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Compared to traditional tumor treatment modalities, such as radiotherapy, chemotherapy, and surgical inter-
vention, tumor immunotherapy offers potential benefits by enhancing the immune system’s functionality,
diminish immune evasion, and establish enduring immune memory, ultimately aiming for the destruction or
eradication of tumor cells. However, the intricate tumor microenvironment (TME) poses challenges for immu-
notherapy due to its suppressive effects on immune cell activity, leading to issues such as low immune
responsiveness and insufficient targeting. Sonodynamic immunotherapy (SDT) emerges as an innovative ther-
apeutic approach , where sonosensitizers localize around tumor cells and, upon ultrasound (US) stimulation,
generate substantial reactive oxygen species (ROS). This mechanism facilitates targeted tumor cell killing and
enhances treatment specificity. ROS also induce immunogenic cell death (ICD) through various pathways,
bolstering the immune response. Recent research suggests that piezoelectric biomaterials, used as sonosensi-
tizers, can amplify the anti-tumor effects of SDT. The piezoelectric effect of these materials enhances ROS
production efficiency, improves the TME, mitigates immune cell suppression, and promotes ICD. This review
article provides an overview of piezoelectric biomaterials classification, introduce the piezoelectric effect, and
examines the applications of piezoelectric biomaterials in sonodynamic immunotherapy. It serves as a reference
for the development of piezoelectric materials and the advancement of tumor treatment strategies.

1. Introduction presents fewer side effects and has the potential to establish immune

memory, thereby reducing the risk of tumor recurrence. This positions

Tumor cells, characterized by their ability to proliferate indefinitely
under specific conditions, pose a significant threat to human health.
Cancers, particularly lung cancer, remain one of the leading causes of
mortality globally [1]. Current treatment modalities primarily consist of
radiotherapy[2], chemotherapy [3], and surgical intervention[4].
However, these strategies often exhibit high levels of drug resistance,
considerable side effects, and poor prognoses [5], particularly in pa-
tients with metastatic tumors, thereby limiting their efficacy. Tumor
immunotherapy has emerged as a novel therapeutic approach that
harnesses the host immune system to eradicate tumor cells [6].
Compared to traditional methods, tumor immunotherapy generally

tumor immunotherapy as a promising avenue for cancer treatment [7].
Common forms of tumor immunotherapy include immune checkpoint
blockade and immunotherapy vaccines. Nonetheless, the intricate na-
ture of the tumor microenvironment poses challenges such as insuffi-
cient targeting and low immune response.

To overcome these limitations, sonodynamic therapy is being com-
bined with immunotherapy to develop sonodynamic immunotherapy
[8]. This method improves targeting by concentrating sonosensitizers
near tumor tissues. The ROS are generated under US not only directly
damage tumor cells but also release tumor cell fragments, inducing ICD
and enhancing immune responses. The piezoelectric effect occurs in
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materials with non-centrosymmetric crystal structures. When mechan-
ical stress (e.g., US vibrations) is applied, the crystal lattice deforms,
displacing positive and negative charge centers. This generates a po-
larization potential, which drives redox reactions or electrical signaling.
The accumulation of these charges at opposite ends of the material
generates a piezoelectric potential aligned with the direction of the
applied mechanical force. Materials capable of exhibiting this effect are
termed piezoelectric biomaterials. The piezoelectric effect, discovered
by Pierre and Jacques Curie in 1880[9], has been widely applied across
various industries, including sensors [10], US imaging [11], and energy
harvesting [12]. Shi and colleagues were the first to utilize piezoelectric
materials as nanomedicine to enhance sonodynamic therapy within the
field of tumor treatment, marking the initiation of their application in
cancer therapy [13]. With the advancement of nanomedicine, a growing
number of piezoelectric materials, such as Zinc oxide (ZnO), Barium
titanate (BTO), and Polyvinylidene fluoride (PVDF), have been incor-
porated into sonodynamic immunotherapy [14]. These materials
significantly enhance the efficiency of ROS production in tumor tissues
under US stimulation, facilitating ICD. Additionally, piezoelectric ma-
terials can improve the tumor immune microenvironment and mitigate
immune system suppression by carrying therapeutic agents [15].
Compared to traditional immunotherapy, piezoelectric materials
demonstrate significantly improved biological targeting and diminished
toxic side effects. Under the stimulation of ultrasound, these materials
produce a wealth of reactive oxygen species (ROS), which effectively
promote immune responses and enhance therapeutic efficacy. By uti-
lizing their intrinsic functions or their ability to carry drugs, piezoelec-
tric materials can modulate the tumor immune microenvironment,
transforming immunologically “cold” tumors into “hot” tumors.
Nevertheless, piezoelectric materials still encounter challenges such as
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inadequate biocompatibility, difficulty in maintaining stable piezo-
electric performance over extended periods, and insufficient targeting
ability for immunotherapy applications.

In this article (Fig. 1), we focus on the applications of common
piezoelectric materials in tumor treatment. We begin by discussing
sonodynamic immunotherapy for tumors, followed by an exploration of
the mechanisms of piezoelectric catalysis, the classification and char-
acterization of piezoelectric materials, and concluding with a presen-
tation of the applications of various piezoelectric materials in cancer
treatment (Table 1). We hope that by summarizing these applications,
we can contribute to the development of safer and more effective
nanomedicines, aiding humanity in the battle against cancer.

2. Cancer sonodynamic immunotherapy
2.1. Cancer immunotherapy

Cancer immunotherapy involves inducing an immune response that
results in ICD of tumor cells. Rather than directly killing tumor cells, it
works by activating the immune system to destroy tumor tissue [16].
Common types of immunotherapy include immune checkpoint in-
hibitors [17], T-cell transfer therapy [18], vaccination [19], and im-
mune system modulators [20] aimed at enhancing the immune system
ability to target and kill tumor cells.

