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Enhanced Sonodynamic Bacterial Elimination and Wound
Healing Therapy Based on Lanthanide lon Doped Bi,WO,

Nanosheets and Hydrogel Platform

Xinyue Lao, Qiangian Bai, Yifei Zhao, Xingyi Dai, Yuan Liu, Xiao Han, and Jianhua Hao*

Sonodynamic therapy (SDT) offers tremendous potential in preventing
multidrug-resistant bacterial infections, as it is noninvasive and requires no
antibiotic dependence, effectively addressing the issue of bacterial resistance.
This study implements an ultrasound (US) responsive 2D Bi, WO, nanosheets
(BWO NSs) as sonosensitizers to generate reactive oxygen species (ROS),
resulting in sonodynamic broad-spectrum bacterial elimination. Notably,
lanthanide Ytterbium ions are introduced (BWO-x%Yb NSs) to boost the
generation of ROS, leading to an enhanced antibacterial effect. The RNA
sequencing further reveals the underlying antibacterial mechanism, wherein
ROS induces lipid oxidation in bacterial cell membranes and deterioration of
membrane integrity, ultimately leading to cellular death. In vitro experiments
verify that BWO-x%Yb NSs sonosensitizers attain 100% elimination on
Methicillin-resistant Staphylococcus aureus (MRSA) and Escherichia coli (E.

1. Introduction

Antimicrobial resistance (AMR) infection is
an enormous concern for public health in
all regions and at all income levels, lead-
ing to millions of deaths worldwide.l!"?!
The misuse and excessive use of an-
timicrobials in clinical treatments for hu-
man beings and animals are the primary
causes of the formation of drug-resistant
pathogens.>* Hence, there is an urgent
requirement for novel and inventive ap-
proaches to replace the current antibiotic
therapy and further address AMR infec-
tions. Sonodynamic therapy (SDT) is an in-
novative approach that employs sonosen-

coli) under US irradiation, demonstrating a broad-spectrum bactericidal
ability. Furthermore, to improve the biocompatibility for in vivo SDT,

BWO-x%Yb NSs are integrated with hydrogel, serving as a

sonosensitizer-hydrogel platform. This platform expedites the healing process
of MRSA-infected wounds under ultrasonic stimulation and reduces the
wound area by 75% in 10 Days. Therefore, this work highlights the potential
of 2D BWO NSs as US-responsive sonosensitizers and a prospective
biocompatible sonosensitizer-hydrogel platform for in vivo SDT applications.
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sitizers to generate highly biotoxic reac-
tive oxygen species (ROS) under ultrasound
(US) irradiation to combat drug-resistant
bacteria.>’”] The generated ROS, includ-
ing singlet oxygen (10,), hydroxyl radi-
cal (-OH), and superoxide anion radical
(O,7) are potent antibacterial agents due
to their ability to inflict extensive damage
to bacterial cellular components and inter-
fere with essential biological processes.[®*]
SDT has shown significant promise in clin-
ical therapy for infectious diseases due
to its benefits of deep tissue penetration,
low cost, non-invasiveness, and few side effects.['>12] Neverthe-
less, SDT is now in its nascent investigation stage and has not yet
been extensively used in clinical therapy, mostly owing to the ab-
sence of effective sonosensitizers with low toxicity that facilitate
the continuous generation of ROS.

Traditional sonosensitizers are developed based on specific
types of organic compounds such as hematoporphyrin, phthalo-
cyanines, and xanthenes. Although these organic sonosensitiz-
ers have shown effective therapeutic properties, they still suffer
from strong hydrophobicity, poor stability, and severe phototox-
icity, limiting their potential application in SDT.['*!*] In recent
times, inorganic piezoelectric nanomaterials such as titanium
dioxide (TiO,), zinc oxide (ZnO), and barium titanate (BaTiO,)
have been extensively advanced as promising sonosensitizers in
SDT owing to their exceptional physicochemical stability and
lower phototoxicity.'>"'®] When subjected to mechanical vibra-
tions such as US, piezoelectric materials can be polarized to gen-
erate a constantly renewed internal electric field, promoting the
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Scheme 1. Schematic illustration of Yb-doped Bi,WOg NSs as sonosensitizer and the BWO-Yb/PVA hydrogel platform for sonodynamic antibacterial

therapy.

movement of electrons (e”) and holes (h*) to migrate toward the
opposite surface.l*?] These e~ and h* are subsequently engaged
in redox reactions with nearby oxygen-containing molecules, re-
sulting in the production of ROS.[2!l However, the quick recombi-
nation of e and h* in piezoelectric sonosensitizers triggered by
US often leads to a restricted formation of ROS.[?2I Approaches
have been developed to further improve the formation of ROS of
inorganic sonosensitizers, including defect engineering and the
construction of heterojunctions.>-°] For example, Mao et al. de-
signed 2D catalytic planar defects within Ti,C, sheets for highly
efficient sonodynamic bactericidal application.[?’] The presence
of specific planar slip dislocations can yield surface-bound O due
to the efficient activation of O,. This results in a significant cre-
ation of 10, and a bactericidal capacity of 99.72% + 0.03% when
subject to US stimulation. Despite significant advancements in
the structural engineering of inorganic sonosensitizers, substan-
tial opportunities remain to enhance their ROS generation effec-
tiveness for achieving highly efficient SDT.

The 2D bismuth-based nanomaterials, including Aurivillius-
structured bismuth tungstate (Bi,WOg), bismuth molybdate
(Bi,MoOy), Sillén-structured BiOX (X = Cl, Br, I), have gar-
nered significant interest in enhanced SDT or synergetic ther-
apies due to their interleaved layered structures, which facili-
tate the formation of internal electric field and promote effec-
tive charge separation.[?’?8] Bi, WO, nanosheets (NSs) with alter-
nating perovskite-like (WO,)?~ and fluorite-like (Bi,0,)** blocks
enabled exceptional photocatalytic.[?>3% In addition, it has been
reported that the orthorhombic structured Bi, WO, (BWO) with
space group P21ab exhibits superior piezoelectric response.?!32
Therefore, BWO NSs are promising as sonosensitizers for sono-
dynamic antibacterial applications.

