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ARTICLE INFO ABSTRACT
Keywords: Pathological angiogenesis frequently occurs in tumor tissue, limiting the efficiency of chemotherapeutic drug
Calcium distribution delivery and accelerating tumor progression. However, traditional vascular normalization strategies are not fully

Mechano-electrical conversion

" : - : effective and limited by the development of resistance. Herein, inspired by the intervention of endogenous
Piezoelectric barium titanate

bioelectricity in vessel formation, we propose a wireless electrical stimulation therapeutic strategy, capable of
breaking bioelectric homeostasis within cells, to achieve tumor vascular normalization. Polarized barium titanate
nanoparticles with high mechano-electrical conversion performance were developed, which could generate
pulsed open-circuit voltage under low-intensity pulsed ultrasound. We demonstrated that wireless electrical
stimulation significantly inhibited endothelial cell migration and differentiation in vitro. Interestingly, we found
that the angiogenesis-related eNOS/NO pathway was inhibited, which could be attributed to the destruction of
the intracellular calcium ion gradient by wireless electrical stimulation. In vivo tumor-bearing mouse model
indicated that wireless electrical stimulation normalized tumor vasculature by optimizing vascular structure,
enhancing blood perfusion, reducing vascular leakage, and restoring local oxygenation. Ultimately, the anti-
tumor efficacy of combination treatment was 1.8 times that of the single chemotherapeutic drug doxorubicin
group. This work provides a wireless electrical stimulation strategy based on the mechano-electrical conversion
performance of piezoelectric nanoparticles, which is expected to achieve safe and effective clinical adjuvant
treatment of malignant tumors.

Tumor vascular normalization
Wireless electrical stimulation

1. Introduction hindering the delivery and efficacy of chemotherapeutic drugs [1,2]. In
recent years, normalization of tumor blood vessels induced by

Malignant tumor growth and progression are promoted by patho- anti-angiogenic drugs has been viewed as a new strategy for treating
logical angiogenesis, characterized by blood vessels that are defective malignant tumors [3,4]. However, the drawbacks of anti-angiogenic
structurally and functionally. The resultant abnormal tumor vasculature drugs, shown by many preclinical and clinical studies include tran-
will lead to poor blood perfusion and local tissue hypoxia, greatly sient effects, drug resistance, and potential cytotoxicity [5-7].
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Moreover, the normalization process required strict adherence to
tedious dose and time regimes, which largely reduce the flexibility of
subsequent chemotherapeutic drug treatments [8,9]. Thus, there re-
mains an urgent need to explore a clinically effective method for tumor
vascular normalization from a different perspective.

Bioelectricity is a basic attribute of living organisms and is necessary
for regulating the vascular network during embryonic development,
tissue repair, and tumor progression [10-12]. Thus, regulating the
bioelectric balance of blood vessels might be an alternative strategy for
normalizing tumor vasculature. In fact, it has been discovered that
exogenous electrical stimulation could interfere with the electric
microenvironment of the cell, triggering a series of unique biological
effects, such as reactive oxygen generation, calcium fluctuation, and
actin reorganization [13-15]. Moreover, exogenous electrical stimula-
tion was demonstrated to reduce the density of tumor vasculature and
downregulate the expression of angiogenesis-related factors [16-18].
However, despite their advantages as an alternative drug-free and
non-thermal technique, the invasiveness of electrode placement, the
possibility of electric breakdown, and the unachievable cell-scale
treatment remained major obstacles for the clinical application of this
approach [19-21]. In view of this, the development of a non-invasive,
wireless electrical stimulation strategy might break through the exist-
ing bottleneck and inspire further exploration of approaches to achieve
tumor vascular normalization.

Piezoelectric materials have non-centrosymmetric crystalline struc-
tures, which could exhibit unique mechano-electrical behavior in
response to external forces (e.g., compressions, vibrations, sounds),
providing a potential non-invasive electrical stimulation tool. Piezo-
electric nanoparticles are particularly beneficial because of their unique
zero-dimensional structure, precisely tunable polarization properties,
high spatial specificity and the ability to be phagocytosed into cells for
intracellular action in a drug-like manner [22-24]. In this work,
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nanoparticles with high mechano-electrical conversion performance
were developed for tumor vascular normalization. Combined with the
low-intensity pulsed ultrasound (LIPUS) loading, the P-BTO nano-
particle exert wireless electrical stimulation at the nanoscale interface
through mechano-electrical conversion to inhibit endothelial cell
migration and differentiation. In vivo animal experiments were carried
out to study the effect on tumor vasculature and to explore the subse-
quent combined treatment effect with chemotherapeutic drug doxoru-
bicin (DOX). The angiogenesis-related endothelial nitric oxide synthase
(eNOS) expression, nitric oxide production, as well as intracellular cal-
cium ions ([Ca2+] i) distribution was analyzed to reveal the underlying
mechanism of wireless electrical stimulation on tumor vessel normali-
zation. This work presents a wireless electrical stimulation strategy via
mechano-electrical conversion at the nanoscale interface to normalize
tumor blood vessels, which has broad application prospects in the
clinical auxiliary treatment of malignant tumors.