Under normal circumstances, immune inhibitory molecules present
on the surface of healthy human cells (e.g., PD-1) are recognized by
receptors on T cells (e.g., PD-1) to prevent inadvertent attacks. However,
tumor cells also express companion proteins that can interact with im-
mune checkpoints on T cells, enabling the tumor to evade detection by
the immune system [21]. Immune checkpoint inhibitors (ICIs) disrupt
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Fig. 1. Graphical abstract.



Table 1
Summary of Common Piezoelectric Materials and Their Applications.
Nanoparticles ~ Mean Piezoelectric Material Modification Loading Tumor microenvironment Animal Effect Summary Ref.
size part types Molecular level Cell level Cytokine model
(nm)
TC@Ch-MS 2.6 MoS, Inorganic DSPE-PEG2000 / ROS. ATP, HMGB11 DC. CD8'T cellt / 4 T1 tumor- The Schottky interface [41]
bearing enhances the production of
mice ROS.
Sb,Se;@Pt 2 Sb,Ses, Pt Inorganic / / ROS. LDH, ATP. DC., M1-TAM, CD8'T cellt Caspase-1, N- CT26 The Schottky [78]
CRT? GSDMD, TNF- tumor- heterojunction promotes
GSH| o, INF-y, IL- bearing the generation of ROS.
6. IL-1p1 balb/c
mice
BTO/Rh- 157 BTO Inorganic (Cp*RhCly); Doxorubicin P21 protein, ROST CD867/CD80"DC, CD4'T TNF-a, IFN- balb/c mice ~ BTO/Rh promotes cellular [43]
D@M PEI (DOX) Ki67| cell, CD8'T cellt v, IL-6, IL- model senescence and enhances
121 ROS generation.
1L-10)
PZnO@DOX 20 ZnO Inorganic PEG-Polyphenol Doxorubicin ROS. dsDNA, Zn%*, CD3"CD4™T cell, IFN-y, TNF- 4Tl tumor-  Zn**, DOX, and dsDNA [79]1
(DOX) DOX, CRT, HMGBI1. CD3*CD8™T cell, a, IL-6, IL- bearing activate the STING
ATP? CD3"CD8"CD44"CD62L-T 121 mice pathway
CD47] cellt
Treg cell]
M@BTONPs 60 BTO Inorganic DSPE-PEG2000 M-aPD-L1 ROS. CRT. HMGBI1, DC. CD4"'T cell, CD8'T cellt / Female MMP2 activates PD-L1 [82]
HSP701 C57BL/6J receptors in the material,
PD-L1, Ki67| mice enhancing immune
responses.
Met@BF 93 Fe304. BTO Inorganic DSPE-PEG2000- Met H202, caspase-3. CD86"/CD80"DC, CD4'T / B16F10 Met blocks the PD-1/PD-L1  [48]
NH2, ROS, Bax, CRT. cell. CD8'T cellt tumor- axis and the Fenton
Triethylamine HMGB1, CTLt bearing reaction promotes the
PD-L1, Ki67| mice generation of ROS.
BO / BP Inorganic PEG-NH2 3PO CRT, HMGB11 CD4"Tcell, CD8"Tcell, DCt IL-12p70. 4 T1 tumor Utilizing glycolysis [751
LA, ATP| INF-y. TNF-af bearing inhibitors to reduce the
mice energy source of tumors.
SSN 160 SnS Inorganic Glycol / H21 CD8"Tcell, CTLA41 / Hepa 1-6- SSN reduces the inhibitory [86]
LA, PD-L1] Treg cell] Luc tumor- effect of LA on immune
bearing cells.
mice
VA- 100 BTO Inorganic DBCO-PEG4- VA CO. ROS. CRT, DC, CD8'T cell, IL-6. IL-12. CT26 BTO promotes ROS and CO [95]
SAM@BTO NHS. SAM. VA HMGB11 M1-TAM?T INF-y1 tumor- generation, and the
LAl Treg, MDSC, IL-10} bearing consumption of LA by VA
M2-TAM| BALB/c thereby improves the TME.
mice
p-PVDF 0.05 p-PVDF Organic / / SCN 8A, KCNC 1, M1-GAMst TNF-a, IL- THP-1 Promoting M1 macrophage [40]
KCNAB 1, CNCNB 1, M2-GAMs| 1. MCP-1, cell, HeLa polarization through the
CNCNA 1A, CAMK IL-6 cell, Ca®"-CAMK2A-NF-«xB
2A. iNOS, Ca®"t HepG2 cell  pathway.
Arg-1]
CM-PNP 374 P(VDF-TrFE) Organic U87 MG cell / Ca®*, ROS. CD40"/CD86 "M1-GAMst IL-6, IL-12, / Piezoelectric catalysis [44]
nanoparticles membranes CAMKK2, TRIM14, CD206 "M2-GAMs| TNF-a, INF-yt generates local charges that
(PNPs) TNFRSF10B. promote the transformation
ATG13, ULK3 . of M1-type microglia.
CAB39L, iNOS?
HPP-Ca@GSK 122.4 PEG-IR 780 Organic HA GSK Glucose, DAMP, DC., CD8'CD3'T cellt IFN-y. TNF- 4 T1 tumor- HPP-Ca@GSK reduces LA [93]
2,837,808 A ROS, CRT. HMGBI, Tregl a, IL-6, IL- bearing production and promotes
ca?*t 121 mice calcium overload; PEG-
LA} IL-10) IR780 promotes ROS

generation.

Caption:/:Don‘t mention it. ROS: Reactive Oxygen Species. Met: Metformin. LA: Lactate. TME: Tumor microenvironment.
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this interaction between T-cell immune checkpoints and tumor surface
proteins, enabling T cells to eliminate cancer cells [22]. This blockade of
mechanisms used by tumor cells to evade immune surveillance is known
as immune checkpoint blockade (ICB). For example, aCTLA-4 has been
used in melanoma treatment, heralding the advent of cancer
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immunotherapy [23].

