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With the widespread prevalence of drug-resistant pathogens, traditional antibiotics have limited effectiveness and
do not yield the desired outcomes. Recently, alternative antibacterial therapies based on ultrasound (US) have
been explored to overcome the crisis of bacterial pathogens. Antimicrobial sonodynamic therapy (aSDT) offers an
excellent solution that relies on US irradiation to produce reactive oxygen species (ROS) and achieve antibiotic-
free mediated antimicrobial effects. In addition, aSDT possesses the advantage of superior tissue penetrability of
US compared to light irradiation, demonstrating great feasibility in treating deep infections. Although existing
conventional sonosensitizers can produce ROS for antimicrobial activity, some limitations, such as low pene-
tration rate, nonspecific distribution and poor ROS production under hypoxic conditions, result in suboptimal
sterilization in aSDT. Recently, emerging nanosonosensitizers have enormous advantages as high-performance
agents in aSDT, which overcome the deficiencies of conventional sonosensitizers as described above. Thus,
nanosonosensitizer-mediated aSDT has a bright future for the management of bacterial infections. This review
classifies the current available nanosonosensitizers and provides an overview of the mechanisms, biomedical
applications, recent advances and perspectives of aSDT.

Bacterial infections
Sonosensitizers

1. Introduction

Due to the rapid spread of drug-resistant bacteria, the efficiencies of
traditional antibiotic antimicrobial treatments are limited [1]. Bacteria
usually exist in the form of biofilms. Bacteria can adhere to inert or
biological surfaces and enclose themselves in extracellular polymeric
substances (EPS), including proteins, exopolysaccharides, and extracel-
lular DNA (eDNA) [2]. EPS provide a physical barrier to inhibit the
penetration of antibiotics and extremely limit the effects of antibiotics. In
addition, the increased prevalence of multidrug-resistant bacterial strains
means fewer antibiotics are available to treat bacterial infections [3]. The
mechanisms of resistance to antibiotics in multi-resistant bacteria include
intrinsic resistance and acquired or developed antibiotic resistance by the

* Corresponding author.
** Corresponding author.
***% Corresponding author.

bacteria [4]. Although pharmacological modifications or structural op-
timizations of antibiotics exhibit improved antimicrobial efficacy against
bacterial infections, widespread adoption of these new antibiotics into
clinical practice seems unlikely in the short term due to expensive and
lengthy discovery, development and clinical trial timelines. Therefore, it
is urgent to develop non-antibiotic approaches to treat
antibiotic-resistant bacterial infections.

Photodynamic therapy (PDT) has long been used in the clinical
antimicrobial field [5-11]. It has been confirmed that the illumination of
photosensitizers can lead to the inactivation of pathogens through the
production of highly reactive oxygen species (ROS) for oxidative damage
to lipids, proteins, and genetic materials [12-14]. Typically, the long
wavelengths of red light in the visible spectrum have a tissue penetration
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depth of only a few millimeters, and the longer wavelengths of NIR light
minimize tissue scattering and can only penetrate to a depth of approx-
imately 1 cm; thus, PDT is not sufficient for the treatment of deep tissue
infections [15]. Recently, developing two-photon (TP) and NIR light
response photosensitizers can improve the effects of PDT; however, the
weak permeability to the deep site of infection has not been addressed
because TP excitation requires almost simultaneous absorption of two
coherent near-infrared photons, which depend on expensive pulsed la-
sers [16-18]. Ultrasound (US) is a mechanical wave with periodic vi-
bration of particles in a continuous elastic medium with a frequency
equal to or greater than 20 kHz [19]. It was found that the acoustic field
cannot be coupled directly to the energy levels of the molecules. There-
fore, US irradiation is considered to be a safe treatment method that has
excellent tissue penetration without significant energy attenuation [20].
Sonodynamic therapy (SDT) refers to sonochemical or sonophotochem-
ical events in the acoustic field that result in cytotoxicity dependent on
the sensitizer [21]. US-mediated SDT has already been used as a
well-established anti-tumor treatment strategy [22-25], which can pro-
mote tumor cell killing by accredited mechanisms, including the gener-
ation of ROS and ultrasonic cavitation [26]. Recently, US-mediated SDT
has been applied in antimicrobial therapy [27]. In contrast to conven-
tional antibiotic therapy, SDT can generate ROS under US irradiation,
which directly results in the death of bacteria without the concern of the
emergence of drug resistance. In addition, the main advantage of SDT is
that it is more penetrating than PDT, which has a more focused effect on
the specific site of infection [28,29]. For example, US can reach deep
organs, such as the pancreas and liver. Moreover, SDT in combination
with other strategies has been found to have better effects on destroying a
wide range of forms of microorganisms, from free bacteria to biofilm
[30-33]. Thus, an increasing number of scholars have focused on opti-
mizing antimicrobial sonodynamic therapy (aSDT) [34-36].

Sonosensitizer is an important part of SDT and the ideal sonosensi-
tizer should have a high degree of acoustic sensitivity [37]. When
sonosensitizers are exposed to US, they are activated from the ground
state to the excited state. The activated sonosensitizers then return to the
ground state where they release energy to produce ROS for promoting
bacterial damage. However, conventional sonosensitizers, such as small
molecules, exhibit problems including poor targeting ability, poor hy-
drophobicity, low bioavailability, easy production of toxic side effects,
rapid excretion and short duration of action. Many traditional sono-
sensitizers, such as porphyrin-based compounds, curcumin, and rose
bengal, are highly hydrophobic, which allows them to be easily elimi-
nated from the blood circulation and results in insufficient accumulation
in infected areas. In addition, traditional sonosensitizers have an insuf-
ficient utilization efficiency of US energy causing a limited cavitation
effect and subsequently failing to sufficiently generate ROS for bacterial
inactivation. Moreover, bacterial infection is always accompanied by a
hypoxic microenvironment, which further inhibits the antibacterial ef-
ficacy of oxygen-dependent aSDT [38]. Currently, the advent and rapid
development of nanotechnology have led to a significant change in the
biomedical paradigm. Nanomedicine-enabled/augmented nanodynamic
therapy is triggered by exogenous or endogenous activators on nano-
sensitizers and generates active free ROS for nanotherapeutic purposes
[39-41]. Nanosonosensitizers refer to small molecule
sonosensitizer-loaded nanoparticles or nanomaterials that themselves
have acoustic sensitization effects. Nanosonosensitizers can not only be
effectively delivered to the site of inflammatory infection [42] but also
lower cavitation thresholds and enhanced cavitation effects, thereby
improving the efficiency of aSDT [43]. Nanosonosensitizers can also be
elaborately engineered for implementing bacteria-targeted sonother-
anostics-based  bacteria-specific = metabolic environment. Some
oxygen-generating nanosonosensitizers can relieve the hypoxia barrier of
biofilms, which could significantly contribute to promoting the efficiency
of aSDT.

This review gives a brief overview of nanosonosensitizers (Fig. 1). In
addition, the antimicrobial mechanisms of nanosonosensitizer-mediated
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Fig. 1. Nanosonosensitizers in aSDT.

aSDT was discussed. The medical applications of nanosonosensitizers in
aSDT/combination therapy for treating different bacterial infectious
diseases were summarized. Finally, the current status and future pros-
pects of nanosonosensitizers to meet antibacterial clinical needs are
provided.

2. Categories of nanosonosensitizers

Nanosonosensitizers are noted for their high stability, good perme-
ability and biocompatibility. Compared to conventional sonosensitizers,
nanosonosensitizers are able to improve hydrophobicity and prolong the
circulation time for better accumulation at the site of infection. In
addition, nanoscale biomaterials effectively promote the cellular uptake
of nanosonosensitizers and allow them to easily penetrate deeper tissues.
They can improve the water-solubility and biocompatibility of sono-
sensitizers without changing their physicochemical properties [44]. In
addition, nanosonosensitizers can increase the rate of ultrasonic kinetic
deactivation for bacteria [45]. There is a wide range of aSDT-related
nanosonosensitizers that can be applied to kill bacteria or destroy bio-
films. In terms of form, they can be divided into three categories
(Table 1): sonosensitizer nanoparticles (SSNPs), encapsulation of sono-
sensitizer in nanocarriers (ESSNCs) and conjugation of sonosensitizers
with nanocarriers (CSSNCs).