2. Results and discussion
2.1. Characterizing the wireless electrical cues at the nanoscale interface

In order to realize wireless electrical stimulation at the nanoscale
interface, we constructed mechano-electrical responsive barium titanate
(BTO) nanoparticles via a solvothermal process (Fig. S1). Subsequently,
we polarized the untreated BTO (U-BTO) nanoparticles by an external
electric polarization device. After the external polarization field was
removed, the regularized electric domains arrangements continued to
contribute to the improvement of piezoelectric properties [25]. Trans-
mission electron microscopic (TEM) images and scanning electron
microscopic (SEM) images showed that P-BTO nanoparticles exhibited
regular morphology and a homogeneous size, with good dispersibility
(Fig. la and Fig. S2a). High-resolution transmission electron micro-

tetragonal polarized barium titanate (P-BTO) piezoelectric scopic (HRTEM) images suggested that P-BTO nanoparticles produced
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Fig. 1. Microstructure and mechano-electrical properties of P-BTO nanoparticles. (a) TEM images & HRTEM images (insert) of P-BTO nanoparticles. The lattice
spacings were 0.399 and 0.402 nm for the (100) and (001) planes of the tetragonal phase, respectively. (b) XRD patterns of P-BTO nanoparticles and the enlarged
(002) and (200) peaks around 26 = 45° (insert). Standard JCPDS of PDF#75-0462 corresponds to the tetragonal BaTiO3 structure. (¢) PFM amplitude curve and
phase curve of P-BTO nanoparticles when applying a ramp voltage from —10 to 10 V at room temperature. (d) Digital source meter records of the open-circuit
voltages of U-BTO and P-BTO nanoparticles under the same LIPUS (1 MHz, 1.0 W/cm?). The x-axis refers to the time axis of signal recording. The on/off sign
represents the time period of LIPUS on/off. () COMSOL simulation of piezoelectric potential distribution in U-BTO and P-BTO nanoparticles under the same
pressure. The red arrow represents the vector of the spatial electric field formed by the piezoelectric potential difference between the upper and lower surfaces under
the action of the external force field. These results indicated that the tetragonal phase P-BTO nanoparticles exhibited desirable piezoelectricity, which could generate

wireless electrical stimulation with high efficiency.
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clear lattice fringes and demonstrated good crystallinity (Fig. 1a, inset).
The lattice spacing was 0.399 and 0.402 nm, corresponding to the (100)
and (001) planes of the tetragonal phase, respectively [26]. Energy
dispersive spectrometry (EDS) indicated that the Ba, Ti and O elements
were uniformly distributed in nanoparticles (Fig. S2b). The average
particle diameter of P-BTO nanoparticles, as determined by dynamic
light scattering (DLS), was 120.70 + 41.48 nm, which was consistent
with the data from SEM (Fig. S2c). The X-ray diffraction (XRD) results
showed the asymmetric peaks were around 20 = 45°, corresponding to
separated (002) and (200) peaks, which were consistent with the stan-
dard tetragonal BTO structure (JCPDS, PDF#75-0462) (Fig. 1b) [27,28].
In addition, piezoelectric response force microscopy (PFM) was used to
characterize their piezoelectric response (Fig. 1c). A typical butterfly
amplitude loop and ca. 180° phase switching were recorded by applying
a ramp voltage from —10 to 10 V, revealing ferroelectric polarization
switching under the external electric field and demonstrating the
desirable piezoelectric response of P-BTO nanoparticles [29]. These data
confirmed the successful preparation of tetragonal P-BTO nanoparticles,
and their desirable piezoelectric properties were expected to realize the
intelligent conversion of mechanical signals into electrical signals.

To achieve wireless electrical stimulation based on BTO nano-
particles, we chose to use LIPUS as an external mechanical source. Due
to its non-invasiveness and high tissue-penetrating capability, LIPUS can
safely and efficiently manipulate the electrical signal output of piezo-
electric nanoparticles in remote modality [30,31]. To compare the
mechano-electrical responsivity of U-BTO and P-BTO nanoparticles
directly, we tested the electrical signal output under LIPUS loading with
different power (1 MHz, 0.25-2.25 W/cm?) using a digital source meter.
Both U-BTO nanoparticles and P-BTO nanoparticles exhibited a
continuous pulse signal (Fig. 1d, Fig. S3). Combining the biosafety issue
together with electrical signal output, we selected LIPUS with parame-
ters of 1 MHz and 1.0 W/cm? for follow-up research [24,30]. Strikingly,
P-BTO nanoparticles recorded a two-fold increase in open-circuit
voltage (ca. 15 mV) under the same LIPUS conditions (1 MHz, 1.0
W/cm?) than that of U-BTO nanoparticles, which indicated that polar-
ization enhanced piezoelectricity by regularizing the arrangement of
electric domains. Subsequently, the mechano-electrical conversion
process of U-BTO and P-BTO nanoparticles under pressure was simu-
lated through COMSOL finite element modeling. When the BTO model
cube with a side length of 120 nm was placed in an external mechanical
field of 10® Pa, the upper and lower surfaces showed piezoelectric po-
tentials of different polarities (Fig. 1e). Consistent with the measure-
ment results of the digital source meter, P-BTO nanoparticles presented
a higher potential difference at the surface than that of U-BTO nano-
particles, indicating an optimized piezoelectric output. These data
indicated that P-BTO nanoparticles have a high mechano-electrical
conversion efficiency, making them more potent for generating wire-
less, non-invasive and cell-scale electrical stimulations to cells and
tissues.