2.2. Cancer sonodynamic therapy

Ultrasound, due to its simplicity and non-invasive nature, is widely
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used in the diagnosis and treatment of tumors. The biological effects
mediated by it can be divided into thermal effects and mechanical effects
[24]. Thermal effects refer to the absorption of ultrasonic waves by
tissues, converting acoustic energy into thermal energy. When the
temperature exceeds 43 °C, proteins and cells are damaged, leading to
apoptosis and necrosis [25]. In 1989, Umamura and Yumita innova-
tively based on photodynamic therapy (PDT) and first proposed SDT
[26]. This therapy utilizes the mechanical action of US, which stimulates
the production of a large number of ROS by sonosensitizers [27]. When
cells are exposed to ROS for extended periods, the phospholipid struc-
tures on the cell membrane, proteins, and DNA inside the cells are
oxidized, causing cell damage and eventual death. Moreover, compared
to PDT, US is safer, non-invasive, low-cost, and has high tissue pene-
tration [28] with a depth that can reach up to 10 cm [29]. However, the
effect of SDT alone on tumor treatment is limited, so researchers have
combined SDT with immunotherapy to enhance the killing effect on
tumors.

2.3. Cancer sonodynamic immunotherapy

The ROS produced by piezoelectric materials and US not only
directly kill tumor cells but also induce ICD, release tumor-associated
antigens (TAA), and promote the maturation of dendritic cells (DC). In
addition, ROS can also assist immunotherapy (Fig. 2).

As mentioned earlier, PD-L1 on the surface of tumor cells allows
them to be recognized by cytotoxic T lymphocytes (CTLs) as normal cells
and evade “clearance.” The immune checkpoint inhibitor aPD-L1 binds
to PD-L1, restoring the function of CTLs and killing tumor cells. Due to
the heterogeneity of tumors, some tumor surfaces have less PD-L1 and
thus exhibit a lower response to ICIs. Research has shown that SDT can
not only kill tumor cells but also stimulate tumor cells to express more
PD-L1[30]. Chen et al. demonstrated that TiSe, nanoparticles-mediated
SDT, combined with aPD-L1, effectively induced ICD and activated the
body’s antitumor immune response [31]. TiSe; NPs, under the stimu-
lation of US, produce a large number of ROS, inducing ICD in tumor
cells, promoting the maturation of DC, and the secretion of various in-
flammatory factors (such as IL-6, TNF-q, etc.), inhibiting the number of
regulatory T cells (Tregs) in tumors, and enhancing cell-mediated sys-
temic immune responses, synergizing with aPD-L1 in anti-tumor im-
mune responses. It can be seen that the combination of SDT and immune
checkpoint inhibitors greatly improves the anti-tumor effect.

The stimulator of interferon genes (STING) is a type of immune
modulator that plays an important role in the activation of innate im-
munity. It promotes the maturation of DC, the activation of T cells and
natural killer (NK) cells, and the enhancement of M1 polarization by
generating cytokines and chemokines. However, systemic administra-
tion often causes severe adverse reactions in non-target areas. Therefore,
combining piezoelectric materials with immune modulators, using the
targeted drug delivery of piezoelectric materials and the controlled drug
release of US, allows immune modulators to accurately exert immune
regulatory effects at the tumor site, enhance anti-tumor immune re-
sponses, and reduce toxic side effects.

By loading drugs onto piezoelectric materials, tumor sonodynamic
therapy can induce regulated cell death [32] (including autophagy,
ferroptosis, pyroptosis, necroptosis, cuproptosis, and PANoptosis [33])
or be combined with other therapies, such as photothermal therapy [34]
and metal-based therapy [35]. This approach enhances the immune
response of tumor cells and promotes the occurrence of ICD. Further-
more, studies have found that piezoelectric immunotherapy can also
convert “cold tumors” into “hot tumors”[36], increasing the sensitivity
of tumor cells to immune cells and improving therapeutic efficacy.

3. Piezoelectric biomaterials

Piezoelectric biomaterials are broadly classified into three cate-
gories: organic, inorganic, and composite materials. Due to their unique
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properties, these materials have found diverse applications in medicine,
including cancer therapy, neural regeneration [37], and skin regenera-
tion [38].

3.1. Characterization of piezoelectric biomaterials

There are numerous methods available for characterizing piezo-
electric materials (Table 2). Piezoresponse force microscopy (PFM) is a
tool used to measure the piezoelectric properties of materials [39]. Kong
et al. employed PFM to evaluate the piezoelectricity of p-Phase poly-
vinylidene fluoride (B-PVDF), determining its piezoelectricity by
observing the piezoelectric hysteresis loop and amplitude loop [40]. X-
ray diffraction (XRD) is frequently utilized to analyze crystal structures
and lattice parameters. X-ray photoelectron spectroscopy (XPS) can
offer information on the elemental composition, molecular structure,
and chemical state of the sample surface through XPS spectra, and can
even establish the elemental content or concentration on the sample
surface by analyzing peak intensities. Raman spectroscopy can identify
the chemical structure of a substance through molecular bond rotation
or vibration [41]. Scanning electron microscopy (SEM) is commonly
employed to examine the surface structure and basic morphology of the
sample, while transmission electron microscopy (TEM) is typically used
to investigate the crystals of nanomaterials, estimating their particle
diameter size by observing the dispersion state of the material particles
[42]. Additionally, other methods include calculating the charge
transfer in the catalytic reaction of piezoelectric materials using Density
Functional Theory (DFT) to emphasize the piezoelectric performance of
the materials [43], and Fourier-transform infrared spectrum (FT-IR) can
determine the chemical structure of molecules by measuring the ab-
sorption of specific frequency infrared light [44].

3.2. Mechanism of piezoelectric catalysis

Currently, there are two widely accepted mechanisms for piezo-
electric catalysis: energy band theory and screening charge effect [45].
These two theories have some differences and can be used to explain
different experimental scenarios.

