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Given the global overuse and misuse of antibiotics, the problem of antibiotic resistance has become
increasingly severe, necessitating the urgent development of innovative therapeutic strategies to address
bacterial infections. In recent years, nanomaterial-mediated sonodynamic therapy (SDT) has emerged as
a promising alternative treatment. This strategy works by generating reactive oxygen species (ROS) to
inhibit or kill bacteria, thereby avoiding the risk of antibiotic resistance. This review explores the various
mechanisms by which ROS exert antibacterial effects and examines the different methods of generating
ROS. It provides an overview of the diverse nanomaterials applied in SDT in recent years, including two-
dimensional materials, metal-organic frameworks (MOFs), heterojunctions, and surface-modified bulk
materials. Additionally, it discusses other types of nanomaterials such as metal oxides and piezoelectric
materials, while also highlighting their specific therapeutic applications in treating infections like skin
infections and osteomyelitis. At the conclusion of the review, the development of nanomaterial-mediated
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SDT is discussed in terms of both its potential and challenges. The article offers valuable theoretical
insights and practical references for the preparation of the nanomaterials required for this antibiotic-free
therapeutic approach, and proposes new directions for future research aimed at addressing the growing

rsc.li/biomaterials-science issue of antibiotic resistance.

dering many traditional antibiotics ineffective.* ® Therefore, to
prevent the continued rise of antibiotic resistance and to treat

1. Introduction
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With the development of human medicine, bacterial infection
is still one of the vital causes of death. Since the discovery of
penicillin by Alexander Fleming in 1928, the mortality rate of
bacterial infections has been controlled." The advent of anti-
biotics has led to a significant reduction in mortality rates,
decreasing by 25-30% for both community-acquired and
healthcare-associated pneumonia, 75% for endocarditis, 60%
for meningeal or cerebral infections, and 11% for cellulitis.**
However, over the years, the widespread misuse of antibiotics
has led to the emergence of antibiotic-resistant bacteria, such
as methicillin-resistant Staphylococcus aureus (MRSA), vanco-
mycin-resistant enterococci (VRE), and vancomycin-resistant
Staphylococcus aureus (VRSA). These bacteria develop resis-
tance to existing antibiotics through various mechanisms, ren-
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infections caused by these resistant bacteria, it is crucial to
urgently explore alternative non-antibiotic methods for com-
bating bacterial infections.

Traditional non-antibiotic treatments for bacterial infec-
tions, such as plant extracts’” and probiotic therapies,® are
limited in their scope of application and suffer from a lack of
standardization. In recent years, antibacterial therapies based
on physical stimuli have garnered widespread attention as
alternatives to antibiotics, becoming a major focus of anti-
microbial research.” Examples include photodynamic
therapy,'®"" sonodynamic therapy,'? electrodynamic therapy,*®
and thermodynamic therapy."'> Among these, sonodynamic
therapy (SDT) is a therapeutic approach that combines non-
toxic sensitizing agents with low-intensity ultrasound to
achieve treatment of both superficial and deep-targeted tissue
diseases. Under ultrasound stimulation, these sonosensitizers,
typically composed of nanomaterials, generate reactive oxygen
species (ROS), thereby inducing site-specific cytotoxic effects.®
This approach offers the advantages of broad-spectrum anti-
bacterial activity and a low risk of resistance development.'*"”
Herein, we first discuss the antibacterial mechanism of ROS
and their source, and then review recent advancements in the
application of nanomaterials SDT capability for antibacterial
purposes (Fig. 1).
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Fig. 1 Schematic illustration of nanomaterial-mediated SDT antibacterial mechanism.

2. Antibacterial mechanism of ROS
and the way to generate ROS

2.1 Antibacterial mechanism of ROS

ROS, encompassing both radical and non-radical oxygen
derivatives such as superoxide anion (O, ”), hydrogen peroxide
(H,0,), hydroxyl radical ("OH), and singlet oxygen ('0,), are
known for their high chemical reactivity due to unpaired
electrons."®'® These ROS can exert antibacterial effects against
various pathogens through multiple pathways.*®

In the process of combating bacteria, ROS exert their anti-
bacterial effects primarily by reacting with bacterial DNA, pro-
teins, cell membranes, and lipids, resulting in irreversible
damage and disruption of bacterial growth.”* These ROS can
induce the formation of oxidative products, such as 8-hydroxy-
guanine (8-0x0G),”*> through oxidation, leading to base mis-
matches, mutations, and DNA strand breaks. This disrupts the
normal processes of DNA replication and transcription in bac-
teria, thereby inhibiting their growth and reproduction. ROS
can also interact with sulfur-containing amino acids, such as
cysteine, causing thiol oxidation and the formation of disulfide
bonds, which leads to protein denaturation, weakening the
bacterial metabolic and defense mechanisms, and ultimately
resulting in a loss of function.?® On bacterial cell membranes,
ROS can react with membrane lipids, especially unsaturated
fatty acids, leading to the formation of lipid peroxidation pro-
ducts such as malondialdehyde (MDA).>*** These reactive pro-
ducts can damage the membrane structure, causing leakage of
intracellular contents and loss of function, which facilitates

This journal is © The Royal Society of Chemistry 2025

the entry of nanomaterials and ROS into the bacterial cell
interior, thereby enhancing their antibacterial effects.”"

