statistical analysis was performed via Student’s two-tailed ¢ test (**P < 0.001, **P < 0.01, and
*P<0.05).
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with H,O, was further explored. V -AgFeO,_, NPs possess Fenton-
like activity, enabling them to catalyze the decomposition of H,0,
to produce -OH, thereby significantly enhancing antibacterial
efficiency. The experimental results indicated that the survival rates
of MRSA and PA were further reduced when V -AgFeO, , NPs
were combined with a low concentration of H,O, (Fig. 4(c) and Fig.
S3 in the ESM). The statistical data further demonstrated that the
antibacterial effect of the V -AgFeO,_, NPs was positively correlated
with their concentration and that the antibacterial performance of
the V,-AgFeO, , NPs was significantly enhanced when they were
combined with H,O, (Figs. 4(d) and 4(e)). In summary, the V-
AgFeO,_, NPs exhibited excellent antibacterial properties. The
mechanism of action involves not only the antibacterial
characteristics of silver but also its synergistic effect with H,0, to
generate hydroxyl radicals, which substantially improves
antibacterial efficiency. These results strongly support the potential
applications of V,-AgFeO, , NPs in wound healing and other
antibacterial applications.

To further analyze the antibacterial ability and mechanism of the
V,-AgFeO, , NPs, the morphology and integrity of the bacteria
under different conditions were observed via SEM. The untreated
MRSA had a spherical morphology with a smooth surface, whereas
the PA was usually straight or slightly curved with a blunt round
rod at both ends. For MRSA, the surfaces of the cells in the control
group and H,0, group were smooth and complete, almost without
damage, indicating that H,O, itself had a limited influence on the
integrity of the cell wall. In the V -AgFeO,_, NP group, the bacterial
surface was slightly broken, irregular and uneven. However, when
V,-AgFeO, , + H,0, was used to treat the bacteria, the toxic -OH
produced by the V -AgFeO,_, NPs + H,0, severely damaged the
integrity of the bacteria, and the bacterial surface collapsed and
shrunk (Fig. 4(g)). Similar phenomena were observed for PA under
various treatments (Fig. 4(g)). The results showed that V-AgFeO,
NPs combined with active oxygen can achieve the best antibacterial
effect.

Moreover, a live/dead bacterial staining (NO1/PI) assay was
performed via confocal laser scanning microscopy (CLSM) to
observe the antibacterial performance of the V-AgFeO, . NPs after
different treatments. Bacteria were stained with propidium iodide
(P, red fluorescence) and NO1 (green fluorescence), which can be
used to directly observe whether the bacteria are alive or dead
(Figs. 5(a) and 5(b)). Consistent with previous results, the V-
AgFeO,_, NPs effectively killed bacteria, but the effect was not ideal
(Fig. S4 in the ESM). With the combined action of H,O,, they had
better antibacterial properties.

3.4 Invivo antibacterial activity of the V,-AgFeO,_, NPs

On the basis of the excellent antibacterial performance of the V-
AgFeO, , NPs observed in vitro, we further explored their
application in wound healing in a mouse model (Fig. 6(a)). MRSA
and PA are common pathogens in skin wound infections; thus, we
established two skin wound infection models using MRSA and PA.
Following successful infection, the BALB/c female mice were
randomly divided into four groups: (I) the PBS control group, (II)
the H,O, treatment group, (III) the V,-AgFeO,_, NP treatment
group, and (IV) the V -AgFeO,, NP + H,0O, combination
treatment group. The results showed that wound healing was
comparable between MRSA and PA infections. Both the control
group and H,0O, treatment group exhibited slower wound healing,
with a larger wound area remaining on day 11, indicating that H,O,
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alone was insufficient to effectively promote wound healing. In
contrast, compared with control and H,O,-treated mice, V-
AgFeO, , NP-treated mice presented progressive scab formation
and a significantly faster wound healing rate, demonstrating that V-
AgFeO,_, NPs effectively eradicated wound bacteria and accelerated
healing. More notably, the combination treatment of V,-AgFeO,_,
NPs and H,O, resulted in significantly superior wound healing
compared with the other groups. On day 11 postinjection, the
wounds in this group had nearly fully healed (Figs. 6(b) and 6(c)).
Figure 6(d) shows the changes in wound size among the different
groups on days 1, 3, 5, 7, 9, and 11. The percentage of the wound
area was calculated to assess the healing rates (Figs. 6(d) and 6(e)).
Compared with the other treatments, the V-AgFeO, . NP + H,0,
combination treatment markedly improved wound healing. These
findings suggest that the combination of V,-AgFeO, , NPs and
H,0, can effectively kill bacteria and significantly promote wound
healing, providing an effective strategy for treating pathogenic
microbial infections in vivo.