2.1. Sonosensitizer nanoparticles (SSNPs)

SSNPs refer to sonosensitizers that themselves are nanoscale and have
the characteristics of not only nanomaterials but also sonosensitizers. The
most common nanosonosensitizers are metallic oxide nanoparticles. For
example, zinc oxide nanoparticles (ZnO NPs) and titanium dioxide
nanoparticles (TiOy NPs) are effective as nanosonosensitizers for syner-
gistic bactericidal effects on Streptococcus mutans biofilms under US
irradiation [46]. In addition, metal peroxide nanoparticles possess
intrinsic physicochemical characteristics and unique biological func-
tions, which satisfy the requirements of aSDT. Silver peroxide nano-
particles (Ag202 NPs) can be considered both oxidizing and reducing
agents and have enhanced antibacterial and antibiofilm capabilities via
ROS production and cavitation microbubbles [50]. The aSDT entirely
depends on ROS generation. SSNPs can be activated by US, and its
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Table 1
Representative nanosonosensitizers in aSDT.
Nanosonosensitizers Parameters of Ultrasound Dose Microorganism Anti-bacterial effects of aSDT Ref.
SSNPs
ZnO NPs, TiO, NPs, and 0.75 W/cm?, 1 MHz, 1 min Sub-significant S. mutans, S. mutans 5.8 Log1o CFU/mL (99.999984% reduction), 6.3 Log1o [46]
ZnO/TiOy NPs reduction dose: biofilm CFU/mL (99.999994% reduction), and 7.9 Log;o CFU/
3.1 pg/mL, 25 pg/mL, mL (99.999996% reduction), respectively
and 1.5 pg/mL,
respectively
RBC-Au@Cu,0 hybrid 1.5 W/cm?, 1 MHz, 50% 0.25 mg/mL S. aureus planktonic 99.67% reduction [47]
nanocubes cycle, 15 min
DSiNPS 1 MHz, 1 W/cm?, 10 min 1 mg/mL E. coil planktonic Drop in the viability up to 72% [48]
Ti-S-TiO x* 1 MHz, 1.5 W/cm?, 50% NA; implant coatings S. aureus planktonic Antibacterial efficiency of Ti-S-TiO»x + US, and [49]
cycle, 15 min Ti-S-TiO5.x + Light + US were calculated to be
71.517%, and 99.995%, respectively.
Ag50, NPs* 1 W/cm? 1 MHz, 10 min 100 pg/mL MRSA, S. aureus, E. coli, The killing rate >99.99% under US, and killing rate [50]
P. aeruginosa planktonic >99.9999% under US + NIR
ESSNCs
N-EMO 1 MHz, 2 W/cm?, 5 min 0.03 x 10°* g/L~20 Biofilms (S. aureus, Inhibiting the biofilm growth of multi-species test [51]
x 107 g/L P. aeruginosa, bacteria by 5.725 + 0.12 (99.9993%).
A. baumannii)
MLP18 1 MHz, 0.97 W/cm?, 5 min 20 pM purpurin 18 E. coli/MRSA planktonic ~ Obvious growth inhibition upon US activation [52]
AVNs-TPPS 1 MHz, 0.97 W/cm?, 50% 200 pg/mL MRSA Complete eradication of MRSA infection [53]
cycle, 8 min
AmB-NPs 42 kHz, 0.3 W/cmz, 15 min 12.5 pg/mL C. albicans The sterilization rate was 99.65% [54]
Cur-NisNp* 1 MHz, 45.2mW/cm? 1 min ~ 15.6 pg/mL A. baumannii biofilm Significantly reducing the A. baumannii biofilm under [55]
US + LED
CNPS-ICG* 1 MHz, 1.56 W/cm?, 1 min 1000 pg/mL Biofilms (P. gingivalis, Removed periopathogens biofilm on the surface of [56]
Prevotella intermedia) titanium dental implant under diode laser irradiation
+USs
CSSNCs
HFH@ZIF-8 0.5 MHz, 1.2 W/cm?, 50% 100 pg/mL in vitro; MRSA Significant inhibition of the vitality of MRSA [57]
cycle, 10 min 5 mg/kg in vivo
RBC-HNTM-Pt@Au 1 MHz, 1.5 W/cmz, 50% 400 pg/mL in vitro; MRSA Antibacterial effect was 99.93% [58]
cycle, 15 min 1 mg/mL in vivo
Pd@Pt-T790 1 MHz, 0.97 W/cm?, 50% 50 ppm MRSA Nearly 100% of bacteria were killed [59]
cycle, 8 min
M@P-Fe 1 MHz, 0.5 W cm/2, 3 min 100 pg/mL E. faecalis The biofilm eradication in root canal [60]
IR780@PLGA 1 MHz, 2 W/cm?, 50% cycle, ~ 10.0 mg/mL, each 100  MRSA planktonic and Bacteria were almost completely obliterated and [61]
30 s on and 30 s off for four pL biofilm biofilm was eliminated and broken into pieces
on/off cycles
NM@Cur 1 MHz, 1.56 W/cm?, 1 min 50 mM S. mutans Decreased the cell viability to 99.9% [62]
PPPCs 1 MHz, 1.5 W/cm?, 9 min Cwntcpp = 3 % 0.04 MRSA Achieved the precise and effective treatment for deep [63]
mM infections
Fe@UCNP-HMME* 2 W/em?, 10 min 125 pg/mL E. coli/MRSA Achieved 0% of relative viability [64]

Abbreviation: *means photo/sonodynamic synergetic nanoagents; SSNPs, sonosensitizer nanoparticles; ESSNCs, encapsulation of sonosensitizers in nanocarriers;
CSSNCs, conjugation of sonosensitizers with nanocarriers; ZnO NPs, zinc oxide nanoparticles; TiO, NPs, titanium dioxide nanoparticles; RBC-Au@Cu50, red blood cell
membrane coating aurum-cupric oxide; DSiNPS, polysaccharide (dextran)-coated silica nanoparticles; Ti-S-TiO,-X, titanium-sulfur-doping; Ag.0, NPS, silver peroxide
nanoparticles; N-EMO, nano-emodin; MLP18, maltohexaose-modified cholesterol-phospholipid-purpurin 18; Cur-NisNP, Curcumin-Nisin-based poly (i-lactic acid)
nanoparticle; CNPS-ICG, chitosan nanoparticles-indocyanine green; HFH@ZIF-8, hematoporphyrin monomethyl ether-zeolitic imidazolate framework-8; RBC-HNTM-
Pt@Au, red cell membrane-zirconium based porphyrin metal—organic framework-platinum-aurum; Pd@Pt-T790, palladium-platinum-meso-tetra(4-carboxyphenyl)
porphine; M@P-Fe, mesoporous silica nanoparticles-protoporphyrin IX-iron ions; IR”7Z80@PLGA, IR780 iodide-lactic-co-glycolic acid; NM@Cur, nanomicelle curcumin;
PPPC, polymer-peptide-porphyrin conjugate; UCNPS, yolk-structured multifunctional upconversion nanoparticles; Fe@UCNP-HMME, ferrum-upconversion

nanoparticles-hematoporphyrin monomethyl ether.

mechanism relies on the jump of exciting electrons from their valence
band (VB) to the conduction band (CB). However, rapid recombination of
electrons and holes impedes the generation of ROS. Zhu et al. designed
red blood cell (RBC) membranes coated with Au@CupO hybrid nano-
cubes [47]. They synthesized Au as the metal catalyst and CuyO as its
semiconductor counterpart and found a Schottky contact at the
post-synthesis interface, which can be demonstrated by the peak shift
shown by the X-ray photoelectron spectroscopy (XPS) results. Under US
stimulation, electrons of CuyO are excited from their VB to the CB, the
edge of which is above the Fermi level of Au. In addition, the Schottky
barrier prevents the return of electrons and promotes electron-hole sep-
aration. The above process facilitates the reaction of H,O and O, to
produce ROS, which results in 99.67% of S. aureus being killed by US
irradiation for 15 min. These results showed the excellent antibacterial
effects of SSNPs under US irradiation.