In the energy band theory (Fig. 3 a), the piezoelectric potential
modulates the energy band structure, driving charge transfer from the
material’s interior to its surface. The band alignment dictates the
piezoelectric material’s activity in chemical reactions [45]. Piezoelectric
materials, when subjected to mechanical stresses like ultrasound,
become polarized. This polarization causes the displacement of charge
centers, leading to deformation [46]. Subsequently, positive and nega-
tive charges are distributed on both ends of the piezoelectric material,
creating an electric field and potential. This potential, caused by the
piezoelectric effect, determines the energy levels of the valence band
(VB) and conduction band (CB) of the piezoelectric material, allowing
charge exchange at the interface of the piezoelectric material and
enabling effective catalysis of redox reactions [47]. For example, Wang
et al. used the piezoelectric material BTO, which, under the irradiation

Table 2
Common tools for characterizing piezoelectric materials.

Instrument Characterization

Piezoelectric coefficient
Piezoelectric coefficient
Crystal structure

Piezoresponse force microscopy (PFM)

Density Functional Theory (DFT)

Tunneling atomic force microscopy
(TUNA)

X-ray diffraction (XRD)

Scanning electron microscopy (SEM)

Transmission electron microscopy (TEM)

Crystal surface structure

Electron diffraction pattern
Elemental composition, molecular
structure

chemical structure

Crystal structure

Raman spectroscopy
Fourier — transform infrared spectrum
(FT-IR)

Dynamic Light Scattering (DLS) Particle size
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Fig. 3. The two mechanisms of piezocatalysis. (a) The energy band theory. (b) The screening charge effect [45]. Copyright 2023 John Wiley and Sons.

of US, undergoes the piezoelectric effect, thereby inducing the produc-
tion of a large number of electrons/holes. Electrons (e’) enriched on the
CB end and holes (h™) enriched on the VB end will further react with the
surrounding H,0 and O3 to produce OH- and O,-- [48]. Hong et al. also
used US to achieve direct water decomposition by synthesizing piezo-
electric ZnO microfibers [49].

In the screening charge effect (Fig. 3 b), the positive and negative
charges generated inside the material by the piezoelectric effect no
longer participate in the reaction. Instead, they form a piezoelectric
potential as the driving force to catalyze the reaction. The charges
involved in the redox reaction come from the adsorbed screening
charges of the external system. Because the charges participating in the
reaction come from the outside, to initiate the catalytic reaction, the size
of the piezoelectric potential generated by the internal charges must
reach or exceed the redox potential.

In summary, in both piezoelectric catalysis theories, the entire
piezoelectric catalysis process is controlled by the internal piezoelectric
potential generated by the piezoelectric effect, only the degree of
contribution is different [50].

3.3. Piezoelectric biomaterials for SDT

To achieve SDT, US, sonosensitizers, and reactive oxygen species are
all indispensable. Sonosensitizers, as the bridge between US stimulation
and the production of reactive oxygen species, play a decisive role in
SDT. Sonosensitizers are categorized into inorganic, organic, and com-
posite materials. The following sections will introduce each category in
detail.

3.3.1. Inorganic Sonopiezoelectric biomaterials

BTO

Bismuth titanate (BTO), a lead-free ferroelectric material, is char-
acterized by its octahedral structure. The vertices of the cubic unit cell
are occupied by Ba" ions, while 02~ ions are positioned at the center.
Ti** ions are slightly off-center relative to the 02~ anions, creating
structural asymmetry. This asymmetry facilitates piezoelectric effects
under ultrasonic stimulation, endowing BTO with exceptional piezo-
electric properties. Compared to traditional lead-based piezoelectric
materials, such as PbTiO3, BTO has lower toxicity. Its superior piezo-
electric performance, straightforward synthesis, and excellent biocom-
patibility make BTO a promising candidate for medical applications. In
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clinical settings, BTO is often combined with gold nanoparticles [51] or
copper oxide [52] for tumor therapy.

ZnO

Hexagonal wurtzite ZnO is one of the most widely researched
piezoelectric materials. Its tetrahedra connect at vertices and form
layered structures along the c-axis. Zn and O atoms are packed into an
interpenetrating lattice, with Zn atoms occupying the tetrahedral spaces
created by O atoms [53]. The lack of a symmetry center allows for
charge separation under mechanical stress, generating piezoelectric
potentials. As a result, ZnO displays strong piezoelectric properties.
Various morphologies, including nanodots [54], nanorods [55], nano-
particles [56], and nanowires [57], have been synthesized using hy-
drothermal [58] and molten salt methods [59]. These low-dimensional
nanostructures maintain the hexagonal crystal configuration, preserving
ZnO’s piezoelectric characteristics [53]. For example, ZnO nanobelts
exhibit higher piezoelectric coefficients than bulk ZnO. The remarkable
piezoelectric performance and biocompatibility of ZnO make it highly
applicable in the biomedical field.

KNN

(K, Na)NbO3 (KNN) is a cutting-edge lead-free piezoelectric material,
considered one of the most viable alternatives to lead-based ferroelec-
trics [60]. Research suggests that KNN has lower biotoxicity than lead-
based materials, allowing for biodegradation in vivo with minimal
side effects. The piezoelectric activity of KNN ceramics can be improved
by incorporating elements such as Li*, Sb®*, and Ta®* [61]. These en-
hancements boost its potential for eco-friendly and biomedical
applications.

3.3.2. Organic Sonopiezoelectric biomaterials

PVDF

In 1969, Kawai first discovered the organic material PVDF with
piezoelectric properties. This material has five different crystal forms,
namely o, B, v, 8, €, among which the §-PVDF is the most important and is
one of the organic materials with the highest piezoelectric performance
discovered so far [62]. It has the advantages of high flexibility, low
impedance, high electrical coefficient, and low density. However,
compared with inorganic materials, the piezoelectric coefficient of
piezoelectric polymers is obviously smaller, and a larger electric field is
needed to reverse the polarization. Therefore, the key to obtaining PVDF
with good piezoelectric properties lies in how to produce p-crystals. The
common methods mainly include three types: the solution casting
method, electrospinning method, and thermal stretching method [63],
among which the thermal stretching method and electrospinning
method are widely used due to their simple operation, low cost, and
strong piezoelectric performance [64].