2.2. Wireless electrical stimulation inhibits endothelial cell migration and
angiogenesis in vitro

To explore the initial biological performance of wireless electrical
stimulation, the human umbilical vein endothelial cells (HUVECs) were
co-cultured with piezoelectric nanoparticles at LIPUS loading state. The
experimental and control groups were set as blank, blank + LIPUS, U-
BTO, U-BTO + LIPUS, P-BTO and P-BTO + LIPUS. First, cell counting
kit-8 (CCK-8) assay was conducted to evaluate the cytotoxicity. The
results of the blank group and blank + LIPUS group jointly confirmed
the biosafety of LIPUS under current parameters, which allowed
exploration of the biological effects of wireless electrical stimulation per
se (Fig. S4). Irrespective of whether LIPUS loading was used, none of the
BTO treatment groups produced toxicity to the cells, even at a concen-
tration as high as 200 pg/mlL, indicating that both nanoparticles and
wireless electrical stimulation showed good biocompatibility. In the
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subsequent in vitro experiment, the nanoparticles concentration was set
at 100 pg/mL. To evaluate the potential effects of wireless electrical
stimulation on angiogenesis, two-dimensional Matrigel cultures were
used to characterize tube formation. Compared with the blank group,
the blank + LIPUS group, U-BTO group, and P-BTO group presented
similar tight tubular structures at 24 h, showing that LIPUS and BTO
nanoparticles had no negative effect on the formation of tube-like
structures (Fig. 2a). In contrast, the U-BTO + LIPUS group showed
minor decreases in the number of tube branches and tube lengths.
Interestingly, we observed that the P-BTO + LIPUS group failed to form
the typical tube blood vessel network. Statistical analysis showed that
tube formation was inhibited by 70%, which indicated that enhanced
wireless electrical stimulation had a better anti-angiogenesis effect
(Fig. 2b). Based on the critical role of endothelial migration in cell
recruitment and remodeling into tubular structures, the effect of wire-
less electrical stimulation on cell migration was further measured
through the scratch wound assay [32,33]. Significant closure of the
scratch area was detected in the blank group, the blank + LIPUS group,
U-BTO group and P-BTO group, showing good cell migration ability
(Fig. 2¢). In contrast, the degrees of cell migration were significantly
reduced in the U-BTO + LIPUS group and P-BTO + LIPUS group. The
migration index of the P-BTO + LIPUS group dropped by nearly 60%
compared to the blank group, indicating that enhanced wireless elec-
trical stimulation showed a stronger ability to inhibit cell migration
(Fig. 2d). Our results demonstrated that wireless electrical stimulation
could achieve in vitro anti-angiogenic activity similar to that of
nutlin-loaded functionalized piezoelectric nanoparticles [34]. Since cell
migration is closely related to cytoskeleton, the effect of wireless elec-
trical stimulation on f-actin assembly was further studied [35]. It could
be observed that the cells in the U-BTO + LIPUS group and P-BTO +
LIPUS group did not show obvious front-end protrusion, and the for-
mation of lamellar pseudopodia was also greatly reduced, indicating
that the inhibition of cell migration by wireless electrical stimulation
was related to the reduced cytoskeleton rearrangement (Fig. S5) [36].
Considering that angiogenesis is regulated by multiple growth factors
and cytokines, the expression of several important angiogenesis-related
genes was examined [37]. In the U-BTO + LIPUS group and P-BTO +
LIPUS group, the expression of VEGF, FGF2, TGFB1 and NOS3 was
downregulated, with the latter showing the strongest regulatory effect
(Fig. 2e). As a downstream component of angiogenic signal trans-
duction, endothelial nitric oxide synthase (eNOS) has been shown to
mediate secretion of vasoactive factors via production of nitric oxide
(NO) [38,39]. To reveal the association between wireless electrical
stimulation and the eNOS/NO pathway, we then used the fluorescent
dye DAF-FM to assess the level of intracellular NO. Strikingly, the
intracellular expression of NO was significantly downregulated only in
the U-BTO + LIPUS and P-BTO + LIPUS groups, which was consistent
with the decrease in the relevant gene expression (Fig. 2f and g). These
data indicated that wireless electrical stimulation tended to inhibit the
recruitment of endothelial cells to form blood vessels by downregulating
the eNOS/NO pathway.

2.3. Wireless electrical stimulation disrupts intracellular calcium ion
distribution required for endothelial function

Recent studies have suggested that locally active intracellular cal-
cium ions ([Ca2+]i) act on enzymes such as NO synthase and phospho-
lipase to regulate the secretion of vasoactive factors [40-42]. The
influence of exogenous electrical stimulation on basic cell activities,
such as migration and alignment, has also been proven to be closely
related to the dynamic adjustment of [Ca2+]i [15,43]. To explore the
potential anti-angiogenesis mechanism of wireless electrical stimula-
tion, we used the fluorescent probe Fluo-4AM to monitor changes in
[Ca2+]i in HUVECs. We found that, before LIPUS treatment, cells in all
groups presented locally enriched [Ca?*]; signals, which is required for
normal cell activity (Fig. 3a). Within 45s after LIPUS treatment, the
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Fig. 2. Effect of wireless electrical stimulation on HUVEC behavior in vitro. (a, b) Tube formation assay and quantitative analysis. Data are mean =+ s.d. of biological
replicates (n = 4). (¢, d) Representative migration images and migration index statistics of HUVECs at 0 and 24 h. Data are mean =+ s.d. of biological replicates (n =
4). (e) Expression of the angiogenesis-related genes in HUVECs after 48 h. Data are mean =+ s.d. of biological replicates (n = 6). (f, g) Intracellular NO staining and
quantitative analysis. *p < 0.05, **p < 0.01 or ***p < 0.001. Enhanced wireless electrical stimulation generated by P-BTO nanoparticles under LIPUS significantly
inhibited the recruitment of endothelial cells into blood vessels by downregulating the eNOS/NO pathway.
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Enhanced wireless electrical stimulation generated by P-BTO nanoparticles could destroy the original [Ca®"];

distribution of [Ca®']; in the blank + LIPUS group did not change
significantly, indicating that LIPUS had no regulatory effect on [Ca®*];.
However, after LIPUS treatment, the local distribution of [Ca®'];
weakened in the U-BTO + LIPUS and P-BTO + LIPUS groups, showing a
dependence on the intensity of wireless electrical stimulation. Statistical
analysis showed that the intensity of [Ca2+]i in the U-BTO -+ LIPUS and
P-BTO + LIPUS groups decreased by 15% and 26% after LIPUS treat-
ment, respectively (Fig. S6a). Among them, the local high [Ca®'];
microregions in the P-BTO + LIPUS group were almost eliminated at 45s
after LIPUS treatment, and the original polarized [Ca®*]; gradient was
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gradient to the greatest extent.