In addition to the mechanisms mentioned above, among
these ROS, O, is often regarded as the “primary” radical
formed during the ROS generation cascade. Upon acquiring
a single electron, molecular oxygen initially converts to O,"".
Subsequently, O,” can undergo dismutation catalyzed by
superoxide dismutase (SOD) to produce H,0, and molecular
oxygen. Under certain conditions, O, can also participate
in further reactions to form highly oxidizing species such as
the "OH. Notably, compared to other ROS, the neutral
nature of H,0, enables it to more readily cross cell mem-
branes and interact with intracellular components. Inside
bacterial cells, hydrogen peroxide interferes with essential
metabolic processes by oxidizing iron-sulfur cluster enzymes,
such as dehydrogenases, and other iron-containing enzymes,
leading to the loss of bacterial viability.?"*> Among these
ROS, "OH are considered one of the most potent biological
oxidants, with their exceptionally high reactivity and non-
selectivity being key factors behind their antibacterial
efficacy.>®*” '0, exhibits high selectivity, primarily reacting
with molecules containing double bonds, such as unsatu-
rated fatty acids and aromatic compounds. This selective
reactivity makes 'O, highly effective in oxidizing cell mem-
branes, proteins, and certain nucleic acids, leading to tar-
geted damage at specific cellular sites. This characteristic
enables 'O, to play a critical role in localized treatments,
such as tumor cell destruction.”®>° In antibacterial path-
ways, these ROS work synergistically to achieve enhanced
antibacterial effects.
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2.2 Sources and mechanisms of reactive oxygen species
generation

As discussed previously, ROS exert bactericidal effects through
various mechanisms. These ROS are primarily generated
through Fenton reaction, Fenton-like reaction, extracellular
stimuli, and drug-induced processes.

The Fenton reaction refers to the process in which ferrous
ions (Fe**) decompose H,0, to generate "OH and other ROS.*"
The reaction is typically represented as follows:

H,0, + Fe*™ — Fe*™ + OH™ + 'OH

Reactions similar to the Fenton reaction, but without the
involvement of Fe?’, are referred to as Fenton-like reactions.
The key characteristic of these reactions is the use of other
metal ions, such as copper®> and cobalt,** to replace ferrous
ions in generating ROS. Fenton-like reactions typically exhibit
broader catalytic selectivity compared to traditional Fenton
reactions, and through the synergistic action of different metal
ions, they can effectively eliminate a wide range of bacteria.

Under various extracellular stimuli, different types of ROS
can be generated. For instance, in photodynamic therapy,
photosensitizers absorb light and react with oxygen to produce
'0,. Immune cells, when activated by external signals such as
pathogens or cellular damage, generate ROS to eliminate the
invading organisms. Additionally, exposure to high-energy
radiation, such as ultraviolet (UV) light, can induce ROS pro-
duction, including hydrogen peroxide, through interactions
with water molecules.

Some antibiotics can also generate ROS. For example, qui-
nolone drugs induce ROS generation by binding to topoisome-
rases, forming DNA damage complexes that hinder DNA repli-
cation.>® Additionally, 2-nitroimidazole compounds (such as
IAZA and FAZA) accumulate under hypoxic conditions and are
reduced within the cells to their active forms. These com-
pounds then release electrons, which react with molecular
oxygen, leading to the generation of superoxide, hydrogen per-
oxide, and other ROS.*

Emerging SDT, which generates ROS through the inter-
action of nanomaterials with ultrasound, offers a promising
strategy for antibacterial treatment. This therapy produces ROS
through various mechanisms, including cavitation effects*®
and electron-hole pair formation.>” The cavitation effect
occurs when microbubbles formed in a liquid under ultrasonic
irradiation rapidly expand and collapse, creating intense loca-
lized pressure and temperature. This process accelerates mole-
cular collisions and facilitates interactions between the
material and its surrounding environment, resulting in the
generation of a substantial quantity of ROS. Under ultrasonic
stimulation, certain nanomaterials generate electron-hole
pairs (e7/h’), where the excited-state electrons (e”) exhibit
strong reducing properties, enabling them to react with oxygen
molecules in water to produce O,”~. Meanwhile, the holes (h")
possess strong oxidative properties and can react with OH™ in
water to generate ‘'OH.’®*° SDT not only efficiently generates
ROS and reduces the development of bacterial resistance, but
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also offers several advantages over other ROS-generating
methods. These advantages include the ability to focus on
localized antibacterial effects without damaging normal cells,
non-invasive treatment of deep tissues, dynamic control of
ROS production to maximize antibacterial efficacy, and syner-
gistic interactions with nanomaterials to enhance antibacterial
activity. The following sections will provide a detailed review of
these emerging nanomaterials.

3. Inorganic nanomaterials response
to ultrasound activation to generate
ROS for antibacterial therapy

Ultrasound intensity typically ranges from 0.5 W cm™? to 1.5
W cm™? when activating inorganic nanomaterials to generate
ROS, with a frequency commonly set at 1 MHz and a duration
ranging from 10 to 20 minutes. This range of intensity is
effective in ensuring ROS production while minimizing
damage to normal tissues. In this review, we categorize these
inorganic nanomaterials into five groups: two-dimensional
nanomaterials, metal-organic framework nanomaterials, het-
erojunction nanomaterials, other nanomaterials, and nano-
materials on bulk surfaces.

3.1 Two-dimensional nanomaterials

Two-dimensional (2D) nanomaterials refer to materials that
have significant extension in two dimensions while being
extremely thin in the third dimension. Due to their unique
physicochemical properties, 2D nanomaterials have shown
considerable advantages as biomaterials. Compared to other
materials, 2D nanomaterials offer not only strong mechanical
stability and good biocompatibility but also efficient electron
transport capacity.*®*' Materials such as graphene,** black
phosphorus,” and transition metal dichalcogenides
(TMDs)**** typically exhibit unique electronic properties,
including high conductivity and high electron mobility, which
enable them to efficiently transfer electrons under ultrasound
stimulation.*® This, in turn, promotes the generation of ROS,
thereby achieving antimicrobial effects.

