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Abstract

With the development of engineered nanomaterials and nanomedicines, uti-
lization of nanomaterials to generate excessive reactive oxygen species under
exogenous ultrasound (US) irradiation for realizing disease therapy, namely
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reach deep-seated location. However, the development of high-efficiency
sonosensitizers remains one of the gravest challenges in current related
research and future clinical application. Latterly, benefiting from the piezo-
tronic and piezo-phototronic effects, novel sonosensitizers based on piezo-
electric semiconductor (PS) nanomaterials have exhibited inspiring application
prospects in SDT. In this review, we outline the structures and physico-
chemical properties of PS nanomaterials that has potential applications in
SDT, and introduce the presumed mechanisms of PS nanomaterials in SDT.
Then, the latest research progress of PS nanomaterials as sonosensitizers in
cancer therapy and antibacterial applications are summarized. Finally, the
existing challenges and future development trends in this field are prospected.
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1 | INTRODUCTION

Reactive oxygen species (ROS) are a group of highly active
oxygen-containing molecules generated from molecular
oxygen (0O,) during the electron transfer process, mainly
including superoxide anion (+0,~),"" hydrogen peroxide
(H,0,),?! hydroxyl radical (+OH),"! and singlet oxygen
(*0,).1" In organisms, ROS are generally produced in the
mitochondrial electron transport chain and can partici-
pate in the regulation of cell signaling pathways to main-
tain cellular metabolic balance.!>®! It has been proved that
excess ROS, especially oxygen free radicals, can lead to
cellular oxidative stress and oxidative damage, which may
induce a variety of diseases,”’8J such as cancer, immune
diseases, and neurodegenerative diseases. On the other
hand, when mammalian or bacterial cells are exposed to
high concentrations of ROS, the cells become more sen-
sitive to oxidative stress, which may further lead to cell
death through phospholipid peroxidation, protein oxida-
tion, and DNA damage.'*)

With the development of nanobiotechnology and
nanomedicine, strategies to utilize excess ROS, generated
by nanomaterials under exogenous stimulations (e.g.,
light, ultrasound [US], microwave, etc.), for disease treat-
ment have attracted extensive attention of researchers and
clinicians.!"’"*! Among them, photodynamic therapy
(PDT), which mainly utilizes photosensitizers and light
irradiation to generate ROS, has achieved promising
therapeutic effects. However, the application of PDT is
limited to superficial tumors due to the low tissue pene-
tration depth of light (~10 mm). Moreover, systemic
phototoxicity associated with the retention of photosensi-
tizers is a sore point for PDT."*! Fortunately, Umemura
et al. first discovered that hematoporphyrin induced can-
cer cell death under US irradiation and named it as sono-
dynamic therapy (SDT).'"*! Further studies revealed that
different kinds of molecules and materials as sonosensi-
tizers can react with O, to generate excess ROS under US
irradiation."®!”! It should be noted that US is a typical
mechanical wave, which can achieve deeper tissue pene-
tration depth (up to ~10 cm) by modulating its frequency.
Moreover, US can be focused precisely on the tumor site to
achieve targeted activation of sonosensitizers with fewer
side effects. The efficacy of SDT depends on the following
three basic components: sonosensitizers, tissue oxygen/
fluid, and US stimulation."'® Up to now, the scarcity of
highly effective sonosensitizers has limited the develop-
ment and application of SDT. Inorganic sonosensitizers,
which are known for their high stability and low toxicity,
are mainly based on semiconductor nanomaterials, such as
PtCu; nanocages, TiO, nanoparticles, MnWO, nano-
particles, etc.!'>2!! For these traditional inorganic sono-
sensitizers, the therapeutic mechanism is ascribed to the
energy transfer process caused by sonoluminescence (SL)

due to US cavitation effect. The SL phenomenon causes the
separation of electrons (e”) and holes (h*) in the sono-
sensitizers, which can further react with oxygen or water
molecules to generate cytotoxic ROS. However, due to the
inefficient separation and rapid recombination of e~ and
h*, the ROS generation of these inorganic sonosensitizers
is still far away from sufficiency.!?*?*! Therefore, it is of
great significance for improving the SDT efficacy through
promoting the separation of e~ and h* and inhibiting their
rapid recombination in the inorganic sonosensitizers.

Piezoelectric semiconductors (PSs) are a class of ma-
terials with both semiconductor and piezoelectric prop-
erties, which shows sensitive responsiveness to external
stimulations (i.e., light, electric, and force) for modulating
separation, transportation, and recombination of charge
carriers.”*?! With these properties, recently, PS and
their composite-based nanomaterials have been devel-
oped as sonosensitizers to realize highly efficient ROS
generation, which paves a new pathway to improve SDT.
For PS nanomaterials, even though two underlying
mechanisms of ROS generation (energy band theory and
screening charge effect) have been proposed, the piezo-
tronic and piezo-phototronic effects on sonodynamic
disease therapy have not been fully discussed.!*”! This
review summarizes the structure and properties of PS and
introduces the potential mechanism from the perspective
of piezotronic and piezo-phototronic effects, as well as the
latest research progress of PS in SDT for cancer treatment
and antibacterial applications. Finally, we provide some
prospects to the existing problems, challenges, and future
development trends in this field.