Gly

In addition to PVDF, some amino acids also possess piezoelectric
properties, such as glycine (Gly), which is an amphoteric amino acid.
Under specific environmental conditions, crystalline glycine has three
different forms, namely o, B, y. The latter two structures exhibit shear
piezoelectricity due to their asymmetric eccentric structure [6566] and
the principle of piezoelectricity generation is the same as that of inor-
ganic materials, stemming from the displacement of ions in the crystal.
Moreover, p-structured glycine has a higher shear piezoelectric constant,
even comparable to the normal piezoelectric coefficient of BTO.
Furthermore, there are numerous natural materials with good piezo-
electric properties, including polypeptides, collagen, etc., which provide
signals through various stages of tissue to regulate growth and devel-
opment processes [67].

3.3.3. Composite Sonopiezoelectric biomaterials

Composite piezoelectric materials, made from two or more different
components, combine the superior properties of piezoelectric ceramics
and polymers. Zhang combined Gly with MoS; to form Gly-MoS;
nanosheets [68]. The combination of inorganic and organic materials
significantly enhanced the piezoelectric and mechanical properties. Kim
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used the hydrothermal method to grow zinc oxide nanorods (ZnO NRs)
on the surface of electrospun PVDF nanofibers, fabricating a novel
breathable ZnO/PVDF composite piezoelectric film [69]. Without
affecting the breathability of the ZnO/PVDF film, the combination of
ZnO and PVDF greatly increased the piezoelectric performance.
Compared with the output voltage of PVDF alone, the output voltage of
the composite film is almost twice that of PVDF.

Piezoelectric composites combine the high energy conversion effi-
ciency of inorganic piezoelectric materials and the excellent biocom-
patibility of organic materials, making them widely applicable in the
medical field.

3.4. Cancer Sonopiezoelectric therapy

Piezoelectric materials can transform mechanical energy from US
vibrations into electrical energy, which drives the release of electrons
and holes. This process facilitates redox reactions with water and other
substrates, generating ROS [70]. Immunogenic cell death, a process
where dying tumor cells trigger an immune response, involves the
exposure of calreticulin (CRT) on the cell membrane, secretion of ATP,
and release of high-mobility group box 1 (HMGB1), which act as danger
signals to the immune system. These events ultimately lead to tumor
immune responses and cell death [71].

The ROS generated through the piezoelectric effect play a crucial
role in activating ICD. To further elaborate, ROS can induce endoplasmic
reticulum stress, which triggers the unfolded protein response (UPR)
and ultimately leads to cell apoptosis. Moreover, ROS damage the cell
membrane, disrupt its integrity, and release DAMPs, which activate the
immune system and promote cancer cell elimination [72]. Furthermore,
ROS can deplete the antioxidant system within cells and endogenous
glutathione (GSH) in tumor cells, disrupting the redox balance and
promoting ICD production [73].

M1 macrophages play a role in killing cancer cells and inhibiting
tumor growth [74]. During the piezoelectric reaction, the release of
local charges triggers the selective expression and secretion of pro-
inflammatory chemoattractants, allowing Ca®" influx through voltage-
gated channels. This process induces the polarization of macrophages
towards a pro-inflammatory (M1) phenotype through the Ca®*-CAMK
2A-NF-kB pathway [40], leading to tumor cell death.

Some piezoelectric materials can also oxidize and deplete lactic acid
(LA) under US stimulation, cutting off the nutrient source for tumors and
inhibiting tumor growth [75]. Alternatively, they can reduce LA’s in-
hibition on the immune system, promote dendritic cell maturation, and
achieve tumor cell killing [76].

4. The application of piezoelectric biomaterials for cancer
sonodynamic immunotherapy

During the piezoelectric effect, the generation of positive and nega-
tive charges initiates multifaceted biological interactions. On one hand,
these charges interact with water molecules and oxygen to produce ROS,
which activate ICD. On the other hand, the charges stimulate voltage-
gated calcium channels (VGCCs), inducing calcium influx and promot-
ing M1 polarization of macrophages. Additionally, hydrogen ions
acquiring negative charges form hydrogen gas, leading to LA depletion
by suppressing its synthesis. Furthermore, piezoelectric materials can be
loaded with therapeutic agents to enhance LA depletion strategies.

4.1. The piezoelectric effect generates ROS, which induce ICD

ROS, chemically unstable oxygen-containing molecules, are by-
products in aerobic respiration. In tumor tissues, ROS can impair
mitochondrial function and disrupt cell membrane fluidity, ultimately
causing tumor cell lysis and death. The resulting cell death triggers the
release of double-stranded DNA (dsDNA), ATP, and pro-inflammatory
factors such as HMGB1, while also exposing TAA like CRT. These
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processes promote the maturation of DC and facilitate ICD. Piezoelectric
materials, capable of generating substantial amounts of ROS under US
stimulation, have thus found wide application in anti-tumor therapies.

