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Simple-synthesis VO, nanoparticles as robust @
nanozymes for synergistic antibacterial
therapy and abscess repair
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Abstract

Multidrug resistant (MDR) bacterial infections, particularly those involving methicillin-resistant Staphylococcus
aureus (MRSA), pose a grave threat to global population health, necessitating novel therapeutic approaches
capable of circumventing existing resistance mechanisms. Biomimetic enzymes, which generate bactericidal
reactive oxygen species (ROS) by mimicking natural enzyme activity, represent a highly promising solution. This
study reports a straightforward one-step synthesis method for vanadium dioxide (VO,) nanoparticles, which
function as potent biomimetic enzymes exhibiting both oxidase-like and peroxidase-like activities. When combined
with near-infrared laser irradiation (808 nm, 1 W/cm?) for photothermal therapy (PTT), these VO, nanoparticles

not only mediate local hyperthermia with a photothermal conversion rate of up to 36.9%, but also significantly
enhance ROS generation through biomimetic catalysis. This achieves potent synergistic effects between
photothermal therapy and chemodynamic therapy (CDT). This combined therapy exhibits potent antibacterial
activity against suspended methicillin-resistant Staphylococcus aureus (MRSA) and effectively disrupts preformed
biofilms. Furthermore, in a subcutaneous abscess mouse model, VO,-mediated PTT-CDT treatment efficiently
eradicated bacteria, alleviated local inflammation, promoted tissue repair and angiogenesis. In summary, this readily
synthesised VO, nanozyme system offers an efficient and translatable therapeutic strategy for tackling challenging
multidrug-resistant bacterial infections.
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Introduction

The global threat of multidrug-resistant (MDR) bacterial
infections poses a critical challenge to modern medicine.
According to the World Health Organization (WHO),
bacterial antimicrobial resistance (AMR) was directly
responsible for an estimated 1.27 million global deaths in
2019 and contributed to an additional 4.95 million deaths,
making it a leading cause of mortality worldwide [1].
Without concerted action, this burden is projected to rise
dramatically, potentially causing up to 10 million annual
deaths by 2050 [2]. Methicillin-resistant Staphylococcus
aureus (MRSA) is a representative multidrug-resistant
bacterium that demonstrates resistance to beta-lactam
antibiotics due to the presence of the mecA gene [3, 4].
Moreover, MRSA also exhibits resistance to other classes
of antibiotics, which may be attributed to the presence of
additional resistance genes [5, 6]. Consequently, there is
an urgent need to develop novel antibacterial strategies.
Nanotechnology has emerged as a highly promising plat-
form in this context. Recent breakthroughs in the field of
antimicrobial nanomaterials have demonstrated potent
antibacterial capabilities through multiple mechanisms.
These encompass physical disruption of bacterial mem-
brane structures, photocatalytic generation of reactive
oxygen species (ROS), and mimicry of enzymatic activity.
Unlike traditional antibiotics, these nanomaterial-based
antimicrobials can simultaneously target multiple cellular
pathways, making it more difficult for bacteria to develop
resistance [7, 8].

Nanozymes have demonstrated significant potential in
antibacterial applications in recent years [9]. These nano-
materials possess catalytic activities that are analogous to
those of natural enzymes [10, 11]. Nanozymes can rep-
licate the catalytic actions of oxidases [12], peroxidases

[13], and other enzymes to generate ROS for antibacte-
rial purposes in CDT [14, 15]. Furthermore, nanozymes
can be integrated with other advanced therapeutic
modalities, such as photothermal therapy [16], photo-
dynamic therapy [17], and sonodynamic therapy [18], to
augment their antibacterial efficacy [19]. Notably, pho-
tothermal therapy is capable of converting light energy
into heat energy [20], thereby effectively killing bacteria.
When employed in combination, certain nanozymes can
enhance ROS production under near-infrared irradiation,
resulting in remarkable antibacterial potential [21, 22].

Vanadium, a transition metal, has significant potential
for applications in chemical engineering, steel produc-
tion, and energy [23, 24]. In the biomedical sector, vana-
dium and its compounds have demonstrated the ability
to enhance insulin sensitivity and regulate blood glucose
levels [25]. Relevant studies indicate that the multifunc-
tional two-dimensional vanadium-based MXene nano-
platform has been utilized as a photothermal transducer
for tumor photothermal therapy [26]. Despite extensive
research on vanadium and its compounds in anti-tumor
and anti-infection applications [27, 28], investigations
primarily focus on single-enzyme catalysis or synergistic
actions with other materials [29].

Vanadium oxides have found widespread application in
various fields, including catalysis and bioimaging appli-
cations. However, the potential of VO, as a biomedical
material is of particular note, due to its photo-thermal
conversion properties and inherent catalytic proper-
ties [30]. A plethora of synthesis methods for VO, have
been developed, including sol-gel [31], hydrothermal
[32], chemical precipitation [33], and pyrolysis tech-
niques [34]. However, traditional synthesis methods
are often complex and difficult to precisely control the
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crystal phase and particle size of VO,. Typically, the VO,
(M) phase obtained by conventional methods necessi-
tates annealing and heating processes to transform the
metastable VO, (B) phase into the VO, (M) phase. This
approach poses challenges in achieving both optimal
antibacterial efficacy and a straightforward synthetic
route simultaneously.