2 | STRUCTURE OF PS

The piezoelectric effect was discovered by two brothers,
Pierre Curie and Jacques Curie, in 1880.°°! When a
piezoelectric material is stimulated by an external stress,
polarization occurs inside the crystal structure and piezo-
electric charges (bound charges) with opposite electrical
properties are generated at the opposite ends, which is
called the direct piezoelectric effect.**2! For a PS, the
piezoelectric effect can affect the migration behavior of ™
and h* inside the PS, that is the piezotronic effect, which
further affects their catalytic performance. Therefore, the
structural characteristics of PSs are the basis for under-
standing the regulation of charge carrier migration
behavior via the piezoelectric effect.

2.1 | Asymmetric crystal structure

From the point of view of crystallography, piezoelectric
effect is attributed to the asymmetry of the crystal
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structure.*>**! One typical kind of PSs has a perovskite
structure with the general chemical formula ABO;, where
A represents lanthanides or alkaline Earth metals and B
represents transition metals.**! Both O and A have a large
ionic radius in a cubic close-packed structure, while B
locates in the central space of the octahedron due to a
small ionic radius,*® as shown in Figure 1a. As a typical
perovskite PS, lead zirconate titanate (PZT) has been
widely utilized in the fields of sensing, catalysis, and en-
ergy harvesting owing to its excellent piezoelectricity ac-
tivity and electromechanical coupling coefficient.!**3"]
However, the biological toxicity of lead (Pb) in PZT re-
stricts its biomedical applications. Recently, lead-free PSs
with perovskite structure have received more attention,
such as barium titanate (BaTiOs),*”’ bismuth ferrite
(BiFe05;),!*!! lithium niobate (LiNbO3),!*?! potassium so-
dium niobate (KNN),!**! etc. As a typical biocompatible
non-centrosymmetric tetragonal crystal, BaTiO; shows
high piezoelectric activity under external stress owing to
the relative displacement of Ti** in the tetragonal unit cell
(Figure 1a).*4!

Another common crystal structure of piezoelectric
materials is the wurtzite crystal structure, which belongs
to the AB-type hexagonal crystal system with tetrahedral
coordination. In this crystal structure, A atoms are
distributed in a hexagonal close-packed arrangement, and
B atoms occupy tetrahedral voids, such as zinc oxide
(Zn0),"**! aluminum nitride (AIN),*! and gallium nitride
(GaN).1*” Taking ZnO as an example, Zn** and O*~ are
stacked layer by layer along the c-axis in the crystal
structure, and the positive and negative charge centers
coincide with each other (Figure 1b). Under mechanical
stress, the centers of positive and negative charges sepa-
rate from each other to induce a surface piezoelectric

a .
Perovskite BaTiO;
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potential, which depends on the applied stress and the
doping density of ZnO.**!

2.2 | Asymmetric stacking structure

From the macroscopic structure, low-dimensional and
nanoscale PS materials are more suitable for biomedical
applications, such as nanoparticles (NPs), nanowires
(NWs), and nanosheets (NSs).!*>*°! The ultra-small size
not only enables PSs to effectively cross physiological
barriers such as blood vessels and cell membranes, but
also provides higher carrier migration rate and more
active sites for SDT. In addition, low-dimensional PS
nanomaterials have higher specific surface areas, which
can also be served as drug delivery vehicles.

Notably, some two-dimensional (2D) transition metal
dichalcogenides (TMDs) have variable piezoelectric ac-
tivity depending on the stacking structure. When TMDs
such as molybdenum disulfide (MoS,), tungsten disulfide
(WS,), tin disulfide (SnS,), tungsten selenide (WSe,), and
tin diselenide (SnSe,) are in the form of stacked bulk
materials, they are centrosymmetric and exhibit no
piezoelectric activity. On the contrary, when TMDs are
thinned to a single layer, the piezoelectric activity appears
with the disappearance of the inversion center.”!! Wu
et al. first discovered the efficient piezo-catalysis of single-
and few-layered MoS, nanosheets (MoS, NSs), which can
rapidly degrade high-concentration organic dyes under US
vibration.!*?! Another study showed that the piezoelectric
activity of MoS, NSs weakened with the increase of
stacking layers.*”! In addition, MoS, with odd-numbered
layers is piezoelectrically active, while MoS, with even-
numbered layers has no piezoelectric activity due to the

Waurtzite ZnO Q

FIGURE 1 Crystal and stacking structure of piezoelectric semiconductors (PSs). (a) Perovskite BaTiOs. (b) Wurtzite ZnO.
(c) Schematic diagram of MoS, structure of 1T, 2H and 3R phases. (c) Reproduced with permission.*”! Copyright 2021, Elsevier.
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asymmetric structure. Moreover, when MoS, NSs are ar-
ranged in type 3R, the piezoelectric effect accumulates and
increases with volume expansion (Figure 1c). Other 2D
piezoelectric nanomaterials, including graphene, MXene,
transition metal chalcogenides (TMCs), black phosphorus
(BP), and hexagonal boron nitride (h-BN), have also been
extensively studied theoretically or experimentally.!>)

3 | MECHANISM OF ROS GENERATION
IN PSs

Under the stimulation of periodic US, gas molecules and
small droplets in the liquid medium can form micro-
bubbles through nucleation and growth, which is called
the cavitation effect, as shown in Figure 2a.l>* At pre-
sent, the mechanism of ROS generation under the cavi-
tation effect is still inconclusive. In this section, we would
like to discuss the possible mechanisms of ROS genera-
tion from the perspective of PSs.

3.1 | SL and photocatalysis

When the frequencies and intensities of US exceed the
threshold, the cavitation effect induces rapid growth and
collapse of microbubbles, and finally the energy is released
in the form of shock wave and light, also known as SL.*>*°!

Compression

US pressure o

ANVA
RVAAYAY.