Although ROS can effectively kill tumor cells and promote ICD,
insufficient ROS generation remains a significant challenge. MoS,, a
promising piezoelectric material, tends to overlap due to van der Waals
(Vdw) forces and faces interface barriers that hinder ROS production
[77]. To address this, Wu et al. employed US-assisted exfoliation of
monolayer MoS; (Ch-MS) with chitosan to impart a negative charge,
followed by the integration of Ti3Cy (TC) with Ch-MS to form TC@Ch-
MS [41]. This strategy alleviated Vdw interactions and overcame
MoS,’s interface barriers. Compared with Ch-MS, TC@Ch-MS exhibits a
higher surface potential (Fig. 4 a-c). This suggests that the integration of
titanium with MoS; creates a Schottky heterojunction, which improves
the stability, dispersibility, and electron-hole separation efficiency of
MoS,, thereby boosting the production of ROS. Experiments have
demonstrated that TC@Ch-MS is non-toxic to both 4 T1 cells and human
gastric epithelial GES-1 cells, even at high concentrations (400 ug ml™ 1)
(Fig. 4 d). When exposed to ultrasound, TC@Ch-MS generates ROS and
eradicates tumor cells (Fig. 4 e,f). In vivo experiments have shown that
the therapeutic effect of the TC@Ch-MS + US group surpasses that of the
control group and the TC@Ch-MS group alone (Fig. 4 g), indicating
excellent tumor treatment potential.

Cheng et al. efficiently engineered and constructed a Sb-component-
integrated Schottky heterojunctions (SbySes@Pt) by in situ growth of
platinum (Pt) nanoparticles (NPs) on narrow-bandgap SbySes semi-
conductors [78] (Fig. 5 a). The dual functionality of the Schottky het-
erojunction simultaneously suppresses electron backflow while
augmenting ROS generation through enhanced charge separation effi-
ciency Compared with other groups, the SbySes@Pt + US group
generated the highest amount of ROS (Fig. 5 b-d), indicating that the
heterojunction structure effectively promotes ROS production. In the
vitro experiments, the SbySes@Pt + US group exhibited the strongest
tumor cell-killing effect (Fig. 5 e,f), along with the highest CRT
expression and HMGB1 release (Fig. 5 g-i). In the vivo experiments, the
SbySe3@Pt + US group significantly inhibited tumor growth (Fig. 5 j,k)
and induced the strongest immune response (Fig. 51-0), demonstrating
the excellent anti-tumor capability of SbaSes@Pt.

In a different approach, Wang et al. synthesized Met@BF by
combining metformin (Met), Fe3O4, and BTO [48] (Fig. 6 a). Under US
stimulation, BTO generated H,0,, while Fe304 produced Fe2" in the
tumor’s mildly acidic environment. The Fenton reaction between HoO»
and Fe2" increased ROS levels. The results demonstrate that Met@BF +
US exhibits the strongest ROS generation capability compared to all
other groups (Fig. 6 b,c). Moreover, this group shows the highest CRT
expression, the most significant HMGBI1 release (Fig. 6 d), and the most
robust ICD response. These findings highlight the great potential of
Met@BF for tumor therapy.

Tian et al. developed PZnO@DOX by combining the sonosensitizer
ZnO with doxorubicin (DOX) [79]. Under US stimulation, PZnO@DOX
generated substantial ROS (Fig. 7 a), which caused further cellular
damage and mitochondrial destruction (Fig. 7 b), leading to the release
of dsDNA. Evaluation of cytochrome C and mitochondrial apoptosis-
related factors confirmed the occurrence of mitochondrial apoptosis
[80]. Additionally, ZnO released Zn?* in the tumor’s acidic environ-
ment, and both dsDNA and Zn2" triggered the STING pathway. This
pathway upregulated phosphorylated TBK1, IRF3(Fig. 7 c), and immune
factors like IFN-p and CXCL 10 (Fig. 7 d,e), stimulating DC maturation
(Fig. 7 f,g). The levels of ICD-related molecular patterns, including CRT,
CD47, HMGBI1, and ATP, were measured separately. Analysis of the data
from each group revealed that DOX, zinc ions (Zn2+), and ROS could all
induce ICD effects, demonstrating that PZnO@DOX possesses significant
anti-tumor potential (Fig. 7 h-k). Biochemical analysis revealed no ab-
normalities, demonstrating the favorable biosafety of PZnO@DOX.

Senescent tumor cells can enhance the efficacy of drug treatment
[81]. Based on this concept, Hao et al. encapsulated BaTiO3/(Cp*RhCl5)
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5 (BTO/Rh) and DOX in a tumor cell membrane to form BTO/Rh-D@M
[43] (Fig. 8 a). Under the piezoelectric effect, BTO not only produced
significant negative charges that reduced NAD" to NADH, inhibiting
NAD "-mediated tumor metabolism (Fig. 8 b, c) but also generated ROS
by oxidizing H,0 to cause damage to mitochondria (Fig. 8 b, d). This
promoted cellular senescence, making tumor cells more vulnerable to
ROS-induced damage. Measurements of immune response markers,
including IL-10, IL-12, IL-6, TNF-a, and IFN-y (Fig. 8 e). In the in vitro
experiments, the BTO/Rh-D@M + US group exhibited the strongest
inhibitory effect on tumor growth (Fig. 8 f). It showed that the BTO/Rh-
D@M + US group exhibited enhanced immune activation, demon-
strating excellent anti-tumor efficacy.

BTO, with its excellent piezoelectric properties, generates abundant
ROS through SDT. However, improving targeting is crucial to minimize
damage to healthy cells. Tang et al. encapsulated engineered cell
membranes expressing oPD-L1, activated by matrix metalloproteinase-2
(MMP2), onto BTO nanoparticles (M@BTO NP) [82] (Fig. 9 a). Since
MMP2 is overexpressed in tumors, M@BTO NP specifically accumulates
at tumor sites. Under US stimulation, BTO’s piezoelectric effect pro-
motes the decomposition of H,0, generating ROS and O, (Fig. 9 b),
thereby enhancing CTL infiltration and inducing ICD. In vitro experi-
ments demonstrated that the M@BTO NP or US-only group exhibited
minimal cell apoptosis. In contrast, the M@BTO NP + US + MMP 2
group achieved an apoptosis percentage of 64.6 % (Fig. 9 c), indicating
that M@BTO NP -+ US has a potent cytotoxic effect in tumor tissues. In
vivo experiments revealed that, compared with other groups, M@BTO
NP + US exhibited the strongest tumor growth inhibition (Fig. 9 d,e),
consistent with the in vitro results. Moreover, the aPD-L1 on the cell
membrane further amplified the anti-tumor immune response, pre-
senting a  promising strategy for  sonodynamic-enhanced
immunotherapy.