Based on this research, we have developed a vanadium
oxide that is easy to synthesize and possesses strong anti-
bacterial properties. The one-step hydrothermal method
was employed to synthesize VO, (M) without the need
for annealing treatment, marking a significant improve-
ment. By introducing hydrazine into the vanadium pent-
oxide system, hydrazine acts as both a reducing agent
and a coordinating ligand to promote the conversion of
high vanadium oxidation states to low vanadium oxides
[35, 36]. VO,(M) represents the preponderant form of
VO,, far exceeding the metastable VO, (B). This mate-
rial exhibits excellent photoconversion efficiency (PCE)
upon near-infrared stimulation, with this conversion effi-
ciency also possessing the potential to promote reactive
oxygen species generation. Moreover, VO, demonstrates
outstanding antibacterial properties due to its excep-
tional peroxidase and oxidase activities. Notably, VO, has
yielded encouraging results in both in vitro and in vivo
experiments, indicating its significant potential in com-
bating multidrug-resistant bacterial infections (Fig. 1).

Materials and methods

Materials

Hydrochloric acid and hydrazine hydrate at different
concentrations (purities of 80% and 36%, respectively)
were purchased from Chengdu Kelong Chemical Co.,
Ltd. O-Phenylenediamine (OPD), 3,35,5-Tetramethyl-
benzidine (TMB), and vanadium pentoxide (V,0;) with
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99% purity were all sourced from Aladdin. Reagents pur-
chased from Solabio included Gram staining kits, Mar-
tens trichrome staining kits, tryptic soy broth (TSB)
medium, agar, and hematoxylin and eosin (H&E) staining
kits. Antibodies (including anti-Arg 1, iNOS, and CD31
antibodies) and the LIVE-DEADTM BacLight TM Bacte-
rial Viability Kit were purchased from Affinity and Invit-
rogen, respectively.

Measurements

The morphology of VO, nanomaterials was primar-
ily observed using transmission electron microscopy
(TEM) (FEI Talos F200S G2, Thermo Fisher Scientific),
with TEM also employed to acquire diffraction images
of the nanomaterials. Concurrently, field emission scan-
ning electron microscopy (SEM) (SU8010, Hitachi) was
employed to examine the morphology of MRSA (meth-
icillin-resistant Staphylococcus aureus), while laser con-
focal microscopy (CLSM) (A1, Nikon) was utilized to
observe the fluorescence of VO, against MRSA and its
anti-biofilm properties.

Synthesis of VO,

0.45 g of vanadium pentoxide (V,0s) was added to 40
mL of deionized (DI) water in a 100 mL beaker. The
mixture underwent 30 min of ultrasonic treatment in
an ultrasonic cleaner (Ningbo Scientz Biotechnology
Co., Ltd, SB-5200DT). Throughout the ultrasonica-
tion process, the beaker was placed in an ice-water bath
to prevent overheating, ultimately yielding a deep yel-
low, uniformly dispersed solution. A separate potassium
hydroxide aqueous solution was prepared by dissolv-
ing 0.42 g of potassium hydroxide in 10 mL of deionized
water. Subsequently, this KOH solution was added drop-
wise (approximately one drop per second) to the V,0;
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Fig. 1 The description of the synthesis procedure of VO, and the efficacy of VO, in laser irradiation against MRSA-infected abscesses in vivo
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dispersion under vigorous magnetic stirring at 500 rpm.
After complete addition, stirring continued at 500 rpm
for exactly 10 min at room temperature (25+2 °C). The
mixture turned pure yellow, indicating the formation
of soluble vanadate. The beaker was then transferred to
and maintained in an ice-water bath (0—4 °C).A diluted
hydrazine hydrate solution (25%) was prepared by dilut-
ing the commercial stock (80%) with DI water.0.51 mL
of this 25% hydrazine hydrate solution was added drop-
wise (approximately 1 drop every 2-3 s) into the cold,
stirred reaction mixture. The color of the reaction mix-
ture was observed to turn from yellow to green, and then
to a dark brown during this step. The pH of the result-
ing dark brown reaction mixture was carefully adjusted
to 3.3-3.5 using hydrochloric acid (HCl, 36.0%-38.0%)
added dropwise under stirring.After pH adjustment, the
mixture was stirred for an additional 2 h at room tem-
perature.The final black solution was transferred into a
100 mL polytetrafluoroethylene (PTFE)-lined stainless
steel autoclave, filling approximately 80% of its volume.
The autoclave was sealed and placed in a preheated oven
at 200 °C for 24 h. After natural cooling to room temper-
ature, the black precipitate was collected by centrifuga-
tion at 10,000 rpm for 10 min and washed five times with
deionized (DI) water to remove any ionic by-products.
The final product was dried in a vacuum oven at 60 °C for
12 h before further characterization and use.

Photothermal performance of VO,

The photothermal properties of VO, nanoparticles were
systematically evaluated. First, their ultraviolet-visible-
near-infrared absorption spectra were measured using
a UV-vis-NIR spectrophotometer (CARY5000, Agilent),
confirming their strong near-infrared absorption charac-
teristics. Subsequently, the photothermal heating curves
were measured. A total of 1 mL of each VO, dispersion
at the aforementioned concentrations was placed in a
quartz cuvette. Subsequently, the sample was irradiated
using an 808 nm near-infrared (NIR) laser diode (MDL-
I11-808). The laser beam was adjusted to form an irradia-
tion spot of approximately 1 ¢cm® on the liquid surface,
achieving a power density of 1 W/cm? This parameter
was calibrated using a laser power meter (5425C, Thor-
labs). The temperature change of the solution was moni-
tored and recorded every 10 s for 8 min using a digital
thermometer with a K-type thermocouple probe inserted
directly into the solution, coupled with a real-time infra-
red thermal imaging camera (FLIR E6, Teledyne FLIR
LLC) to visualize the temperature distribution. To exam-
ine the effects of concentration and power on the photo-
thermal performance of VO,, we subjected VO, samples
at different consistencies to continuous irradiation under
near-infrared radiation at power levels of 0.5 and 1.0 W
cm™ for 8 min. Thermal stability was evaluated through
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five cycles of cooling and heating processes (100 ug mL™,
1.0 W cm™2). Temperature changes were monitored using
an infrared thermal imager, and the photothermal con-
version efficiency was calculated based on relevant litera-
ture [37].

