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ARTICLE INFO ABSTRACT
Keywords: Catalytic therapy based on piezoelectric nanoparticles has become one of the effective strategies to eliminate
Self-assembly tumors. However, it is still a challenge to improve the tumor delivery efficiency of piezoelectric nanoparticles, so
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Sonodynamic therapy

that they can penetrate normal tissues while specifically aggregating at tumor sites and subsequently generating
large amounts of reactive oxygen species (ROS) to achieve precise and efficient tumor clearance. In the present
study, we successfully fabricated tumor microenvironment-responsive assembled barium titanate nanoparticles
(tma-BTO NPs): in the neutral pH environment of normal tissues, tma-BTO NPs were monodisperse and possessed
the ability to cross the intercellular space; whereas, the acidic environment of the tumor triggered the self-
assembly of tma-BTO NPs to form submicron-scale aggregates, and deposited in the tumor microenvironment.
The self-assembled tma-BTO NPs not only caused mechanical damage to tumor cells; more interestingly, they
also exhibited enhanced piezoelectric catalytic efficiency and produced more ROS than monodisperse nano-
particles under ultrasonic excitation, attributed to the mutual extrusion of neighboring particles within the
confined space of the assembly. tma-BTO NPs exhibited differential cytotoxicity against tumor cells and normal
cells, and the stronger piezoelectric catalysis and mechanical damage induced by the assemblies resulted in
significant apoptosis of mouse breast cancer cells (4T1); while there was little damage to mouse embryo oste-
oblast precursor cells (MC3T3-E1) under the same treatment conditions. Animal experiments confirmed that
peritumoral injection of tma-BTO NPs combined with ultrasound therapy can effectively inhibit tumor pro-
gression non-invasively. The tumor microenvironment-responsive self-assembly strategy opens up new per-
spectives for future precise piezoelectric-catalyzed tumor therapy.

1. Introduction threatening human health [1,2]. The vigorous development of nano-
technology allows for more efficient, safe, and precise tumor treatment
Cancer is a malignant disease with high morbidity and mortality, strategies [3,4]. Nanomedicine not only includes nanocarriers that
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deliver small molecule compounds, proteins, and nucleic acids precisely
to tumor sites, but also covers functional materials that cause tumor cell
damage by triggering in situ catalytic reactions [5-7]. Among many
catalytic reactions, the efficient generation of ROS has become one of
the representative strategies for tumor treatment. ROS themselves are
oxygen metabolites that accompany cellular activity, and the high local
concentration of ROS caused by catalytic reactions can lead to pro-
tein/lipid oxidation, DNA strand breaks, and base damage [8,9]. To
date, many catalytic strategies have been proposed to generate large
amounts of ROS for cancer therapy, including photodynamic therapy
(PDT) [10-13], chemodynamic therapy (CDT) [14-16], and sonody-
namic therapy (SDT) [17,18]. As one of them, the SDT strategy mainly
uses sonosensitizers to convert the mechanical energy of ultrasound into
chemical energy [19,20]. Benefiting from the high tissue penetration
and controllable low-level tissue damage of ultrasound as an external
stimulus source, the SDT strategy has strong prospects for clinical
translation, and the development of high-performance sonosensitizers
has become the key to the successful implementation of SDT.

Piezoelectric semiconductor nanomaterials are ideal sound sensi-
tizers [21,22]. The periodic mechanical stress of ultrasound will cause
the deformation of the piezoelectric material and generate polarization
inside the crystal, thereby effectively inducing the separation of elec-
trons and holes at the interface and finally catalyzing the generation of
ROS [23-26]. To date, a series of piezoelectric materials such as zinc
oxide (ZnO) [27,28], boron nitride (BN) [29,30], and barium titanate
(BTO) [31,32] have realized the application in biomedicine; among
them, BTO NPs have become widely used sonosensitizers in SDT due to
their good biocompatibility, low cytotoxicity, and strong piezoelec-
tricity [33-36]. However, SDT strategies based on BTO NPs still face
difficulties in the selectivity of delivery and precision of treatment.
Although large NPs (~200 nm) have strong piezoelectric catalytic ac-
tivity, they are easily phagocytized by macrophages and normal tissue
cells, making them difficult to transport from the peritumoral to tumor
tissue. However, smaller nanoparticles are prone to exocytosis while
being endocytosed by cells, making it difficult to achieve specific
intratumoral accumulation [37,38]. Since the cytotoxicity of ROS to
normal cells and tumor cells is indifferent, the lack of specific delivery to
tumor sites will lead to poor therapeutic effects and raise biosafety
concerns. Therefore, developing a piezoelectric nanoparticle that re-
sponds to the tumor environment to achieve specific aggregation at the
tumor site and exert a strong piezoelectric catalytic effect is the key to
achieving efficient SDT.