2.2. Encapsulation of sonosensitizer in nanocarriers (ESSNCs)

Most conventional sonosensitizers are themselves small molecule
compounds, which limits their ability to penetrate deep infection tissues.
Therefore, researchers have attempted to encapsulate small molecule
sonosensitizers in nanoparticles to facilitate in vivo delivery. The sono-
sensitizers can be physically loaded in the nanoparticle substrate, which
can increase the hydrophilicity of sonosensitizers and promote the rapid
infiltration of ESSNCs into deeply infected tissues. Numerous ESSNCs
possess outstanding properties, including powerful entrapment effi-
ciency, high biocompatibility, and stability in diverse physiological
conditions. Most encapsulation methods are based on the precipitation
process of sonosensitizers. Sedimentation efficiency can be optimized by
adding a nonsolvent or changing the physicochemical parameters, such
as the pH, salinity or temperature [65]. The encapsulation process mostly
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relies on non-covalent bonding between sonosensitizers and nano-
carriers. For example, Pourhajibagher et al. prepared self-assembled
nano-emodin (N-EMO), which was formed by a host-guest interaction
between the Gel-CD copolymer and EMO [51]. The aSDT using N-EMO
might decrease biofilm formation of multi-species bacterial biofilms in
burn wound infections. Yang et al. prepared amphotericin B-loaded
nanoparticles (AmB-NPs) by a poly (lactic-co-glycolic acid) PLGA double
emulsion method [54]. Notably, some ESSNCs can modify erythrocyte
membranes through non-covalent bonding (i.e., electrostatic adsorption)
to improve their biocompatibility [47,58]. Moreover, parts of sono-
sensitizers act not only as US-responsive bactericidal agents but also as
optical imaging agents for aSDT-based visualization. Purpurin 18 (P18), a
porphyrin structural molecule, is a sonosensitizer with unique lumines-
cent properties that can potently overcome tissue absorption and scat-
tering. However, some fundamental limitations of P18, including high
hydrophobicity, ease of auto quenching, and poor bacterial specificity,
need to be resolved. Xu and coworkers encapsulated P18 into nano-
liposomes (MLP18) as ESSNCs, which efficiently released and internal-
ized P18 into bacteria and allowed in situ visualization of the infection
area [52]. Inspired by advances in encapsulation technology, enhancing
aSDT by nanoengineering ESSNCs may be a potential solution.

2.3. Conjugation of sonosensitizers with nanocarriers (CSSNCs)

Conjugation of sonosensitizers with nanoparticles is another way to
promote SDT efficiency. Sonosensitizer-conjugated nanoparticles are
constructed by a covalent combination of the two components. There are
usually two construction methods: one is that sonosensitizers are chem-
ically bound to the surface of nanoparticles, and the other is that sono-
sensitizers chemically attach to the polymer backbone and the complex
subsequently self-assembles into nanoparticles [57,59,63]. CSSNCs pro-
vide an emerging and reliable idea for the development of novel agents to
promote the effects of aSDT. Here are some examples of composites
connected by covalent bonds. Wang et al. designed novel TiOy-based
CSSNCs (named DFT), which were synthesized by TiOs nanocarriers
conjugated with a porphyrin sensitizer-DVDMS [66]. DFT achieved an
eradication efficiency of 92.4% for S. aureus under US irradiation. Geng
et al. loaded the sonosensitizer hematoporphyrin monomethyl ether
(HMME) into the porous material zeolitic imidazolate framework-8
(ZIF-8) to form H@ZIF-8 nanoparticles by linking metal ions with
organically bound ligands, and then the HFH@ZIF-8 nanoplatform was
constructed by modifying H@ZIF-8 nanoparticles with F127 and hemo-
globin through electrostatic incorporation [57]. HFH@ZIF-8 exhibited
enhanced water-solubility, good biocompatibility, and improved
disease-targeting capability for delivering and releasing sonosensitizers.
More interestingly, the presence of hemoglobin in HFH@ZIF-8 can offer
sufficient oxygen consumption by SDT and relieve hypoxia inhibition of
deep infection. It follows that in the process of constructing CSSNCs,
different chemical bonds can be used to provide suitable connections for
achieving the coordinated action of the constituent elements of the
sonosensitizer platform.

Research studies on novel nanosonosensitizers provide a way to
improve the therapeutic effectiveness of aSDT. SSNPs exploit their
inherent advantage of making the nanoparticles an active participant in
sonosensitizer delivery rather than a passive carrier. For ESSNCs, the
encapsulation protects the sonosensitizer located inside from the harmful
external environment, and the stability of the nanoparticles can be easily
tailored to further protect the sonosensitizer from degradation.
Compared with encapsulation, the main advantages of CSSNCs are sus-
tained drug release, higher drug loading, and better stability without
undesirable leakage. Researchers can design suitable agents according to
their requirements based on the advantages of different categories of
sonosensitizers.
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3. Potential antimicrobial mechanisms during US stimulation

The bacterial cell envelope has three important signal sequence tar-
gets, including cell membrane phospholipids, proteins, and nucleic acids
[67]. By disrupting these targets, US stimulation can induce morpho-
logical and functional changes in microbial cells [68]. Morphological
damage mainly consists of changes in the structure of the mesosome.
Direct damage to the cell wall and intracellular membrane of bacteria
disrupts the integrity of the cell membrane, leading to leakage of cyto-
plasmic contents and consequent inactivation of the cell membrane
transport system [69]. Alterations in function are usually caused by
disturbances in membrane potential, loss of protein and enzyme activity,
and inhibition of metabolic processes (e.g., DNA replication, glucose
transport) [70,71]. Gram-positive and gram-negative bacteria differ in
their reactivity to aSDT. Gram-positive bacteria are more sensitive to
aSDT because the thick but porous peptidoglycan layer facilitates the
entry of nanosonosensitizers [72,73]. In contrast, gram-negative bacteria
have a strong barrier due to their complex cell wall structure, and
therefore, sonosensitizers can only bind to the cell wall [45]. Nonethe-
less, the possibility of enhancing the antimicrobial effect with cationic
sonosensitizers has been suggested based on the fact that negatively
charged phosphate groups on the outer membrane of gram-negative
bacteria facilitate the binding of cationic sensitizers [73-75]. This
finding prompts us to consider not only the target points for killing
bacteria when performing antibacterial tests, but also to design the
appropriate nanosonosensitizer according to the bacterial structure. In
addition, biofilms are the main form in which bacteria exist and function,
which results in high drug tolerance for bacteria within biofilms [76-78].
Biofilms are aggregated bacterial populations that are usually encapsu-
lated with EPS. The self-secreted EPS around biofilms provides a physical
barrier for bacteria to restrict sonosensitizer penetration and the effects
of aSDT. Thus, highly desired nanosonosensitizers are available clinically
to control and treat biofilms.

Currently, the widely accepted antibacterial mechanism of aSDT is
the generation of ROS [20]. In addition, the physical damage caused to
bacteria by the energy generated by US irradiation also assists the anti-
microbial efficiency of aSDT, to some extent [79]. In this section, we will
discuss these potential antimicrobial mechanisms during US stimulation,
including the generation of ROS in nanosonosensitizer-mediated aSDT
and the auxiliary antimicrobial mechanisms during US irradiation.

3.1. Generation of ROS by nanosonosensitizers in aSDT

Numerous experiments have demonstrated that US can stimulate the
production of ROS by sonosensitizers [20,80-82]. When certain forms of
sonosensitizers or endogenous molecules are exposed to US, compounds
are activated from their ground state to the excited state. The activated
compounds then return to the ground state, and the energy they release
can generate ROS, which directly mediate bacterial damage (Fig. 2A).
When sufficient ROS are generated, the bacteria will activate a series of
events that ultimately lead to apoptosis [21,62,83]. The generation of
ROS is considered an effective way for nanosonosensitizers to mediate
the bactericidal effect. In addition, there are two hypotheses for the
mechanism of ROS production during acoustic stimulation of nano-
sonosensitizers: the sonoluminescence hypothesis and the pyrolysis hy-
pothesis. Some scholars have demonstrated that ultrasonically irradiated
liquids produce light, which is the basis of the sonoluminescence hy-
pothesis [84-86]. The bubbles generated within the liquid will appear as
light during the burst collapse and subsequently stimulate the nano-
sonosensitizers to produce ROS. The exact mechanism of the process has
not been elucidated, but it is widely accepted that it may be related to
blackbody radiation, bremsstrahlung, or recombination radiation [86].
The pyrolysis hypothesis is another mechanism by which sonosensitizers
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Fig. 2. Potential antimicrobial mechanisms during US stimulation. (A) Generation of ROS. ROS generated in response to US can be directly involved in mediating
cytotoxicity. ROS have a large diffusion radius and can cross the mitochondrial membrane, participating in electron transfer and oxidation, thus affecting the
mitochondrial respiratory chain of bacteria. (B) Thermal damage. US irradiation of nanosonosensitizers increases the temperature, and the bacteria are killed directly
when the temperature rises under US irradiation. (C) Ultrasonic cavitation effects. A rapid increase in mechanical pressure caused by the acoustic energy of nano-
sonosensitizers under US irradiation, results in the creation of microbubbles in the tissue fluid, disrupting the cytoskeleton, cell membranes and the activity of
biological enzymes. (D) Sonoporation effects. Under the induction of US, temporary pores are created in the cell membrane of bacteria, thus facilitating the penetration

of more nanosonosensitizers into the cells.

produce ROS when induced by US. When US hits the liquid, bubbles
appear, which gradually become larger and eventually explode. The
process generates a temporary heat, raising the surrounding temperature
and prompting the pyrolyzed nanosonosensitizers to react with oxygen
and generate ROS [87,88].