In this work, orthorhombic-structured BWO NSs were em-
ployed as sonosensitizers for sonodynamic antibacterial applica-
tions. In addition, Yb ions were introduced into the BWO nanos-
tructure to narrow the bandgap of BWO NSs and enhance the
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bonding interaction between BWO NSs and H, O, resulting in an
increased generation of ROS under US stimulation, achieving ef-
fective antibacterial treatment and enhanced SDT performance.
Then the DFT simulation further identifies that the Yb in BWO
NSs boosted the ROS generation effectiveness. Furthermore, the
RNA sequencing transcriptome analysis was conducted to ac-
quire a comprehension of the biological mechanism of sonody-
namic antimicrobial activities. Nevertheless, the biocompatibil-
ity of inorganic sonosensitizers remains a considerable problem,
necessitating surface changes for in vivo sonodynamic thera-
peutic applications.[?633-3%] Therefore, hydrogels were introduced
to load the sonosensitizer owing to their high biocompatibility,
large loading capacity, and mechanical properties similar to soft
tissue.’¢¥”] Herein, the as-prepared Yb-doped BWO NSs were
combined with PVA hydrogel to improve biocompatibility for
further in vivo antibacterial wound healing applications. Con-
sequently, the sonosensitizer-loaded PVA hydrogel significantly
accelerated the drug-resistant bacteria-infected wound healing
process under US irradiation (Scheme 1). The results in this
study demonstrate that the novel Yb-doped BWO NSs sonosen-
sitizer would enable enhanced sonodynamic bacteria elimina-
tion and provide a prospective sonosensitizer-hydrogel plat-
form for extremely effective in vivo sonodynamic antibacterial
therapy.

2. Results and Discussion

2.1. Synthesis and Characterization of Yb-Doped Bi, WO,
Nanosheets

The 2D Bi,WO, NSs and Yb-doped Bi,WO-x%Yb NSs were
synthesized through a simple hydrothermal method.[®) As il-
lustrated in Figure 1a, BWO-x%Yb NSs with different Yb dop-
ing concentrations (1%, 2%, 5%, 10%, and 20%) were fabri-
cated by varying the initial feeding ratio of Yb(NO;),, named as
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Figure 1. a) lllustration of the synthesis route of BWO and BWO-x%Yb NSs. b) TEM image and ¢) HRTEM image of BWO-10%Yb NSs. d) Selected area
electron diffraction (SAED) pattern of BWO-10%Yb NSs. e) Element mapping images (Bi, W, O, and Yb) of BWO-10%Yb NSs, scale bar: 50 nm. f) SEM
of BWO-10%Yb NSs. g) XRD spectrum of BWO and BWO-x%Yb NSs. h) High-resolution XPS spectra of Bi 2p, O 1s, and W 4f of BWO and BWO-10%Yb

NSs.
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BWO-1%Yb, BWO-2%Yb, BWO-5%Yb, BWO-10%YDb, and BWO-
20%YD, respectively. Since the efficacy of SDT highly depends
on the generation of ROS to disrupt bacterial membranes. The
chemical composition and structural properties of the sonosen-
sitizer are crucial fundamentals for the later verification of ROS
generation performance and DFT calculation. Therefore, the
morphology, structures and chemical composition of the BWO
and Yb-doped BWO NSs (BWO-10%Yb NSs for representation)
were examined to confirm the successful incorporation of Yb
into the BWO nanosheet structure without altering its layered
perovskite configuration. The transmission electron microscopy
(TEM) image demonstrates that the prepared BWO (Figure S1,
Supporting Information) and BWO-10%Yb NSs (Figure 1b) both
possess a consistent nanosheet morphology with a dimension
ranging from 100 to 200 nm. The high-resolution TEM (HRTEM)
image of the BWO-10%Yb NSs displays a continuous lattice
fringe, proving conclusive confirmation of its single crystalline
structure, as shown in Figure 1c. The determined lattice distance
is ~#0.27 nm, corresponding to the (200) planes of the orthorhom-
bic phase of BWO crystal. In addition, the single-crystalline na-
ture of BWO-10%YDb nanosheets was further verified by the se-
lected area electron diffraction (SAED) pattern (Figure 1d). The
element mapping images in Figure le also confirmed that Bi, W,
O, and Yb were evenly distributed throughout the BWO-10%Yb
NSs, providing evidence of the successful doping of Yb in BWO
nanostructure. The scanning electron microscopy (SEM) image
revealed that BWO-10%YDb NSs (Figure 1f; Figure S2, Support-
ing Information) exhibited a characteristic 2D nanosheet struc-
ture, with the majority of the nanosheets displaying rectangular
shapes. Moreover, X-ray diffraction (XRD) analysis in Figure 1g
showed that all the characteristic diffraction patterns were well
consistent with the orthorhombic phase of Bi,WO, (PDF#39-
0256). The peaks of the BWO-x%Yb NSs were slightly shifted
to a smaller angle when compared to the undoped BWO NSs.
The shift grew more pronounced with increasing Yb doping con-
centration, suggesting that the addition of Yb to the BWO lat-
tice raised the lattice constant since the atomic radius of Yb is
larger than that of Bi. The surface element chemical state of BWO
and BWO-10%YDb NSs was analyzed by X-ray photoelectron spec-
troscopy (XPS). The survey XPS spectra of BWO-10%Yb NSs con-
firmed the existence of Bi, W, O, and YD elements (Figure S3,
Supporting Information), the peak at 188.18 eV in the inset of
Figure S3 (Supporting Information) was assigned to the binding
energy of Yb 4d. The high-resolution XPS spectra of Bi 4f, O Is,
and W 4fwith fitted curves are displayed in Figure 1h. The XPS
high-resolution spectra of O 1sin Bi,WO, NS exhibited two ma-
jor peaks at 529.81 and 530.94 eV, attributed to the lattice oxygen
and bridging hydroxyls, respectively.®! Besides, the peaks of Bi
4f (Bi 4f,, 159.15 eV and Bi 4f;, 164.46 eV) and W 4f (W 4f; ,
35.43eVand W 4f, , 37.57 eV) of BWO-10%Yb NS slightly shifted
to higher energy compared with pure Bi,WO, NS, because Yb
might change the chemical environment of Bi and W in Bi, WO,
NS. The oxygen defect was further investigated using electron
spin resonance (ESR) spectroscopy. As displayed in Figure S4
(Supporting Information), both BWO and BWO-10%Yb NSs are
distinguished by their symmetrical ESR signal at g = 2.003, in-
dicating electron trapping at OVs. The ESR results demonstrate
that both BWO and BWO—x%Yb NSs possess few OVs, indicat-
ing that the change of ROS performance may be caused by a nar-
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rowed band gap or absorption of H, O instead of generating more
OVs