Capacity to generate ROS of VO,

The detection of reactive oxygen species primarily
employs 3,3,5,5"-tetramethylbenzidine (TMB), o-phen-
ylenediamine (OPD), and 5,5-dimethyl-1-pyrrolidone
N-oxide (DMPO). To investigate the effect of different
pH values on VO, catalytic performance, phosphate buf-
fer solutions (0.1 M) with pH values of 4.0, 5.0, 6.0, 7.0,
and 8.0 were prepared using sodium dihydrogen phos-
phate and sodium hydrogen phosphate.The pH of each
buffer was precisely calibrated using a calibrated digital
pH meter. In a standard reaction, 500 puL of phosphate
buffer at a specific pH was mixed with 50 uL of VO, dis-
persion (final concentration: 100 pug/mL) and 50 pL of
TMB solution (10 mM in DMSQO, final concentration: 1
mM) in a 1.5 mL microcentrifuge tube. For peroxidase-
like activity assessment, 50 pL of H,O, (30 wt%, diluted
to a final concentration of 100 uM) was added to the mix-
ture. The reaction mixture was vortexed for 10 s and then
incubated at room temperature for 10 min. After incu-
bation, 200 pL of the reaction solution was immediately
transferred to a 96-well plate. The absorbance at 652 nm
was measured using a microplate reader (BioTek Syn-
ergy H1). All experiments were performed in triplicate.
Additionally, we investigated the time-dependent kinet-
ics of VO, enzyme activity. We prepared a mixture con-
taining 100 pL phosphate buffer (0.1 M, pH 5.0), 100 pL
VO, (final concentration: 100 pug/mL), and 100 puL. OPD
solution (prepared in deionized water at pH 5.0), 100 pL
VO, (final concentration: 100 pug/mL), and 100 puL. OPD
solution (prepared in deionized water at 10 mM, final
concentration 1 mM). Immediately after mixing, 1 mL
of the mixture was transferred to a quartz cuvette. Ultra-
violet absorption spectra were measured at different time
points (total duration of 5 min, with measurements taken
at one-minute intervals) were determined using a UV-
visible-near-infrared spectrophotometer (UV-vis-NIR)
(CARY5000, Agilent). Subsequently, the procedure was
repeated while varying the final VO, concentration (0, 20,
40, 60, 80, and 100 pg/mL). UV absorption spectra were
measured at a fixed reaction time (5 min) to evaluate the
concentration-dependent kinetics of VO,.

Antibacterial properties by VO, mediated PTT +CDT

The antibacterial efficacy of VO, nanoparticles against
Methicillin-resistant ~Staphylococcus aureus (MRSA,
ATCC 43300) was evaluated in vitro through colony
counting, scanning electron microscopy (SEM), and



Fu et al. Journal of Nanobiotechnology

(2025) 23:729

Page 5 of 17

24
3 (200) T 4l
s : H
> 1(210) (220) z ,
'B . 'a -
E J A Jl.. o ) . §
£ £ 1
24
l' I‘l ' l.l y— + -3 T r T T T
20 30 40 50 60 70 80 16 18 20 22 24
2 Theta (degree) g value (eV)
g 01s h|o1s n i |vV2e
3 ;o = - vs+
s / s - ¥ Ve
w
g W § z Vi» e+
E - g P d
Cle - )K
1200 1000 800 600 400 200 O 535 534 533 532 531 530 529 528 528 525 522 519 516 51

Binding Energy (eV)

Binding Energy (eV)

Binding Energy (eV)

Fig.2 Characterization of VO,. (@) TEM image and (b) SAED pattern of VO,. Scale bar, 500 nm, 2 nm. (c) HRTEM image of VO,. Scale bar, 10 nm. (d) Element
mapping for vanadium (V) and oxygen (O) of VO,. Scale bar, 200 nm. (e) XRD of VO, with inserted references. (f) EPR spectra of VO.. (g) XPS survey spectra

and High-resolution XPS spectra of (h) O 1sregion and (i) V 2p region of VO,

confocal laser scanning microscopy (CLSM). The detailed
steps are as follows:

Bacterial Culture: A single colony of MRSA was inocu-
lated into 10 mL of Tryptic Soy Broth (TSB) and cultured
overnight at 37 °C with shaking at 200 rpm to reach the
mid-logarithmic phase. The bacterial cells were harvested
by centrifugation at 5000 rpm for 5 min, washed twice
with phosphate-buffered saline (PBS, 0.01 M, pH 7.4),
and resuspended in PBS. The bacterial concentration was
adjusted to 1 x 10 CFU/mL (OD600 = 0.1) using a micro-
plate reader for subsequent experiments.

Experimental Procedure: Initially, we evaluated the
antibacterial activity of VO, using agar plates. Bacte-
rial suspensions were divided into five treatment groups
(n=3 per group): PBS (control), VO, (100 pg/mL), VO,
+ H,0, (100 pg/mL VO, + 100 uM H,0,),, VO, + near-
infrared (NIR) (100 pg/mL VO, + NIR irradiation), and
VO, + H,0, + NIR (100 pg/mL VO, + 100 pM H,O, +
NIR irradiation). For each group, 100 pL bacterial sus-
pension was mixed with 100 uL corresponding treatment
solution in a 1.5 mL centrifuge tube. The near-infrared
irradiation group received 808 nm laser irradiation (1 W/
c¢cm?® 10 min), with temperature changes monitored
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Fig. 3 The photothermal properties and reactive oxygen species (ROS) generation capabilities of VO, were investigated. (a) The UV-vis-NIR absorption
spectra of VO, at various concentrations. (b) The photothermal curves of VO, at different concentrations under 808 nm laser irradiation for a duration of
8 min. (c) The temperature variations of VO, under varying laser power levels. (d) The thermal stability of VO, was assessed over five hot and cold cycles.
(e) Linear fit plot of time and —Ln (6) from cooling time. (f) ESR spectra of DMPO/-OH adducts in VO, (g, h) uses OPD as the substrate, the UV absorption
spectra of VO, at various times and concentrations. In (I, j), OPD is again employed as the substrate, the UV absorption spectra of VO, at various times
and concentrations after adding H,0,. (k) Michaelis-Menten kinetic analysis for VO, with TMB as substrates. (I) Lineweaver-Burk fitting for VO, with TMB