3.2. Auxiliary antimicrobial mechanisms during US irradiation

3.2.1. Thermal damage

Several strategies have been reported to suppress bacterial infections
via thermal damage, such as photothermal therapy (PTT) and magneto-
thermal therapy [89,90]. Similarly, US can convert mechanical vibration
energy into thermal energy for antimicrobial effects (Fig. 2B) [91].
However, the excess heat generated in the infected tissues tends to
damage host tissues and prolong the healing time. In addition, the ab-
sorption, attenuation and scattering of sound waves along the acoustic
channel can lead to insufficient energy deposition, while the problems of
diffusion and loss of thermal energy can make the conversion of me-
chanical energy to thermal energy inefficient [92]. Thus, thermal damage
is not yet the main antibacterial mechanism of aSDT.

3.2.2. Ultrasonic cavitation effects

The ultrasonic cavitation effect is the rapid increase in mechanical
pressure caused by the acoustic energy from US, resulting in the creation
of microbubbles in the tissue fluid [93]. This process involves growth,
nucleation and oscillation of gaseous cavities [94]. Cavitation can be
divided into two modes (Fig. 2C): inertial cavitation and noninertial
cavitation (stable cavitation) [95]. Inertial cavitation refers to the
stronger bubble dynamics processes that occur in liquids under
high-intensity US. The bubble can contract dramatically until it collapses,
absorbing large amounts of acoustic energy. It then releases energy in a
very small area, resulting in the formation of a high temperature and
pressure environment in this area, along with the formation of strong
shock waves, high speed microjets, and free radicals in the liquid [96,97].

Noninertial cavitation occurs in low-temperature liquid media, where the
bubbles produced in the process do not collapse as violently as inertial
cavitation; it is a slow and gentle process [93,95]. The changes in phys-
icochemical conditions that occur under the influence of the cavitation
effect can cause mechanical damage to bacteria and biofilms.

3.2.3. Sonoporation eeffects

Sonoporation relies on US action to create pores in bacteria (Fig. 2D).
When exposed to US, the shear stress and microflow generated by
acoustic cavitation can increase cell membrane permeability and cause
transient pores in the cell membrane of bacteria, resulting in the sono-
poration effect [98]. Studies have reported that under US induction,
temporary pores are created in the cell membranes of bacteria, thus
facilitating the penetration of more nanoscale drugs into the cells [99].
These theories and studies provide a novel idea for us to explore the
delivery route of nanosonosensitizers, improve the penetration rate of
agents and enhance the antimicrobial effect.

4. The advantages of nanosonosensitizers for promoting aSDT
4.1. High targeting ability of the nanosonosensitizer

The specificity of the sonosensitizer is a critical factor for the bacte-
ricidal ability of aSDT in vivo. The low specificity of sonosensitizers in the
infection area not only limits their therapeutic effectiveness, but also
results in complications due to untargeted accumulation in normal tissue
[100]. It has been found that bacterial-specific metabolic pathways are
often not present in mammalian cells. The ability to precisely distinguish
bacterial infections from sterile inflammatory diseases through this
pathway certainly provides great help and clues for aSDT-targeted
therapy [101]. Therefore, the development of nanosonosensitizers with
targeting ability for infected tissues facilitates the enhancement of the
antimicrobial effect. Maltodextrin-specific bacteria can be labeled by
maltotriose targeting. Through the free-reducing end, the system remains
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stable in serum with increased metabolic uptake to enable tracking and
amplification of the targeting signal [102]. Inspired by this, Pang et al.
developed a bacteria-responsive nanoliposome (MLP18) as a smart
sonotheranostic for combating MDR bacterial infections [52]. They
encapsulated P18 into the MLP18 nanocomposite, which consisted of
maltohexaose-modified cholesterol and DSPG-containing lipid composi-
tions. The prepared MLP18 conjugating a bacteria-targeted ligand of
maltohexaose can specifically target the bacteria-infected site of mice.
Furthermore, the bacteria-responsive characteristics of MLP18 activated
the effective release and internalization of high-concentration sensitizers
into the bacterial cells, thereby effectively eliminating MDR bacteria
through acoustic kinetics.

In addition, some enzyme-responsive peptides can react with
bacteria-secreted gelatinase; therefore, nanosonosensitizers modified
with enzyme-responsive peptides can gain bacterial targeting ability.
Wang et al. developed a polymer-peptide-porphyrin conjugate (PPPC),
which achieves specific enrichment in bacterial infection tissue [63].
PPPC is modified with an enzyme-responsive peptide. When bacteria
oversecrete gelatinase, it cuts the enzyme-responsive peptide from PPPC,
removing the protective PEG layer and causing the formation of nano-
aggregates in the bacterial infection tissue. The results showed that the
PPPC group was four times more capable of binding to bacteria than the
control group. Accurately distinguishing bacterial infections from other
pathological changes is a major challenge that hinders the timely and
effective diagnosis of bacterial infections in vivo. Further development of
bacterial-targeted nanosonosensitizers is a promising way to improve the
efficiency of aSDT.

4.2. Overcoming the hypoxic environment of bacteria-infected tissue

Oxygen is essential to the generation of ROS by activated sonosensi-
tizers in aSDT. The hypoxic environment of bacteria-infected tissue re-
stricts the bactericidal efficacy of aSDT to a high degree. In addition, the
consumption of oxygen during aSDT may exacerbate the hypoxic state,
further contributing to the inefficiency of aSDT [59]. Developments in
nanotechnology offer promising ways to solve the dilemma of an
oxygen-deficient microenvironment in infected areas. Some common
approaches include the development of self-generating oxygen materials
and inorganic nanoenzymes (such as catalase and MnO5). In addition to
the hypoxic characteristics of the bacterial infection area, high concen-
trations of HyOy are often present. These nanoenzymes can promote
endogenous HyOy conversion to Oy, which provides sufficient Oy to
facilitate subsequent ROS production in aSDT, and they also alleviate the
hypoxic predicament of the infected tissue [70].

In recent years, some novel nanosonosensitizers have been designed
to alleviate hypoxia. Hemoglobin has natural biocompatibility, which
prolongs the circulation time of nanoparticles in the body and accumu-
lates at the site of infection to take effect. In addition, oxygen-carrying
hemoglobin can release oxygen locally, providing sufficient oxygen
consumption for the SDT process. Hemoglobin-modified nano-
sonosensitizer (HFH@ZIF-8) can facilitate the provision of oxygen pro-
duction in situ, which greatly enhances the effects of aSDT by overcoming
the barriers of the oxygen-deficient environment [57]. Modification and
denaturation of oxygen-producing nanoenzymes is also a hot topic of
research. The development of emerging nanosonosensitizers loaded
nanoenzymes can achieve disease-site specificity and controlled catalytic
activity of nanoenzymes. Sun et al. proposed a switchable nanozyme
system (Pd@Pt-T790) for the controlled generation of catalytic oxygen
and production of a large amount of ROS during US stimulation, which
overcame hypoxia-related barriers and enhanced the efficacy of aSDT
[59]. T790 significantly blocked the peroxidase-like activity of Pd@Pt
and nanozyme activity was effectively restored under US irradiation (1
MHz, 0.97 W/cm?, 50% duty cycle, 8 min). Then, restored nanoenzymes
catalyzed the breakdown of endogenous HyOy to O,. These nano-
sonosensitizers not only precisely regulate the production of O, to induce
ROS, but also reduce the potential toxicity of the nanoenzyme to normal
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tissue. Whether applying self-oxygenating materials in hypoxic infected
tissue or generating oxygen in situ through the reaction of nanoenzymes,
both can realize rational O self-replenishment in aSDT.

4.3. Noninvasive monitoring of aSDT

Rapid and accurate diagnosis of bacterial infection is imperative to
guide therapeutic regimens and control the spread of this disease. When
the drug concentration in the area of the lesion is unknown, it adds to the
difficulty of subsequent dosing and is likely to result in overdosing or
underdosing. Real-time monitoring of drug concentrations is necessary to
maintain an optimal therapeutic window in the infected area of the body.
Some nanosonosensitizers can be used as visualization tools by imaging
technology. As discussed in the previous section, PPPC can achieve ag-
gregation in infected areas. The combined application of PPPC and
magnetic resonance imaging (MRI) allows for factual measurement of
sonosensitizer enrichment at the site of infection. Wang and coworkers
constructed PPPCs that achieved real-time monitoring at the site of
infection by MRI of T1 and T2, which enables precise aSDT [63]. T1 is
more favorable for the observation of anatomical structures and T2 is
more favorable for the visualization of tissue lesions. The combination of
T1 and T2 allows for more effective observation of pathological tissue
and precise monitoring of drug concentrations.