2.2. The ROS Generation Performance and Mechanism of the
Sonosensitizers

In SDT, ROS are generated when sonosensitizers are activated by
ultrasound. These ROS are highly reactive and can cause signif-
icant oxidative damage to bacterial cells. ROS can damage bacte-
rial cell membranes, proteins, and DNA, leading to cell lysis and
death.[®] This is particularly effective against bacteria that are re-
sistant to conventional antibiotics. Efficient ROS generation leads
to enhanced antibacterial activity. The catalytic activities of BWO
and BWO—-x%Yb NSs as sonosensitizers for generating ROS un-
der US irradiation (1.5 W cm™2, 50% duty cycle, 1 MHz) were
first examined using 1,3-Diphenylisobenzofuran (DPBF) as sin-
glet oxygen (1O,) probe.* The synthesized BWO-x%Yb was uni-
formly dispersed in DI water to form a white emulsion and ex-
amined with 20 uM DPBF. It was anticipated that the presence
of 10, would result in a reduction in the absorption of DPBF at
420 nm. As shown in Figure 2a,b, the groups exposed to US irra-
diation exhibited a more pronounced and rapid decline in the ab-
sorption at 420 nm compared to the groups that were not exposed
to the US, suggesting the production of 'O, occurred at a higher
rate in the US-triggered groups. Significantly, BWO-10%YDb NSs
demonstrate the most rapid decline, with a fall of more than 50%
within 10 min of ultrasound irradiation (Figure 2b), which indi-
cates that BWO-10%YDb NSs possess a greater capacity to generate
10, compared to BWO and other BWO-x%Yb NSs. In contrast,
other BWO-x%Yb NSs demonstrate a similar decline (<20%)
upon US irradiation. Therefore, the doping of Yb at a concen-
tration of 10% can significantly enhance the SDT performance
of the sonosensitizer. Subsequently, the DPBF probe was also
employed to investigate the optimized concentration of BWO-
10%YDb NSs for generating ROS under US irradiation. The con-
centrations of BWO-10%Yb NSs at 200 ug mL™", 500 ug mL™",
1mgmL~, and 2 mg mL~! are compared here. Figure 2c demon-
strates that a significant reduction in absorption at 420 nm oc-
curred after 10 min of US irradiation at the BWO-10%Yb NSs
concentration of 500 ug mL™!, indicating that the BWO-10%Yb
NSs produced the highest amount of 'O, at this particular con-
centration. Therefore, 500 pg mL™' of BWO-10%Yb NSs was
used as the sonosensitizer for further sonodynamic antibacterial
investigations.

Furthermore, the generation of the specific ROS, ¢OH, '0,,
and O,~, was confirmed by ESR spectroscopy (Figure 2d—f) us-
ing 2,2,6,6-tetramethyl-4-piperidone (TEMP) and 5,5-Dimethyl-1-
Pyrroline-N-Oxide (DMPO) as spin trapping agents. The results
revealed that BWO-10%YDb NSs demonstrated a robust eOH sig-
nal and slightly lower signals for 10, and O,~ when exposed to
US irradiation, while no signal was detected without US irra-
diation. indicating excellent sonodynamic performance for gen-
erating ROS. Therefore, the above-mentioned findings demon-
strate the solid capacity of BWO-10%Yb NSs as a sonosensitizer
to sufficiently generate ROS when exposed to US irradiation.
This advancement addresses the longstanding challenge of de-
veloping inorganic sonosensitizers that exhibit high efficiency in
ROS production. Consequently, BWO-10%Yb NSs demonstrate
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Figure 2. Absorption intensity changes of DPBF in BWO-x%Yb NSs a) without and b) with the US irradiation. c) Absorption intensity of DPBF with
different concentrations of BWO-10%Yb NSs under the US irradiation. ESR spectra of d) ¢OH and e) O, trapped by DMPO, f) 10, trapped by TEMP
of BWO-10%Yb NSs. g) Defect formation energy of different Yb-doping configurations in BWO, the involved ion substitution in each calculation is
marked. h) Evolution of electronic band structure upon Yb doping. i) Schematic illustration of the generation of ROS by US-triggered BWO-10%Yb NSs.
j) Crystal structure of BWO-Yb NSs and the surface H,O absorption sites, viewing along the ¢ axis. k) The surface energy of H,0 absorbed at different
surface sites. I) The calculated CCD diagram of H,O absorbed on surface sites 1 and 2 of BWO-Yb indicates in Figure 2j. The yellow and green regions
depict the electron accumulation and depletion, respectively.
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significant potential for sonodynamic therapy, by serving as a
novel sonosensitizer to combat bacteria that have developed re-
sistance to traditional antibiotics.

In order to obtain physical insights into the enhanced SDT
performance of BWO NCs upon Yb-doping, density functional
theory (DFT) simulation was then carried out (See Supporting
Information for details). First, the preferential occupation of Yb
into the BWO lattice is investigated by comparing the defect for-
mation energy. Based on a 2 X 2 X 1 supercell of BWO, in to-
tal 16 cases of different Yb-doping configurations were consid-
ered (Figure S5, Supporting Information), such as Yb incorpo-
rating Bi site or Yb substituting a W atom and generating one
VO for charge compensation. As compared in Figure 2g, all the
cases agree on an energetically preferred Yb-Bi substitution de-
spite the different doping concentrations. Following the doping
configuration with the lowest formation energy, the impact of Yb
dopants on the electronic properties of BWO was then investi-
gated. As shown in Figure 2h, it is found that the introduction of
YD can effectively reduce the bandgap of pristine BWO (1.91 eV)
to a lower value (1.71 eV). It is argued that appropriately low elec-
tronic bandgap value can facilitate the SDT efficiency.l*"] Further
increasing the Yb-doping concentration (two Yb replacing two
Bi atoms, yielding a 12.5 at.% doping concentration) causes a
little reduction in bandgap value (1.70 eV), yet it prompts addi-
tional band splitting within the conduction band (CB). The broad-
ening of the CB may potentially facilitate the absorption of a
broader energy spectrum from the US excitation source, lead-
ing to improved SDT efficiency as schematically illustrated in
Figure 2i.