disrupted, indicating that wireless electrical stimulation disrupted the
original [Ca2+]i distribution in the cells. Past research has shown that
[Ca?*]; displayed a rear-to-front gradient when the cell continued to
move in one direction [44]. In addition, the locally active [Ca2+]i was
also closely related to a series of biological behaviors, such as vascular
development and osteogenesis differentiation [45,46]. Under LIPUS
loading, U-BTO/P-BTO nanoparticles produced periodic electrical sig-
nals, forcing the charged [Ca%"]; to migrate dynamically along the di-
rection of the electric field. Finally, the distribution of [Ca”]i changed
from order to disorder, and the local aggregation was weakened, which
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in turn affected the subsequent migration and angiogenesis of endo-
thelial cells. To verify the effects of wireless electrical stimulation on the
electric microenvironment further, we used the lipophilic anionic fluo-
rescent dye DiBAC4(3) to detect changes in cell membrane potential.
When DiBAC4(3) enters the cell, it causes an increase in membrane
potential, and a state of depolarization in the cell [47]. Compared with
the blank group, no obvious changes in cell membrane potential were
observed in the blank + LIPUS group, U-BTO group, or P-BTO group,
indicating that LIPUS or BTO nanoparticles alone were insufficient to
regulate the electrophysiological activities of cells. However, in both the
U-BTO + LIPUS group and P-BTO + LIPUS group, cell membrane po-
tential depolarization occurred (Fig. 3b). Statistical analysis showed that
the intensity of membrane potential in the U-BTO + LIPUS and P-BTO +
LIPUS groups increased by 44% and 86% after LIPUS treatment
respectively (Fig. S6b), which further confirmed that bioelectric ho-
meostasis within cells was broken by wireless electrical stimulation. To
determine whether the wireless electrical stimulation at the nanoscale
interface can be accurately applied to single cells, we explored the
endocytosis of green fluorescent dye (FITC)-labeled nanoparticles in
intracellular uptake experiments. At different time-points (0, 3, and 6 h),
both U-BTO and P-BTO nanoparticles were easily endocytosed into
HUVECs, which was conducive to achieving more effective intracellular
electrical stimulation under external LIPUS loading (Fig. S7). Previous
experiments have shown that the activation of many downstream
effector proteins related to angiogenesis was dependent on locally
enriched [Ca2+]i [48-50]. Therefore, based on the above results, it was
plausible that wireless electrical stimulation generated by BTO nano-
particles at LIPUS loading may inhibit angiogenic behaviors by affecting
the polarity distribution of [Ca®"]; (Fig. 3c). In response to extracellular
LIPUS, the endocytosed BTO nanoparticles could be activated to
generate wireless electrical stimulation, causing damage to the original
[Ca%*]; gradient within the cells. This subsequently inhibited the
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activity of the eNOS/NO pathway, thereby downregulating the secretion
of angiogenesis-related factors, and ultimately restricting angiogenesis.
The enhanced wireless electrical stimulation generated by P-BTO
nanoparticles could produce stronger intracellular interference effects
than that of U-BTO nanoparticles.

2.4. Wireless electrical stimulation facilitates tumor vascular
normalization in vivo

To investigate the effects of wireless electrical stimulation on pro-
moting tumor vascular normalization, the A375 melanoma mouse
model was established in vivo. Intratumoral nanoparticle injection (2.5
mg/kg) and LIPUS treatment (1 MHz, 1.0 W/cm?, 10 min) were per-
formed every other day for three times in total. To assess tumor vascular
morphology, we double-stained tumor tissue sections to detect CD31
(red) for endothelial cells and a-SMA (green) for pericytes [51,52]. The
blank group, the blank + LIPUS group, U-BTO group and P-BTO group
all showed a typical tumor vasculature system with chaotic and disor-
ganized blood vessels and insufficient pericyte coverage (Fig. 4a).
Remarkably, compared with the blank group, the U-BTO + LIPUS group
and P-BTO -+ LIPUS group decreased tumor vessel density to 10% and
7%, respectively, while increasing the pericyte coverage to 44% and
68% respectively (Fig. 4d). Compared with the U-BTO + LIPUS group,
the P-BTO + LIPUS group displayed better vascular treatment effects,
the vascular morphology appeared more homogeneous and organized,
which indicated that enhanced wireless electrical stimulation could
induce a more mature tumor vascular network. To evaluate whether
wireless electrical stimulation simultaneously affected vascular function
when improving tumor vascular morphology, fluorescein-labeled
TRITC-dextran (red) and FITC- lectin (green) were used to examine
vascular permeability and perfusion, respectively [53,54]. The U-BTO +
LIPUS and P-BTO + LIPUS groups exhibited decreased dextran
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Fig. 4. Effect of wireless electrical stimulation on tumor vascular normalization in vivo. (a) Representative images of microvascular morphology. Endothelial cells
and pericytes were visualized by CD31 (red) and a-SMA (green). (b) Vessel permeability and perfusion were characterized by injection of TRITC-dextran (red) and
FITC-lectin (green). (¢) Pimonidazole (brown) staining showed local hypoxia. Data are mean + s.d. of biological replicates (n = 4). (d) Statistical analysis of
microvascular density and pericyte coverage. Data are mean =+ s.d. of biological replicates (n = 4). (e) Statistical analysis of vessel perfusion and permeability. Data
are mean =+ s.d. of biological replicates (n = 4). (f) Statistical analysis of pimonidazole positive areas. Data are mean = s.d. of biological replicates (n = 4). *p < 0.05,
**p < 0.01 or ***p < 0.001. Enhanced wireless electrical stimulation generated by P-BTO nanoparticles under LIPUS can significantly improve vascular morphology,
enhance blood perfusion, reduce vascular leakage, restore local oxygenation, and achieve normalization of tumor vascular structure and function.
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permeability and increased lectin perfusion (Fig. 4b). Among them, the
P-BTO + LIPUS group showed the least vascular leakage (6% of blank)
and the strongest blood perfusion (861% of blank), suggesting that
enhanced wireless electrical stimulation helps to improve vascular
functionality (Fig. 4e). While no obvious changes in vascular function
could be observed in the blank + LIPUS, U-BTO, and P-BTO groups.
Considering that tumor oxygenation is another key indicator of tumor
vascular normalization, we further analyzed local hypoxia caused by
immature vasculature using the hypoxia marker pimonidazole [55,56].
For tumors in the blank group, blank + LIPUS group, U-BTO group, and
P-BTO group, strong hypoxia signals were observed (Fig. 4¢). Tumors in
mice in both the U-BTO + LIPUS group and P-BTO + LIPUS group
showed markedly reduced hypoxia signals. Statistical analysis showed
that, compared with the blank group (36%), the P-BTO + LIPUS group
(7%) had a significantly smaller pimonidazole-positive area, suggesting
that the hypoxic tumor environment was greatly improved by the
enhanced wireless electrical stimulation (Fig. 4f). Together, these data
indicated that wireless electrical stimulation generated by the combi-
nation of BTO piezoelectric nanoparticles and LIPUS significantly
improved the structure and function of tumor vessels. P-BTO nano-
particles could induce tumor vascular normalization more potently,
given the enhanced wireless electrical stimulation conferred by high
mechano-electrical conversion efficiency.