Herein, we synthesized uniform small-sized BTO NPs with a diameter
of 18.15 + 3.64 nm using the solvothermal method. Inspired by the
acidic tumor microenvironment [39,40], pH-responsive ligands were
synthesized and anchored to the surface of BTO NPs to form tumor
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microenvironment-responsive assembled BTO nanoparticles (tma-BTO
NPs), in which the pH-responsive ligands could protonate part of the
negative charges to positive charges in the acidic tumor microenviron-
ment and induce the self-assembly of BTO NPs via Coulomb forces. After
co-culture with 4T1 cells for 24 h, the diameter of the assemble tma-BTO
NPs reached submicron scale, which caused mechanical damage to 4T1
cells. More importantly, the assembled tma-BTO NPs showed stronger
piezoelectric catalytic efficiency than monodisperse BTO NPs under the
excitation of ultrasonic waves, resulting in more ROS generation and
ultimately triggering more apoptosis of 4T1 cells (Scheme 1). Mecha-
nistically, the enhanced piezoelectric catalytic effect can be ascribed to
the mutual extrusion of neighboring particles within the confined space
of the assembly. In contrast, tma-BTO NPs seldom aggregated and
remained well dispersed after co-cultivation with MC3T3-E1 cells for 24
h, maintaining high biocompatibility to normal tissues due to their
ability to cross the intercellular space. In animal experiments,
4T1-tumor-bearing mice achieved excellent therapeutic performance
with minimal solid tumor after the treatment with tma-BTO NPs under
ultrasound excitation. These findings are particularly valuable for the
development of novel sonosensitizers that could enable precise therapy.

2. Results and discussion
2.1. Synthesis and characterization of tma-BTO NPs

Hydrophobic BTO NPs were successfully prepared by a modified
hydrothermal synthesis. Transmission electron microscope (TEM)
showed that the BTO NPs were approximately spherical with an average
diameter of 18.15 + 3.64 nm (Fig. 1a). High-resolution transmission
electron microscopy (HRTEM) revealed that the as-prepared BTO NP
possessed a single-crystalline structure, and well-defined lattice fringes
with interplanar distances of 0.28 nm inferred to the (110) planes of BTO
(Fig. 1b). The energy-dispersive X-ray spectroscopy (EDX) elemental
mapping well defined the Ba and Ti elements, confirming the formation
of BTO nanomaterials (Fig. S1). The selected area electron diffraction
(SAED) pattern further demonstrated characteristic crystallographic
orientations of BTO NPs with diffraction spots indexed to the (100),
(110), (200), (211), (220) and (310) planes (Fig. 1c). The atomic force
microscopy (AFM) results showed that the height of BTO NPs was 22.05
=+ 4.62 nm, slightly larger than the TEM results, attributed to the oleic
acid ligands encapsulated on the surface of the NPs (Fig. 1d). To further
investigate the piezoelectricity, piezoresponse force microscopy (PFM)
was used to scan BTO NPs thermal deposited on the surface of
conductive silicon substrate. Typical butterfly amplitudes were observed
when a 20 V AC voltage was applied (Fig. 1e). On the phase chart, the
clear hysteresis loop of BTO NPs plotted 180° phase switching (Fig. 1f),

k@ tma-BTO NPs Ultrasound

Scheme 1. Schematic illustration of enhanced piezocatalytic performance based on self-assembly tma-BTO NPs under US stimuli.
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Fig. 1. Morphological and structural characterizations of BTO. (a) TEM image, (b) HRTEM image, (c) and selected area electron diffraction pattern. (d) AFM image of
BTO bounding to a conductive silicon substrate. (e) Amplitude curve, (f) and piezoresponse phase curve of BTO NPs. (g) XRD pattern of BTO. (h) The process diagram
of preparation pH-responsive ligand. (i) The schematic diagram of pH-responsive ligand coating on the surface of BTO NPs, (j) and the photos recording the formation
of tma-BTO transferring from chloroform phase to water phase (top: water; bottom: chloroform). (k) EDX elemental mapping of tma-BTO (scale bar: 200 nm). (1) FTIR
spectra of BTO and tma-BTO. (m) S2p XPS spectrum of tma-BTO and pH-responsive ligand, (n) Ba3d5 XPS spectrum of tma-BTO and BTO.

demonstrating the excellent piezoelectric response and also proved their
ferroelectric domains. The PFM images showed the height, magnitude,
and phase of BTO NPs, respectively (Fig. S2). The variations that appear
in the PFM signal might arise from the fact that the BTO NPs were
composed of multiple stochastically oriented ferroelectric domains. The
crystal structure of BTO NPs was further measured by X-ray diffraction
(XRD), which revealed nearly identical lattice parameters to tetragonal
barium titanate (JCPDS No. 31-0174) (Fig. 1g, Fig. S3a). From Tauc
plots of UV-visible absorption spectrum, it can be seen that the band gap
of the as-prepared BTO NPs was ~1.36 eV (Fig. S3b).