Rarefaction

Therefore, SL-induced photocatalytic reaction is consid-
ered as one of the mechanisms of ROS generation in PSs. SL
is sub-nanosecond pulsed with wavelengths ranging from
200 to 800 nm, which depends on the properties of the
medium and US.1*7-*%!

According to the energy band theory of semi-
conductors, when the energy of photons in SL is higher
than the forbidden band width (E > E,), electrons in PSs
can be excited from the valence band (VB) to the conduc-
tion band (CB), resulting in the separation of e~ and h*
(Equation 1). Subsequently, h" in the VB and e~ in the CB
migrate to the surface of the PS, respectively, and initiate
the photocatalytic redox reactions. When the CB edge is
more negative than the redox potential of O,/+O,~
(—0.33 V vs. RHE), O, can be catalyzed to generate «O,~
(Equation 2).1°°! Similarly, when the VB edge is more
positive than the redox potential of H,O/«OH (+2.01 V vs.
RHE), it is energetically favorable for the «OH generation
from H,0 (Equation 3).1°"! Thus, only from the perspective
of semiconductor, the band positions of PS for SDT must
contain at least one of the O,/+«0,~ and H,O/«OH redox
potentials to generate free radicals (Figure 2b). Further-
more, the efficiency of photocatalytic reaction is mainly
limited by the separation, transportation, and recombina-
tion of carriers, so it is vital to regulate the carrier migration
behavior for SDT.

PS materials + SL — e~ + h™, (1)
b
_2 .
ra N\
‘ Light | ‘
-1 ‘ 02
_..CBM_ 7% 0.0, 9999 [
04 2028V or
>
2 14
w VBM H.0/-OH OH

FIGURE 2 Schematic illustration of photocatalysis and piezo-catalysis based on the cavitation effect. (a) Schematic of the cavitation
effect under US irradiation. (b) ROS generation during photocatalysis. (c) The release and (d) adsorption of free charges in the solution
under compressive stress and then the generation of ROS via piezo-catalysis. ROS, reactive oxygen species; US, ultrasound.
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e +02—> .02_’ (2)
h™ +H,0 - «OH. (3)

In addition, the collapse of microbubbles leads to a
local temperature increase, which in turn promotes the
separation of e~ and h* through thermal excitation and
generates oxygen free radicals.®*! The process of ther-
mal catalysis is analogous to that of photocatalysis, which
will not be repeated here.

3.2 | Piezotronic effect

Taking the theory of photocatalysis and combining with
the piezotronic effect, the energy band theory can be
partially utilized to explain the ROS generation in PSs.
The hypothesis has been proposed that e can be directly
excited from the VB to the CB by mechanical vibration
such as US, and then the reaction with e~ and h* pro-
duces ROS through a photocatalytic-like pathway.!®*
Notably, different from photocatalysis, piezo-catalysis is
based on mechanically induced charges rather than
photo-induced charges.

Moreover, another mechanism emphasizes the mod-
ulation of screening charges by piezotronic effect. In the
liquid medium, the bound charge of PS is balanced by the
screening charge on the surface of the polarized PS to
maintain the overall electrical neutrality. Under the
appropriate US intensity, the microbubbles collapse and
release ultra-high pressure (up to 10° MPa), which is
imposed on the PS.°*%! In the circumstances, the
compressive stress based on the piezoelectric effect re-
duces the polarization of the PS, causing the redistribution
of charges and releasing the excess screening charges
(Figure 2c); then the excess screening charges are
dispersed into the medium and form free charges (Equa-
tion 4). Finally, the free charges react with H,O or/and
0, in the medium to generate «OH or «O,~ (Equations 5
and 6).1°°)

On the contrary, the polarization of the PS recovers
with the decrease of compressive stress, and the PS sup-
plements the screening charges by adsorbing free charges
from the medium to balance the bound charges generated
by the piezoelectric effect. Meanwhile, the excess charges
in the medium continue to trigger the redox reactions
and generate ROS (Figure 2d). Therefore, in US vibration
and electrolyte environments, PS can continuously pro-
vide charges to generate «OH or +O,~ for SDT.”! The
reaction of piezo-catalysis can be expressed as follows:

PS materials + US — q~ +q*, (4)

q +0:— '057 (5)
q" +H,0 - +OH, (6)

where q~ and q* represent negative charges and positive
charges, respectively.

Some other reports considered that mechanical
stimulation-induced piezoelectricity can directly trigger
the separation of carriers.!®®”! Kubota et al. indicated that
mechanical agitation of BaTiO3 can generate a piezoelec-
tric potential (electrochemical potential) for the activation
of small organic molecules in organic synthesis.*”! In the
borylation, mechanically induced e~ transfer to aryl dia-
zonium salt to furnish aryl radical. The generated radical
then reacts with bis(pinacolate) diboron to form the boryl
substitution product.

3.3 | Piezo-phototronic effect

In PSs, the coupling of piezoelectric polarization and
semiconductor properties also produces a synergistic ef-
fect. In 2010, Prof. Wang first proposed the concept of
piezo-phototronic effect,!”®! which mainly regulates the
migration behavior of photo-induced carriers through
piezoelectric charges/piezoelectric potentials. It provides a
feasible strategy for regulating redox reactions on PS
surface.