Furthermore, we discovered that the introduction of Yb is ben-
eficial to the SDT process in terms of a more selective H,O ab-
sorption. The preliminary calculation shows that Yb tends to be
incorporated at the surficial Bi-O layers of the BWO NSs and
with relatively large local distortion, which agrees with similar
reports in lanthanide-doped oxide nanosheets.[*! The surface en-
ergies (y) of H,0 absorbed on different surface sites (schemati-
cally shown in Figure 2j and Figure S6, Supporting Information)
of BWO NS were then calculated and compared.l*?] As summa-
rized in Figure 2k, the lowest y value was obtained from the case
where H, O is intentionally absorbed near the surface Yb site. The
charge density diagram (CCD) of H,O absorption can provide
a closer insight into the enhanced bonding interaction between
the H,O absorbance and Yb sites, rather than other Bi counter-
parts. Four representative absorption schemes were selected, and
the corresponding CCD figures are shown in Figures 21 and S7
(Supporting Information). Compared to the other cases, there
is a stronger electronic interaction between the surface Yb site
and the absorbed water molecules for CASE1, which is charac-
terized by a more pronounced charge redistribution around the
Yb site and water molecules. Such stronger interaction not only
facilitates water absorption but also primes the system for sub-
sequent SDT reactions via electron transfer. The absorbed water
molecules can readily participate in redox reactions, serving as
reactants converted into ROS. In summary, the introduction of
YD theoretically induces a narrowed bandgap and widened CB of
BWO, as well as a more selective and effective H,O absorption
onto the BWO NS surface. All the factors collectively contribute
to an enhanced SDT performance as demonstrated by the follow-
ing experimental characterizations.
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2.3. In Vitro Sonodynamic Bactericidal Performance

10,, with its longer diffusion range, can affect a broader area
within the bacterial cell, potentially leading to more widespread
damage. In contrast, ¢OH acts very locally, causing intense dam-
age at specific sites.*] While 'O, initiates broader oxidative
stress, eOH can cause acute damage, leading to rapid bacterial
cell death. Therefore, the combination of 10, and ¢OH can be
particularly effective in antibacterial SDT. Since we have demon-
strated that BWO-10%Yb NSs have the ability to generate high
amount of '0, and eOH upon US irradiation, we then evaluated
the anti-bactericidal performance of BWO-10%YDb NSs in vitro.
The sonodynamic bactericidal performance was determined by
counting the bacterial colony-forming units (CFU) spread on the
LB agar plate after different treatments. The initial concentration
of bacteria suspensions in each group was 10° CFU mL"!, and the
suspensions after different treatments were diluted in the same
multiple before being spread on the LB agar plate. The US ap-
plied to all the in vitro antimicrobial experiments is 1.5 W cm~2,
50% duty cycle, 1 MHz. The sonodynamic bactericidal perfor-
mance of BWO NSs and BWO-10%YDb NSs as sonosensitizers
was first examined using the time-dependent plate counting as-
say, with US irradiation performed for 0, 2, 4, 6, 8, and 10 min,
respectively (Figure S8a, Supporting Information). The number
of MRSA cells on the plate before exposure to US (0 min) is sim-
ilar in both BWO NS and BWO-10%Yb NS groups, suggesting
that the initial concentration of MRSA cells remains comparable
in both groups. After being exposed to 6 min of US irradiation,
the group of BWO-10%Yb NSs as sonosensitizer achieved a 100%
antibacterial rate against MRSA, while the BWO NSs as sonosen-
sitizer required 10 min in comparison (Figure S8b, Supporting
Information). This result provides evidence that Yb-doped BWO
NSs demonstrate a superior sonodynamic bactericidal perfor-
mance compared with BWO NSs owing to the greater production
of ROS. Subsequently, the broad-spectrum sonodynamic bacte-
ricidal performance of BWO-10%Yb NSs as sonosensitizer was
examined on gram-positive and gram-negative bacteria. Herein,
the Methicillin-resistant Staphylococcus aureus (MRSA) was cho-
sen as the representative gram-positive bacteria, and Escherichia
coli (E. coli) was the representative gram-negative bacteria model,
respectively. The gram-negative bacteria have an additional lipid
bilayer containing lipopolysaccharides (LPS), which act as a bar-
rier to many substances, including antibiotics and ROS. The
lack of an outer membrane for gram-positive bacteria makes
them more susceptible to ROS penetration, while the outer mem-
brane of gram-negative bacteria acts as a formidable barrier to
ROS penetration.[**] Therefore, the US irradiation time for gram-
positive MRSA is 5 min, whereas for gram-negative E. coli is
10 min, owing to their distinct structures. Figure 3a demon-
strates that there were no discernible bactericidal effects in any
of the control groups (Control US(-), Control US(+), and BWO-
10%Yb US(-)), as evidenced by the presence of visible colonies of
MRSA and E. coli cells on the LB agar plate. Nevertheless, both
MRSA and E. coli were eliminated in the groups subjected to
BWO-10%Yb NSs and US (BWO-10%Yb US(+)). The colonies
of MRSA and E. coli remained constant at 10° CFU/mL in the
control groups (p > 0.05) and reduced to 0 CFU/mL in the treat-
ment group with the presence of BWO-10%Yb NSs and US
(Figure 3b,c; Figure S9, Supporting Information). The results
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Figure 3. Sonodynamic bactericidal performance of BWO-10%Yb NSs as sonosensitizers. a) Pictures of MRSA (first row) and E. coli (second row)
colonies coated on LB-agar plates after different treatments (G1: Control US(-), G2: Control US(+), G3: BWO-10%Yb US(-), G4: BWO-10%Yb US(+)).
Corresponding bacterial colonies of b) MRSA and c) E. coli in different groups (n = 3). The error bars indicate mean + SEM. The statistical analysis
was performed using one-way ANOVA with Dunnett’s multiple-comparisons test. d) Fluorescent images of live (green) and dead (red) MRSA cells
after different treatments. Scale bars: 50 um. e) Corresponding quantitative analysis of live/dead fluorescent intensity. f) SEM images of MRSA cells
after different treatments. Scale bars: 2 um. Red arrows denote morphological damage in MRSA cells. g) The fluorescence image of MRSA stained with

DCFH-DA fluorescent probe in different treatment groups. Scale bars: 500 um.
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confirmed the exceptional antibacterial efficacy of BWO-10%Yb
NSs as a sonosensitizer in treating both gram-positive and gram-
negative bacteria.