as substrates

throughout. The VO, + H,0, group was incubated in the
dark for 10 min. After treatment, 100 uL samples from
each tube were serially diluted 10° times with PBS. 100 pL
of each dilution was evenly spread onto TSB agar plates.
Plates were incubated at 37 °C for 24 h, after which colo-
nies were counted and results expressed as CFU/mL.
Subsequently, we placed MRSA suspensions (1 mlL,
approximately 10° CFU/mL) from each treatment group

into 2 mL centrifuge tubes using the aforementioned
method. After treatment, bacteria were collected by cen-
trifugation (8000 rpm, 5 min) and fixed overnight at 4 °C
with 2.5% glutaraldehyde in PBS. Dehydrate the fixed
cells using a graded ethanol series (10%, 30%, 50%, 70%,
90%, and 100% ethanol, 10 min each). Deposit 10 pL of
the dehydrated bacterial suspension onto a clean silicon
wafer. After air-drying, coat with a 2 nm thick platinum
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layer using a magnetron sputtering coating machine.
Bacterial morphology was ultimately observed using a
field emission scanning electron microscope (SU8010,
Hitachi) at an acceleration voltage of 5 kV.

After treatment, 100 pL of the bacterial suspension was
incubated with 2 pL of the Live/Dead BacLight Bacte-
rial Viability Kit in the dark for 15 min at room tempera-
ture. 10 pL of the stained suspension was then placed on
a glass slide, covered with a coverslip, and immediately
observed under a confocal laser scanning microscope
(A1, NIKON). SYTO9 (green fluorescence, excitation/
emission: 480/500 nm) and PI (red fluorescence, excita-
tion/emission: 490/635 nm) were used to label live and
dead bacteria, respectively.

Biofilm disruption by VO,-mediated PTT + CDT

To investigate the eradication and inhibition effects of
VO, on biofilms, we employed both crystal violet stain-
ing and confocal laser scanning microscopy (CLSM).

Biofilm Inhibition Assay: MRSA was diluted to 1x 10’
CFU/mL in fresh TSB medium. 1 mL of this suspen-
sion was added to each well of a 24-well cell culture
plate and incubated at 37 °C for 24 h to allow biofilm
formation. After incubation, the planktonic bacteria and
medium were gently aspirated, and the formed biofilms
were washed twice with PBS. Then, 1 mL of the differ-
ent treatment solutions (same groups as in Sect. "Anti-
bacterial properties by VO2 mediated PTT + CDT") in
fresh TSB was added to the respective wells. The plate
was incubated for another 4 h. For NIR groups, the entire
plate was irradiated with the 808 nm laser at 1 W/cm? for
10 min prior to staining.

Biofilm Eradication Assay: Biofilms were formed as
described above. After 24 h, instead of fresh medium
with treatments, the pre-formed biofilms were directly
treated with the different solutions (in PBS) and sub-
jected to NIR irradiation as applicable. This model tests
the ability to disrupt mature biofilms.

After the respective treatments, the biofilms were
washed gently with PBS and air-dried for 30 min. Then,
1 mL of 1% (w/v) crystal violet solution was added to
each well and stained for 1 h at room temperature. The
unbound dye was removed, and the wells were gently
rinsed with PBS. The bound crystal violet was solubilized
by adding 1 mL of 33% (v/v) acetic acid to each well for
30 min with gentle shaking. 200 uL of the solution from
each well was transferred to a 96-well plate, and the
absorbance was measured at 590 nm using a microplate
reader.Biofilms were grown and treated on sterile glass
coverslips placed inside the 24-well plate. After treat-
ment, the biofilms on the coverslips were stained using
the SYTO9/PI mixture as described in Sect. "Antibacte-
rial properties by VO2 mediated PTT + CDT" for 15 min
in the dark. The coverslips were then carefully removed,
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inverted onto glass slides, and visualized under the
CLSM.

Biosafety assessment of VO,

The hemolytic potential of SHF1 hydrogel was evaluated
in vitro using red blood cells derived from rats. Erythro-
cytes were isolated by centrifuging freshly collected rat
blood containing 2% ascorbic acid for 10 min, followed by
triple washing with PBS. A volume of 1 mL of the result-
ing cell suspension was transferred into individual tubes.
Each tube then received 100 mg of hydrogel. For compar-
ison, 100 mg of 0.1% Triton X-100 and PBS were included
as positive and negative benchmarks, respectively. After a
3-hour incubation at 37 °C, samples underwent centrifu-
gation at 2500 rpm for 5 min. Supernatant absorbance at
545 nm was measured using a UV-VIS—NIR device. The
percentage of hemolysis was determined by the following
formula: Hemolysis (%) = [(A, — A)/(A, — A})] x 100%,
where A, A}, and A, correspond to absorbance values
for Triton, PBS, and hydrogel treatments, respectively.
Erythrocytes exposed to Triton and PBS functioned as
positive and negative controls.