The synthesis of functionalized ligands and their modification on the
surface of nanoparticles is the key for BTO to achieve the tumor envi-
ronment response. In this research, (+)-o-lipoic acid was sequentially
reacted with ethylenediamine and citraconic anhydride, respectively
(Fig. 1h). The newly formed 4-((2-(5-(1,2-dithiolan-3-yl)pentanamido)
ethyl) amino)-2-methyl-4-oxobut-2-enoic acid (*H NMR was shown in
Fig. S4) was reduced with sodium borohydride via ring-opening reaction
in aqueous solution to obtain the final product 4-((2-(6,8-dimercap-
tooctanamido)ethyl)amino)-2-methyl-4-oxobut-2-enoic  acid, which
presented a pH-responsiveness by through protonation in the weakly

253

acidic environment. The prepared pH-responsive ligands, 4-((2-(6,8-
dimercaptooctanamido)ethyl)amino)-2-methyl-4-oxobut-2-enoic acid,
could be adsorbed on the surface of BTO NPs through van der Waals
forces and hydrogen bonds (Fig. 1i). The coating reaction of pH-
responsive molecules on the surface of BTO NPs occurred at the inter-
face of chloroform and water, where the hydrophobic BTO NPs were
dispersed in the chloroform phase and the pH-responsive ligands dis-
solved in the aqueous phase. By vigorous stirring, BTO gradually
transferred from the bottom chloroform phase to the upper aqueous
phase to form tma-BTO NPs (Fig. 1j). tma-BTO NPs dispersed in neutral
aqueous solution possessed good dispersion, and the coating of ligands
did not change the original size and morphology of BTO NPs (Fig. S5).
We confirmed the presence of pH-responsive ligands in tma-BTO by ESI
mass spectrometry. As shown in Fig. S6, the molecular ion peak and
fragment peak of the pH-responsive ligand can be observed regardless of
the positive ion mode or the negative ion mode. The FTIR (Fourier
transform infrared) spectrum results showed that tma-BTO NPs exhibi-
ted absorption peaks at ~2550 cm ™!, ~680 cm ™!, which correspond to
the stretching vibration peaks of sulfur-hydrogen bonds and carbon-
sulfur bonds respectively (Fig. 11) [41,42]. The X-ray photoelectron
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spectroscopy analysis (XPS) further confirmed the ligand coating on the
surface of BTO NPs. As shown in Fig. S7, peaks corresponding to Ba, O,
Ti, N and S appeared in the tma-BTO spectrum, while N and S peaks were
not observed in the BTO group. EDX elemental analysis is also consistent
with the results of XPS. Ba, Ti and S elements were uniformly distributed
in tma-BTO NPs, while sulfur and nitrogen elements were not present in
hydrophobic BTO NPs (Fig. 1k, Fig. S8). Interestingly, we also found
evidence that bidentate thiol ligands may be chemically adsorbed on the
BTO surface. The S 2p peak of the pH-responsive ligand monomer
possessed a binding energy of 162.98 eV, while when it is anchored to
the BTO surface, the S 2p peak was shifted by 0.2 eV to a higher binding
energy of 163.18 eV (Fig. 1m). On the contrary, in the Ba 3d5 spectrum,
the binding energy decreased by 0.2 eV from 779.73 eV to 779.58 eV
after ligand coating (Fig. 1n). Moreover, the characteristic S2p peaks of
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tma-BTO were observed at 164.23 eV and 163.18 eV, indexing to S2p; 2
and S2ps/s, respectively (Fig. S9). More importantly, a peak located at
164.68 eV can be attributed to sulfur compounds. In comparison, the
XPS spectrum of the pH-responsive ligand showed only two peaks. In
addition, we also performed thermogravimetric analysis (TGA) and
differential thermal analysis (DTA) on BTO and tma-BTO under N at-
mosphere (Fig. S10). BTO lost 9.94 % of its mass at 900° due to the
pyrolysis of the oleic acid ligand; in comparison, the weight loss of
tma-BTO at the same temperature reached 18.58 %; in addition, the DTA
curves of the two also exist significant difference. The above results have
consistently confirmed that pH-responsive ligands are successfully
coated on the BTO surface.
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2.2. The pH-responsive aggregation ability of tma-BTO NPs

The as-prepared tma-BTO NPs exhibit pH-responsive self-assembly
properties (Fig. 2a). TEM results showed that the tma-BTO NPs dispersed
in a neutral solution simulating normal body fluid (pH = 7.4) hardly
agglomerated (Fig. 2b); while in the weakly acidic solution simulating
the tumor microenvironment (pH = 5.5), the same concentration of tma-
BTO NPs would assemble to form aggregates with a size of ~200 nm
(Fig. 2¢), which might attribute to the fact that the acidic environment
partially converted negative charges of the ligands to positive charges
and triggered the assembly reaction induced by Coulomb forces
(Fig. S11) [43,44]. The zeta potential and hydrodynamic size of
tma-BTO NPs in different pH environments were further tested by using
dynamic light scattering (DLS). Consistent with TEM, the tma-BTO NPs
are well dispersed in a neutral environment with a pH value of 7.4
(Fig. 2d); while they are clearly aggregated in a mild acidic solution with
a pH value of 5.5 (Fig. 2e). The self-assembly kinetics of tma-BTO NPs
was further monitored by the change of zeta potential. The onset zeta
potential of tma-BTO NPs in weakly acidic environment was slightly
higher than that in neutral environment, ascribing to the instantaneous
protonation of the ligands. We observed that the zeta potential of
tma-BTO NPs gradually increased from —15 mV to 0 mV within 120 min
in a solution at pH 5.5, which was attributed to the shielding of the
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internal particle potential inside the Coulomb force-induced self--
assembled structure. In contrast, the zeta potential of tma-BTO NPs
remained almost unchanged in a neutral environment (Fig. 2f). We
further used citrate acid as a ligand to fabricate pH-unresponsive
water-soluble BTO NPs (CA-BTO), whose potential remained almost
constant in both weakly acidic and neutral environments (Fig. 2g). It is
worth mentioning that when tma-BTO NPs and CA-BTO NPs were
dispersed in DMEM (Dulbecco’s Modified Eagle Medium), phosphate
buffer (pH = 7.4), and citric acid-disodium hydrogen phosphate buffer
for 12 h, all groups showed a high degree of dispersion with little change
in their hydrodynamic diameters. The above experiments confirmed
that tma-BTO NPs and CA-BTO NPs possessed good colloidal properties,
and the specific assembly of tma-BTO NPs only occurs in acidic media
(Figs. S12 and S13). In addition, XRD results showed that the crystal
structure of self-assembled tma-BTO NPs in weakly acidic media is
consistent with that of monodispersed nanoparticles in neutral pH media
(Fig. S14).