Then the antibacterial efficacy of BWO-10%Yb NSs under US
irradiation was evaluated by conducting live/dead dual-color flu-
orescent staining and observed through a confocal laser scan-
ning microscope (CLSM) (Figure 3d). Most of the MRSA cells
treated with PBS, US only, and BWO-10%Yb NSs only were able
to remain alive (green), with quantitative analysis indicating sur-
vival rates of 90.8%, 84.5%, and 83.4%, respectively (Figure 3e).
On the contrary, the majority of MRSA cells exposed to BWO-
10%Yb NSs and US were nonviable (red), with a significantly re-
duced survival rate of merely 32.7%. These findings were con-
sistent with the results obtained from the spread plate counting
analysis.

In addition, the MRSA cells in different groups were fixed
after treatments, and their morphology was investigated with
SEM (Figure 3f). The morphology of MRSA in the control group
treated without US (Control US(-)) possessed a typical spher-
ical morphology and smooth appearance. While in the group
treated with US only (Control US(+)), MRSA cells remained un-
damaged but processed a tiny indentation on the surface, indi-
cating minimal mechanical damage caused by US irradiation.
Similarly, the MRSA bacteria treated solely with BWO-10%Yb
NSs (BWO-10%Yb US(-)) preserve their structural integrity, with
BWO-10%Yb NSs adhering to the cell surface. As for the MRSA
treated with BWO-10%Yb NSs and US (BWO-10%Yb US(+)),
the bacteria exhibited a far more pronounced wrinkling and
concave shape, and some membranes were entirely fragmented
(red arrows in Figure 3f). The high-resolution SEM images of
MRSA treated with BWO-10%Yb NSs and US were also captured
and displayed in Figure S10 (Supporting Information), clearly
demonstrating the broken cell membrane with BWO-10%YDb NSs
attached to the cell surface. Moreover, a strong binding affinity of
the BWO-10%YD to the bacterial cell wall was observed, which
may enhance the sonodynamic antibacterial efficacy.

To further verify the ROS-induced bacterial mortality, the ROS
generation quantification was evaluated in vitro by a ROS de-
tection assay, 2’,7'-Dichlorodihydrofluorescein diacetate (DCFH-
DA). In a typical ROS detection assay, DCFH-DA was loaded
into living MRSA cells and hydrolyzed by intracellular esterase
to produce DCFH. After subjecting MRSA cells to different treat-
ments, the ROS can oxidize non-fluorescent DCFH to fluores-
cent 2'7’-dichlorofluorescein (DCF). The fluorescent intensity of
DCEF serves as an indicator of ROS level. From Figure 3g, the
MRSA cells in groups treated with PBS, US only, and BWO-
10%Yb NSs exhibit feeble fluorescent signals. In contrast, the
MRSA cells in the group treated with BWO-10%Yb NSs and
US exhibited an intense fluorescent signal of DCF, demonstrat-
ing the high ROS generation efficiency of BWO-10%Yb NSs un-
der US irradiation. Therefore, the SEM and ROS detection re-
sults conclusively demonstrated that the excessive ROS gener-
ated by the BWO-10%Yb NSs sonosensitizer under US irradia-
tion triggered the disruption of bacterial membrane and led to
cellular death. Moreover, the damaged bacterial cell walls and
membranes make bacteria more susceptible to antibiotics, which
can lower the required dose of antibiotics and reduce the risk of
resistance development. Consequently, BWO-10%Yb NSs serve
as promising sonosensitizers for US-triggered bacterial elimina-
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tion or combine with antibiotics for antibiotic-resistant infection
treatment.

2.4. RNA Sequencing Transcriptome Analysis

The RNA sequencing transcriptome analysis was conducted with
MRSA treated with PBS (Control) and BWO-10%Yb NSs + US
to acquire further understanding of the biological mechanism of
the sonodynamic antimicrobial activities (n = 3 biological repli-
cates). Figure S11 (Supporting Information) reveals that out of
2470 genes that were co-expressed in the control and BWO-
10%Yb NSs + US groups, 24 genes were present only in the con-
trol group, and 98 genes were expressed mainly in the treatment
group, revealing that the BWO-10%Yb NSs + US significantly
affected gene expression compared to the control group. In ad-
dition, the Volcano Plot in Figure 4a demonstrates the statisti-
cal significance (|log, FoldChange| > 1, p-adjust < 0.05) in gene
expression levels in the two groups. A total of 245 differentially
expressed genes (DEGs) were identified in the control and BWO-
10%YDb NSs + US groups, consisting of 130 up-regulated genes
and 115 down-regulated genes, indicating a rather substantial re-
sponse in the BWO-10%Yb NSs + US group. Genes with sim-
ilar functions or close relationships were clustered into various
categories to better comprehend and classify these DEGs. The
gene expression patterns of the BWO-10%Yb NSs + US-treated
group were then compared with those of the control group in
these categories. The results presented in Figure S12 (Support-
ing Information) demonstrate that the BWO-10%Yb NSs + US-
treated group differs considerably from the control group in the
gene expression patterns of various categories. To determine the
specific functions of these DEGs, gene ontology (GO) term classi-
fication analysis was carried out across biological processes (BP),
cellular components (CC), and molecular function (MF) terms
(Figure 4b). DEGs associated with “catalytic activity, acting on a
nucleic acid”, “oxidoreductase activity”, “catalytic activity, acting
on a protein”, and “catabolic process” GO terms were observed,
which are related to oxidative stress induced by ROS. The GO
terms “transmembrane transporter activity”, “membrane”, and
“transmembrane transport” indicate that the ROS may damage
the integrity of the bacterial membrane. The DEGs are mostly
related to the antibacterial mechanism of BWO-10%Yb NSs,
which generate ROS under ultrasound stimulation, leading to the
degradation of bacterial genetic material and cell membranes.
Then the enrichment analysis of the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways was conducted, and the
top 20 KEGG pathways of the up-regulated and down-regulated
DEGs are depicted in Figure 4c. The upregulated DEGs en-
riched in the “pyrimidine metabolism” pathway, which is crucial
for synthesizing nucleotides, suggest that ROS may induce nu-
cleic acid degradation and lead to increased DNA replication.[*’]
In addition, the upregulated DEGs were also enriched in “fatty
acid degradation” pathway. This pathway breaks down fatty acids
into acetyl-CoA units, which can enter the tricarboxylic acid
(TCA) cycle to produce ATP. Upregulation of genes associated
with TCA cycle is also observed (Figure S13, Supporting In-
formation). While this can provide energy, excessive degrada-
tion can deplete membrane lipid components, compromising
membrane integrity and function. Downregulated DEGs are
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Figure 4. Transcriptome sequencing of MRSA treated by US and BWO-10%Yb sonosensitizer (n = 3). a) Volcano Plot of the DEGs in MRSA cells.
b) Gene ontology (GO) term classification analysis based on the DGEs. c) The KEGG pathways enriched by the up-regulated and down-regulated DEGs.
The Fragments per kilobase million (FPKM) genes associated with d) TCS pathway and e) biofilm formation.
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enriched in pyruvate metabolism, glycerolipid metabolism, and
two-component system (TCS) pathways. Notably, TCS is an es-
sential signaling mechanism in bacteria that helps them adapt
to environmental changes. The Fragments per kilobase million
(FPKM) and heatmap of genes associated with the TCS pathway
are displayed in Figures 4d and S14 (Supporting Information).
Genes like saeR and saeS were downregulated, which may sug-
gesting efforts to maintain membrane integrity by removing toxic
compounds. The downregulated TCS pathway can disrupt the
adaptive responses of bacteria, making them more susceptible to
oxidative stress and resulting in downregulated biofilm forma-
tion (Figure 4e).