To further confirm this conclusion, we used hematoxylin and
eosin (H&E) staining and Masson’s trichrome staining for
histological analysis. H&E staining is usually used to evaluate
granulation tissue formation. H&E staining revealed that there were
still more neutrophils in the infection site of the control group,
while there were fewer neutrophils in the V -AgFeO,_, NPs + H,O,
group, and the epidermis was relatively complete (Figs. 7(a) and
7(b)). In addition, the quantitative measurement of the length of the
histological wound sections in the four different treatment groups
confirmed that the V-AgFeO,_, NPs + H,0, had a better healing
effect (Figs. 7(c) and 7(d)). Granulation tissue plays a critical role in
the regenerative repair process of wounds accompanied by
inflammation. Therefore, the thickness of granulation tissue is an
important index for evaluating the extent of wound healing. In the
MRSA-infected wounds, the thickness of the granulation tissue in
the V,-AgFeO,_, NPs + H,O, group and the control group was not
significantly different (Fig. S5 in the ESM). However, there was a
significant difference between the two groups of PA-infected
wounds, and the granulation tissue produced by the V,-AgFeO,_,
NPs + H,0, group was thicker (Figs. 7(e) and 7(f)). Re-
epithelization preceded the repair of the dermis and was considered
to be the primary step during skin wound healing. It provides early
functional barrier reconstruction for wounds to prevent excessive
transdermal dehydration and wound infection. To confirm the re-
epithelialization of the wounds and granulation tissue formation,
we quantified the degree of epithelialization in each group of
wounds. The degree of epithelialization in the V -AgFeO,_, NPs +
H,0, group was significantly greater than that in the control group,
indicating that the V,-AgFeO,_, NPs + H,0, group exhibited the
greatest extent of wound repair (Figs. 7(g) and 7(h)).

Collagen deposition and vascularization are also crucial for
improving the formation of the extracellular matrix. Masson
staining was used to verify the formation of collagen fibers during
wound healing (blue represents collagen fibers). The density of
collagen fibers in the V,-AgFeO, . NP + H,0, group was the
highest, indicating that the extent of wound repair was good
(Figs. 8(a) and 8(b)). In conclusion, the prepared V,-AgFeO,_, NPs
improved the repair efficiency of infected wounds by promoting
wound re-epithelialization and increasing collagen fiber deposition.

3.5 Biosafety of the V,-AgFeO,_, NPs

Whether nanomaterials have reliable biological safety is an
important factor that determines the application of nanomaterials
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Figure5 Live/dead staining of bacteria after different treatments. Live/dead fluorescence staining images of (a) MRSA and (b) PA using NO1/PI after various

therapies (n = 3).

in biomedicine. In vitro experiments with V -AgFeO, , NPs at a
high concentration of 500 pg/mL still revealed good cell survival
(Fig. S6(a) in the ESM). In addition, the results of the hemolysis
assay revealed that the V,-AgFeO,, NPs had excellent
hemocompatibility (Fig. S6(b) in the ESM). During the entire
experimental period, the mice grew well without any abnormalities,
such as anorexia, weight loss or skin color changes. These findings
indicated that the V -AgFeO,_, NPs had no significant toxicity to
the mice. To further study whether V -AgFeO, , NPs have toxicity
and side effects in vivo, we collected blood samples and major organ
tissues from mice in different treatment groups for testing and
analysis. No obvious inflammation, abnormalities or damage was
found by H&E staining of the main organs of the mice (Figs. 9(a)
and 9(b)). Hematology analysis revealed that all blood parameters
were within the normal range (Figs. 10(a) and 10(b)). These results
indicate that the V-AgFeO,_, NPs have excellent biological safety
in vivo and could be used as highly effective and safe wound
antibacterial agents.
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4 Conclusions

In summary, we designed and successfully prepared V -AgFeO, ,
nanozymes and applied them to research the antibacterial activity
of MRSA and PA. Owing to the presence of silver, the obtained V-
AgFeO,_, nanozymes can denature bacterial proteins and increase
permeability, thereby producing a greater killing effect on bacteria.
In addition, the V,-AgFeO, . NPs exhibit excellent multienzyme
activity and can react with H,0, to produce reactive oxygen species,
causing significant oxidative stress and damage to bacteria and
further enhancing antibacterial efficacy. V,-AgFeO,_, NPs can also
scavenge free radicals, control inflammatory reactions, and
accelerate wound healing. In vitro antibacterial experiments have
shown that V -AgFeO, . nanozymes can achieve satisfactory
bactericidal effects in the presence of H,O,. In vivo experiments
have shown that V -AgFeO, , nanozymes can disinfect wounds
infected with MRSA and PA and promote the deposition of
collagen fibers and the formation of wound epithelium, thereby
promoting wound healing. Moreover, the toxicity of the V-
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wound healing rates of the mice after various treatments for 11 days. (d) Schematic diagram of the wounds healed by different treatments for 11 days.

AgFeO, , NPs to the animals was negligible, indicating that the V-
AgFeO, , NPs can be used as safe and effective wound disinfectants
and antibacterial agents.

Electronic Supplementary Material: Supplementary material
(enzyme activity of V,-AgFeO, , at different pH calues, the long-
term stability of V -AgFeO, , enzyme activity, relative bacterial
viability of MRSA and PA after different treatments, statistics of the
live (blue)/dead (red) fluorescence intensity, relative collagen
content of MRSA and PA after different treatments, survival of

Nano Research, 2025, 18, 94907899

different concentrations of V,-AgFeO, , in cells and hemolysis
experiments) is available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907899.

Data availability

All data needed to support the conclusions in the paper are
presented in the manuscript and the Electronic Supplementary
Material. Additional data related to this paper may be requested
from the corresponding author upon request.
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Figure7 H&E staining and quantitative analysis. H&E staining images of (a) MRSA-infected tissues and (b) PA-infected tissues subjected to different treatments.
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Figure 10 Hematology test. (a) Blood biochemistry and (b) routine blood tests of mice after various therapies.
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