2.3. ROS generation ability of tma-BTO

The piezoelectricity of BTO originates from the asymmetric shift of
dipole moment, which is the main requisite for piezocatalytic perfor-
mance. The ultrasonic cavitation effect acted as a stress source loaded on
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the BTO NPs, which leaded to the separation of electrons and holes, and
effectively catalyzed the generation of ROS (Fig. 3a). Interestingly, finite
element analysis (FEA) revealed that the assembled tma-BTO NPs were
subjected to much larger forces than monodisperse nanoparticles, which
was due to the fact that the assembled particles were not only stressed by
ultrasonic waves, but also to mutual compression of neighboring parti-
cles caused by the tightly arranged structure inside the assemblies
(Fig. 3b). This force-enhanced effect induced by the assembled structure
predicts stronger piezoelectric catalytic performance with more ROS
generation.

To evaluate the ROS generation, hydroxyl radical (¢OH) and singlet
oxygen (*0) were detected by using terephthalic acid (TA) and 1,3-
diphenylisobenzofuran (DPBF), respectively (Figs. S15 and S16)). Ac-
cording to previous reports, 1.0 MHz and 1.0 W/cm? are appropriate
parameters for effectively triggering piezocatalysis and suitable for
clinical research [45,46]. Under ultrasonic irradiation, the «OH gener-
ated by tma-BTO NPs will oxide nonfluorescent TA and convert it into
highly fluorescent 2-hydroxyterephthalic acid (HTA). With the prolon-
gation of ultrasound time, the fluorescence emission of HTA at 426 nm
gradually increased, indicating that the generation of eOH was
time-dependent. Both the tma-BTO NPs and CA-BTO NPs exhibited
similar fluorescence growth trends in the solution environment at pH 7.4
(Fig. 3c). In contrast, assembled tma-BTO NPs produced a stronger
fluorescence signal under ultrasound in an environment with pH 5.5.
After sonication for 5 min, the fluorescence intensity of the tma-BTO
group was 4.26 times higher than that of the CA-BTO group, implying
more eOH production (Fig. 3d). DPBF as a scavenger of !0, can be
degraded by '0,, which is suitable for investigating the variations of
10,. The absorption peak of DPBF at 411 nm decreased with increasing
ultrasound time. Similar to the TA test, monodispersed tma-BTO NPs
and CA-BTO NPs showed similar trends towards DPBF catalytic degra-
dation at pH 7.4 (Fig. 3e). However, in the pH 5.5 environment, the
absorption of DPBF in the tma-BTO group rapidly dropped to 28.40 % of
the initial value after 5 min of ultrasonic irradiation, while the absorp-
tion of DPBF in the CA-BTO group could still maintain approximately 80
% of the initial value, indicating that the assembled tma-BTO NPs were
also able to generate more 'O, (Fig. 3f). Taken together, the assembled
tma-BTO NPs significantly improved the sonodynamic efficiency, which
was consistent with the finite element analysis.