2.5. Construction of BWO-10%Yb PVA Hydrogel Platform for In
Vivo Applications

Although BWO-10%Yb NSs have shown great promise as a sono-
dynamic antibacterial sonosensitizer, the biocompatibility of in-
organic nanostructures remains a significant challenge for fur-
ther preclinical applications. Hence, before conducting in vivo
sonodynamic antibacterial tests, the BWO-10%YDb NSs were in-
corporated into PVA hydrogel to enhance their biocompatibil-
ity. Integrating BWO-10%Yb NSs sonosensitizer with a hydrogel
matrix provides a powerful and targeted approach to combating
bacterial infections. This combination improves biocompatibil-
ity of the sonosensitizer, facilitates ROS generation efficacy by
optimizing the spatial distribution of the sonosensitizer, and al-
lows for localized treatment, ultimately improving the effective-
ness and safety of the treatment. Figure 5a depicts the process
of loading BWO-10%Yb NSs into PVA hydrogel, abbreviated as
BWO-Yb/PVA hydrogel. The concentration of BWO-10%Yb NSs
used throughout the synthesis is 500 pg mL™! to ensure the ca-
pacity to generate sufficient ROS. Then the as-synthesized BWO-
Yb/PVA hydrogel was placed into a mold before solidification to
form a piece with a diameter of ~2 cm (inset of Figure 5a). The in
vitro cytotoxicity of BWO-10%Yb NSs and BWO-Yb/PVA hydro-
gel was assessed on RAW 246.7 macrophages and 1929 fibrob-
lasts using CCK-8 assay to evaluate the improvement in bioca-
pacity. Given that the PVA hydrogel has the potential to absorb
water from the cell culture medium, the hydrogel was immersed
in the cell culture medium beforehand, and the leaching solution
of the hydrogel was used to conduct the cell viability test. The re-
sults of the cell viability of BWO-10%Yb NSs with increasing con-
centration and leaching solution of the hydrogel are displayed in
Figure 5b,c. Compared with the control groups, the cell viability
of RAW cells and L929 fibroblasts incubated with BWO-10%Yb
NSs declined significantly with the increase of BWO-10%Yb NSs
concentration. The viability of RAW cells and 1929 fibroblasts
decreased to ~25% and ~50%, respectively, when exposed to a
concentration of 500 ug mL~! BWO-10%Yb NSs, suggesting that
BWO-10%Yb NSs exhibit significant cytotoxicity. In comparison,
after 24 h of incubation with the PVA and BWO-Yb/PVA hydro-
gel leaching solution, the RAW cells and 1929 fibroblasts showed
no significant change compared to the blank group. Therefore,
the as-synthesized BWO-Yb/PVA hydrogel platform effectively
enhanced the biocompatibility of BWO-10%Yb NSs and provided
the possibility for in vivo sonodynamic antibacterial applications.
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To ensure a satisfactory loading of BWO-10%Yb NSs in PVA
hydrogel, the structure of BWO-Yb/PVA hydrogel was further
evaluated with SEM. To investigate the cross section of the PVA
and BWO-Yb/PVA hydrogel, the hydrogels were freeze-dried and
then fractured in liquid nitrogen. The SEM image in Figure 5d
illustrates the porous structure of the cross section in BWO-
Yb/PVA hydrogel. In addition, the SEM and EDX mapping of
BWO-Yb/PVA hydrogel in Figure 5e further indicates the ele-
ment distribution of C, O, Bi, and W, revealing the effective inte-
gration of BWO-10%YDb NSs into the PVA hydrogel.

The sonodynamic antibacterial capability of BWO-Yb/PVA hy-
drogel is also evaluated using a plate counting analysis. The
suspensions of MRSA after different treatments (Control US(-),
Control US(+), BWO-10%Yb US(-), BWO-10%Yb US(+), BWO-
Yb/PVA US(-), BWO-Yb/PVA US(+)) were continuously diluted
from 10° to 10> CFU mL~! and 10 uL of each diluent was dropped
on an LB agar plate and cultured at 37 °C for 20 h. As shown
in Figure 5f, there is no significant difference in the colonies
between the groups treated without US irradiation and the US-
only group. The quantitative analysis of the bacteria colonies in
Figure 5f is exhibited in Figure 5g. A 100% reduction in MRSA
(p = 0.0037) was seen after being treated with BWO-10%Yb NSs
and US (BWO-10%Yb NSs US (+)), whereas the concentration
of MRSA treated by BWO-Yb/PVA and US (B-PVA US (+)) is
two orders of magnitude lower (p = 0.0031). Therefore, although
the sonodynamic antibacterial capability of BWO-Yb/PVA hydro-
gel is inferior to bare BWO-10%Yb NSs, it still demonstrates
considerable potential for in vivo sonodynamic antibacterial ap-
plications. Moreover, the tensile and compressive characteristics
of two hydrogels were further evaluated by stress-strain curves
(Figure S15, Supporting Information). The BWO-Yb/PVA hydro-
gel exhibited superior tensile strength and stiffness, particularly
in medium to high strain areas, along with enhanced toughness.
In addition, BWO-Yb/PVA hydrogel also has excellent compres-
sive resistance across a range of strains, offering enhanced sta-
bility in protecting the wound site. The superior mechanical and
bactericidal capabilities of the BWO-Yb/PVA hydrogel render it
appropriate for application in in vivo bacterial-infected wound
sites.