Stanene, a 2D nanomaterial composed of tin atoms, boasts
an exceptionally high specific surface area and outstanding
electron transport properties, making it highly promising for
use in SDT for antibacterial applications. In the study by Tao
et al.,"” under ultrasound activation, the stanene nanosheets
absorb acoustic energy and convert it into thermal energy.
This thermal effect excites the electrons in stanene, elevating
them to high-energy states. Due to the high specific surface
area and excellent electron transport capacity of two-dimen-
sional materials, these excited electrons can quickly propagate
and migrate. This results in the interaction of the excited-state
electrons with oxygen molecules, generating '0,. Meanwhile,
the holes in stanene, which possess strong oxidative pro-
perties, can react with hydroxide ions in water, producing "OH.
In this study, the material demonstrated antimicrobial rates of

This journal is © The Royal Society of Chemistry 2025
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99.80% and 99.50% against MRSA and S. aureus, respectively,
upon ultrasound stimulation. The researchers developed a
hydrogel based on stanene nanosheets (SnNSs) to treat wound
bacterial infections, promote wound healing, and reduce
inflammatory responses®” (Fig. 2A). Chen et al. applied the
same SDT approach and principles to promote ROS generation
by stanene, with a distinct focus on cancer therapy in their
research.*®

Compared to stanene, the MXenes family have found
broader application in SDT due to its excellent biocompatibil-
ity and functionalization potential. MXenes are two-dimen-
sional nanomaterials composed of transition metal carbides,
which have gained increasing attention owing to their unique
surface functional groups (such as -OH, -O, -F) and dual
metallic-ceramic properties.”® In SDT, this material not only
generates ROS through the cavitation effect induced by ultra-
sound, but also forms e /h* on its surface. The abundance of
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active functional groups on the material’s surface not only
enhances its hydrophilicity but also provides rich chemical
active sites, thereby improving the efficiency of ROS gene-
ration. Ma et al. developed a two-dimensional material, Nb,C,
from the MXenes family. Under ultrasonic irradiation, Nb,C
nanosheets on the nanoplatform formed Schottky junctions
with porphyrin-based metal-organic frameworks, facilitating
rapid charge transfer. This charge transfer suppressed the
recombination of electron-hole pairs, leading to the gene-
ration of abundant ROS for antibacterial activity, achieving an
antibacterial rate of 98.64% =+ 0.25% against MRSA.*°
Furthermore, an in vivo study using a bone marrow infection
model of MRSA demonstrated that the HNTM/Nb,C nanoplat-
form exhibited remarkable antibacterial properties and pro-
moted bone regeneration, highlighting its potential for both
infection treatment and bone healing(1.5 W cm™>1 MHz,
20 min)*® (Fig. 2B). Song et al synthesized a high-entropy
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Fig. 2 (A) (i) Schematic diagram of the preparation of SnNSs and Sn@PEI. (i) Absorption spectra of DPBF for O, irradiation. detection. (iii)
Fluorescent spectra showing ‘“OH generation with TA.*” Copyright©2023, Elsevier. (B) (i) Spread plate images of MRSA of the varied materials with or
without US irradiation for 15 min. (ii) Antibacterial efficiencies of different samples, based on the spread plate pictures. (iii) ROS generation mecha-
nism. (iv) Leg images of infected sites. Abscesses are highlighted with white arrows. Gram staining of muscle in infected sites. MRSA are indicated
with black arrows. Scale bar: 500 pm.3° Copyright©2023, Science China Press. (C) Bacterial viability and mortality staining images of TVNMC (i) and

quantitative counting graph (ii).>°

Copyright©2024, Elsevier. (D) (i) Preparation and mechanism diagram of MoS,. (i) and (iii) The antibacterial rate of

MoS; against S. aureus and P. aeruginosa.>* Copyright©2023, Springer Nature.
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MXene (HEM), specifically TVNMC MXene. In contrast to the
study by Ma et al., this material can respond to both ultrasonic
and NIR-II stimuli, synergistically generating ROS for antibac-
terial activity. In vitro antibacterial results demonstrated that,
in this photothermal-enhanced sonodynamic antibacterial
therapy, the antibacterial rate against MRSA reached 99.60%,
surpassing the efficacy of ultrasound stimulation alone.
Furthermore, in vivo experiments confirmed that TVNMC
MXene effectively eliminated MRSA and its biofilm, while pro-
moting wound healing without causing noticeable abnormal-
ities in mouse tissues (1.0 W cm™2, 1 MHz, 20 min)*° (Fig. 2C).

MoS, exhibits a mechanism of action similar to that of
TVNMC MXene, demonstrating excellent light absorption in
the NIR spectrum. This allows it to synergize with NIR light-
induced thermal effects and ultrasound-triggered energy con-
version, further enhancing the generation of ROS. In the study
by Chen et al. These MoS, nanosheets possess tunable metal-
semiconductor phase transition properties. Under ultrasound
stimulation in sonodynamic therapy, MoS, can transition from
a semiconductor phase to a metallic phase, which enhances
its conductivity and improves its ability to generate ROS upon
ultrasound activation. In this study, in vitro and in vivo antibac-
terial experiments were conducted against S. aureus and
P. aeruginosa, with nearly 100% antibacterial efficacy observed
under the synergistic photothermal and sonodynamic effects.
Additionally, the treatment demonstrated significant efficacy
in wound infection and healing (1.0 W cm™2, 1 MHz,
20 min)®" (Fig. 2D).

3.2 Metal-organic frameworks nanomaterials

Metal-organic frameworks (MOFs) are highly ordered three-
dimensional structures formed by metal ions or metal clusters
coordinated with organic ligands. Due to their high specific
surface area, tunable pore structure, and excellent chemical
stability, MOFs are widely applied in various fields of life
sciences.”