Electron spin resonance (ESR) as a classic and typical method was
utilized for further ROS analysis. TEMP (2,2,6,6-Tetramethylpiper-
idine), a typical spin-trapping agent for capturing radical 10, yielded
1:1:1 triple signal of the 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO)
in aqueous. The characteristic 1:2:2:1 quadruple signal of DMPO-OHe
derived from the spin-trapping agent of DMPO (5,5-dimethyl-1-pyrro-
line-N-oxide) bounding to OHe. As shown in Fig. 3g and h, we tested the
ESR spectra of tma-BTO NPs plus ultrasound stimulation group (tma-
BTO + US), CA-BTO NPs plus ultrasound stimulation group (CA-BTO +
US), ultrasound stimulation group (US), CA-BTO group, and the blank
group in the environment of pH 5.5 and 7.4, separately. In the absence of
ultrasound irradiation, no eOH signal was detected in CA-BTO and the
blank group, indicating that US played a “switch” role for triggering the
oOH generation. While in the pure US group, we hardly observed the
typical eOH signal, confirming that only water without piezoelectric
nanomaterials could hardly generate eOH. At pH 7.4, there was no
difference between the tma-BTO + US group and the CA-BTO + US
group. However, at pH 5.5, the tma-BTO + US group with assembled
state exhibited the strongest free radical signal (Fig. 3i). In addition, we
also assessed 10, production, and the trend of 10, production among the
groups was similar to that of eOH (Fig. 3j). Collectively, ESR tests
yielded conclusions consistent with those of the ROS indicator: tma-BTO
NPs assembled under acidic conditions exhibited stronger piezoelectric
catalytic efficiency and induced more ROS production than mono-
disperse nanoparticles under ultrasonic excitation (Fig. 3k). The
degradation of methylene blue (MB), a classic organic pollutant model
compound, was used to further evaluate the piezocatalytic performance
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of each group. The absorption peak of MB at 10 mg/L also showed no
significant change in US, CA-BTO and blank groups. In the solution of pH
7.4, the tma-BTO + US group and the CA-BTO + US group had similar
MB degradation ability. However, in the pH 5.5 solution, the degrada-
tion rate of the tma-BTO + US group (55.5 %) was over 2.2 times higher
than that in the pH 7.4 (25.3 %) (Fig. 31, 3m). The efficient dye degra-
dation revealed that tma-BTO NPs were able to exhibit stronger oxida-
tion ability in the acid tumor microenvironment.

2.4. Piezocatalysis effect-mediated in vitro cytotoxicity

To investigate the ability of tma-BTO NPs to selectively accumulate
in the tumor microenvironment and effectively kill cancer cells through
SDT, mouse breast cancer cells (4T1) were selected as the study model
and normal cells (mouse embryo osteoblast precursor cells, MC3T3-E1)
served as controls. The cytotoxicity of tma-BTO NPs and CA-BTO NPs
after co-cultivation for 24 h was determined by CCK-8 kit. In the absence
of ultrasound, both tma-BTO NPs and CA-BTO NPs maintained good
biocompatibility with MC3T3-E1, and the cell viability reached 85.39 %
of the initial value even at a high concentration of 500 pg/mL, indicating
that the two types of BTO nanoparticles possessed negligible toxicity to
normal cells. However, in 4T1 cells, tma-BTO NPs showed more signif-
icant cytotoxicity than CA-BTO NPs, which might be attributed to the
cell damage caused by the responsive aggregation of tma-BTO NPs in the
tumor microenvironment (Fig. 4a). In addition, we also evaluated the
cell viability after long-term co-culture (48 h, 72 h) with tma-BTO NPs
and CA-BTO NPs, and the trend was consistent with that of co-culture for
24 h (Fig. S17). Under ultrasonic irradiation, tma-BTO NPs significantly
induced the apoptosis of 4T1 cells, and the cell viability dropped sharply
to 16.73 % of the initial value at 200 pg/mL; while the damage to
MC3T3-E1 cells was negligible under the same conditions. In contrast,
CA-BTO NPs did not exhibit selective killing effects on tumor cells and
had much lower therapeutic efficiency than that of tma-BTO NPs
(Fig. 4b).

Optical microscopy images provided intuitive evidence revealing the
effect of different extracellular matrices on the aggregation state of BTO
NPs (Fig. 4c). After 24 h incubation with 4T1 cells, almost no significant
aggregation of CA-BTO NPs occurred. It is worth pointing out that some
CA-BTO NPs inevitably form tiny aggregate structures, which may be
caused by the electrical attraction between nanoparticles and the
charged protein in DMEM medium. In contrast, tma-BTO NPs formed
submicron-scale assemblies in the tumor extracellular matrix. Both tma-
BTO NPs and CA-BTO NPs showed negligible accumulation when
cultured with MC3T3-E1 cells. The co-cultured cells (tma-BTO, 200 pg/
mL) were further immobilized and sliced for TEM analysis (Fig. 4d).
From the perspective of microstructure, TEM images showed that the
assembled tma-BTO NPs were endocytosed by 4T1 cells and retained in
the cytoplasm; while less tma-BTO NPs were retained in MC3T3-E1 cells,
which was due to the small-sized nanoparticles were easily expelled
from the cell by exocytosis.

Calcein AM/PI fluorescence probes were applied to visualize the
therapeutic performance of the piezocatalytic effect (Fig. 4e). For 4T1
cells, strong red fluorescent signal (PI) in the tma-BTO + US group
represented severe cytotoxicity to tumor cells. While in MC3T3-E1 cells,
all groups presented strong green fluorescence signals (Calcein-AM),
proving that tma-BTO NPs had little effect on normal cell viability. To
confirm at the cellular level that the toxicity against tumor cells origi-
nates from the enhanced piezoelectric catalytic performance caused by
the assembly of tma-BTO NPs, the 2,7- dichlorofluorescein diacetate
(DCFH-DA) was used to label generated ROS (Fig. 4f). Non-fluorescence
DCFH-DA was rapidly oxidized by ROS to form green fluorescent 2,7
dichlorofluorescein (DCF). A distinct green fluorescence signal was only
observed in the tma-BTO + US group on 4T1 cells, demonstrating that
tma-BTO NPs assembled in the tumor microenvironment efficiently
generated ROS and eliminated tumor cells.
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2.5. In vivo therapeutic performance of tma-BTO