The biocompatibility of VO, nanoparticles was initially
assessed through a hemolysis assay. Freshly collected
mouse blood containing 2% ascorbic acid was centrifuged
for 10 min, followed by three washes with PBS to isolate
red blood cells. Subsequently, VO, samples at different
concentrations (0, 50, 100, 150, 200, 250, and 300 pg/mL)
were mixed with the erythrocytes, with water serving as
the positive control and PBS as the negative control. The
absorbance of the supernatant at 540 nm was measured
using a UV-Vis-NIR spectrophotometer. The haemoly-
sis rate was calculated as: [(Ah — Ai)/(At — Ai)] x 100%,
where At, Ai, and Ah represent the absorbance values
of double-distilled water (DDW), PBS, and the hydrogel
supernatant, respectively [38, 39]. Following subcutane-
ous injection of PBS and VO,, blood samples were col-
lected from mice 24 h later for analytical assessment.
Furthermore, to evaluate the long-term biocompatibility
of VO,, hearts, livers, spleens, lungs, and kidneys were
harvested from mice 10 days post-injection for haema-
toxylin and eosin staining.

In vivo antibacterial evaluation of VO,-mediated PTT + CDT
All procedures involving animals were performed in
accordance with the protocol approved by the Wen-
zhou Institute, University of Chinese Academy of Sci-
ences (Wenzhou Institute of Biomaterials & Engineering)
(WIUCAS24072204).Female BALB/c mice (6—8 weeks
old) were anesthetized, and the dorsal hair was shaved.
On day -1, a subcutaneous abscess was induced by
injecting 80 pL of MRSA suspension (2x 10’ CFU/mL)
into the shaved area. On day O, when the abscess was
formed, the mice were randomly divided into five groups
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Fig. 4 The antibacterial effect of VO, nanoparticles on MRSA was assessed in vitro. (a) The growth of MRSA in bacterial culture dishes was observed after
incubation at 37 °C for 12 h. (b) SEM images were obtained to analyze bacterial morphology following various treatments. Scale bar, 1.5 um, 0.5 um. (c)
CLSM images were utilized for the live/dead assay MRSA after different treatments. Scale bar, 100 pm
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(n=3 per group), corresponding to the in vitro treatment
groups. For treatment, 40 pL of the respective solutions
(PBS or VO, with/without H,0O,) was injected locally into
the abscess. The NIR irradiation groups were exposed to
an 808 nm laser at 1 W/cm? for 10 min immediately after
injection. The temperature change at the abscess site
was monitored using an IR thermal camera.The abscess
size and mouse body weight were recorded every other
day for 10 days. The abscess area was calculated from
photographic images using Image] software. On day
10, the mice were euthanized. The skin tissue from the
abscess was excised, homogenized in 1 mL of PBS, seri-
ally diluted, and plated on TSB agar plates for bacterial
counting. The excised skin tissues were also fixed for sub-
sequent histological and immunofluorescence staining.

Statistical analysis

Three blinded investigators independently assessed mac-
roscopic and histological findings. Results were displayed
as mean + SD, generated via GraphPad Prism 8 software.
Statistical analysis utilized either the unpaired Student’s
t-test or the Mann-Whitney U test, chosen according to
data distribution patterns, to evaluate significance. All
experimental replicates were of biological origin. The
following thresholds were used to denote statistical rel-
evance: NS (P>0.05), *P<0.05, **P<0.01, ***P<0.001,
###*+P<0.0001.

Results and discussion

Synthesis and physicochemical characterization of
vanadium dioxide

VO, nanoparticles containing abundant oxygen vacan-
cies were synthesized via the hydrothermal method.
Following synthesis, we evaluated the morphology of
VO,. Transmission electron microscopy (TEM) results
revealed that VO, nanoparticles predominantly exhib-
ited spherical or polyhedral shapes, with a diameter of
approximately 160 nm (Fig. 2a and S1). However, the
hydrated particle size of VO, nanoparticles measured
by dynamic light scattering was approximately 250 nm,
slightly larger than the dry particle size observed by
transmission  electron  microscopy (approximately
154 nm). This discrepancy stems from the hydration
layer on the particle surface. The zero potential value of
-15.9 mV indicates a moderately negative charge on the
particle surface, which contributes to its electrostatic sta-
bility in aqueous solution, preventing rapid precipitation
and further aggregation (Figure S2). Bright diffraction
spots in the electron diffraction pattern reveal that VO,
nanoparticles exhibit interplanar spacings of 0.32 nm,
0.16 nm, and 0.25 nm (corresponding to the 011, 220, and
200 crystal planes, respectively) (Fig. 2c). Furthermore,
elemental analysis of the VO, nanoparticles via scan-
ning electron microscopy (SEM) revealed the presence
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of vanadium (V) and oxygen (O) elements, with uniform
distribution of these elements throughout the nanopar-
ticles (Fig. 2d). Furthermore, the X-ray diffraction (XRD)
pattern revealed characteristic peaks of the synthesized
VO, matching the VO, standard PDF card (PDF#82—
0661) (Fig. 2e). Additionally, electron paramagnetic reso-
nance (EPR) detection yielded a characteristic signal at
g=1.96, typically associated with oxygen vacancies aris-
ing from surface defects in the sample (Fig. 2f). Energy-
dispersive X-ray spectroscopy (EDS) line scans and
elemental mapping along the arrow direction on a single
nanoparticle validated the elemental analysis (Figure S3).
X-ray photoelectron spectroscopy (XPS) analysis further
confirmed the presence of oxygen and vanadium ele-
ments (Fig. 2g). High-resolution XPS V 2p spectra reveal
two dominant peaks in VO,: 517.4 eV corresponding
to V** and 516.4 eV to V* (Fig. 2h). The O 1s level was
resolved into two components: a 530.9 eV peak attributed
to the oxygen lattice and a 531.8 eV peak associated with
oxygen vacancies (Fig. 2i). Collectively, these results dem-
onstrate the successful synthesis of VO, nanoparticles.