The primary advantage of MOFs lies in their ability to not
only respond to ultrasound for antibacterial activity, but also
to selectively design their porous structure to control the rate
of ROS release, thereby modulating cellular behavior for thera-
peutic purposes. In the study by Ma et al., a Janus-ROS thera-
peutic system was proposed,®® in which the MOF was designed
with one side incorporating an ALN-mediated defective metal-
organic framework that exhibits ultrasound-activated antibac-
terial properties. Under high-intensity ultrasound stimulation,
this side rapidly generates a substantial amount of ROS, effec-
tively exerting antibacterial effects. The other side, in contrast,
generates a small amount of ROS under low-intensity ultra-
sound stimulation, which modulates the behavior of osteo-
cytes. This is achieved by influencing transcription factors
such as FOXO, thus promoting the expression of osteogenic
genes, stimulating osteoblast differentiation, and facilitating
bone tissue repair.>> Meanwhile, experimental results demon-
strated that the material exhibited an antibacterial efficiency of
98.97% against MRSA (1.5 W cm™2, 1 MHz, 15 min)>? (Fig. 3A).
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Furthermore, the porous structure of MOFs allows them to
generate ROS via cavitation effects under ultrasound, thereby
achieving antibacterial activity. Modifying with other elements
further enhance the efficiency of ROS production. In the study
by Sun et al., a designed Ag-modified multi-metallic organic
framework (Ag@UT) was synthesized. This material was pre-
pared by incorporating tetra(4-carboxyphenyl) porphyrin
(TCPP) into a zirconium-based MOF (UiO-66), followed by
in situ reduction of silver nitrate (AgNO3) on its surface to grow
silver nanoparticles (Ag NPs). This structure resulted in a
reduction of the energy band gap of the resulting multi-metal-
lic MOF (UT) from 3.45 eV to 2.58 eV. Upon in situ growth of
Ag NPs, the band gap of Ag@UT was further reduced to 2.11
eV, facilitating easier generation of electron-hole pairs upon
ultrasound excitation to produce ROS (Fig. 3B). In the Ag@UT
structure, electrons in UT spontaneously flow toward Ag NPs
until equilibrium is reached, forming a Schottky barrier. More
long-lived electrons transfer energy to surrounding >0, mole-
cules, generating 'O,. The Schottky barrier described here and
the Schottky junction formed in the HNTM/Nb2C nanoplat-
form function similarly by leveraging the difference in energy
levels between materials to control the flow and distribution of
electrons, thereby enhancing the generation of ROS. However,
there is a distinction in their mechanisms: the Schottky
barrier in Ag@UT promotes the accumulation of electrons in
Ag NPs, which then react with surrounding oxygen molecules
to produce ROS. In contrast, the Schottky junction in the latter
system enhances ROS production by inhibiting the recombina-
tion of e”/h*. These nuanced differences in electron behavior
at the material interfaces are pivotal for optimizing the sonody-
namic effects in biomedical applications, particularly in anti-
microbial and tissue repair strategies. This study confirmed
the antibacterial efficacy of the material under ultrasound
against S. aureus, with an antibacterial efficiency exceeding
99% at an Ag@UT concentration of 256 pg ml~". Furthermore,
in a Staphylococcus aureus-infected wound model, the material
exhibited therapeutic effects by treating the infection and pro-
moting wound healing (1.0 W cm ™, 1 MHz, 10 min).>* Similar
to their work, Zheng et al. synthesized a CeTCPP-Au complex
through a solvothermal reaction, where TCPP (along with
((NH4),[Ce(NO3)g])) was used to prepare the material, with
TCPP serving as the sonosensitizer. Gold nanoparticles (Au
NPs) were then loaded onto CeTCPP via in situ reduction of
HAuCl, to obtain CeTCPP-Au. This material exhibits similar
characteristics, where the interface between Au NPs and
CeTCPP forms a Schottky barrier due to the difference in
Fermi levels, which inhibits electron backflow to CeTCPP and
promotes electron-hole pair separation, thereby enhancing the
sonodynamic effect to generate ROS (Fig. 3C). In vitro antibac-
terial experiments showed that CeTCPP-Au exhibited antibac-
terial efficiencies of 99.73 + 0.05% against S. aureus and 99.16
+ 0.29% against E. coli. Furthermore, in an in vivo rat model of
osteomyelitis, treatment with CeTCPP-Au in combination with
ultrasound resulted in reduced inflammation, as evidenced by
a decrease in interleukin-6 (IL-6) levels. Blood tests showed a
reduction in white blood cell (WBC), lymphocyte (Lymph), gra-

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (A) Preparation and mechanism of action of HN2

Ag@UT (i) and (ii) band gaps and energy level diagram (insets) of UiO,

Copyright©2023, Wiley-VCH. (B) Schematic illustration of the preparation procedure of

UT and Ag@UT, (iii) US-induced sono-catalytic mechanism of Ag@UT.>*

Copyright©2024, Elsevier. (C) (i) The preparation of CeTCPP-Au. (ii) Schematic illustration of the mechanism of the defect formation in CeTCPP-Au

and the processes of ROS generation.>® Copyright©2023, Wiley-VCH.

nulocyte (Gran), red blood cell (RBC), hemoglobin (HGB),
hematocrit (HCT), and platelet (PLT) counts, indicating a
reduction in inflammation. Additionally, bacterial infection
and inflammatory cell counts in the bone marrow were signifi-
cantly reduced, with no obvious damage to major organs.>”
Although these two materials can also be classified as hetero-
junction nanomaterials, it is considered that their primary
application leverages the unique mechanisms of MOFs. A
detailed discussion on heterojunction nanomaterials will be
presented in the following sections.

3.3 Heterojunction nanomaterials

Heterojunction nanomaterials refer to a class of materials
formed by the combination of two or more different com-

This journal is © The Royal Society of Chemistry 2025

ponents, where the interface between these materials creates a
unique structure. Compared to other materials discussed in
this study, heterojunction materials present distinct advan-
tages. Due to the differences in the electronic band structures
of their constituent components—such as metal-semi-
conductor or semiconductor-semiconductor interfaces—het-
erojunctions can effectively generate built-in electric fields,
thereby facilitating the efficient separation of electron-hole
pairs.>®>°"°° This not only enhances the effective utilization of
photoexcited charge carriers but also reduces the recombina-
tion of electrons and holes, improving catalytic efficiency.
Under ultrasonic stimulation, this results in a significant
increase in the generation of ROS, thereby enhancing the anti-
microbial efficacy.®!
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Some heterojunction materials can promote ROS gene-
ration under ultrasonic stimulation by introducing defects that
inhibit electron-hole recombination. A mechanism demon-
strated in the study by Zeng et al., which focused on a MOF
based on porphyrin. By using acetic acid and benzoic acid as
modulators during the hydrothermal synthesis, defects were
introduced, creating a defective MOF (D-MOF) with a dual het-