Tumor-bearing mice were further used to evaluate the piezocatalytic
therapeutic performance in vivo (Fig. 5a). 4T1 cells were implanted in
BALB/c mice (the top of thighs) via subcutaneous injection. Like the cell
experiments, the animal model was also divided into 6 groups with 6
mice in each group (n = 6), including: blank group, US group, CA-BTO
group, tma-BTO group, CA-BTO + US group, and tma-BTO + US group.
On day 7, BTO NPs solution (100 pl; 2 mg/100 g mice body weight) was
administered through peritumoral injection (the blank group was
injected with an equal volume of normal saline), and ultrasound radi-
ation (1.0 MHz, 1.0 W/cm?, 50 % duty cycle, each time for 2 min, 3
times a day) was applied on the skin surface from day 8 to day 16 to
trigger piezoelectric catalysis. From the perspective of tumor volume,
the tma-BTO + US group showed apparent tumor inhibition, while the
other groups still showed a tendency of tumor growth during thera-
peutic period (Fig. 5b). In addition, no significant changes in the body
weight of the mice were observed during the treatment period, indi-
cating the safety of the tma-BTO NPs-based therapeutic strategy
(Fig. 5¢). All mice were sacrificed on day 24, and the tumors were
collected and weighed. There was no significant difference between the
blank group, the US group and the CA-BTO group. Although the CA-BTO
+ US group could produce a certain amount of ROS, the lack of specific
accumulation in the tumor microenvironment and the weak piezoelec-
tric catalytic efficiency limited its tumor inhibitory effect. The tma-BTO
group also showed some tumor suppressive effect, which might be

attributed to the mechanical damage caused by the assembly of NPs at
the tumor site. The treatment effect of the tma-BTO + US group was
overwhelming among all blank groups, and the average tumor weight in
this group decreased by 83.5 % compared with the blank group, which
was mainly attributed to the enhanced piezoelectric catalytic effect
induced by self-assembly (Fig. 5d). In addition, as studied by Marino
et al., piezoelectric stimulation can also induce cell cycle arrest and
significantly reduce tumor cell proliferation by affecting the organiza-
tion of mitotic spindles during mitosis [47-49]. The photos also show
the size of solid tumors in different groups of mice after treatment
(Fig. 5e and f), among which the tma-BTO + US group had the highest
therapeutic performance with the smallest tumor volume.
Hematoxylin and eosin (H&E) staining can clearly visualize the
microscopic morphology of sectioned tissue by inducing different
refractive indices of cell nuclei and cytoplasm. H&E staining assays
investigated the collected solid tumors to verify the therapeutic effi-
ciency. Among six groups, US triggering tma-BTO achieved the highest
tumor tissue damage, suggesting its excellent sonodynamic treatment.
Proliferation-associated Ki-67 protein can be detected during all the
active phases of the cell cycle but absent in resting cells, allowing
assessment of tumor cell proliferation. Ki-67 assays were performed to
further assess the level of tumor cell proliferation. Only the tma-BTO +
US group showed barely positive nuclei, revealing excellent tumor in-
hibition. Similarly, terminal deoxynucleotidyl transferase (TdT)-medi-
ated deoxyuridine triphosphate (dUTP) nick end labeling (TUNEL)
staining assays associated with tumor cell apoptosis. We observed that
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the tma-BTO + US group presented a stronger TUNEL fluorescence
signal than the other groups, the results were consistent with H&E and
Ki-67 assay (Fig. 5g), proving that US-triggering tma-BTO NPs were able
to achieve high-efficient cancer therapy in vivo.

2.6. The biological safety evaluation of tumor therapy

After in vivo cancer therapy, blood from tumor-bearing mice was
collected and used for biochemistry assay. As shown in Fig. 6a,
inflammation-related indicators such as white blood cells (WBC), lym-
phocytes (LYM#), middle-sized cells (MID#), and granulocytes (GRA#)
in the tma-BTO + US columns were significantly lower than those in the
rest of the groups. The results revealed that piezocatalytic treatment
could reduce the inflammatory environment of tumors by efficiently
inducing tumor cell apoptosis. We also evaluated hepatic and renal
function markers including blood urea nitrogen (BUN), creatinine
(CREA), alanine (ALT), and aspartate aminotransferase (AST). There
were no abnormal changes in all groups, demonstrating the safety of the
piezocatalytic treatment (Fig. 6b). In addition, non-inflammatory
related blood indicators, including red blood cells (RBCs), hemoglobin
(HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean

258

corpuscular hemoglobin (MCH), mean corpuscular hemoglobin con-
centration (MCHC), plateletcrit (PCT) and plaqueta (PLT) were all
within normal reference range (Fig. 6¢). H&E staining further verified
the potential damage to major organs (such as heart, liver, spleen, lung,
and kidney). The results confirmed that the tma-BTO + US group was
consistent with the blank group, and no obvious organ damage was
observed (Fig. 6d).