4.2. The piezoelectric effect induces local currents to promote M1
polarization of macrophages

Macrophages are crucial immune cells in the human body, present in
various tissues where they adapt to environmental changes, differenti-
ating into M1 and M2 subtypes. M1 macrophages promote inflammation
by releasing pro-inflammatory factors such as IL-6) and TNF, which help
eliminate pathogens. In contrast, M2 macrophages are anti-
inflammatory, reducing inflammation [83]. TME is composed of
tumor cells, macrophages, fibroblasts, and other components. M1 mac-
rophages enhance the immune system’s ability to target and kill tumor
cells, while M2 macrophages support tumor growth and metastasis.
Therefore, promoting M1 macrophage polarization and decreasing M2
macrophage levels can significantly improve the efficacy of cancer
treatments.

Macrophage M1 polarization is influenced by various factors,
including hypoxia [84], pH [85], extracellular matrix (ECM) [83], and
signaling pathways such as the Ca?"-CAMK2A-NF-kB pathway. Kong
et al. leveraged the piezoelectric properties of B-PVDF [40], which,
under US stimulation, released large amounts of positive and negative
charges on its surface. These charges created an electric potential that
activated numerous voltage-gated channels, such as sodium, potassium,
and calcium ion channels, with the calcium ion channel playing a key
role. The influx of Ca®" (Fig. 10 a) activated the Ca2"-CAMK 2A-NF-xB
pathway, promoting M1 macrophage polarization. Additionally,
B-PVDF’s piezoelectric effect activated other pathways, including ErbB
[86], mTOR [87], and HIF-1, further enhancing M1 polarization.
Experimental results demonstrated that §-PVDF + US not only promoted
M1 polarization of macrophages (Fig. 10 c-e) but also suppressed M2
polarization (Fig. 10 b). M1 macrophages induced by the Ca2"-CAMK
2A-NF-xB pathway significantly inhibited the proliferation of HepG2
cells (Fig. 10 £,g).

Due to the blood-brain barrier (BBB), many drugs struggle to reach
effective concentrations in brain tumors [88]. Montorsi improved drug
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Fig. 5. (a) Schematic diagram illustrating the preparation process of the Sb,Se;@Pt sonocatalyst with a Schottky heterojunction structure, along with an elucidation
of the mechanism underlying SCT treatment in reshaping the TME and enhancing cancer pyroptosis-immunotherapy. (b) Comparison of ROS generation in the
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images of CRT expression and HMGBI release. (h, i) Statistical analysis of CRT expression (h) and HMGB1 release (i). (j) Individual growth curves of CT26 tumors
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). Ref. [78] Copyright 2024 John Wiley and Sons.
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delivery across the BBB by coating poly(vinylidene fluoride-
trifluoroethylene) (P(VDF-TrFE)) with glioblastoma cell membrane ex-
tracts (CM-PNP), enhancing glioblastoma multiforme (GBM) treatment
[44].Under US stimulation (Fig. 10 h,i), CM-PNP-generated local cur-
rents activated voltage-gated calcium channels, Immunocytochemical
assays for CD-40 and CD-86 (typical membrane proteins of M1 pheno-
type microglia) and CD-206 (a marker of M2 phenotype) indicated that
the CM-PNP + US group promoted both M1 and M2 macrophage po-
larization, with a higher degree of M1 polarization (Fig. 10 j-1).
Compared to other groups, glioma cells cultured with microglial cells
treated with CM-PNP + US have 60 % of the viability of the control
group (Fig. 10 m), highlighting the potential of piezoelectric materials in
improving anti-tumor macrophage polarization.

4.3. Through lactate deprivation, reduce LA’s immunosuppressive effects
on immune cells

The accumulation of LA not only supports tumor growth by
providing an energy source for metabolism but also promotes tumor
angiogenesis and facilitates distant metastasis [89]. Additionally, LA
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contributes to the immunosuppressive tumor microenvironment by
inducing M2 macrophage polarization and reducing the cytotoxicity of
NK cells. While mature DC can present TAA to stimulate immune re-
sponses, excessive LA accumulation inhibits DC maturation and pro-
motes the differentiation of regulatory T cells, both of which suppress
the tumor immune response [90 91].

Hydrogen (Hj) has been shown to enhance systemic immunity in
cancer patients and alleviate side effects of radiation and chemotherapy
[92]. Wu et al. developed two-dimensional SnS nanosheets (SSN) to
improve liver cancer treatment [76]. Under US stimulation, SSN gen-
erates positive and negative charges, where hydrogen ions (H") form Ha,
and LA is converted into pyruvate (Fig. 11 a). The SSN + US piezo-
electric electrocatalysis method significantly reduced LA levels (Fig. 11
b). Experimental results indicate that SSN + US can mitigate the
immunosuppressive effects of LA on immune cells, reduce the number of
Treg cells, and increase CD8" cells (Fig. 11 e,f). Additionally, Ha
downregulates PD-L1 expression on Hepal-6 liver tumor cells, demon-
strating potential anti-cancer effects (Fig. 11 c,d). The survival rate of
treated mice reached 100 %, indicating SSN’s strong anti-tumor activity
and biocompatibility (Fig. 11 g).
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Black phosphorus (BP), a biodegradable two-dimensional multi-
functional nanomaterial, has been widely utilized in SDT. Compared to
other 2D materials like graphene, BP’s folded lattice structure provides a
higher surface-to-volume ratio, greatly enhancing drug loading effi-
ciency. Leveraging this property, Qiao et al. loaded a glycolysis inhibitor