2.5. Wireless electrical stimulation induces tumor vascular normalization
to potentiate the anti-tumor efficacy of doxorubicin

Encouraged by the effective normalization of tumor blood vessels
after wireless electrical stimulation treatment, we further evaluated the
anti-tumor efficacy of P-BTO nanoparticles in combination with the
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chemotherapy drug DOX [57]. Tumor-bearing mice were divided
randomly into eight groups: blank (saline), blank + LIPUS, P-BTO,
P-BTO + LIPUS, DOX, DOX + LIPUS, P-BTO + DOX, and P-BTO + DOX
+ LIPUS. As shown in Fig. 5a, intratumoral nanoparticle injection (2.5
mg/kg) and LIPUS treatment (1 MHz, 1.0 W/cmz, 10 min) were
administered on the first, third and fifth days. An additional equivalent
dose (3.0 mg/kg) of DOX formulation was intravenously administrated
on the second and fourth days. As expected, after combination therapy,
mice in the P-BTO + DOX + LIPUS group showed the most significant
tumor growth inhibition effect, which appeared to be markedly better
than that achieved with DOX alone (Fig. 5b-d). The tumor volume
curves indicated that after day 7, the tumor growth rate of the blank,
blank + LIPUS, P-BTO, P-BTO + LIPUS, DOX, DOX + LIPUS and P-BTO
+ DOX groups accelerated, indicating that single P-BTO nanoparticles,
DOX, or wireless electrical stimulation treatment were insufficient to
inhibit the growth of tumors. Strikingly, the P-BTO + DOX + LIPUS
group showed slightly slowing of tumor growth and exhibited a more
significant reduction in growth on day 11, indicating that vascular
normalization induced by wireless electrical stimulation greatly
enhanced the anti-tumor effect of DOX. The tumor weight, measured on
the last day, also confirmed the above results. In the P-BTO + DOX +
LIPUS group, the tumor weight was decreased by 86% as compared with
the blank group and by 73% as compared with the DOX group. During
the treatment period of up to 13 days, the body weight of mice in the
eight groups showed no significant difference, suggesting that formu-
lations were not significantly toxic (Fig. 5e). When the mice were
sacrificed, the resected tumors were processed for pathological analysis
(Fig. 5f, Fig. S8). H&E staining results showed that the combined
treatment group demonstrated obvious damage to tumor cells, such as
increased intercellular space, extensive nuclear contraction and

a P-BTO P-BTO P-BTO b
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Fig. 5. Effect of wireless electrical stimulation on tumor chemotherapy in vivo. (a) Schematic diagram of the treatment plan of combined chemotherapy drugs. (b)
Photographs of the tumors taken from the A375 tumor-bearing nude mice at the end of the antitumor studies. ¢, Tumor volume. Data are mean =+ s.d. of biological
replicates (n = 6). (d) Tumor weight. Data are mean =+ s.d. of biological replicates (n = 6). (e) Body weight. Data are mean =+ s.d. of biological replicates (n = 6). (f)
H&E, Ki67 and TUNEL staining of tumor sections. *p < 0.05, **p < 0.01 or ***p < 0.001. Tumor vascular normalization induced by wireless electrical stimulation

could potentiate doxorubicin efficacy.
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disappearance [58]. However, the local tumor tissue necrosis occurred
in the P-BTO and P-BTO + LIPUS groups, which may be attributed to the
surface electrostatic potential of nanoparticles inducing tumor cell
apoptosis to a certain extent [59]. The expression of Ki-67 and the
TUNEL assay also reflected the significantly inhibited tumor cell pro-
liferation and the strongest apoptosis signal in the combined treatment
group [60]. Additionally, histological examination of major organs also
showed no significant pathological injury in any of the treatment groups
for 13 days (Fig. S9). These data suggested that tumor vascular
normalization induced by wireless electrical stimulation greatly poten-
tiated the efficacy of DOX. Thus, on the premise of good biological
safety, the application of wireless electrical stimulation in
tumor-bearing mice is of great clinical value for the adjuvant treatment
of malignant tumors.