View Article Online

Biomaterials Science

erojunction structure (such as PCN-222/PCN-224). Among
these, D-PCN-2 exhibited the best performance. In vitro experi-
ments demonstrated that D-PCN-2 achieved an antibacterial
efficiency of 93.05% against MRSA. In in vivo experiments, a
rat model of MRSA-induced osteomyelitis was established.
Through wound observation, blood analysis, histological stain-
ing (such as H&E and immunofluorescence staining), and
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Copyright©2023, Elsevier. (C) S-TiO,_,/CeO, (i) ultrasonic antibacterial mechanism and (i) mechanism of ROS generation through synergistic
effects.>® Copyright©2023, Wiley-VCH. (D) (i) Schematic illustration of the preparation procedure of TizCp HNTM and HN-TizCo. (i) antibacterial
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Micro-CT scanning, it was shown that D-PCN-2 effectively alle-
viated infection symptoms, reduced systemic inflammation,
promoted bone regeneration, and successfully prevented bone
destruction (1.5 W em™?, 1 MHz, 15 min)®” (Fig. 4A).

Schottky heterojunctions refer to a specialized type of junc-
tion formed by the combination of metal and semiconductor
materials, which plays a crucial role by generating an internal
electric field. In the study by Li et al, a gold-TiO, Schottky het-
erojunction was described, where the combination of metal
and semiconductor generates an internal electric field that
effectively promotes the separation of electron-hole pairs,
thereby enhancing ROS generation efficiency under ultrasound
stimulation (Fig. 4B). Antibacterial experiments were con-
ducted against P. gingivalis, F. nucleatum, and S. sanguinis,
showing antibacterial rates of 96.59%, 96.25%, and 95.31%,
respectively. Additionally, in vivo experiments confirmed the
material’s promising efficacy in treating peri-implant infec-
tions under SDT.”” Li et al investigated a TiO,-Ru-PEG
Schottky heterojunction, similar to the gold-TiO, Schottky het-
erojunction. This heterojunction generates ROS through the
same mechanism under ultrasound; however, their work
focused on using this system for the treatment of bladder
cancer.’® As another example of a Schottky heterojunction,
Wang et al. synthesized a defective S-doped TiO, and CeO, het-
erojunction (S-TiO,_,/CeO,). Unlike the previously discussed
materials, under ultrasound stimulation, CeO, in S-TiO,_,/
CeO, exhibits mixed valence states of Ce*"/Ce*". Ce*" can
deplete glutathione (GSH) in bacteria and react with H,0, to
generate ROS. Meanwhile, the ultrasound-induced sonoelec-
trons in S-TiO,_,/CeO, can modulate the valence state tran-
sition between Ce®" and Ce*, enhancing the efficacy of che-
motherapeutic therapy (Fig. 4C). The heterojunction structure
accelerates interface electron transfer, boosting SDT and
achieving a synergistic effect between sonodynamic and che-
motherapeutic mechanisms. The resulting ROS jointly contrib-
ute to bacterial cell death. Experimental results demonstrated
that this material achieved an antibacterial efficiency of
99.30% against S. aureus under ultrasound and showed prom-
ising potential for the treatment of osteomyelitis caused by
S. aureus.®® A nanocomposite material named HN-Ti;C,, syn-
thesized by Wang et al., which forms a Schottky heterojunction
between HNTM (Zr-porphyrin-based MOF hollow nanotubes)
and Ti3;C, nanosheets, also demonstrates efficacy in the ultra-
sound-mediated treatment of osteomyelitis. Under ultrasound
irradiation, HNTM generates electron-hole pairs, while Ti;C,
facilitates the rapid transfer of electrons, leading to the gene-
ration of a significant amount of ROS (Fig. 4D). Additionally,
this heterojunction can generate piezoelectric currents under
low-intensity ultrasound to promote bone regeneration.
Experimental results showed that this material achieved an
antibacterial efficiency of 99.75% against MRSA under ultra-
sound, and it exhibited promising effectiveness in treating
MRSA-induced osteomyelitis while promoting bone regener-
ation (1.5 W em™?, 20 min).*®

In addition, heterojunction materials can also optimize the
combination of different substances’ individual effects on bac-

This journal is © The Royal Society of Chemistry 2025
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teria to enhance antibacterial efficiency. For example, in the
study by Cheng et al, PtCu NPs (platinum-copper nano-
particles) were employed as ultrasound-activated nanosensiti-
zers, which were subsequently modified with poly (maleic
anhydride-alt-1-octadecene)-polyethylene glycol (C,sPMH-PEG)
to yield PtCu-PEG NPs. This modification endowed the
material with excellent biocompatibility, dispersibility, and
enhanced ultrasound activity (Fig. 4E). The modification not
only facilitated ROS generation but also synergistically
enhanced the antibacterial effect by depleting glutathione.
Experimental results demonstrated that, under 8 min of ultra-
sound irradiation, the material achieved antibacterial efficien-
cies of 99.60% against E. coli and 99.9% against S. aureus. This
material showed significant advantages in treating wound
infections and osteomyelitis caused by S. aureus.”> On the
other hand, heterojunction materials can also enhance the
piezoelectric effect by combining different materials, thereby
improving the efficiency of ultrasound-induced ROS generation
(Fig. 4F). This mechanism has been demonstrated in the work
of Guo et al. with their Glucose-derived carbon spheres loaded
with zinc oxide (ZnO@HTCS),** which can be used to treat
osteomyelitis caused by MRSA, exhibits an in vitro antibacterial
efficiency of 99.79 + 0.09% against MRSA (1.5 W cm™?,
15 min).

Heterojunction materials can also optimize their catalytic
performance, electronic conductivity, and ROS generation
capability by incorporating carbon-based materials. In the
work of Ying Qian et al., a graphene quantum dots (GQDs) and
TiO,_, heterojunction was synthesized** (Fig. 4G). The gra-
phene quantum dots enhance the catalytic efficiency of TiO,_,
by providing excellent electronic conductivity and light absorp-
tion capacity, enabling more efficient ROS generation under
ultrasound conditions for antibacterial purposes. Moreover,
this material demonstrated promising therapeutic effects in a
mouse model of MRSA-infected skin wounds (1.0 W cm™?,
20 min).*?