When the photo-excited PS contacts with the electro-
lyte solution, the photo-induced carriers migrate into the
electrolyte through the solid-liquid interface, which
eventually leads to the upward bending of the energy
band.”"~7*! This type of band bending serves as a barrier
for e~ transfer in reduction reactions but can facilitate h*
transfer in oxidation reactions. If the PS is stimulated by
US vibration, the polarized charges generated by the
piezoelectric effect spontaneously form an internal electric
field.*7>! Meanwhile, the energy band of the surface with
the positively polarized charge bends downward, which
means that the US stimulation promotes e™ migration into
the electrolyte (reduces the reductive potential) and in-
hibits h* migration (increases the oxidative potential)
(Figure 3a, left). Similarly, the energy band of the surface
with the negative polarized charge bends upward, leading
to further suppression of e~ transfer into the electrolyte
(increases the reductive potential) and further promotion
of h* transfer (reduces the oxidative potential) (Figure 3a,
right).l”®) Therefore, under the stimulation of US, some
PSs that are energetically (in terms of band structure)
unfavorable for «OH or «O,~ generation can produce ROS
with the assistance of piezoelectric effect. In addition,
based on the piezo-phototronic effect, the construction of
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FIGURE 3 Band structure diagrams of the piezoelectric semiconductors (PSs) at the interface. (a) PS-electrolyte contact interface.
(b) Metal-PS contact interface. (c) Type-II and (d) Z-scheme contact interfaces.

heterostructures on PSs to regulate the carrier migration
behavior has greatly aroused the interest of researchers.

Metal—PS heterojunction

When a PS (with smaller work function) is in contact
with a metal (with larger work function), free e in the PS
migrate to the metal and cause the upward bending of the
energy band, forming a Schottky barrier.l”””®! Generally,
only photon-induced e~ with energies above the Schottky
barrier can cross the heterojunction interface and initiate
the reduction reaction. For PSs, the Schottky barrier can
be regulated by the mechanically induced piezoelectric
potential. If the US vibration induces positive polariza-
tion charges at the metal—PS interface, resulting in a
lowered Schottky barrier, which is favorable for e~
transfer to promote the reduction reaction (Figure 3b,
left). Conversely, when US induces negative polarized
charges at the interface, the free electrons are repelled
and the Schottky barrier elevates, leading to a decrease in
e~ transport to inhibit the reduction reaction (Figure 3b,
right).!”?!

Type-II and Z-scheme heterojunctions

Furthermore, type-II and Z-scheme heterojunctions have
been developed to modulate the migration behavior of
charge carriers. The advantages, limitations, and design
principles of type-II and Z-scheme heterojunctions are
summarized in Table 1. In type-II heterojunction formed

from a non-piezoelectric semiconductor (nPS) and a PS,
the excited e transfers from nPS to PS, while h* transfers
from PS to nPS, which can remarkably enhance the
separation of charge carriers (Figure 3c). Under the US
irradiation, the built-in electric field induced by piezo-
electric effect takes a decisive role in modulating the
migration behavior of the interfacial charges.***!! In
Figure 3c (left), when the US vibration exerted on PS
generates positive polarization charges at the interface,
the free electrons are attracted to the depletion region,
leading to the downward bending of the energy band and
hindering the migration of carriers to the nPS.*?' In
contrast, when the negatively polarized charges are
introduced at the interface, free electrons are repelled,
causing the upward band bending and enhancing the
migration to the nPS (Figure 3c, right).

For Z-scheme heterojunction composed of an nPS and
a PS, we assume that the nPS has higher band energy
level and Fermi level (E) than the PS.*3! Once the two
semiconductors are in contact with each other, the free
electrons at the interface migrate from nPS to PS, and the
direction of the electric field at the interface turns from
nPS to PS.** Under the US excitation, the US-induced h*
on the nPS recombines with the US-induced e~ on the PS
due to the interfacial electric field; while the recombi-
nation of e~ on the nPS and h* on the PS is inhibited, it
preserves the highly reactive e~ and h* for efficient
catalysis (Figure 3d).!%55¢)

Interestingly, a dynamic built-in electric field can be
formed inside the PS under US irradiation, which can
modulate the migration behavior of e~ and h*. The posi-
tive polarization charges induced by US irradiation leads
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TABLE 1 The advantages, limitations, and design principles of type-II and Z-scheme heterojunctions

Categories Type-1I Z-scheme
Main advantages e Promote charge separation e Promote charge separation
e Enhance redox ability
Limitations e Reduce redox ability e Induce side reactions
e Suppress charge transfer e Hard to synthesize
Design principles
Band alignment o Staggered (Ey, > Eys) o Staggered (Ey; > Ey»)
Fermi level e Ep < Ep e Ep > Epy

Band position

e Ey1 > Ep, Ec, < Eg

® Ey, > Eo, Ec1 < Er

Abbreviations: Ec;, CB potential of nPS; Ec,, CB potential of PS; Ep;, Fermi level of nPS; Er,, Fermi level of PS; Eo,
oxidation reaction potential; Eg, reduction reaction potential; Ey,, VB potential of nPS; Ey,, VB potential of PS.

to the downward band bending of PS, which in turn ac-
celerates the recombination of h* on nPS and e~ on PS
(Figure 3d, left). In addition, the negatively polarized
charges induced by US at the interface suppress the car-
riers transport in the Z-type heterojunction (Figure 3d,
right).’®”) Therefore, the construction of PS-based sono-
sensitizers can effectively improve the transportation of e™
and h*, further promoting the generation of ROS under US
irradiation. Moreover, the US-induced dynamic built-in
electric field also modulates the surface redox reactions
through band bending, which may enable the redox re-
actions more energetically favorable for ROS generation.