3. Conclusion

In summary, we have prepared tma-BTO NPs to achieve selective
killing against tumor cells. tma-BTO NPs exhibited responsive self-
assembling properties in the tumor microenvironment; while main-
taining a dispersed state in the normal extracellular matrix, which could
minimize the negative effects associated with the mechanical damage
and piezoelectric-catalyzed ROS on normal cells. Self-assembled tma-
BTO NPs exhibited enhanced mechanical damage and piezoelectric
catalytic efficiency to synergistically induce more apoptosis in 4T1 cells
under ultrasound excitation. This work developed a new generation of
smart sonosensitizers with tumor responsiveness to achieve efficient
cancer therapy with attenuated side effects, opening up new
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perspectives for future piezoelectric-catalyzed precision therapy.
4. Experimental methods

Materials: Sodium hydroxide (NaOH, 99 %), Sodium oleate (97 %),
Barium acetate (Ba(AC)3, 97 %), Tetrabuty titanate (Ti(Bu)s, 99 %),
Ethylenediamine solution, Sodium borohydride (99 %), 1-butanol so-
lution, Oleic acid, Toluene, and Ethanol purchased from Aladdin Re-
agent (Shanghai, China); (+)-a- Lipoic acid, 1,1-carbonyldiimidazole,
and Sodium borohydride were obtained from Sigma-Aldrich. DMEM,
CCK-8 Cell Proliferation and Cytotoxicity Assay Kit, Reactive Oxygen
Species Assay Kit, and Calcein-AM/PI Assay Kit were acquired from
Beijing Solarbio Science & Technology Ltd (China). 1,3-diphenylisoben-
zofuran (DPBF), terephthalic acid (TA), and methylene blue (MB) were
purchased from Shanghai Macklin. All reagents were used directly as
received without further purification.

Synthesis of BTO NPs: BaTiO3 NPs were synthesized using a hy-
drothermal reaction. In the typical method, Ba(AC)3 (2.5 ml, 1 mol/L),

NaOH (5.0 ml, 5.0 mol/L), sodium oleate (1.0 g, 97 %), 1-butanol so-
lution ( 10 mL, 99 % ) and 15 mL of oleic acid containing 2.5 mmol Ti
(Bu)4 were added into a 50 ml autoclave tube (160 °C for 12 h). After the
reaction was cooled down to room temperature, the products were
collected by centrifugation with ethanol and washed with toluene, the
purification procedure was repeated three times.

Synthesis of pH-responsive ligands: To prepare the pH-responsive
ligands, 1.0 g (+)-a-Lipoic acid was dissolved in 6.0 mL of anhydrous
chloroform. Then, 1 g 1,1- carbonyldiimidazole was added to 1
(()-a-Lipoic) solution for another 5 min stirring at room temperature.
The well-stirred solution was transferred into an ice bath for a while.
Then 3.5 mL ethylenediamine solution was added and stirred for 40 min.
The crude products were washed three times with saturated NaCl
aqueous solution and collected by centrifugation. Subsequently, the
solvent was removed using a rotary evaporator to obtain (N-(2-amino-
ethyl)-5-(1,2-dithiolan-3-yl) pentanamide). Finally, 0.34 mL citraconic
anhydride was added dropwise into 7.5 mL of an anhydrous chloroform
solution of 2. The solution was stirred overnight at room temperature to
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obtain 3 (4-((2-(5-(1,2-dithiolan-3-yl)pentanamido)ethyl)amino)-2-
methyl-4-oxobut-2-enoic acid). The synthesized product 0.78 g was
dissolved in 15 mL of deionized water, and the solution was adjusted to
pH 10 using a 0.01 M NaOH aqueous solution. An equimolar amount of
sodium borohydride was added and stirred at room temperature for 30
min. The pH-responsive ligand 4 (4-(2-(6,8-Dimercaptooctanamido)
ethylamino)-2-methyl-4-oxobut-2-enoic acid) was eventually obtained,
and the color of reaction solution changed from yellow to transparent.

Fabrication of tma-BTO NPs: To fabricate tma-BTO NPs, the pre-
pared BTO NPs were well-dispersed in chloroform solvent, and an equal
volume pH-responsive ligand solution (the molar ratio of BTO: pH-
responsive ligand = 1: 5) was added and formed the chloroform/
water solvent, stirring at 45 °C. After a 4 h reaction, the upper solution
was collected and transferred to a new pH-responsive ligand solution.
Then, the solution was treated with intense ultrasonication and dialyzed
three times using Amicon ultra 100 KDa Mw cutoff centrifugal filters for
purification; CA-BTO was synthesized via surface modification [50].