3.4 Other nanomaterials

In addition to the materials mentioned above, other types of
nanomaterials with specialized functions can also mediate
SDT. Some metal oxide nanomaterials, such as TiO,, exhibit
excellent ultrasound responsiveness and favorable biocompat-
ibility. In the study by Ouyang et al., various crystalline phases
of TiO, nanoparticles were analyzed, revealing that the II-type
heterojunction of anatase-brookite TiO, (AB) exhibited the
lowest adsorption and activation energy for O,. This character-
istic enabled efficient electron transfer to O,, promoting the
separation of electron-hole pairs, enhancing oxygen activation,
and generating higher amounts of ROS (Fig. 5A). Building
upon this, hyaluronic acid (HA) microneedles (MN) loaded
with AB-type TiO, were synthesized. Experimental results
demonstrated that AB-MN achieved an antibacterial efficiency
of 99.94%. Under ultrasound irradiation, AB-MN effectively
eradicated wound biofilms, alleviated inflammation, and pro-
moted wound healing. This was evidenced by enhanced col-
lagen formation, suppression of pro-inflammatory responses

Biomater. Sci,, 2025, 13, 2628-2641 | 2635
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triggered piezoelectric catalysis.®® Copyright©2024, Wiley-VCH.

(such as reduced TNF-o expression), and stimulation of vascu-
lar tissue regeneration (as indicated by increased VEGF
expression), providing an effective treatment for chronic
wound infections (1.5 W em ™, 1 MHz, 15 min).®

The application of piezoelectric nanomaterials in SDT has
emerged as an increasingly important area of research. These
materials generate built-in electric fields under ultrasound
stimulation, thereby promoting the production of ROS.
Moreover, while exhibiting favorable biocompatibility,

2636 | Biomater. Sci,, 2025, 13, 2628-2641

piezoelectric nanomaterials can be modified to achieve
specific antibacterial objectives, such as minimizing damage
to healthy tissues.®” For example, in the study by Qian et al, a
piezo-catalytic nanomist (BTO@MMSa) pre-activated by macro-
phage membranes was developed. In this study, BTO was
encapsulated, leveraging the macrophages’ ability to recognize
bacteria, targeting bacterial infection sites. Under ultrasound
stimulation, BTO nanoparticles in BTO@MMSa generated
local electric fields and surface potentials through the piezo-
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electric effect, triggering redox reactions and efficiently produ-
cing ROS (Fig. 5B). Furthermore, under low-intensity ultra-
sound, BTO@MMSa enhanced fibroblast migration, collagen
synthesis, and reduced inflammation, thereby promoting
wound healing and accelerating the repair of bacterial-infected
wounds. Experimental results showed that under ultrasound
exposure, BTO@MMSa achieved an antibacterial efficiency of
99.30% against S. aureus and 93.40% against E. coli. The dual
effects of antibacterial activity and wound healing promotion
significantly improved the healing of bacterial-infected
wounds (1.5 W em ™2, 1 MHz, 15 min).*®

3.5 Nanomaterials on bulk surface

In SDT, in addition to nanomaterials that inherently exhibit
therapeutic effects, nanomaterial coatings are often applied to
the surfaces of bulk implants to enhance their performance
and achieve infection treatment. For example, in the study by
Guan et al., a metal-phosphorus (RP) heterojunction interface
material was synthesized, and Ti-RP-SNO material was pre-
pared (Fig. 6A). This material involved further modification of
the Ti-RP surface with a thermally controlled NO releasing
mesoporous silica nanoparticle (MSN) coating. Under ultra-
sound stimulation, this material generates ROS via the thermo-
acoustic effect while simultaneously releasing NO to exert a
synergistic antibacterial effect. Experimental results demon-
strated that after two treatment cycles, the material + ultra-
sound group achieved an antibacterial efficiency of 99.99%
against MRSA, and in vivo experiments confirmed its potential
for treating bone infections caused by MRSA (1.0 W cm™2,
1 MHz, 25 min).*®

View Article Online
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Furthermore, the efficiency of ROS generation can be
enhanced by introducing oxygen vacancies into the coating. Pan
et al. synthesized aluminum-doped strontium titanate/titanium
dioxide nanotubes (Al-SrTiO3/TiO, nanotubes, Al-STNT),
designed as an ultrasound-responsive nanocoating fixed onto
the surface of Ti implants (Fig. 6B). The doping of AI’* ions into
the SrTiO;/TiO, heterojunction creates oxygen vacancies and
disrupts the lattice of SrTiO;. Under ultrasound stimulation, the
piezoelectric effect overcomes the bandgap barrier, leading to
increased ROS production by AI-STNT. Experimental results
demonstrated that this material achieved antibacterial rates of
80.40% and 82.10% against P. gingivalis and F. nucleatum,
respectively (1.5 W em™2,1 MHz, 20 min). In vivo experiments
confirmed its potential for treating peri-implantitis caused by
bacterial infections.®® Similarly, in a study by Chen et al, a
bilayer coating material was prepared on titanium, with the
inner layer consisting of microporous TiO, and the outer layer
of nanorod hydroxyapatite (HA) (Fig. 6C). After magnesium
thermal reduction treatment, oxygen vacancies were introduced
into TiO,, enhancing its ROS generation efficiency under ultra-
sound. Additionally, the Mg-O amorphous film that degraded
after MT treatment produced OH~, which consumed H', dis-
rupting the proton gradient inside and outside the bacteria,
weakening the transmembrane proton motive force (TPMF),
and inhibiting bacterial ATP synthesis. This disruption, in
synergy with ROS, resulted in antibacterial activity. In vitro
experiments showed that the antibacterial efficiency against
MRSA reached 99.23%, and against S. aureus it was 99.87% (1.5
W cm™2, 5 min). Furthermore, in vivo experiments confirmed its
potential for treating infectious osteoporotic conditions.”
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Fig. 6 The preparation of Ti-RP-SNO (A) ()®® Copyright©2020, Wiley-VCH, AL-STNT (B)*® Copyright©2024, Wiley-VCH, 10MT (C)”°
Copyright©2023, Wiley-VCH, Ti-MnO,-CPA@Ce6 (D)* Copyright©2024, Elsevier, CT-P (E)”? Copyright©2024, Wiley-VCH, CF (F)”® Copyright©2024,
Wiley-VCH, Ti/PDA/BP (G)** Copyright©2023, Elsevier. (A) (i) Mechanism of action of Ti-RP-SNO. (H) Schematic illustration for the functional gel
sticking, trapping and killing the bacteria under ultrasound.”* Copyright©2022, Springer Nature.
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Certain nanomaterial coatings can promote the release of
modified ions under ultrasound stimulation, thereby achieving
the desired therapeutic effects. In the study by Xu et al., a mul-
tifunctional coating was constructed on the surface of Ti
implants, consisting of MnO, nanofibers (MnO,NFs) and a
responsive, biodegradable hydrogel containing Ce6. The Ti-
MnO,-CPA@Ce6 substrate catalyzed hydrogen peroxide gene-
ration and, under ultrasound, induced Ce6 to produce ROS for
synergistic antibacterial activity (Fig. 6D). Meanwhile, Mn**
released from MnO,NFs promoted the maturation of dendritic
cells (DCs). After bacterial killing, bacterial antigens were
released, and the mature DCs enhanced antigen presentation,
activated T cells, and induced B cell differentiation into
plasma cells, thus initiating adaptive immunity to combat bac-
terial infections. Experimental results showed significant anti-
bacterial effects against S. aureus, and this approach was
demonstrated to be useful in treating implant-related infec-
tions in diabetic patients, while also promoting bone healing
at bone defect sites in these patients (1.5 W em ™2, 20 min).”*