4 | APPLICATION OF PSs IN SDT

US-mediated SDT has attracted great attention in the
biomedical field due to its non-invasive property
and deep tissue penetration ability, which is expected to
have broader applications than PDT especially for
deep-located lesions.*®*1 As a new type of inorganic
sonosensitizers, PSs exhibit the advantages of high sta-
bility and biocompatibility in vivo, enhanced carrier
migration behavior, special physicochemical properties,
and easy surface modification for achieving multi-
functionalization. Although the research of PS nano-
materials as sonosensitizers for SDT is in its infancy, we
believe that this field will become one of the focuses of
future research due to their unique carrier migration
behavior under US irradiation.

In this section, we focus on the latest research prog-
ress of PS nanomaterials as sonosensitizers in SDT and
systematically summarize the US parameters (frequency,
power, duty cycle, duration, etc.) used for SDT in animal
experiments, as shown in Table 2. Up to now, the ap-
plications of PS nanomaterials in SDT mainly include
cancer therapy and anti-bacteria.

4.1 | Cancer therapy

SDT was originally developed for cancer treatment.!*®!
In the related studies of PS nanomaterials, researchers
found that US irradiation can not only activate PS
nanomaterials in deep tumors through cavitation and
piezoelectric effects, triggering the generation of cytotoxic
ROS but also improve the redox ability of PS nano-
materials through band bending, further promoting ROS
generation.

Perovskite nanomaterials

As a kind of classical perovskites nanomaterial, asym-
metric tetragonal BaTiO; nanoparticles (T-BTO NPs) can
establish a dynamic built-in electric field under US vi-
bration, by which the separation of e~ and h* occurred
continuously to trigger redox reactions and produce
ROS.1°? Inspired by the piezoelectric effect, Zhu et al.
prepared T-BTO NPs with a diameter of 106.91 + 49.72 nm
via a typical hydrothermal method, which was used as a
new kind of sonosensitizer for cancer SDT.*! The results
of electron spin resonance (ESR) demonstrated that T-
BTO aqueous solution showed distinct «OH and <O,
characteristic signals under US irradiation, while no sig-
nificant radical signal was detected in the mere T-BTO or
US groups. This may be due to the built-in electric field
constructed by the displacement of Ti** in T-BTO under
US stimulation, which can enhance the accumulation of
charge carriers on the surface, leading to band bending
and initiating «OH and «O,~ generations. Recently, our
group designed and fabricated the Cu,_O-BTO piezo-
electric heterostructure as a sonosensitizer for the com-
bination of SDT and chemodynamic therapy (CDT)
against cancer (Figure 4a).”! When Cu, ,O-BTO was
activated by US stimulation, the polarized piezoelectric
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TABLE 2 Various types of PS nanomaterials used in SDT
Applications Materials US frequency US Power Duty cycle Duration Ref.
Cancer therapy T-BTO 1.0 MHz 1.0 W/cm? 50% 10 min [90]
Cu,_,O-BTO 1.0 MHz 1.0 W/cm? 50% 5 min [91]
Bi@BTO 1.0 MHz 1.5 W/cm? 50% 15 min [92]
BP 1.0 MHz 1.5 W/cm? / 10 min [93]
Bi,MoOg 40 kHz 3.0 W/cm? 50% 5 min [94]
FeOCl/FeOOH 1.0 MHz 1.0 W/cm? 50% 10 min [95]
Au@BP 1.0 MHz 2.0 W/cm? 40% 2.5 min [96]
D-ZnO,:Gd 1.0 MHz 1.0 W/cm? 50% / [97]
Au@P-ZnO 1.0 MHz 0.5 W/cm? 50% 2 min [98]
HA@MOoCF;Pt 1.0 MHz 1.0 W/cm? / 15 min [99]
NSH700 0.8 MHz 0.5 W/cm? 50% 10 min [100]
Anti-bacteria S-BTO 1.0 MHz 1.5 W/cm? 50% 20 min [101]
1.0 W/cm? 5 min
Au@BTO 1.0 MHz 1.5 W/cm? 50% 3 min [102]
Zn0-GO 24 kHz 40 W / 10 min [103]
ZnO@GDY 1.0 MHz 1.0 W/cm? 50% 30 min [104]
HNTM-MoS, 1.0 MHz 1.5 W/cm? 50% 15 min [105]

Note: “/” means not given in the publications.

Abbreviations: SDT, sonodynamic therapy; US, ultrasound.

field promoted the migration of US-induced charge car-
riers (¢~ and h™), further causing the band bending that
shifted the CB and VB to better positions for triggering the
generation of «OH and «O,". Furthermore, owing to the
existence of Cu(I) in the heterojunction, Cu,_,O-BTO
showed excellent Fenton-like activity to generate +OH
from endogenous H,0, in a tumor microenvironment
(TME), enabling CDT to directly induce cancer cell
apoptosis.''” The in vivo experiments also demonstrated
that the combination of SDT and CDT achieved potent
tumor inhibition in 4T1 tumor-bearing mice (Figure 4b). It
is noteworthy that the CDT efficacy can be further pro-
moted with the assistance of US through electron lever
strategy due to the increased electron density of the active
sites in the piezoelectric perovskite nanocrystals.' %!