US-triggering piezocatalytic Performance: The 10, radicals gener-
ation can be detected by using 1, 3-diphenyl isobenzofuran (DPBF) as a
specific probe. 20 pM of DPBF ethanol solution was mixed with 1 mL of
BTO aqueous suspension (20 pg/mL). Under US irradiation (1.0 MHz,
1.0 W/cm?, 50 % duty cycle), the absorption spectra of the mixture were
recorded at 411 nm (UV-3600; Shimadzu, Japan). Terephthalic acid
(TA) was used as a fluorescent probe to detect ¢OH radicals. 0.5 Mm of
TA solution was dissolved in a 2 mM NaOH solution. Then CA-BTO (200
pg/mL) was added and exposed to US irradiation. The fluorescence in-
tensity of the mixture was measured by a fluorescence spectrophotom-
eter (Edinburgh FLS980 fluorescence spectrophotometer, UK; Aex = 315
nm); Electron spin resonance (ESR) measurements were used for further
detecting theeOH and 'O, radicals generation (Bruker E500 ESR spec-
trometer, USA). 5, 5-dimethyl-1-pyrroline N-oxide (DMPO) and 2, 2, 6,
6-tetramethyl-4-piperidine (TEMP) were adopted as the spin-trapping
agents of eOH and 'O, radicals, respectively; The ultrasound irradia-
tion was supported by Intelect Mobile Ultrasound (DJO 2776,
American).

In vitro Cytotoxicity Analysis: To evaluate the in vitro biocompat-
ibility of tma-BTO and CA-BTO, CCK-8 Cell Proliferation and Cytotox-
icity Assay Kits were used. Briefly, 4T1 cells or MC3T3-E1 cell
suspension were seeded in 96-well plates (100 pL/well) at a density of 8
x 102 cells. When cultured overnight, the seed cells are fully attached.
Then, the cells were co-cultured with a gradient concentration of tma-
BTO or CA-BTO (0, 50, 100, 200, 300, 400, and 500 pg/mL; n = 5) in
a cell incubator (at 37 °C, 5 % COs) for 24 h. After removing the DMEM
medium, a fresh DMEM medium was added to the 96-well plates. Then
CCK-8 solution (10 pL/well) was carefully added dropwise into and
incubated for 1 h. Finally, the microplate reader was used to measure the
absorbance at 450 nm.

Calcein-AM/PI Staining: To visualize CCK-8 results, Calcein-AM/PI
Staining Reagent was used to stain live/dead cells based on green
fluorescence imaging of calcein-AM and red fluorescence imaging of PI.
4T1 cells or MC3T3-E1 cells (1 x 10° cells per well) were incubated in 6-
well culture plates with 2 mL DMEM medium (containing 200 pg/mL
tma-BTO/CA-BTO) for 24 h co-culture; US irradiation (1.0 MHz, 1.0 W/
cm?, 50 % duty cycle) was performed for 2 min. Then, the medium was
removed and 4T1 cells were stained by adding the mixture (10 pg/mL
Calcein-AM and 15 pg/mL PIL; PBS) for 30 min. Finally, the mixture was
removed and washed with PBS three times, observing the fluorescent
signal with a fluorescence microscope (AM Aex = 490 nm, PI Aex = 535
nm; Leica DMI16000B, Germany).

Detection of Intracellular ROS: DCFH-DA assays were used as a
fluorescence probe to visualize the intracellular ROS level. 4T1 cells and
MC3T3-E1 cells were cultured separately in confocal laser scanning
microscopy (CLSM) culture disks (5 x 10* cells per well) for 12 h in-
cubation. Afterward, the DMEM was removed, and each well was added
2 mL DMEM medium (containing 200 pg/mL of tma-BTO or CA-BTO) for
24 h incubation. 4T1 cells or MC3T3-E1 cells were stained with non-
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fluorescent DCFH-DA (2 mL, 10 pg/mL) for 30 min. Finally, excess
DCFH-DA was removed and carefully rinsed three times with PBS; US
irradiation (1.0 MHz, 1.0 W/cm?, 50 % duty cycle, 2 min) was used to
trigger the ROS generation, and the result was recorded by CLSM (Aex =
504 nm; Leica SP8, Germany).

In vivo Tumor Therapy and Evaluation: To BALB/c mice (female, 6
weeks; Vital River. Beijing) were purchased and followed the Beijing
Administration Rule of Laboratory Animals. All animal procedures fol-
lowed the national standards of Laboratory Animal Requirements of
Environment and Housing Facilities (GB14925-2001). Then, the mice
were injected subcutaneously with 4T1 cells suspension (1 x 10° per
mouse, PBS) on the right top thigh. Meantime, the tumor volume and the
body weight were recorded every 2 days. When the tumor reached
100-200 mm?®, the mice were randomly divided into six groups (n = 6):
1) blank group; 2) US group; 3) CA-BTO group; 4) tma-BTO group; 5)
CA-BTO + US group; 6) tma-BTO + US. Subsequently, tma-BTO or CA-
BTO (100 pl, 2 mg/100 g body weight) was injected subcutaneously at
the peritumoral site. The solid tumor was exposed to US irradiation (1.0
MHz, 1.0 W/cm?, 50 % duty cycle; from day 8 to day 16, 3 times a day,
each times for 2 min) Finally, blood, solid tumor, and the main organs
(heart, liver, spleen, lungs, kidneys) were collected and used for histo-
pathological analysis and the blood biochemistry assay.

Statistical Analysis: Data statistics and statistical significance cal-
culations were conducted using Origin 9.0, Microsoft Excel 2019, and
GraphPad Prism 9. All results were expressed as mean =+ s.d. The sta-
tistical significance of all data was analyzed using one-way analysis of
ANOVA and denoted as *p < 0.05, **p < 0.01, ***p < 0.001.
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