2.6. In Vivo Sonodynamic Wound Healing Therapy

Building upon the impressive antibacterial efficacy of the in vitro
BWO-10%Yb NSs-mediated SDT, the antibacterial effect in vivo
was further assessed. The animal test was performed under the
approval of Animal Subjects Ethic Sub-committee (ASESC) of the
Hong Kong Polytechnic University (Ref No. ARSA-24141-CRF-
AP). All procedures adhered to the existing ethical guidelines
stipulated by the ASESC at The Hong Kong Polytechnic Univer-
sity. All the animal tests involving bacteria were performed in an
Animal Biosafety Level 2 (ABSL-2) laboratory. A wound infection
model was created on the back of the 6-week-old BALB/C mouse
by making a 6 mm diameter incision and applying a suspension
of MRSA (1 x 10® CFU mL™!, 25 uL) to the wound area. The
wound area was then tightly wrapped with a bandage for 24 h to
ensure infection before the treatments. Afterward, the mice were
randomly separated into 5 groups (n = 6) for different treatments,
i.e., Control US(-), Control US(+), PVA US(+), BWO-Yb/PVA
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Figure 5. a) Illustration of the synthesis procedure of BWO-Yb/PVA hydrogel (inset is the photograph of a 2 cm BWO-Yb/PVA hydrogel). Cell viability
of BWO-10%Yb NSs and BWO-Yb/PVA hydrogel leaching solution toward b) RAW 246.7 macrophages and c) L929 fibroblasts. d) SEM image of the
cross section of BWO-Yb/PVA hydrogel. e) SEM and EDS mapping images of BWO-Yb/PVA hydrogel, indicating element distribution of C, O, Bi, W.
Scale bar: 1 um. f) Photograph of MRSA colonies after different treatments with continuous dilution ratio coating on the LB agar plate. g) Corresponding
MRSA-killing abilities of BWO-10%Yb NSs and BWO-Yb/PVA hydrogel. The error bars indicate mean + SEM. The statistical analysis was performed
using an unpaired t-test.
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US(-), and BWO-Yb/PVA US(+). The US irradiation power is
1.5 W cm™2, 50% duty cycle, 1 MHz, and the treatment duration
is 5 min. Given the viscosity and stretchability of PVA hydrogel,
it can directly adhere to the back of the mice in the hydrogel treat-
ment group to cover the wound region without any binding agent
(Figure S16, Supporting Information). A schematic illustration of
the MRSA-infected wound healing model and the treatment pro-
cess is depicted in Figure 6a. The body weight (Figure 6b) and
wound closure of the mice in each group were monitored every
two days after the therapy to evaluate the wound healing progress.
As shown in Figure 6¢, the wound healing rates were compara-
ble across the control (Control US(-)), US only (Control US (+)),
and PVA US (+) groups. The wound sites of the mice in these
three groups exhibited continuous festering from Day 1 to Day
10, indicating a severe infection of MRSA and inflammation in
the wound area. The wound treated with BWO-Yb/PVA hydrogel
but not exposed to the US showed a slightly accelerated wound-
healing process. Nevertheless, the mice that received treatment
with BWO-Yb/PVA hydrogel along with US irradiation demon-
strated prevention of bacterial infection and a notable speed-up
in scabbing. The relative wound area (%) was calculated by the
following equation according to the photograph using Image].

Relative Wound Area (%) = (Area (Day 1) — Area (Day 10))

/(Area (Day 1)) x 100% (1)

According to the statistical analysis of the wound area mea-
surements (Figure 6d), the wound area of the mice in the BWO-
Yb/PVA US (+) group on day 10 decreased to only 25% of the
initially infected wound area on Day 1 (p = 0.032). In contrast,
the mice in other groups demonstrated no significant difference
compared to the Control US(-) group (p > 0.05). Notably, the
wound area of the mice in the Control US(+) group was more
severe than that of the control group throughout the healing
process, which may be associated with the mechanical damage
caused by US without the protection of the hydrogel. The body
weight of the mice is also consistent with the wound-healing pro-
cess. Figure 6b reveals that the body weight of the mice in all
groups showed a declining tendency in the early infection stage
(Day 0-Day 2) and a constant increase from Day 2 to Day 10, ex-
cept for the group exposed to US only. The US only group showed
an apparent rise until Day 8, which might be attributed to severe
Dbacterial infection and inflammation.

The mice were sacrificed on the 10 day after the therapy, then
the blood was collected, and the wound region was dissected for
further evaluation. Due to the fact that the bacterial infection
always triggers an inflammatory response in the host, the in-
flammation in the infection models was assessed using standard
blood examination, in which white blood cells and neutrophils
are often used as inflammation indicators to screen for the sever-
ity of bacterial infection. In addition, red blood cells and blood
platelets also act as indicators of the wound healing process. The
results of standard blood examination of white blood cells (WBC),
neutrophils (NEU), mean corpuscular volume (MCV), and mean
platelet volume (MPV) are displayed in Figure 6e (the normal
range is indicated by dashed rectangular lines). Compared with
the BWO-Yb/PVA US(+) group, the numbers of WBCs and neu-
trophils in the Control US(-), Control US(+), and BWO-Yb/PVA
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US(-) groups were much higher, suggesting that the inflamma-
tory response caused by MRSA infection was evident in these
groups. As for the MCV and MPYV, the result in the other four
groups is much higher than that of the BWO-Yb/PVA US(+)
group, indicating that the mice in the other groups still have a
blood clotting process.*®] Meanwhile, the WBCs and neutrophils
in the PVA US(+) group are lower than the standard range. The
red blood cells (RBC) and the blood platelet count (PLT) of the
mice in each group are almost equal (Figure S17, Supporting
information).