In addition, some nanosonosensitizers can realize the diagnosis of
bacterial infection by dual-modal imaging. Pd@Pt-T790 can effectively
accumulate in the infected site and provide imaging-guided infection
monitoring [59]. Comparing in vivo PA imaging 6 h after intravenous
injection with pre-injection, it was found that the PA signal around the
site of infection was nearly two times higher in Pd@pt-treated mice than
before the injection. These successful practices for non-invasive moni-
toring of aSDT show that precise targeting and tracking of bacteria not
only enable effective antimicrobial activity, but also guide the dose and
frequency of nanosonosensitizer use in clinical practice. Some practices
have already experimented with combining targeted antimicrobial
therapy and non-invasive monitoring, and in the future, this will be a
novel idea to improve the efficiency of aSDT.

5. Applying nanosonosensitizer-mediated aSDT for infectious
diseases

5.1. Treatment for skin infections

Infection of burn wounds is often caused by the disruption of skin
integrity and the colonization of the damaged wound by microbial flora
that are already present in the normal body. Kennedy et al. presented that
in burn wounds, gram-positive organisms of the skin parasite colonize
the wound, followed by gram-negative organisms and yeasts [103]. Asati
et al. found that bacterial biofilms are thought to be responsible for
inducing chronic inflammation in these patients, resulting in nonhealing
burn wounds [104]. The high rates of biofilm formation and antibiotic
resistance found in wounds both make the management of burn wound
infections a challenge.

In response to this challenge, Pourhajibagher et al. investigated the
antibiofilm efficacy of aSDT using nanoemodin (N-EMO) against multi-
species bacterial biofilms containing S. aureus, P. aeruginosa, and
A. baumannii [51]. In addition, to assess changes in gene expression in
microbial strains, they examined virulence factors associated with bio-
film formation. The results showed that the gene expression levels of lasI,
agrA and abal were significantly reduced after US irradiation, and the
changes in these parameters were considered to be possibly related to
reduced expression levels of transcription factors, genomic stress through
microenvironmental modifications, or genomic instability. In conclusion,
they confirmed that under US irradiation for 5 min (2 W/cm?, 1 MHz),
N-EMO-mediated aSDT has positive effects on the inhibition of biofilm
formation, degradation of formed biofilms and reduction of virulence
factors associated with multispecies bacterial biofilms.
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In addition, skin abscesses caused by bacterial biofilms can be treated
with nanosonosensitizer-mediated aSDT. The matrix encapsulation of
EPS in the abscess area creates unique conditions in the biofilm micro-
environment, including hypoxia and an acidic pH [105-107]. The
treatment of biofilm-associated infections by traditional aSDT is difficult
due to the EPS physical barrier inhibiting the penetration of nano-
sonosensitizers, and the hypoxic microenvironment of biofilms further
restricts the sonodynamic efficiency of nanosonosensitizers [108]. Dong
et al. constructed a biofilm microenvironment response nanoplatform to
degrade the biofilm structure and relieve hypoxia to enhance the biofilm
eradication efficiency of aSDT (Fig. 3A-C) [109]. After its delivery into
MRSA biofilm-infected sites, MAPC decomposes in the acidic biofilm
microenvironment and subsequently releases a-amylase and Ce6
(Fig. 3D). On the one hand, a-amylase can degrade the EPS of MRSA
biofilms and further promote Ce6 penetration. On the other hand, MNSs
with catalase-like activity can convert overexpressed HoOy into Oy to
relieve the hypoxic biofilm microenvironment, which significantly en-
hances the sonodynamic efficiency of Ce6. The bacterial inactivation
efficiency in MRSA biofilm-infected mice was approximately 5.2 log units
(99.9993%) after treatment with MAPC under US stimulation (1 W/cmz,
1 MHz, 10 min), suggesting the superior biofilm eradication efficiency of
combining biofilm structure degradation with improved aSDT brought
about hypoxia relief (Fig. 3E).

In the search for sonosensitizers with good biocompatibility and
efficient performance, Wu et al. have blazed a new trial by using piezo-
electric nanocomposites as novel sensitizers to achieve efficient SDT.
Piezoelectric materials have a unique piezoelectric effect, when sub-
jected to external mechanical stress, immediately generates a built-in
electric field and surface piezoelectric potential [110]. The piezoelec-
tric potential can be used to catalyse the formation of charge carriers
between the metal and the piezoelectric semiconductor, improving the
catalytic performance and reacting with surrounding molecular HyO and
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O, to produce ROS. They produced a piezoelectric material containing
gold nanoparticles in barium titanate nanocubes (Au@BTO NCs). It is
well known that BTO has good electromechanical conversion and high
voltage electrical coefficients, while the Schottky junction formed by
chemically reducing Au NPs to the BTO surface can promote the sepa-
ration and migration of electron-hole pairs, which in turn induces ROS
generation [111]. Subsequent experiments by the researchers have
confirmed that under the same US irradiation conditions (1.5 W/cmz, 1
MHz), Au@BTO NCs have a higher ¢OH production capacity than BTO
NCs. In in vivo experiments, the antibacterial efficiency reached 99.23%
against E. coli and 99.94% against S. aureus after 4 min of irradiation with
Au@BTO NCs. The antibacterial ability was also evaluated in vitro using a
mouse model, and the results showed the best of S. aureus infected wound
healing in the Au@BTO + US group.

5.2. Treatment for infected oral diseases

The oral cavity is a complex microbial environment with over 25,000
species of bacteria colonizing it. Under normal conditions, microorgan-
isms live and multiply as biofilms on the teeth or mucous membranes and
maintain a dynamic balance. When the immunity of the host is low, the
environment of the oral cavity will change, allowing certain bacteria to
become dominant and the balance between microorganisms to be
disturbed, causing a range of oral diseases [112,113]. Due to the pecu-
liarities of oral tissue structure and the development of resistance to
conventional antibiotics, the search for a noninvasive, nonresistant and
highly penetrating agent has become an alternative therapy to treat oral
infectious diseases. Several recent reports suggest that aSDT is a treat-
ment for oral infectious diseases [114,115]. In addition, the use of aSDT
as a topical treatment, rather than systemic antibiotic treatment, can
significantly reduce the associated side effects [116,117]. Since the
application of SDT for antibacterial purposes, some scholars have made
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significant achievements in the treatment of inflammatory oral infections
such as caries, pulpitis, oral candidiasis and peri-implantitis.

Dental caries is a chronic process caused by the presence and inter-
action of microorganisms, a high carbohydrate diet and the host. The
most common cause of dental caries is infection by Streptococcus pyogenes,
a gram-positive, facultative anaerobic microorganism [118]. Pourhaji-
bagher et al. synthesized nanomicelle curcumin (NM@Cur) as a sono-
sensitizer, and it was found that NM@Cur can inhibit Streptococcus
pyogenes by aSDT (US parameters 1.56 W/cm?, 1 MHz, 1 min) and in-
crease anti-caries activity. Cur is a natural sonosensitizer with antioxi-
dant, anti-inflammatory and antibacterial capabilities. However, because
Cur is unstable in body fluids, hydrophobic, rapidly metabolized and
cleared by the system, it is often encapsulated in nanoparticles to prevent
degradation. In the experiments, they encapsulated Cur and successfully
completed in vitro antibacterial experiments. Additionally, they found
that NM@Cur was less cytotoxic to vascular endothelial cells and had
higher cellular uptake and ROS production than the control group [62].
Pulpitis and periapical infection are treated by removing the infected
pulp tissue and microorganisms with root canal therapy. However, the
complexity of the anatomy of the root canal system makes it difficult to
precisely reach the infected area with instruments, and plaque biofilms
are difficult to eradicate, so the effectiveness of the irrigation agent be-
comes vital for the elimination and prevention of root canal infections.
Guo et al. reported a Fenton reaction-enhanced SDT platform, which was
fabricated for root canal disinfection (Fig. 4A) [60]. Mesoporous silica
nanoparticles (MSNs) were first synthesized, grafted with an amino
group and then conjugated with the sonosensitizer protoporphyrin IX
(PpIX). Next, the iron ions were anchored (M@P-Fe) to initiate the
Fenton reaction. US-activated (1 MHz, 0.5 W/cmz, 3 min) PpIX and
iron-mediated HyO,-generated Fenton reactions induce the formation of
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ROS. The results show that the platform can effectively eradicate root
canal biofilms in situ (Fig. 4B).