2D-layered nanomaterials

Few-layer black phosphorus nanosheets (BP NSs) are
typical 2D semiconductors with piezoelectric activity,
which displayed significant ROS generation under US
irradiation.['°11%! Lj et al. prepared few-layer BP NSs
through liquid-phase exfoliation and investigated the US-
induced cytotoxicity as well as in vivo antitumor activity
(Figure 4c).°*! The intrinsic bandgap of BP NSs was

measured to be 0.84 V, with the CB and VB edges of
—0.39 and 0.45 V versus RHE, respectively. The CB edge
was more negative than the redox potential of O,/«0,~
indicating that the e~ on CB was energetically favorable
for the «O,~ generation. In addition, when BP NSs were
exposed to US stimulation, the built-in electric field
formed by the piezoelectric effect resulted in band
bending, making the VB position more positive than the
redox potential of H,O/«OH to initiate the «OH produc-
tion (Figure 4d). To detect the species of ROS, 9,10-
anthracenediyl-bis(methylene)-dimalonic acid (ABDA)
and terephthalic acid (TA) were selected as specific probes
of '0, and «OH, respectively.''* As a result, the ROS
generated by BP NSs under US irradiation was mainly
+OH rather than 'O,. The detection of intracellular ROS
stained with 2',7'-dichlorodihydrofluorescein diacetate
(DCFH-DA) showed a partial oxygen-dependent ROS-
production under US stimulation, which may provide a
solution to overcome the hypoxia features of TME. Besides
BP NSs, WS,, and MoS, NSs with piezoelectric activity also
have the potential to be used as sonosensitizers for
SDT.[M2

High level of glutathione (GSH, 1-10 mM) is one of
the main characteristics of TME, which renders cancer
cells resistant to oxidative stress, thereby weakening the
efficacy of SDT.'''3 Depletion of GSH is used as an
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auxiliary pathway to improve cancer therapy, and GSH
can also act as an endogenous trigger to enhance cancer
therapy. Dong et al. presented a successful paradigm of
employing a PS sonosensitizer for endogenous GSH-
enhanced SDT (Figure 4e).**! Specifically, bismuth
molybdate (Bi,M0Og) with 2D piezoelectric structure was
synthesized via a hydrothermal process. After modifica-
tion with poly(ethylene glycol) (PEG), the obtained
Bi,M0oOg¢ nanoribbons (BMO NRs) exhibited good
biocompatibility and physiological stability and displayed
US-induced generation of 'O, and +OH. In addition,
BMO NRs showed an excellent GSH depletion ability
through a redox reaction with GSH to generate Mo * and
oxygen vacancies. Significantly, the GSH-activated BMO
showed an enhanced sonodynamic performance
compared with BMO NR. Under US irradiation, the built-
in electric field of BMO NRs promoted the migration of

e~ and h" to opposite sides, resulting in band bending
and reducing the distance between the band edges and
the redox potentials of O,/«0,~ and H,0/<OH. Mean-
while, the oxygen vacancies on the surface of BMO NRs
effectively inhibited the recombination of e~ and h™,
thereby enhancing the yield of ROS in SDT (Figure 4f). In
vivo SDT results proved that BMO NRs not only exhibited
satisfactory biocompatibility, but also effectively sup-
pressed tumor growth.

Construction of heterojunctions and defects

From the macroscopic aspect, one-dimensional (1D) or 2D
PSs are more likely to generate large elastic deformation
and high piezoelectric potential under only a tiny
mechanical force, which is conducive to the regulation
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of energy band structure and carrier migration
behavior.!”>'**! Therefore, 1D and 2D PS nanomaterials,
with most atoms exposed on the surface, are ideal candi-
dates for SDT. In addition, researchers have improved the
efficacy of SDT through constructing heterojunctions or
introducing defects on piezoelectric PS nanomaterials.
Ouyang et al. successfully synthesized a 2D PS sonosensi-
tizer (Au@BP nanohybrid) by in situ growth of Au NPs on
BP NSs under US stimulation, which was used for efficient
10, generation in SDT (Figure 5a).1°! During the forma-
tion of the Au@BP nanohybrid, the BP NSs have dual roles,
which can be used not only as a reductant for the formation
of Au NPs, but also as a nanostabilizer for the assembly of
Au NPs on the surface of BP. When using singlet oxygen
sensor green (SOSG) as the probe to detect 'O, generation
of BP and Au@BP, Au@BP nanohybrid showed much
stronger 'O, generation ability than BP NSs (~5-folds)
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under US irradiation (Figure 5b). When Au@BP was
exposed to US, e~ were excited from the VB to CB, leaving
h* on the VB. Due to the Fermi level of BP (—3.9 V) being
higher than that of Au (—5.1 eV), e~ can be transferred
from BP to Au, forming Schottky contact.'’>!1¢! The
Schottky barrier can effectively inhibit the recombination
of e~ and h*, which in turn promoted the transfer of e to
the surrounding oxygen molecules to generate *O,. Both in
vitro and in vivo experiments demonstrated that Au@BP
nanohybrid significantly killed tumor cells and inhibited
tumor growth under US irradiation with less side effects.
In another study, Liu et al. attempted to improve the
sonodynamic performance of PS sonosensitizers through a
defect engineering strategy (Figure 5¢).°7) The defect-rich
gadolinium (Gd)-doped zinc oxide nanobullet (D-ZnOy:
Gd) was successfully synthesized by inert gas deoxidation
method for magnetic resonance imaging (MRI)-guided
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FIGURE 5 Application of PS heterojunctions in cancer SDT. (a) Schematic illustration of Au@BP nanohybrid in cancer SDT, and
(b) fluorescence of SOSG under US. (c) Mechanism for enhanced ROS generation by D-ZnO,:Gd. (d) Adsorption energies of O, and H,0 on
ZnO and D-ZnO,:Gd, respectively. (e) Schematic diagram of carriers transport behavior in NSH700, and (f) intracellular ROS generation. (a,
b) Reproduced with permission.!°® Copyright 2018, Royal Society of Chemistry. (c, d) Reproduced with permission.’®” Copyright 2020,
Elsevier. (f) Reproduced with permission.!'° Copyright 2021, Royal Society of Chemistry. PS, piezoelectric semiconductor; ROS, reactive