The dermal tissues around the wound area were dissected on
Day 10 after the sacrifice for staining analysis. From the hema-
toxylin and eosin (H&E) staining in Figures 6f and S18 (Support-
ing Information), the dermal tissues in the four control groups
showed more vascular dilatation, congestion, and bleeding, with
more inflammatory cell infiltration. The BWO-Yb/PVA US(+)
group showed no subcutaneous tissue defect and a reduced level
of inflammatory cell infiltration compared to the other groups.
The major organs, i.e., heart, liver, spleen, lung, and kidney of
the mice in each group, were also collected and weighed to eval-
uate the impact of the US irradiation and bacterial infection. The
H&E staining images and the weight of the organs are shown in
Figures $19,520 (Supporting Information), which demonstrate
that the bacterial infection did not influence the organ weights
and histological structure of the major organs throughout the
wound healing duration. The Masson trichrome staining was
conducted to assess the collagen accumulation in the wound area
(Figure 6f; Figure S18, Supporting Information). All four control
groups had necrotic scab tissues, and the epidermis of the wound
region did not completely regenerate, with the regenerated colla-
gen fibers poorly formed and loosely organized. Compared to the
control groups, the BWO-Yb/PVA US(+) group exhibited a dense
arrangement of new collagen fibers, indicating the satisfactory
healing of the treated wound region. In addition, Gram staining
was employed to further evaluate the remaining bacteria in the
wound region on Day 10. As shown in Figure 6g, the skin of the
mice in other treatment groups exhibited a considerable amount
of dark purple patches (yellow dotted circle in Figure 6g), indicat-
ing that remnants of MRSA still existed in the wound area until
Day 10. Conversely, the group treated with BWO-Yb/PVA hydro-
gel and US had negligible spots. These findings provided conclu-
sive evidence that SDT treatment based on BWO-Yb/PVA hydro-
gel platform could generate ROS and induce oxidative stress that
leads to bacterial death inside the wound, resulting in speed up
the healing process in an MRSA-infected wound model.

3. Conclusion

In this work, we present a novel lanthanide-doped Bi, WO, NSs
as sonosensitizers with high ROS generation performance for
US-triggered enhanced sonodynamic antibacterial application.
The doping of Yb ions in Bi,WO, NSs narrowed the band gap
of Bi,WO, NSs and enhanced the H,O absorption, thereby fa-
cilitating improved ROS generation. Specifically, the Bi,WO,
NSs with 10% of Yb doping concentration significantly im-
proved the quantity of ROS generated under the trigger of
US and present excellent in vitro inhibition rates against both
gram-negative and gram-positive bacteria, indicating the capa-
bility of broad-spectrum bacteria elimination. Furthermore, the
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Figure 6. In vivo sonodynamic antibacterial therapy evaluation against MRSA-infected wound healing model. a) Schematic illustration of MRSA-infected
wound healing model and the treatment process. b) Body weight changes of mice in different treatment groups. c) Representative photographs of the
infected wound area from Day 0 to Day 10 in each group. The last column is the skeleton map depicting the changes in the wound area. d) Relative
wound area (Day10/Day1) of the different groups. e) WBC, NEU, MCV, and MPV in the blood of MRSA-infected mice after 10 days of treatment. The
error bars indicate mean + SEM. The statistical analysis was performed using one-way ANOVA with Dunnett’s multiple-comparisons test: *p < 0.05,
*%p < 0.01, ***p < 0.001, and ****p < 0.0001; ns: not significant (p > 0.05). f) H&E (first row) and Masson (second row) staining images of the infected
wound area after 10 days of treatment. Scale bars: 500 um. g) Gram staining images of the infected wound area after 10 days of treatment. Scale bars:
200 pm. The second row is the enlargement of the MRSA cells, scale bars: 100 um.

Adv. Funct. Mater. 2025, 2511512

2511512 (13 of 15)

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

‘0 '820£9T9T

\oe/sdny wouy

1|uo//:sdny) SUoNIPUOD pue sWwd L 841 89S *[5202/60/92] U0 Aiq1TauIuo AB|IM ‘WOH ON NH ALISHIAINN DINHOILATOd ONOM ONOH AQ ZTSTTSZ0Z WPe/Z00T 0T/10p/wod A m A

fomA

85UBD|7 SUOWILUIOD) BAFeR1D 3|l dde 8y} Aq pausenob afe sappile YO 88N JO SBIN. 10§ ARIGITBUIUO AB|IM UO (SUORIPUOD-pUE


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

mechanism of sonodynamic antibacterial was deeply inves-
tigated at the transcriptome level. Then we construct a
sonosensitizer-hydrogel platform to improve the biocompatibil-
ity of the inorganic sonosensitizer for in vivo SDT. The inte-
gration of sonosensitizer with hydrogel matrix is a strategic ap-
proach to enhance the biocompatibility of the sonosensitizer
while ensuring efficient ultrasound-activated ROS generation by
optimizing the spatial distribution of the sonosensitizer. In ad-
dition, the hydrogel matrix could adhere to specific infection
sites and concentrate the sonosensitizer where it is most needed.
This localized treatment minimizes systemic exposure and po-
tential side effects, enhancing the safety profile of the therapy.
The BWO-Yb/PVA hydrogel platform was applied to the MRSA-
infected wound and significantly accelerated the wound healing
process under US irradiation, with the wound area reduced by
75% in 10 days. Therefore, the findings of this study indicate
the potential of 2D bismuth materials as innovative sonosensitiz-
ers. In addition, the biocompatible sonosensitizer-hydrogel plat-
form further expands the application of 2D bismuth materials
for in vivo SDT. Consequently, sonodynamic antibacterial ther-
apy is more promising for addressing drug-resistant bacterial in-
fections and potential deep-seated infections than light-activated
photodynamic therapy, owing to the portable and low-cost US
apparatus, adjustable US probe area, and deeper penetration of
US. Although SDT is an emerging approach, there are still chal-
lenges and potential barriers to scaling this therapy for clinical
use in human patients. For example, ensuring that sonosensi-
tizer can be delivered effectively and safely to the target site in
the human body is crucial for internal infection treatment. This
involves surface modification of sonosensitizers with safe and
stable targeting ligands. Moreover, determining the optimal ul-
trasound frequency, intensity, and duration is necessary to max-
imize efficacy while minimizing side effects in human tissue.
Future research should focus on optimizing the ultrasound pa-
rameters for deep-seated infections and improving the targeting
impact, which is necessary for translating this technology into
clinical settings with the collaboration between researchers and
clinicians.
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