(3PO) onto BP nanosheets, creating a new biocompatible platform [75].
This platform serves two key functions: BP, under US stimulation, gen-
erates a piezoelectric effect that produces significant ROS, destroying
tumor blood vessels, killing tumor cells, and cutting off the tumor’s
nutrient supply. Meanwhile, 3PO inhibits glycolysis in tumor cells,
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reducing LA production and mitigating its immunosuppressive effects.
Experimental results showed that BP generates ROS only under US
stimulation (Fig. 11 h), demonstrating its good biocompatibility. The
combination of BP + US + 3PO exhibited stronger tumor treatment ef-
fects, immune system activation, and LA reduction compared to BP + US
or 3PO alone, highlighting a synergistic effect (Fig. 11 i,j). Both SDT and
3PO reduce LA levels and block ATP supply, starving tumors. Addi-
tionally, BP promotes DC maturation and antigen presentation, acti-
vating immune responses and inhibiting distant tumor growth (Fig. 11 k,
D.

Dai et al. developed hyaluronic acid (HA)-modified metal-phenolic
nanodrugs, denoted as HPP-Ca@GSK, comprising HA-catechol, PEG-
polyphenol, PEG-IR 780, and Ca@GSK[93] (Fig. 12 a). The incorporated
PEG-IR 780 sonosensitizer generates ROS to induce mitochondrial
dysfunction, while GSK 2837808A (GSK, LDHA inhibitor) restricts
tumor glucose consumption. This dual mechanism establishes a TME
characterized by elevated glucose levels and reduced LA accumulation.
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As shown in the figure, high glucose levels can increase CD8™ T cells,
while high levels of LA inhibit their growth (Fig. 12 b,c). In the vivo
experiments demonstrated that HPP-Ca@GSK + US exhibited the most
potent tumor growth inhibition (Fig. 12 d-f), and promoted the matu-
ration of DC cells and the increase of CD8™ T cells (Fig. 12 g-j), thereby
manifesting its robust anti-tumor capability.

Veillonella vegetica (VA), a beneficial microorganism in the human
body, particularly in the digestive tract, has been shown to digest LA into
propionate [94]. Based on this property, Fan et al. coated Staphylo-
coccus aureus (SAM) onto BTO to create SAM@BTO, which was further
encapsulated with VA cells (VA-SAM@BTO) [95] (Fig. 13 a), forming a
tumor-targeting micro-robot. Experiments confirmed that, under US
stimulation, BTO catalyzed both reduction reactions (O — -O2-, CO3 —
CO) and oxidation reactions (H,O — -OH, GSH — GSSG, LA — PA). ROS
and CO induced ICD while activating the immune response. BTO cata-
lyzed VA cells to metabolize LA, reducing LA-induced immune sup-
pression and enhancing immune function. This promoted DC
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maturation, macrophage M1 polarization, decreased Treg cell levels and
elevated the level of CD8" T cells (Fig. 13 b-e) Compared to VA and
SAM@BTO + US, VA-SAM@BTO + US showed stronger tumor-killing
effects, reduced LA levels (Fig. 13 f-h), demonstrating its potential as a
promising anti-tumor and LA metabolism agent.

In conclusion, high LA levels in the TME inhibit immune function.
Reducing LA levels through various methods can improve immune re-
sponses. The synergistic effect of piezoelectric materials and US signif-
icantly enhances ICD, providing a promising strategy for cancer therapy.

15

5. Conclusions and perspectives

This review summarizes the classification of piezoelectric materials
and introduces the piezoelectric effect along with their applications in
tumor sonodynamic immunotherapy. Current research indicates that
piezoelectric materials enhance sonodynamic immunotherapy primarily
through three mechanisms. Firstly, piezoelectric materials generate
substantial ROS under ultrasound stimulation, enhancing tumor cell
destruction and initiating ICD. Secondly, the electric charges produced
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by these materials activate ion channels, promoting M1 macrophage
polarization and improving therapeutic efficacy. Thirdly, the piezo-
electric effect reduces LA content in the tumor microenvironment,
alleviating LA-mediated immunosuppression.

Despite these advantages, translating piezoelectric materials from
preclinical studies to clinical applications faces multiple challenges.
First, although many piezoelectric materials exhibit good biocompati-
bility in animal models, their complete metabolism in humans remains
uncertain due to physiological differences. Developing safer piezoelec-
tric biomaterials is therefore essential. Second, the complex human in-
ternal environment may impair piezoelectric functionality, leading to
unstable performance and reduced efficiency. Third, when piezoelectric
materials gather in incorrect locations within the body, the ROS they
generate can also cause damage. Therefore, enhancing the targeting
ability of piezoelectric materials is equally critical.

These challenges point the way for future research. Feng et al.
employed the natural piezoelectric material polylactic acid (PLA) as a
drug carrier [96]. PLA can be degraded into small molecules in the
human body, which can then be absorbed. This significantly enhances
the biocompatibility of piezoelectric materials. Qiang applied a silica
(SiO2) coating to protect the LiNbOgs core, which can diminish the
erosion of body fluids on the piezoelectric structure and ensure the
material’s stability within the body [97]. In addition to coatings,
developing piezoelectric materials that are insensitive to body fluids
might serve as another viable approach. Cai et al. employed RGD-PEG-
modified materials [98], which endow the materials with tumor-
targeting ability and reduce accumulation in normal tissues. Further-
more, the emergence of nanorobots could potentially enhance targeting
specificity. By employing controlled manipulation to anchor micro-
robots loaded with sonosensitizers at tumor sites, this strategy may
prevent ROS-induced damage to healthy tissues. Liu and colleagues
utilized biohybrid piezoelectric materials to foster the regeneration of
neurons [99]. The integration of piezoelectric and biological materials
offers a valuable reference for the advancement of piezoelectric mate-
rials. It is hoped that the application of piezoelectric biomaterials in
tumor treatment will continue to progress, offering improved solutions
to medical issues and making significant contributions to human health.
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