5.3. Treatment for bone infections

Osteomyelitis is caused by microbial infection and accompanied by
bone destruction, which often occurs after trauma, bone surgery or joint
replacement [119]. MRSA is the most common causative agent of oste-
omyelitis, and can cause bone destruction at the infection site by
secreting toxins, inducing osteoblast apoptosis and activating osteoclast
formation [120]. Successful treatment of osteomyelitis depends on the
rate and extent of penetration of antibiotics in the bone tissue [121].
However, osteomyelitis is a persistent infection and is located deep in the
bone tissue, so antibiotic treatment often fails to achieve satisfactory
results [122]. Due to high penetration and efficiency, aSDT is a promising
approach to treat osteomyelitis.

Yu et al. reported a multifunctional nanoplatform for the treatment of
MRSA-infected osteomyelitis. In brief, they synthesized a US-activated
single-atom catalyst that consists of an Au nanorod-actuated single-
atom-doped porphyrin metal-organic framework (HNTM-Pt@Au) and
red cell membrane (RBC). This platform demonstrated unique advan-
tages: the ultrasonic catalytic activity of the porphyrin-based sonosensi-
tizer was enhanced in the presence of a single metal atom, while the RBC
covering made RBC-HNTM-Pt@Au more biocompatible (Fig. 5A-D)
[58]. It is worth mentioning that RBC-HNTM-Pt@Au can be directionally
activated by US (1 MHz, 1.5 W/em?, 50% cycle, 15 min), followed by
slow and continuous neutralization of the secreted toxin. Experiments in
a rat model showed that treatment with US and RBC-HNTM-Pt@Au was
effective in treating MRSA-infected osteomyelitis and prevented bone
destruction. Several inflammatory indicators, such as the degree of

Fig. 4. Nanosonosensitizer-mediated aSDT for root canal disinfection. (A) Illustration of the synthesis and antibacterial mechanism of the nanosonosensitizers.
(B) Representative SEM images of E. faecalis biofilms grown on a dentin root canal wall after different treatments [60]. Copyright © 2021, Royal Society of Chemistry.
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muscle tissue ulceration, infiltration of inflammatory cells, changes in the
body weight of rats, and even the immune microenvironment and the
area of bone defects at the site of infection were significantly improved
compared to the control group (Fig. S5E-H). This study facilitates the
process of in situ, rapid antimicrobial treatment of osteomyelitis, while
providing a new idea for the development of a single-atom sonocatalyst.

Feng et al. constructed a piezoelectrically enhanced nano-
sonosensitizer to combat osteomyelitis infection (Fig. 6). These nano-
sonosensitizers (RBC-HNTM-MoS;) were prepared by electrostatically
interacting MoS; nanosheets modified on the surface of HNTM and
decorated with RBC membranes [123]. Among these components, MoS;
nanosheets have an excellent piezoelectric effect, and RBC membranes
can improve biocompatibility in bone marrow. Under US irradiation (1.5
W/cm?, 1.0 MHz, 15 min), RBC-HNTM-MoS, achieved an antibacterial
efficiency of 90.5% against MARS in vitro and showed good therapeutic
efficacy in the treatment of osteomyelitis infection in vivo. To explore the
antimicrobial mechanism of nanosonosensitizer-mediated aSDT, the in-
vestigators performed a metabonomics study and found a significant
increase in tryptophan metabolites in the HNTM-MoS,+US group. This
phenomenon was attributed to the production of more ROS oxidized
tryptophan and induced a stronger oxidative stress response. In addition,
elevated hypoxanthine and cyclic guanosine indicated accelerated
nucleotide turnover following treatment, leading to higher levels of DNA
damage. Reduced biosynthesis of pantothenate and CoA suggested
interference with bacterial membrane function and cellular respiration.

In confrontation with the treatment of bacterial infections of bone
defects, Lei et al. constructed a model of sulfur-containing oxygen-defi-
cient BTO (SDBTO-1) using the piezoelectric properties of the system.
Under 1.5 W/cm? US irradiation, a strong piezoelectric field continu-
ously separates electron-hole pairs, leading to a redox reaction to pro-
duce ROS. The combined application of SDBTO-1 with US not only
achieved an antibacterial effect of 97.12% against S. aureus but also
contributed to bone differentiation [124]. The above examples of

successful applications of piezoelectric nanocomposites in combination
with US provide guidance for the development of new nano-
sonosensitizers, where the exploration of antibacterial mechanisms also
reveals the way in which piezoelectric composites can be used in anti-
bacterial applications.

5.4. Treatment for myositis

Myositis is defined as an acute intramuscular bacterial infection that
is neither secondary to a continuous infection of soft tissue or bone nor
due to penetrating trauma. The infection is the result of blood-borne
transmission and is always caused by S. aureus. The common treatment
for myositis is urgent and thorough surgical debridement and antibiotic
treatment against S. aureus [125,126]. With the misuse of antibiotics,
drug resistance is affected, and gradually, the effectiveness of treatment
is not guaranteed.

Sun et al. modified Pd@Pt nanoplates with the organic sonosensitizer
meso-tetra (4-carboxyphenyl) porphin (T790) via a polyethylene glycol
(PEG) linker to acquire a Pd@Pt-T790 nanoplatform (Fig. 7A and B) [59].
Pd@Pt-T790 upon US irradiation (1 MHz, 0.97 W/em?, 50% cycle, 8
min) can increase the interaction of HoO5 with Pd@Pt to produce more
O, (Fig. 7C). Moreover, wrinkled and lysed cell walls were observed in
the group treated with Pd@Pt-T790-mediated aSDT (Fig. 7D). In addi-
tion, sustainable and strong oxyhemoglobin signals could still be
observed after Pd@Pt-T790-mediated aSDT, and the blood oxygen level
was much higher than that of other treatment groups on day 14 (Fig. 7E).
The representative MRI photographs showed that the treatment in all
control groups failed to eradicate MRSA-induced myositis with an
obvious abscess cavity. In contrast, there was complete clearance of
muscular lesions in mice with Pd@Pt-T790 + US treatment (Fig. 7F).
H&E images showed that the muscle biopsy section had completely
normal morphology in the Pd@Pt-T790 + US treated group (Fig. 7G).
Thus, it was found to be significantly effective in eradicating
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MRSA-induced deep myositis. In addition, Huang et al. developed IR780 to monitor aSDT in MRSA myositis by US irradiation (1 MHz, 2
nanosonosensitizers based on PLGA nanoparticles and loaded them with W/em?, 50% cycle, 30 s on and 30 s off for four on/off cycles). In this
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study, shell-core structured IR780@PLGA nanoparticles were designed as
PLGA with a polymer shell loaded with the sonosensitizer IR780 (Fig. 8).
In vitro and in vivo results confirmed that IR780@PLGA nanoparticles in
combination with US possess efficient antimicrobial therapy [61]. The
successful preparation and application of these two nanoplatforms reveal
the promising antimicrobial effects of nanosonosensitizers in aSDT
against bacterial myositis. Additionally, for the treatment of bacterial
myositis, Pang et al. developed a bacterial-specific labeling and visuali-
zation of aSDT. This platform (MLP18) consists of maltose
hexose-modified cholesterol and bacterially reactive lipids for the precise
delivery of purines18. The results showed that MLP18-mediated aSDT
(US parameters 1 MHz, 0.97 W/cmz, 5 min) can successfully eliminate
infection and abscesses in mice with bacterial myositis [52].

6. Combination of aSDT with other therapies

As discussed above, many sonosensitizers are utilized for their
remarkable aSDT-related sterilization capabilities. aSDT is widely used due
to its non-invasive nature and excellent tissue penetration, resulting in
impressive sterilization results. Unfortunately, some studies have found
that aSDT alone cannot completely kill bacteria in specific contexts. In the
face of these challenges, researchers have combined aSDT with other
treatments, such as PDT, PTT, antibacterial drugs, immunotherapy and
chemodynamic therapy (CDT), to achieve synergistic antibacterial effects.