Photothermal performance of VO,

To investigate the photothermal properties of VO,, we
studied its ultraviolet absorption characteristics using
ultraviolet-visible-near-infrared spectroscopy. The spec-
trum of the VO, dispersion (Fig. 3a) exhibits broadband
absorption across wavelengths ranging from 350 to
1200 nm. This broad absorption range is characteristic of
VO, (M) nanoparticles and forms the basis for their pho-
tothermal performance. Absorption in the near-infrared
region (particularly near 808 nm) is crucial for VO,’s
role as a photothermal agent under near-infrared laser
irradiation. Therefore, we further investigated the pho-
tothermal properties of VO, nanoparticles in this region
by irradiating them with near-infrared radiation (808 nm,
1 W/cm?®). Results from Fig. 3b demonstrate that VO,
functions as an efficient photosensitizer, primarily evi-
denced by the increase in VO, temperature with rising
concentration. At 100 pg/mL, the VO, solution reached
53.8 °C within just 5 min—a photothermal response sig-
nificantly superior to that of aqueous solutions irradi-
ated for the same duration (only 26.1 °C within 5 min).
Additionally, the temperature of the VO, nanoparticle
dispersion varies with irradiation power. Under 0.5 W
near-infrared irradiation, the dispersion reached 42.4 °C
after 8 min, whereas 1 W irradiation elevated it to 55.2 °C
(Fig. 3c). Furthermore, real-time thermal imaging moni-
toring using an infrared camera confirmed the signifi-
cant photothermal effect of the VO, dispersion (Figure
S4b). Moreover, a cyclic test involving five cycles of near-
infrared irradiation (808 nm, 1 W/cm?) demonstrated no
significant temperature fluctuations in the VO, disper-
sion under alternating heating and cooling conditions,
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highlighting the excellent photothermal stability of calculated a photoconversion efficiency of 36.9% (Fig. 3e
VO, nanoparticles (Fig. 3d). Subsequently, based on the and S2a). This demonstrates the remarkable efficacy of
thermal cycling results and the ultraviolet absorption VO, in converting light energy into thermal energy.
characteristics of the VO, nanoparticle dispersion, we
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Fig. 6 Anti-infectious treatment of subcutaneous abscesses in mice with VO, nanoparticles. (a) Schematic diagram of establishing mice subcutane-
ous abscess model. (b) Representative images of abscesses on days 0, 1, 3, 5, 7, and 10. Scale bar, 5 mm. (c) Plot of abscess area over time. (d) Statistical
analysis of abscess area. (e) Pictures of bacteria in abscess tissue of different treatment groups on the tenth day. (f) Analysis of bacterial population data
derived from (e). (g) H&E, Gram and Masson staining of abscess skin tissue after different treatments. Scale bar, 100 pm. 1 : PBS; 11:VO,; III: VO, +H,0,;
IV:VO, +NIR; V:VO,+H,0,+NIR. Data are presented as mean+SD (n=3), *p <0.05, **p <0.01, **p <0.001, ****p <0.0001

Capacity to generate ROS of VO,
We initially evaluated the enzymatic activity of VO,
under different pH conditions, including oxidase and
peroxidase activities. For this purpose, we selected
OPD and TMB as substrates and employed colorimetric
assays. In the presence of VO,, colorless TMB is oxidized
into a blue-green product, enabling quantification of
ROS production via absorbance at a specific wavelength
(652 nm) [40]. As shown in Figure S5, VO, exhibited
robust enzymatic activity under acidic conditions, which
diminished with increasing pH—a phenomenon particu-
larly pronounced in peroxidase activity. Studies indicate
that bacterial infections generate lactic acid metabolites,
while immune cells release acidic metabolites during
stress responses, leading to decreased pH at infection
sites. To simulate the microenvironment at infection
sites, we evaluated enzyme activity under pH 5.0 con-
ditions [41]. OPD is a commonly used hydroxyl radi-
cal scavenger; in the presence of hydroxyl radicals, OPD
generates a yellow product. Quantification of ROS pro-
duction is achieved by measuring absorbance at 440 nm.
Therefore, we employed OPD as a substrate to investi-
gate ROS generation by VO, at different time points and
concentrations [42]. As illustrated in Fig. 3g, the reaction
was essentially complete within 2 min after OPD addition
(Fig. 3h), with proportional increases in ROS production
at higher concentrations, which demonstrated the excel-
lent oxidase activity of VO,. The prolongation of reaction
time upon H,O, addition enhanced the generation of
hydroxyl radicals, while an increase in «OH production
was observed across different VO, concentrations (Fig.
3i and j). We have also validated the enzymatic activity
of VO, using TMB as a substrate, with results consistent
with the aforementioned experiments (Figure S6).
Additionally, we determined hydroxyl radicals using
electron spin resonance (ESR) technology combined with
DMPO [43]. The above results suggested that the char-
acteristic strong 1:2:2:1 signal of hydroxyl radicals was
respected upon H,O, addition (Fig. 3f). This supported
the robust oxidase and peroxidase energies of VO,. Fig-
ure S7 registers the color changes of VO, at different con-
centrations using TMB/OPD as substrates. Subsequently,
we quantitatively evaluated the catalytic efficiency of
VO, through steady-state kinetic analysis [44]. As shown
in Fig. 3k and |, the lower Km value and higher Vmax
value indicate significantly enhanced affinity between
the catalyst and substrate [45]. VO, exhibits a low Km
value and high Vmax value, indicating robust catalytic

performance. Finally, the effects of light and heat on
enzyme activity were investigated (Figure S8). The results
displayed enhanced reactive oxygen species (ROS) gen-
eration under near-infrared irradiation.