oxygen species; SDT, sonodynamic therapy; SOSG, singlet oxygen sensor green; US, ultrasound.
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SDT. Then, dihydroethidium, SOSG, and hydroxyphenyl
fluorescein (HPF) were used to prove that the generated
ROS mainly included «0,~, '0,, and «OH.!”**°! Compared
with defect-free ZnO and defect-free Zn0:Gd, D-ZnO,:Gd
exhibited better ROS production ability under US irradi-
ation, which was attributed to the existence of defects that
promoted the transportation and separation of charge
carriers. Moreover, the adsorption energies of O, and H,O
on the D-ZnO,:Gd surface were enhanced by 0.15 and
0.32 eV (Figure 5d), respectively, which would further
promote the generation of ROS. Due to the doping of Gd,
D-ZnOx:Gd could act as a T;-weighted MRI contrast, and
D-ZnO,:Gd mediated SDT can effectively inhibit tumor
growth in vivo under the guidance of MRI. Similarly, Kang
et al. integrated the photocatalytic properties with piezo-
electric polarization into single natural sphalerite (NSH)
nanosheets via calcination and exfoliation strategy.'*!
The NSH composed of ZnS and FeS was turned into
7ZnS/ZnFe,04/Zn0O (NSH700) after calcination at 700°C,
which exhibited efficient catalytic performance through
the piezo-phototronic effect in this heterojunction. In
Figure 5e, the as-prepared NSH700 can maximally sup-
press the recombination of electrons and holes, resulting
in ROS burst. Under light and US irradiation, a built-in
electric field was constructed in piezoelectric ZnO and
ZnS, which improved the separation of carriers in ZnFe,0,
and guided the migration of carriers to the surface.
Moreover, as exhibited in Figure 5f, the cancer cells treated
with NSH700 NSs showed the highest ROS generation
under both light and US irradiation. In vivo experiments
on MCF-7 tumor-bearing mice showed that under light
and US stimulation, the designed NSH700 NSs can
significantly inhibit tumor growth.

These progresses demonstrated that PS nanomaterials
exhibited great potential as sonosensitizers in cancer
SDT. In addition, rationally designing defects or hetero-
structures on PSs can further facilitate the separation and
transportation of carriers, thereby enhancing the efficacy
of SDT. Importantly, the construction of oxygen va-
cancies not only facilitates ROS generation but also ex-
hibits additional properties such as enzyme-like activity
for improving ROS generation and therapy. Furthermore,
considering the characteristics of tumor TME of acidic
pH, hypoxia, high levels of H,0,, and GSH, designing PS
sonosensitizers with TME responsiveness is also a po-
tential way to improve the efficacy of SDT.

4.2 | Anti-bacteria

The clinical method for treating bacterial infections re-
quires high-dose and long-term systemic antibiotics
administration, which may lead to systemic toxicity and

antibiotic resistance.!'*”1'8! Therefore, it is highly desir-
able to develop antibiotic-free therapeutic strategies for
bacterial infections. As an emerging technology, SDT also
shows unique potential in anti-bacteria and treatment of
infectious diseases. Under US stimulation, PS nano-
materials can catalyze the production of highly cytotoxic
ROS to kill bacteria without worrying about drug
resistance.!'*?]

In 2018, our group fabricated 1D piezoelectric TiO,-
BaTiO;-Au heterojunction for antibacterial application
under light irradiation via piezo-phototronic effect, which
opens the passage for using PS nanomaterials in this
field.!**! In this work, the remnant polarization in BaTiOs
was induced by positive polarization, and the dynamic
built-in electric field was stimulated by light irradiation
rather than US irradiation. Soon after, Masimukku et al.
synthesized tungsten disulfide nanoflowers (WS, NFs)
with piezoelectric activity via a hydrothermal method and
demonstrated their sonodynamic antibacterial properties
for the first time (Figure 6a)..'>*) Under the US irradiation,
WS, NFs were polarized, which promoted the migration of
e~ and h™ to the surface in opposite directions and cata-
lyzed the generation of ROS. Further ESR characterization
demonstrated that the ROS generated by WS, NFs under
US stimulation were mainly 'O, and «OH. In vitro anti-
bacterial experiments showed that the antibacterial prop-
erties of single- and few-layer WS, NFs against Escherichia
coli reached over 99.99% within 60 min under US stimu-
lation (Figure 6b).

To further improve the electron-hole separation of PS
sonosensitizers in SDT,!"®Y our group constructed the
BaTiO; sonosensitizer loaded with Au NPs (Au@BTO) for
SDT of wound infection in mice."®? As shown in
Figure 6c, the as-prepared Au@BTO had a Schottky het-
erojunction structure, which can promote the separation
of e~ and h* and enhance the SDT efficacy under the
action of US. The in vitro experiment showed that after US
irradiation for 4 min, the antibacterial efficiencies of
Au@BTO against E. coli and Staphylococcus aureus
reached 99.23% and 99.94%, respectively (Figure 6d).
Au@BTO also showed excellent antibacterial effect in a
mouse model with a S. aureus-infected wound. Interest-
ingly, it was found that the ROS generated during SDT not
only had significant antibacterial activity but also pro-
moted cell proliferation and migration of fibroblasts and
macrophages, which can significantly accelerate wound
healing (Figure 6e,f). This study broadens the application
of PS nanomaterials as sonosensitizers in antibacterial
SDT applications. Besides perovskite structured PS, ZnO
with wurtzite structure has also been developed for anti-
bacterial SDT based on piezoelectric effect and has shown

an excellent antibacterial effect both in vitro and in
ViVO.[103’104]
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Chemical Society. PS, piezoelectric semiconductor; SDT, sonodynamic therapy.