Inspired by the role of endogenous bioelectricity in vessel formation,
the wireless electrical stimulation therapeutic strategy was first pro-
posed for tumor vascular normalization. This approach, based on
piezoelectric nano-biomaterials, has cell-scale accuracy and high
biocompatibility, which may circumvent the side effects of traditional
anti-angiogenic drugs and solve the problem of the invasiveness of
external electrical stimulation. Taking into account the characteristics of
different tumor types, the magnitude and time of electrical stimulation
can be adjusted by changing the ultrasound parameters within the safe
range, which can achieve more precise and effective treatment in the
future. Our ultimate goal is to create and maintain a functionally normal
vasculature, which is healthier for cancer patients and can greatly
accelerate the cancer treatment procedure.

3. Conclusion

In summary, we developed a wireless electrical stimulation thera-
peutic strategy for tumor vascular normalization based on piezoelectric
nanoparticles. P-BTO nanoparticles with enhanced mechano-electrical
conversion efficiency were prepared and their ability to generate wire-
less electrical stimulation at the nanoscale interface in response to LIPUS
was proved. Our results indicated that wireless electrical stimulation
was able to inhibit the migration and differentiation of endothelial cells
by downregulating the eNOS/NO pathway, which may be caused by the
destruction of the intracellular calcium ion gradient. Furthermore, ani-
mal experiments demonstrated that, with good biological safety, the
normalized vascular structure and function achieved with this approach
strengthened the efficacy of the chemotherapy drug. In general, this new
type of wireless electrical stimulation system for non-invasive and effi-
cient tumor vascular normalization has broad application prospects in
the clinical auxiliary treatment of malignant tumors.

4. Materials and methods
4.1. Preparation of barium titanate nanoparticles

Barium titanate (BTO) nanoparticles were prepared based on a sol-
vothermal process. Briefly, 8.509 g (25 mmol) titanium butoxide
(99.0%, Aladdin, China) was dissolved in anhydrous ethanol, and then 5
mL ammonia solution (25% NHs in H20, Aladdin, China) was slowly
added into the above solution and stirred for 15 min. 11.025 g (35
mmol) barium hydroxide octahydrate (98.0%, Macklin, China) was
dissolved in 25 mL deionized water, and stirred in a 90°C-water bath
until completely dissolved. The titanium butoxide solution mixture was
then slowly added to the aqueous barium hydroxide octahydrate solu-
tion and stirred for 15 min, followed by a drop of 5 mL DEA (Aladdin,
China) and continued stirring for 15 min. The final mixture was trans-
ferred to a 100 mL polytetrafluoroethylene liner in a hydrothermal
reactor and incubated at 200 °C for 48 h. After the reaction, the resultant
product was washed repeatedly using deionized water and ethanol and
then dried at 60 °C for 24 h. Ultimately, BTO powder was loaded into an
insulating mold with upper and lower copper sheets as polarized
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electrodes, and then polarized by treating with a voltage of 2.5 kV for 30
min. The untreated BTO and polarized BTO nanoparticles were denoted
as U-BTO and P-BTO.

4.2. Characterization of barium titanate nanoparticles

The morphology and structure of U-BTO and P-BTO nanoparticles
were determined by high-resolution transmission electron microscopy
(TEM, JEM-2100, JEOL, Japan) and field emission scanning electron
microscopy (FE-SEM, Merlin, Carl Zeiss, Germany). Element distribution
was measured by energy dispersive spectroscopy (EDS, OxFord in-
struments, UK) with an acceleration voltage of 20 kV. Crystallographic
characterization was conducted via x-ray diffraction with mono-
chromatic Cu Ka radiation (XRD, D8 advance, Bruker, Germany) in the
260 range 5-60° with a step size of 0.02°. The molecular structure and
component were observed by Raman spectrometer (Raman, LabRAM
Aramis, HJY, France). The size was examined using a Zetasizer system
(Zetasizer Nano ZS, Malvern Instruments, UK). Piezoresponse force
microscopic (PFM) measurements were carried using an atomic force
microscope (AFM, Bruker Multimode 8, Germany) with a Bruker AFM
Probe (Co/Cr, 5.0 N/m, 150 kHz).

4.3. Low-intensity pulsed ultrasound stimulation (LIPUS)

An ultrasonic treatment instrument (HB810B, Haobro, China) was
used in this study. The parameters used for stimulation were as follows:
1 MHz pulsed frequency and 1.0 W/cm? spatial average and temporal
average incident intensity. During treatment, the transducer head was
centered underneath the cell culture plates or on the skin of the tumor
site, and coupling gel was carefully smeared to ensure the transmission
of LIPUS. Devices were sterilized before use.

4.4. Finite element modeling (FEM) of piezoelectric potential distribution

To study the piezoelectric potential of U-BTO and P-BTO nano-
particles, FEM simulations with commercially available software
COMSOL (5.3a, Burlington, USA) were performed. The simulation
involved a dynamic 3D analysis using the piezoelectric device of mul-
tiphysics interface. The geometrical characteristics of BTO models were:
120 nm in width, 120 nm in length, and 120 nm in height. The middle of
the model was fixed and grounded. To simulate the pressure generated
by ultrasound, a mechanical field of 108 Pa was applied to all surfaces
[61].