Some nanomaterials on bulk surfaces can also enhance the
electric fields generated by the materials themselves through
ultrasound, thereby inducing electrical stimulation to exert
their therapeutic effects. Dai et al. synthesized a perovskite
(CT) coating on Ti through a one-step hydrothermal method,

View Article Online
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followed by corona polarization treatment to obtain a polar-
ized perovskite (CT-P) coating (Fig. 6E). This coating not only
generates ROS under ultrasound but also provides electrical
stimulation (ES) to modulate the immune microenvironment.
The ES intensity is 0.2 mA, which is much lower than the
current intensity typically used for antimicrobial electric fields.
Therefore, in this case, it primarily serves to promote immune
modulation rather than exerting any direct antimicrobial
effects.”>’® In vitro, it regulates the inflammatory response by
inhibiting the polarization of pro-inflammatory
M1 macrophages and promoting the polarization of anti-
inflammatory M2 macrophages. Results showed that the anti-
bacterial efficiency against S. aureus reached 90.04 + 0.04%
(1.5 W em™, 20 min), and because it can modulate the
immune microenvironment to regulate inflammation, it is
suitable for treating implant site infections and bone inte-
gration failure in oral implant surgeries.”” Similarly, Ding
et al.”® proposed a magnetic heterojunction CF (Fe;0,/TiO,)
constructed on the surface of Ti (Fig. 6F). This material gener-
ates ROS under ultrasound stimulation to exert antibacterial
effects and, through the ferromagnetism of Fe;O,4, produces
spin-polarized electrons that generate a micro-magnetic field.
This field disrupts the bacterial respiratory chain, further
accelerating bacterial death. Experimental results showed an

Table 1 Antibacterial efficiency of different nanomaterials and the diseases treated. NA indicates that no specific value was provided

Nanomaterials Classification Bacteria Antibacterial efficiency Treated diseases Ref.

Sn@hydrogel 2D nanomaterials MRSA, S. aureus 99.80%, 99.50% Wound infection 47

HNTM/Nb,C 2D nanomaterials MRSA 98.64 + 0.25% Osteomyelitis 39

TVNMC Mxene 2D nanomaterials MRSA 99.60% Wound infection 50

MoS, 2D nanomaterials S. aureus, P. aeruginosa Nearly 100% Wound infection 51

Ag@UT MOFs S. aureus 99% Wound infection 53

CeTCPP-Au MOFs S. aureus, E. coli 99.73 + 0.05%, 99.16 + Osteomyelitis 54

0.29%

HN25 MOFs MRSA 98.97% Osteomyelitis 56

D-PCN-2 Heterojunction MRSA 93.05% Osteomyelitis 55

Au-TNT Heterojunction P. gingivalis, F. nucleatum, and 96.59%, 96.25%, and Peri-implant infection 58

S. sanguinis 95.31%

S-TiO,_,/CeO, Heterojunction S. aureus 99.30% Osteomyelitis 60

HN-Ti;C, Heterojunction MRSA 99.75% Osteomyelitis 38

PtCu-PEG NPs Heterojunction S. aureus, E. coli 99.90%, 99.60% Wound infection, 63

Osteomyelitis

ZnO@HTCS Heterojunction MRSA 99.79 + 0.09% Osteomyelitis 64

GQD/TiO,—y Heterojunction MRSA NA Wound infection 42

AB-MN Others S. aureus 99.94% Wound infection 65

BTO@MMSa Others S. aureus, E. coli 99.30%, 93.40% Wound infection 66

Ti-RP-SNO Nanomaterials on bulk MRSA 99.99% Osteomyelitis 68
surface

Al-STNT Nanomaterials on bulk P. gingivalis, F. nucleatum 80.40%, 82.10% Peri-implant infection 69
surface

10MT Nanomaterials on bulk MRSA, S. aureus 99.23%, 99.87% Osteomyelitis 70
surface

Ti-MnO,- Nanomaterials on bulk S. aureus NA Bone implant infection 71

CPA@Ceb surface

CT-P Nanomaterials on bulk S. aureus 90.04 + 0.04% Bone implant infection 72
surface

CF Nanomaterials on bulk S. aureus 99.50% Osteomyelitis 73
surface

Ti/PDA/BP Nanomaterials on bulk MRSA 96.60% Bone implant infection 43
surface

Gel Nanomaterials on bulk MRSA NA Wound infection 74

surface
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antibacterial efficiency of 99.50% against S. aureus, and the
material demonstrated efficacy in the treatment of
osteomyelitis.