Significantly, due to the noninvasiveness and high
tissue penetration of US, SDT has a lower risk of systemic
toxic side-effects and shows great potential in the treat-
ment of deep infection. Feng et al. prepared a piezoelectric-
enhanced sonosensitizer for SDT of osteomyelitis in
vivo.'! MoS, NSs with piezoelectric activity were
surface-modified with porphyrin-based hollow metal-
organic framework (HNTM) through electrostatic in-
teractions (Figure 6g). Different from the material designs
mentioned above, the non-piezoelectric HNTM in HNTM-
MoS, heterojunction was used as a sonosensitizer, while
MoS, NSs with piezoelectric effect were chosen to
augment the charge transport at the heterogeneous

interface through the US-induced piezoelectric polariza-
tion (Figure 6h). In addition, the detection of ROS with
9,10-dimethylanthracene (DMA, 1o, probe), nitro blue
tetrazolium (NBT, «O,” probe), and TA (+OH probe)
indicated that the types of ROS generated under US
treatment were mainly 'O, and +O, ™, rather than « OH.'?!]
Comparably, HNTM-MoS, showed stronger ROS genera-
tion capacity than HNTM under US irradiation, which
predicted better SDT efficacy. Both in vitro and in vivo
experiments demonstrated that the formation of HNTM-
MoS, heterojunctions not only enhanced the antibacte-
rial SDT ability, killed methicillin-resistant S. aureus in the
bone marrow, and eliminated bone infection but also
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inhibited inflammation and bone loss. This study provides
another strategy for the use of PSs in the antibacterial SDT
of deep infections.

In general, benefiting from the deep tissue penetra-
tion of US, SDT with PS nanomaterials as sonosensitizers
can be used not only for superficial wound bacterial in-
fections but also for deep bacterial infections. In addition,
the construction of heterojunction can promote the sep-
aration and transportation of US-induced charge carriers,
thereby enhancing the generation of ROS and the efficacy
of SDT.

5 | CHALLENGES AND PROSPECTS

SDT, as a new type of non-invasive treatment strategy, is
gradually attracting attention. However, the lack of effi-
cient sonosensitizers has seriously hindered further
development of SDT. With regard to stable and biocom-
patible inorganic sonosensitizers, the rapid recombination
of charge carriers is one of the most leading causes for low
SDT efficiency. Starting from the structure of PSs, this
paper summarizes the potential mechanisms of the new-
rising PSs as sonosensitizers for SDT: (1) SL and photo-
catalysis; (2) piezo-catalysis; and (3) piezo-phototronic
effect. In addition, the related research progress of PSs
for SDT for several years is reviewed, mainly including the
applications in cancer therapy and anti-bacteria.

Although PS nanomaterials as sonosensitizers have
made initial progress in the field of SDT, there are still
some challenges that require further research studies,
which are summarized as follows: (1) Many PSs contain
heavy metal elements (Cd, Pb, Co, etc.), thus requiring
comprehensive toxicity assessment to ensure biosafety. If
needed, surface modification might reduce the possible
toxicity of the PSs. (2) Nanomaterials and heterostructures
with enhanced piezoelectricity and charge carrier trans-
port behavior are required to further improve SDT effi-
cacy. (3) Mass-production synthetic techniques for size-
controllable PS nanomaterials are needed, which is the
pre-condition for possible translation. (4) Inappropriate
US irradiation might generate uncertainty and damage to
cells; it is required to study the interaction between PSs
and US conditions, thus precisely matching the US con-
dition (frequency, power, duty cycle, duration, etc.) and
TME with the PSs to realize an optimal SDT efficacy. (5) To
improve bioavailability, researchers should control the
appropriate structure and particle size, investigate meta-
bolic pathways, optimize administration routes, or tether
targeting ligands to the PSs for improving their targeting
and accumulation in lesion locations. In addition, the SDT
mechanism of PS sonosensitizers also remains ambiguous
and needs to be elucidated.

Regarding the materials design with enhanced piezo-
electricity and charge carrier migration behavior, the
choice of PS nanomaterial is paramount. The energy band
position of the selected PS nanomaterials should be as
close as possible to the redox potentials of O,/«0,~ and
H,0/+0H, so that a small band bending under US can
also promote ROS generation. Notably, apart from ROS
generation, other cytotoxic free radicals (e.g., sulfate,
nitroxide, and alkoxyl radicals) can be generated by PSs
under US irradiation, which also provides a possible
future direction of sonosensitizer design.''*?! Second, the
asymmetry of the crystal structure in PSs can be increased
by element doping, thereby enhancing the piezoelectric
responsiveness. Third, it is efficient to introduce atom
defects (e.g., oxygen vacancy) to form electron potential
wells for suppressing the recombination of electrons and
holes. Finally, heterojunctions can be constructed to
promote the separation and transportation of electrons
and holes and prevent rapid recombination. Furthermore,
synergistic therapies through combining SDT with other
strategies, such as chemotherapy, immunotherapy, gas
therapy, photothermal therapy (PTT), PDT, and CDT, can
also improve the final therapeutic outcome.!'23712°!

In conclusion, future related research is not only of
great significance to expand the functional application of
PS nanomaterials but also has potential value for the
development and clinical translation of SDT.
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