4.5. Mechano—electrical response property

The mechano-electrical response property of BTO nanoparticles was
evaluated by a Keithley universal digital meter (DMM?7510, Keithley,
USA). Specifically, we made a polytetrafluoroethylene mold (cylinder
with diameter of 1 cm and height of 0.3 c¢cm) for loading nanoparticles
with two ends connected to the two poles of the digital meter to form a
closed electrode. During the experiment, the equal mass of nanoparticle
dry powder was filled into the mold, and the coupling gel was coated at
the bottom of the negative electrode. Mechanical stimulation was
applied through the ultrasound probe, and the real-time electrical signal
output was collected at the monitoring frequency of 1/0.02 s. Finally,
the voltage outputs of BTO nanoparticles under LIPUS instrument was
exported through a wire and then recorded and saved by a computer.

4.6. Cell culture and in vitro cytotoxicity assay

Human umbilical vein endothelial cells (HUVECs, obtained from
ScienCell Research Laboratories) were cultured in endothelial cell me-
dium (ECM, ScienCell, USA) supplemented with 5% fetal bovine serum
(FBS, ScienCell, USA), 1% endothelial cell growth supplement (ECGS,
ScienCell, USA) and 1% penicillin/streptomycin solution (P/S,
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ScienCell, USA). Human melanoma cell line (A375, obtained from the
American Tissue Culture Collection), were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, high glucose, Gibco, USA) containing
10% fetal bovine serum (FBS, Gibco, USA) and 1% penicillin/strepto-
mycin solution (P/S, Gibco, USA). All cell cultures were maintained at
37 °C in 5% CO3 incubator, and the medium was changed every 2 days.
HUVECs within passages 3 to 7 were used for experiments.

HUVECs were seeded in 96-well plates (5 x 103 cells/well) and co-
cultured with various concentrations of BTO nanoparticles (0, 10, 25,
50, 100 and 200 pg/mL) for 24 h. Then, for the LIPUS treatment group,
cells were treated with LIPUS for 1 min per day as described above. After
culturing for another 24 h, the cell cytotoxicity was detected by Cell
Counting KIT-8 (CCK-8, Dojindo, Japan) assay, and the optical density
(OD) value at 450 nm was detected by a microplate reader (Cytation 5,
BioTek, USA). Optimally, the concentration of BTO nanoparticles used
in the subsequent in vitro experiments was 100 pg/mL.

4.7. Scratch wound assay

HUVECs were seeded in 6-well plates (5 x 10° cells/well) overnight.
Once cells were confluent, the layer was scratched with a 20-pL pipette
tip and was washed three times with Dulbecco’s phosphate buffered
saline (DPBS, Gibco, USA). The medium containing BTO nanoparticles
was then added and treated with LIPUS for 1 min. Images were captured
with an inverted fluorescence microscope at 0 and 24 h; then, the cell
migration rate was analyzed with ImageJ software.

4.8. Tube formation assay

An in vitro angiogenesis assay was performed using Matrigel
(ECMatrix™, Corning, USA). Briefly, 96-well plate was coated with
Matrigel and then incubated at 37 °C for 1 h to allow solidification.
Then, HUVECs (1 x 10° cells/well) with BTO nanoparticles were added
and treated with LIPUS for 1 min. After culturing for 12 h, at least five
random microscopic fields were photographed, using an inverted fluo-
rescence microscope. The capillary tube branch number and tube length
were analyzed with ImageJ software to quantify the angiogenesis
process.

4.9. Cytoskeleton staining

F-actin cytoskeletal staining was performed using the fluorescent dye
Actin-Tracker Green (Beyotime, China). HUVECs were seeded on
confocal dish (NEST, China) at a density of 2 x 10* cells/well. Subse-
quently, BTO nanoparticles were added for incubation, during which
LIPUS treatment (1 min) was performed twice. After culturing for 48 h,
the cells were washed with PBS, and then fixed with 4% para-
formaldehyde (Biosharp, China) for 10 min. After washed with PBS
containing 0.1% Triton X-100 (Sigma Aldrich, USA), the samples were
sequentially stained with Actin-Tracker Green (1:200 in PBS solution, 1
h) solution and 4',6-diamidino-2-phenylindole (3min; DAPI, Beyotime,
China) solution for F-actin cytoskeleton and cell nucleus visualization
respectively. Then the stained samples were observed by a confocal laser
scanning microscope (CLSM, TCS SP8, Leica, Germany).

4.10. Intracellular nitric oxide measurement

Intracellular nitric oxide level was performed using the fluorescent
probe 3-amino-4-(aminomethyl)-2',7'-difluorescein, diacetate (DAF-FM
DA, Beyotime, China). HUVECs were seeded on confocal dish at a den-
sity of 2 x 10* cells/well. Subsequently, BTO nanoparticles were added
for incubation, during which LIPUS treatment (1 min) was performed
twice. After culturing for 48 h, the cells were washed with DPBS, and
then incubated with 5 pmol/L DAF-FM DA for 30 min at 37 °C, in the
dark. Fluorescence images were obtained by CLSM, and further quan-
titative analysis were performed using ImageJ software.

406

Bioactive Materials 18 (2022) 399-408
4.11. Intracellular calcium ion imaging

Intracellular calcium ion localization was performed using the fluo-
rescent dye Fluo-4AM (Beyotime, China). HUVECs were seeded on a
confocal dish at a density of 4 x 10* cells/well. After culturing for 24 h,
the cells were washed with DPBS, and then incubated with 5 pmol/L
Fluo-4AM in DPBS for 30 min at 37 °C in the dark. Subsequently, BTO
nanoparticles were added and real-time calcium ion imaging was per-
formed after LIPUS treatment (10 s) and captured by CLSM.

4.12. Membrane potential measurements

Cell membrane potential was measured using the fluorescence dye
DiBAC4(3) (Dojindo, Japan). HUVECs were seeded on a confocal dish at
a density of 4 x 10* cells/well. After culturing for 24 h, the cells were
washed with DPBS, and then incubated with 5 pmol/L DiBAC4(3)
diluted with 20 mmol/L 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES, Sigma Aldrich, USA) for 30 min at 37 °C, in the dark.
Subsequently, BTO nanoparticles were added and LIPUS treatment (10
s) was performed. Fluorescence images were obtained using CLSM.