6.1. Combination of aSDT with PDT

Antimicrobial PDT produces cytotoxic singlet oxygen and free radi-
cals by the interaction of photosensitizers with visible light or ultraviolet
light to induce harmful effects on microorganisms [127]. However, the
application of PDT in clinical infectious diseases is limited to the area that
light can reach, namely between a few millimeters and centimeters,
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which is not sufficient for deep infectious diseases. To compensate for the
shortcomings of PDT, the combined application of PDT and SDT (PSDT)
is gradually being explored for its unique advantages. Xu et al. reported
the exploitation of yolk-structured multifunctional upconversion nano-
particles (UCNP@SiO2-RB/HMME) to effectively kill antibiotic-resistant
bacteria [128]. In vitro experiments have shown that UCN-
P@SiO2-RB/HMME is more effective against both MARS and E. coli in
PSDT than SDT or PDT alone. Recently, Pourhajibagher et al. synthesized
curcumin-nisin-based poly (i-lactic acid) nanoparticles (Cur-NisNps) and
evaluated their antibiofilm and wound healing activities in mice with
established A. baumannii infections [55]. In his conclusion,
Cur-NisNp-mediated PSDT might be a promising complementary
approach to treat burn wound infections (Fig. 9). In this study, US was
used at a frequency of 1 MHz with a pulse repetition rate of 100 Hz. The
light wavelength was 435 + 10 nm and the output intensity was 1.0-1.4
W/em? In vitro and in vivo experiments demonstrated that
Cur-NisNp-mediated PSDT altered gene expression in bacterial patho-
genesis, further inhibited biofilm growth of A. baumannii and promoted
wound healing by accelerating skin re-epithelialization.

Peri-implantitis is an inflammatory disease of the oral cavity with a
bacterially dominant etiology. Treatment for peri-implantitis aims to
reduce the bacteria loading in the peri-implant pocket and to clean the
surface of the implant to promote osseointegration [129]. Topical
application of antimicrobial solutions such as chlorhexidine and tetra-
cycline, mechanical decontamination and the use of lasers or other
alternative light sources as physical methods are all common methods of
treating peri-implantitis. After synthesizing chitosan
nanoparticle-indocyanine green (CNPs-ICG) as a photosonosensitizer,
Pourhajibagher et al. constructed a mature biofilm model of synergistic
polymicrobial action of surrounding pathogens on the surface of titanium
implants [56]. The researchers used both PDT (diode laser irradiation at
a wavelength of 810 nm for 1 min with an energy density of 31.2 J/cm?)
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and SDT (US with an intensity of 1.56 W/cm? for 1 min at a frequency of
1 MHz) to inhibit the biofilm of pathogenic bacteria around the surface of
the titanium implants. As control groups, the results of in vitro antimi-
crobial assays demonstrated that combined treatment with PSDT was
more effective than treatment with PDT or SDT alone in reducing the
number of peripheral pathogenic bacteria, which highlights the potential
of PSDT/CNPs-ICG for synergistic polymicrobial decontamination on
implant surfaces.

6.2. Combination of aSDT with PTT

PTT increases the local temperature through non-invasive light
exposure, ultimately destroying the integrity of the bacteria [130]. The
mechanism of PTT is to kill the protected bacteria by disrupting the
structure of biofilms by inactivating their inherent bioactive substrates,
such as nucleic acids and proteins, through high temperatures [131,132].
However, the efficiency of photothermal conversion is greatly reduced
due to the inevitable light scattering and absorption effects. Unfortu-
nately, the higher sterilization temperatures leave normal cells and tis-
sues damaged [132,133]. The synergistic treatments of aSDT and PTT
have received increasing and widespread attention in recent years. Bi
et al. used silver oxide nanoparticles (Ag205 NPs) as HO, and O; gen-
erators to induce oxidative stress reactions with the simultaneous release
of silver ions (Ag™). Based on the property that AgsO> NPs can be acti-
vated by US and NIR, investigators used Ag205 NPs in combination with
aSDT and PTT, and both in vitro and in vivo experiments showed excellent
anti-free bacterial and anti-biofilm activity [50].

One of the reasons for implant failure is periprosthetic infection
[134]. The presence of bone implants leads to an increased risk of
infection due to the creation of an immunodeficient area in the vicinity of
the implant. In the implantation area, the ability of the host to clear
contaminated bacteria may be impaired, which may lead to the forma-
tion of biofilms on the surface of the biological material [135]. When a
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biofilm has formed, treatment with antibiotics and the immune system is
not sufficient, and sometimes a second operation is required to replace
the infected implant [136]. Most studies have found that in vivo models,
conventional strategies such as regulation of the immune system and the
use of systemic antibiotics do not eliminate biofilms [137]. To address
this problem, combined aSDT and PTT is a nonsurgical, noninvasive
treatment for biofilm infections. Su et al. developed an S-doped Ti
implant (Ti-S-TiO2y) to improve the efficiency of PTT and SDT
(Fig. 10A). The titanium implant was heated in a sulfur and argon at-
mosphere to achieve an oxygen-deficient S-doped TiO; layer. Along with
titanium being inherently biosafe and biocompatible, blending with
nanosonosensitizers improved NIR light absorption and electron-hole
separation efficiency. In both in vitro and in vivo experiments, the plat-
form showed efficient antimicrobial performance in the presence of
exogenous stimulation (US + 808 nm laser) and without the use of an
external antimicrobial coating (Fig. 10B and C). In vitro experiments
showed that the synthesis and application of Ti-S-TiOy achieved
99.995% inhibition efficiency against S. aureus under NIR light (808 nm,
0.35 W/cmz) and US treatment (1 MHz, 1.5 W/cmz, 50% cycle) for 15
min. However, in the single PTT or SDT treatment group, despite the
much higher antibacterial efficiency of Ti-S-TiOs x than in the Ti group,
it was not effective in killing S. aureus due to its mild heating (50 °C) or
limited ROS production. They then investigated the antibacterial per-
formance of implants against the anaerobic bacteria Porphyromanus gin-
givalis (P. gingivalis). The results showed an antibacterial efficiency of
99.61% after US and photothermal treatment, which indicates that the
combined treatment also has highly effective antibacterial properties
against anaerobic bacteria. In addition, reduced infection and improved
osseointegration were observed in a rat model of bone infection. Bone
screws were covered with bacteria and then implanted in the tibia of rats.
These S-treated bone screws covered by bacteria achieved an antimi-
crobial efficiency of 99.26%, demonstrating that clinically used implants
can also achieve efficient antimicrobial properties in vivo (Fig. 10D-F).
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6.3. Combination of aSDT with antibacterial drugs

In recent years, with the rapid development of drug delivery tech-
nology, the use of drug-loaded nanoparticles for antibacterial applica-
tions has shown great potential [138]. Due to the inherent antibacterial
properties of nanoparticles and their ability to act as drug carriers, they
can protect against a variety of pathogenic microorganisms at low con-
centrations, while being unlikely to cause the emergence of drug resis-
tance. It has been reported that the use of US stimulation can enhance
drug delivery; thus, researchers have attempted to combine nano-
sonosensitizers with antibiotics in the treatment of specific pathogens.
Yang et al. investigated the synergistic antifungal effects of the combi-
nation of AmB-containing PLGA nanoparticles and US irradiation for the
treatment of C. albicans [54]. After synthesizing AmB nanoparticles, the
researchers first tested the activity of C. albicans with SDT alone and
found that with US parameters of 0.3 W/cm? and 15 min, C. albicans was
active but it showed damage to the cell wall barrier and increased cell
permeability. It was then decided to use this parameter as an effective
parameter for the combined application. After the combined effect, the
survival of C. albicans was significantly lower (91% =+ 0.12%) after
exposure to US and treatment with AmB-NPs compared to the control
group. It is noteworthy that the survival rate in the combined treatment
group was significantly lower than for AmB alone or US combined with
free AmB. Although the pathogen targeted in this experiment was a
fungus, with the above practice as a basis, the combination of US and
drug-loaded nanoparticles can be considered a promising anti-infective
treatment strategy.

6.4. Combination of SDT with immunotherapy

Bacteria produce virulence factors after destroying the host or
evading and circumventing the host immune system. Antiviral treatment

13

approaches attempt to interfere with these factors to treat the infection.
This treatment counteracts immunosuppression and protects the innate
immune defenses from toxic attacks [139]. Dickey et al. suggested that
empirical treatment may require the use of antivirals in combination with
other antimicrobial drugs to increase therapeutic coverage of bacteria. In
addition, combination therapy may also be necessary for pathogens that
produce several virulence factors to overcome the possible crossover
effects between these factors [140]. Therefore, combined aSDT with
antivirulence-mediated immunotherapy may provide an idea to cure
bacterial infections. Based on previous findings that cell membrane
nanovesicles can exhibit a variety of application-specific peptide or
protein ligand properties under suitable treatment, Pang et al. developed
novel MAb-piloting nanovesicles (ANVs) through genetic membrane
engineering technology for combined aSDT and antivirulence passive
immunotherapy cascade [53]. These ANVs target two key pathogenic
mechanisms of bacterial infection: attacking bacteria and inhibiting toxin
secretion (Fig. 11). Upon US activation, the nanosonosensitizers effi-
ciently produce ROS to kill bacteria and assist in virulence clearance by
antibodies. In addition to capturing both bacteria and associated viru-
lence, these ANVs also allow precise optical diagnosis of MRSA infection
due to the highly specific antibody-ligand interaction and inherent
luminescent features of nanosonosensitizers.