Antibacterial properties by VO, mediated PTT +CDT
Previous studies have demonstrated that VO, nanopar-
ticles not only exhibit excellent photothermal proper-
ties but also possess the ability to generate free radicals.
These dual potentials enable potent synergistic effects
between photothermal therapy and chemo-dynamic
therapy. This combined approach of photothermal and
chemo-dynamic therapies may exhibit superior antibac-
terial performance. Therefore, we evaluated the anti-
bacterial efficacy of VO, using MRSA bacteria. We first
assessed the antibacterial activity of VO, using agar plates
(Fig. 4a). Results showed MRSA survival rates of 87.29%,
74.28%, and 17.57% after treatment with VO,, VO, +
H,0,, and VO, + NIR, respectively. Under simultane-
ous near-infrared irradiation and H,O, presence, MRSA
survival rate dropped to 5.36% with VO, treatment.
highlighting VO,’s superior antibacterial performance
through synergistic photothermal and chemodynamic
effects (Figure S9a). Additionally, SEM analysis revealed
morphological changes in MRSA bacteria post-treat-
ment. As shown in Fig. 4b, bacteria in the PBS group
exhibited smooth surfaces and intact, rounded shapes.
In contrast, bacteria treated with VO,, VO, + H,0,, and
VO, + NIR exhibited varying degrees of wrinkling, with
the VO, + NIR group showing the most severe wrinkling.
MRSA bacteria treated with VO, + NIR were visibly rup-
tured with some leakage of cellular contents. However,
bacteria treated with VO, + H,O, + NIR showed severely
disrupted morphology and extensive cell death. This fur-
ther indicates that the combined photothermal and che-
motherapeutic approach significantly disrupts bacterial
membranes.

Furthermore, we employed a live/dead staining kit to
assess bacterial survival rates, where green fluorescence
indicated viable bacteria and red fluorescence signified
dead bacteria. Results showed significant green fluores-
cence in both the PBS and VO, groups, while the VO,
+ H,O, group exhibited only minimal red fluorescence
(Fig. 4c). In contrast, the VO, + NIR group exhibited
markedly reduced green fluorescence, while the VO, +
H,0, + NIR group showed significantly enhanced red
fluorescence. Quantitative fluorescence analysis fur-
ther revealed that the proportion of red fluorescence



Fu et al. Journal of Nanobiotechnology (2025) 23:729

increased to 96.16% compared to the PBS group (Figure
S9b). These findings further confirm that VO, demon-
strates outstanding antibacterial efficacy when combined
with PTT and CDT.

Biofilm disruption by VO,-mediated PTT + CDT

Biofilms are a significant factor that contribute to the dif-
ficulty in eradicating multidrug-resistant (MDR) bacteria,
as their presence substantially diminishes the bactericidal
effects of antimicrobial agents. Existing research indi-
cates that bacterial biofilms impede the efficacy of anti-
biotics and the immune system. Photothermal therapy
exhibits dual effects of inhibiting and eliminating bio-
films; however, the effectiveness of photothermal therapy
alone is limited. Therefore, a combination of multiple
approaches is necessary for eradicating MDR bacteria
[46, 47]. VO, exhibits outstanding oxidase and peroxi-
dase activities, generating substantial reactive oxygen
species (ROS) that effectively disrupt bacterial biofilms.
Therefore, we evaluated the inhibition and eradication
effects of VO, nanoparticles on biofilms using crystal
violet staining and fluorescence staining. Crystal violet
staining revealed VO,’s inhibitory effect on biofilm for-
mation, with staining intensity positively correlated with
biofilm thickness and structural integrity—darker shades
indicating higher density. Figure 5a shows that the VO, +
H,O, + NIR group exhibited the lightest shade compared
to the PBS control group. Quantitative analysis of absor-
bance at 590 nm further confirmed this observation (Fig.
5d). In addition, we conducted an in-depth investigation
of VO,’s inhibitory effect on biofilms using a live/dead
cell staining kit. As depicted in Fig. 5b, the VO2 + H202
+ NIR group exhibited significant red fluorescence while
green fluorescence was nearly absent (relative to the PBS
group). Quantitative fluorescence analysis revealed that
the red fluorescence ratio in this combination group
increased to 98.99%, indicating effective inhibition of bio-
film formation by VO2 (Fig. 5f). To validate VO2’s bio-
film clearance efficacy, we supplemented the study with
crystal violet staining and live/dead cell staining assays,
further confirming VO2’s anti-biofilm activity (Fig. 5c, e
and g, and Supplementary Figure S10).

Biosafety assessment of VO,

Excellent biocompatibility is crucial for biomaterials [48].
We first evaluated VO,’s in vitro biocompatibility using a
hemolysis assay. Results showed that even at a concentra-
tion of 300 ug/mL, VO, maintained a low hemolysis rate
of only 3.97%, preliminarily indicating its favorable blood
compatibility (Figures S13). To further validate VO2’s in
vivo biocompatibility, we conducted routine blood tests
and biochemical analyses, along with toxicological evalu-
ations of mouse tissues (heart, liver, spleen, lungs, and
kidneys) (Figures S14, S15). Results showed that routine
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blood parameters and biochemical indicators remained
within normal ranges across all groups, with no signifi-
cant abnormalities observed. Concurrently, organs from
mice treated with VO2 for 10 days showed no significant
differences compared to controls, indicating no apparent
toxicity. This confirms VO2 exhibits favorable biocom-
patibility both in vivo and in vitro.