Additional nanoparticles can be modified on bulk surfaces
to enable responsiveness to other driving forces, thereby
enhancing the antimicrobial efficacy of SDT. In the study by
Zeng et al., a bifunctional coating composed of two-dimen-
sional light- and ultrasound-sensitive black phosphorus
nanosheets (BPNSs) and polydopamine (PDA) was synthesized
and loaded onto Ti implants (Fig. 6G). This material leveraged
the combined advantages of photothermal and sonodynamic
effects, generating a significant amount of ROS to inactivate
S. aureus, including MRSA, with an in vitro antibacterial rate of
96.60%. In this study, the material was primarily used for
treating orthopedic implant-related infections while promoting
bone-implant integration, addressing the issue of implant fail-
ure.**polydopamine (PDA) was synthesized and loaded onto Ti
implants. This material leveraged the combined advantages of
photothermal and sonodynamic effects, generating a signifi-
cant amount of ROS to inactivate S. aureus, including MRSA,
with an in vitro antibacterial rate of 96.60% (the ultrasound
intensity is 1.5 W cm™?). In this study, the material was pri-
marily used for treating orthopedic implant-related infections
while promoting bone-implant integration, addressing the
issue of implant failure.*?

Modification of bulk nanomaterial surfaces with additional
nanomaterials can enhance adhesion to bacterial surfaces,
thereby facilitating targeted treatment of drug-resistant bac-
terial infections. In a study conducted by Zhu et al., a func-
tional gel was synthesized using amorphous TiO, nanofibers
dotted with Ti,C(OH), nanosheets. This gel exploits the for-
mation of Ti-O-P bonds between Ti-OH groups in the
material and phosphate groups in bacterial cell walls, effec-
tively capturing bacteria’ (Fig. 6H). Under ultrasound, the
semiconductor properties of the material promote the gene-
ration of e”/h’. The separated electrons and holes react with
water molecules and dissolved oxygen to produce various ROS,
which then interact with bacteria to achieve sterilization. This
research demonstrated significant antibacterial activity against
MRSA, showing excellent therapeutic effects in healing
wounds infected with MRSA (1.0 W cm ™2, 1 MHz, 4 min).

4. Conclusions and future challenges

In summary, given the current overuse of antibiotics, there is
an urgent need to develop alternative treatments for bacterial
infections. Compared to traditional antibiotic therapies, anti-
biotic-free approaches that generate ROS, particularly those
mediated by nanomaterials in SDT, warrant significant atten-
tion. This strategy not only avoids the common side effects
and resistance issues associated with conventional antibiotics
but also provides the flexibility to tailor materials for specific
therapeutic purposes. The various materials discussed in this
review—including two-dimensional materials, metal-organic
frameworks, heterojunction materials, metal oxides, piezoelec-

This journal is © The Royal Society of Chemistry 2025
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tric materials, and nanomaterials on bulk surface—respond to
ultrasound and generate ROS, offering valuable insights into
antimicrobial treatments for a wide range of infectious dis-
eases (Table 1). Compared to other non-antibiotic therapies,
SDT offers superior tissue penetration capabilities. This
enables higher selectivity at antibacterial targets through the
use of specific sonosensitizers. Unlike PDT, which is limited
by the need for external light sources, SDT uses ultrasound as
an excitation source, allowing for deeper tissue penetration
and effective treatment of infections in hard-to-reach areas.
Moreover, unlike CDT, which relies on external chemical
agents, SDT reduces potential toxicity and resistance issues,
making it more advantageous for clinical applications. SDT
can also be synergistically combined with other treatment
modalities, such as photothermal therapy and chemotherapy,
to enhance therapeutic outcomes. As a non-invasive approach,
SDT minimizes physical trauma and promotes rapid recovery,
avoiding the risks and complications associated with surgery.
This makes it a safer and more convenient treatment option
for patients who are ineligible for surgery or have other health
concerns. These advantages position SDT as an innovative and
effective alternative in the fields of infection management and
cancer therapy.

However, despite the promising potential of SDT in generat-
ing ROS for antibacterial applications, several challenges
remain in clinical practice. (1) While ROS can effectively elim-
inate bacteria, excessive ROS may also cause oxidative damage
to host cells, leading to cell death or dysfunction. Therefore, it
is critical to investigate the interactions between nano-
materials, cells, biomolecules, and biological membranes, par-
ticularly within the context of ROS-mediated antimicrobial pro-
cesses. Understanding how these interactions influence ROS
generation and antimicrobial efficacy, as well as their potential
impact on surrounding healthy cells, is essential for precisely
controlling the intensity and duration of ultrasound to prevent
damage to healthy tissues. Future research should focus on
exploring strategies to regulate ROS production during anti-
microbial treatments based on specific conditions, as well as
investigating the use of low-intensity, high-frequency ultra-
sound to minimize the effects on surrounding healthy tissue.
(2) The effectiveness of ultrasound may be influenced by
factors such as tissue structure, bacterial biofilm barriers, and
the viscosity of the medium. For instance, ultrasound may fail
to penetrate thick biofilms effectively, thereby limiting its anti-
microbial efficacy. Future studies should explore the surface
modification of materials with nanoparticles that exhibit pene-
trating or anti-biofilm properties, or the incorporation of tar-
geting ligands, to enhance material affinity for biofilms and
improve treatment outcomes. (3) As with other clinical
materials, the biocompatibility and toxicity of these nano-
materials remain important concerns, especially with pro-
longed use. Addressing the accumulation and toxicity of nano-
materials in the body is crucial to prevent adverse effects on
patient health. (4) The translation of materials from synthesis
to clinical application must be accelerated. Collaborative
efforts with clinical therapies are essential for developing
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nanomaterials that meet biomedical needs and have practical
application potential, thereby facilitating the transition of SDT
from laboratory research to clinical practice. We believe that
solving these challenges will pave the way for the development
of a new field of antibiotic-free bacterial infection treatments.
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