6.5. Combination of SDT with CDT

Chemodynamic therapy (CDT) stimulates the formation of highly
toxic eOH via Fenton or Fenton-like reactions with HyO5 [25]. Due to its
low side effects, low cost of treatment, high broad-spectrum antibacterial
activity and susceptibility to multidrug resistance, CDT has played an
irreplaceable role in the successful application of biomedicine. CDT has
been used in combination with other therapies such as SDT, PTT,
chemotherapy, and immunotherapy to achieve enhanced anticancer
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effects. There are also studies extending the combined use of CDT to the
antimicrobial field. Liang et al. developed a CuO5/TiO; heterostructure
consisting of CuOy nanoclusters and oxygen vacancy-rich porous tita-
nium oxide (OVTiO3) nanosheets, and subsequently incorporated the
complex into microneedles to enhance the effects of sono-chemodynamic
and thermal antibacterial therapy [141]. In in vitro experiments, the
number of MRSA and P. aeruginosa colonies in the CuOy/TiO»+US group
was reduced by 7.30 and 7.35 orders of magnitude, respectively, after 5
min of US radiation (1.0 W/cmz, 1 MHz), with an inhibition rate
>99.9999%. Satisfactory therapeutic results were obtained in a mouse
model of skin wound infection after the incorporation of the composite
material (CuO,/TiO5) into microneedles (CTMN). The results showed
remarkable wound healing and reduced levels of inflammatory cytokines
in the CTMN —+ US group (Fig. 12).

7. Conclusion and perspectives

Based on the findings described in this review, clinical translation
becomes possible as the efficiency of aSDT is significantly enhanced with
the expansion of exploration in nanomaterial-mediated sonosensitizers.
Nanomaterial-mediated aSDT makes good use of the strong targeted
expression and high permeability of nanomaterials while retaining the
advantages of sonosensitizers to enhance acoustic effects. Beyond the
study of natural nanoscale sonosensitizers, researchers have also ach-
ieved desirable antibacterial effects by combining nanomaterials with
sonosensitizers through an encapsulated, conjugated route. To date,
aSDT has been shown to be helpful in a number of clinical infection
management areas, such as skin infections, oral infections, bone in-
fections, and myositis.

The aSDT has shown unlimited potential as an emerging tool in
antimicrobial therapy. However, due to uncertainties in the ration-
alization of various experimental studies, it still has a long way to go
before it is actually used clinically, and this approach is still in its pre-
liminary stages. To make them truly operable, future improvements are
required in the following.

(1) Defined mechanisms

The mechanisms of SDT, let alone aSDT, have not been well
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researched, which has largely limited the development of aSDT. Only by
describing its mechanism in all its aspects can we better control the
antimicrobial effect from a physiological point of view.

(2) Standard US safety parameters

US with intensities below 3 W/cm? is defined as low-energy US, and
US with frequencies below 1 MHz is defined as low-frequency US. Re-
searchers usually conduct antibacterial experiments at low frequencies
and low intensities of US, but the optimal parameters and safety pa-
rameters for US applications are rarely specified. A report proposed a
method to inhibit the viability of E. coli by therapeutic US irradiation and
found that the antibacterial effect varied at different doses of US irradi-
ation (1 W/cm? and 3 W/cmz), as demonstrated by a significant reduc-
tion in the viability of E. coli at higher US intensities (3 W/cmz) [48]. It
has been suggested that high frequency US leads mainly to a reduction in
bacterial clumping, while low frequency US leads mainly to microbial
inactivation [142]. Researchers still need to determine the most
reasonable US parameters for different scenarios. In other words, the
application of US parameters for various bacteria, sites of infection and
modes of infection has not been explored in a mature manner, which
largely limits the efficiency of aSDT. The link between US parameters and
nanosonosensitizers has not yet been clearly explained and answered.
Interestingly, differences in the parameters used by the researchers were
found during the comparison of the antibacterial effect exerted by con-
ventional sonosensitizers and nanosonosensitizers. A distinct example
will be briefly described. A paper on HMME-mediated SDT of P. gingivalis
with parameters of 3 W/cm?, 1 MHz, and 10 min was applied in an in vitro
antimicrobial experiment [143]. In another report on HMME-mediated
SDT against S. aureus, it was shown that 95% of colonies were effec-
tively killed under US parameters of 6 W/cm?, 1 MHz and 30 min [144].
However, with appropriate nanotechnological modifications of HMME,
satisfactory bactericidal effects were achieved for both MARA and E. coli
at 2 W/cm? and 10 min of treatment with US parameters [64,128]. By
analyzing and comparing the results of current experiments, it is easy to
conclude that the use of nanotechnology has made it possible to achieve
safe and effective antibacterial effects at lower frequencies and lower
energies with US.

Although nanosonosensitizers have been developed, various acoustic
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parameters and experimental settings make the quantification of these
techniques ambiguous. It is difficult to give a clear definition of the US
safety parameters. From this point of view, more detailed criteria to
address specific models of inflammatory infection are needed. With the
traditional range of 0.5-2.0 MHz, an intensity of 0.5-3.0 W/cm? and an
irradiation time of 1-30 min, the parameters of US application are
difficult to determine, and investigators need to take extra care in the
dosage of US.

(8) Stimulus-responsive nanosonosensitizers

Sonosensitizers play a vital role in SDT, however, the question of how
to effectively deliver them to the site of infection has not been resolved.
Improving the targeting of nanosonosensitizers could be a direction for
future research development. Thus, the development of stimulus-
responsive nanosonosensitizers is particularly important. Some studies
have introduced the simultaneous use of two or more nano-
sonosensitizers and the codelivery of multiple sonosensitizers via a single
nanocarrier, which has also been shown to improve the effect of aSDT.

(4) Preclinical studies in aSDT

The high heterogeneity and adaptability of the infection itself poses a
great challenge for aSDT. Improving such novel antimicrobial therapies
highly relies on increasing the susceptibility of bacteria to aSDT and
breaking the cell-induced protective barrier of surviving cells under
aSDT. In addition, the lack of suitable preclinical models of multidrug
resistance and multibacterial infections is also a limitation that needs to
be addressed. Although many researchers have applied their material
models to different colony conditions to observe therapeutic effects, such
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studies are still mostly confined to in vitro and small animal models.
Future research efforts should focus on translating the research to large
animals and humans. Although, the aSDT is attracting increasing interest
from researchers, it remains to be tested experimentally before transfer to
clinical antimicrobial drug therapy.

(5) Hypoxia in infected areas

In conflict with the fact that bacterially infected areas often form a
hypoxic environment, the process of SDT action requires the support of
large amounts of oxygen, thus limiting the efficiency of SDT to some
extent. With these challenges, modifications to the sonosensitizer, such
as the use of oxygen production in situ in the microenvironment of the
infected area, are required to solve the hypoxic dilemma.

(6) Biodegradable and biocompatible nanosonosensitizers

The ultimate goal of material development is clinical translation.
When sonosensitizers are used in organisms, their good biodegradability
and biocompatibility are prerequisites. Current studies have tended to
focus on in vivo models, and in vitro experiments have been limited to
animal models. Researchers have mainly focused on the acoustically
sensitive effects of the materials and the antimicrobial effects in
conjunction with US, while few studies have been conducted to analyze
the metabolic pathways of their sonosensitizers. In the future, to reduce
the side effects of residual sensitizers on the body, nanosonosensitizers
with enhanced biodegradability and biocompatibility may have potential
clinical applications. A number of bactericidal polymers containing
intrinsically bactericidal components such as, phosphine groups, poly-
anions, antimicrobial peptides (AMPs), quaternary ammonium
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compounds (QACs) and antimicrobial enzymes (AMEs) have been used to
investigate modification strategies [145]. They benefit from the abun-
dance of functional groups on the polymers and can be structurally
modified in different ways. Studies have reported that post-modification
of polymers enhances their biocompatibility and cyclic stability, and
even allows for specific recognition of bacteria. The modification of the
polymer backbone can make the material functional in terms of stimulus
responsiveness and degradability. Future researchers can focus on this
hotspot and modify existing or recombinant nanosonosensitizers to
advance the possibility of translating the materials into clinical
applications.
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