In vivo antibacterial evaluation of VO,-mediated PTT + CDT
Recognizing VO2’s exceptional antibacterial properties
demonstrated in vitro, a subcutaneous abscess model
in mice was used to further validate its antimicrobial
efficacy. The establishment process of this model is
illustrated in Fig. 6a: MRSA inoculum was injected sub-
cutaneously into mice on day 1, followed by initiation
of drug treatment on day 0. The subcutaneous abscess
recovery was continuously monitored for ten days. As
illustrated in Fig. 6b, all five of the groups successfully
established abscess models by Day 0. The abscesses rup-
tured and began healing by Day 3. By day 10, the infected
wound area in the VO, + H,O, + near-infrared light
group decreased to 12.09%, while the remaining groups
showed areas of 50.08%, 41.09%, 27.02%, and 21.48%
respectively (Fig. 6d) [1]. Figure 6c¢ illustrates the trend
of abscess wound area over ten days. Additionally, Fig-
ure S11 presents thermal imaging of mice treated with
near-infrared irradiation, showing that the abscess site
temperature in the VO, injection group reached 55.7 °C.
Following ten days, excised skin tissue from the abscess
site was ground and subjected to bacterial plate count-
ing. Figure 6e indicates the lowest bacterial count in the
VO2 + H202 + NIR group, with a survival rate of only
1.9% (Fig. 6f). These results demonstrate that the VO2-
mediated PTT + CDT combination therapy effectively
eradicates bacteria.

Pathological tissue evaluation of VO,-mediated PTT+CDT

To investigate the therapeutic effects of VO, on the
mouse skin further, we performed histological sec-
tion staining and immunofluorescence analysis on the
affected skin areas ten days post-infection. Hematoxylin
and eosin (H&E) staining was used to assess the degree
of inflammation in the infected skin tissue (Fig. 6g). The
group of PBS-treated controls exhibited severe inflam-
matory cell infiltration, including abundant neutrophils
and lymphocytes. In the group with VO2 + H,O, + near-
infrared light, inflammatory infiltration was significantly
reduced. The remaining groups showed varying degrees
of inflammatory cell infiltration. In addition, Masson’s
trichrome staining was used to visualize collagen fiber
distribution [49], where collagen fibers appear blue-green
and muscle fibers appear red (Fig. 6g). While the VO2 +
H202 + NIR group exhibited the highest blue collagen
content, the PBS group showed almost no blue collagen.
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Fig. 7 Immunofluorescence analysis of subcutaneous abscess tissues in mice after different treatments. (@) Arg 1 immunofluorescence shows M2 macro-
phage accumulation. Scale bar, 200 um. (b) iNOS immunofluorescence shows M1 macrophage accumulation. Scale bar, 200 um. (c) Immunofluorescence
staining results of CD31 on day 10. Scale bar, 200 um. (d) Immunofluorescence quantification analysis derived from (a). (€) Immunofluorescence quan-
tification analysis derived from (b). 1:PBS; II:VO,; III: VO, +H,0,; IV: VO, +NIR; V:VO,+H,0,+NIR. Data are presented as mean+SD (n=3), *p <0.05,

**p<0.01,**p<0.001, ****p <0.0001

Gram staining was used to monitor skin bacterial infec-
tion [50], with staining results serving as an indirect
indicator of bacterial quantity (Fig. 6g). The PBS Group
exhibited deep purple staining, indicating substantial
Gram-positive bacterial infection, whereas the VO2
+ H202 + NIR Group showed only minimal bacterial
presence. These staining results confirm the significant
antibacterial potential of the VO2 combined with PTT
+ CDT. During wound infection and healing, two mac-
rophage types are typically involved: M1 and M2 macro-
phages [51]. M1 macrophages produce pro-inflammatory
cytokines and reactive nitrogen species, participating in
anti-infection and pro-inflammatory responses; whereas
M2 macrophages secrete anti-inflammatory cytokines,
primarily responsible for tissue repair and inflammation
resolution. In skin tissue collected from the PBS group
on day 10, the M1 macrophage marker (iNOS) exhib-
ited significant fluorescent labeling, while the M2 marker
(Arg 1) was nearly undetectable (Fig. 7a and b). The VO,
group exhibited abundant iNOS fluorescence signals,
which gradually diminished following near-infrared
light and H,O, treatment. Correspondingly, Arg 1 fluo-
rescence intensity progressively increased. This finding
indicates that skin in the PBS group remained in the anti-
infective and pro-inflammatory phase, consistent with
H&E staining results. Conversely, the VO2 + H,O, + NIR
group exhibited weak iNOS fluorescence and strong Arg
1 fluorescence, suggesting this group had progressed to
the tissue repair phase. Quantitative fluorescence analy-
sis of iNOS and Arg 1 further confirmed this conclusion
(Fig. 7d and e). As a key indicator of the tissue repair
phase, the angiogenesis marker CD31 holds significant
importance. As shown in Fig. 7c, the VO2 + H,O, group
exhibited weak red fluorescence signals, while the VO2
+ H,O, + NIR group demonstrated the highest fluores-
cence intensity (Figure S12), indicating that combined
VO2 therapy significantly promotes tissue repair and
angiogenesis.

Conclusions

Overall, this work successfully synthesised M-phase
VO, nanoparticles via a one-step hydrothermal method.
Results indicate that V** sites on their surface are piv-
otal for generating enzyme-like activity. These nanopar-
ticles, while retaining oxidase-like and peroxidase-like
functions, can significantly enhance antimicrobial effi-
cacy when combined with photothermal therapy. Fur-
thermore, VO, exhibits notable anti-biofilm effects with

negligible biotoxicity. Moreover, VO, modulates relevant
macrophage markers in vivo, promotes skin healing in
abscesses, and accelerates angiogenesis. In summary,
we have developed a VO, nanoparticle system for com-
bined therapy, which holds promise as a novel antimicro-
bial strategy against MDR bacterial infections. However,
whilst this study focused on validating the superior effi-
cacy of VO, nanoparticles in localised drug-resistant
bacterial infection models, further exploration of their
therapeutic potential in systemic infection models (e.g.,
bacteraemia) or organ-specific infection models (e.g.,
pneumonia) will be crucial for comprehensively evaluat-
ing the clinical translational value of this platform.
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