4.13. Intracellular endocytosis assay

HUVECs were seeded on a confocal dish (NEST, China) at a density of
2 x 10* cells/well and incubated for 12 h at 37 °C. Then, the medium
was replaced with fresh ECM containing fluorescein isothiocyanate
(FITC)-labeled U-BTO/P-BTO, after which cells were cultured for 0, 3,
and 6 h, respectively. The cells were stained with Actin-Tracker Red (30
min, Beyotime, China) and DAPI (3min) at 37 °C in the dark. Fluorescent
images were captured using CLSM.

4.14. Quantitative real-time polymerase chain reaction

The expression of genes associated with angiogenesis was measured
by quantitative real-time polymerase chain reaction (qRT-PCR).
HUVECs were seeded in 48-well plates at a density of 2 x 10* cells/well.
Then, BTO nanoparticles were added, and cells were incubated, while
LIPUS treatment (1 min) was performed once per day. After culturing for
48 h, total RNA was extracted from samples using a HiPure Total RNA
Kit (Magentec, China), and reverse transcribed into cDNA using a Pri-
meScript® RT reagent Kit (TaKaRa Biotechnology, Japan). Then, the
RNA concentration was determined by spectrophotometry (Nanodrop
2000, Thermo Scientific, USA). A SYBR green dye (Invitrogen, USA) was
used in qRT-PCR. Samples were held at 95 °C for 30 s, followed by 34
cycles at 95 °C for 5 s and 60 °C for 30 s. The sequences of primers for the
VEGF, FGF2, TGF-B1, NOS3 and GAPDH are given in Table S1. GAPDH
was used as housekeeping gene for normalization. The AACt-value
method was used to analyze the relative changes.

4.15. Animal model and treatment protocol

All animal experiments were approved by Laboratory Animal Center
of South China University of Technology. Female nude mice (6-8 weeks)
were purchased from Hunan SJA Laboratory Animal Co., Ltd. Tumors
were established by subcutaneous injection of A375 cells (3 x 10%/100
pL). The growth of tumors was evaluated by slide caliper and the tumor
volume (V) was calculated as length x width?/2. The tumor volume and
body weight of each mouse were determined every 2 days. Studies were
carried out when the tumor volume reached 100-125 mm?.

For the assay of the tumor vessel structure to evaluate the tumor
vascular normalization effect of the treatment, the mice were divided
into six experimental groups randomly (n = 6): (1) blank (saline), (2)
blank + LIPUS, (3) U-BTO, (4) U-BTO + LIPUS, (5) P-BTO, (6) P-BTO +
LIPUS. Intratumoral nanoparticles injection (2.5 mg/kg) and LIPUS
treatment (10 min) were performed every other day for a total of three
times. Then, the mice were further processed to evaluate the vascular
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normalization-related indicators.

To evaluate the combination of anti-tumor efficacy with chemo-
therapy drugs, the mice were divided into eight experimental groups
randomly (n = 6): (1) blank (saline), (2) blank + LIPUS, (3) P-BTO, (4) P-
BTO + LIPUS, (5) DOX, (6) DOX + LIPUS, (7) P-BTO + DOX, (8) P-BTO
+ DOX + LIPUS. Intratumoral nanoparticles injection (2.5 mg/kg) and
LIPUS treatment (10 min) were performed every other day, three times
in total. Intravenous DOX injection (3 mg/kg, Macklin, China) was in-
terlaced with the time of nanoparticle treatment, and was also per-
formed every other day, twice in total. The tumor volume and body
weight of each mouse were monitored and recorded every 3 days. All the
mice were sacrificed at Day 21. The tumor was excised and used for
further analyses.

4.16. Vascular morphology

Tumors were captured and fixed in 4% paraformaldehyde for
immunofluorescence studies. After dehydrating for 24 h, the tumor tis-
sues were cut into slices with a thickness of 10 pm. To assess vascular
density and pericyte coverage, slices stained with Anti-CD31 antibody
(1:500, Abcam, USA) and a-SMA antibody (1:500, Abcam, USA). After
gently washing twice with DPBS, tumor sections were incubated for 1 h
at room temperature with secondary antibody conjugated to FITC or
TRITC (1:100, Bioss, China). The nucleus was stained with DAPI. The
fluorescence intensity was observed by CLSM. Pericyte coverage was
quantified using the Colocalization plug-in of ImageJ software.

4.17. Tumor vascular leakage and perfusion assay

To assess vascular leakage, mice were intravenously injected with
TRITC-Dextran (40 kDa, 10 mg/kg, GlycoSci, China). After 1 h, FITC-
Lectin (1 mg/kg, Sigma, USA) was injected to analyze tumor vessel
perfusion. After 10 min, animals were sacrificed and the tumor tissues
were harvested, embedded in optimal cutting temperature compound
medium, and cut into cryosections. Sections were fixed in 4% para-
formaldehyde, stained with DAPI. Finally, images were acquired from
five non-repeating fields of view using CLSM.

4.18. Hypoxia detection by pimonidazole

For tumor hypoxia studies, pimonidazole (60 mg/kg, Hypoxyprobe,
Burlington, USA) was intraperitoneally injected 1 h before sacrifice.
Samples were fixed with 4% paraformaldehyde. The detection and
location of cells undergoing hypoxia were determined using anti-
pimonidazole immunohistochemical staining. The sections were pho-
tographed using a microscope (Zeiss, Germany).

4.19. Histopathology and immunohistochemical analysis

To assess the anti-tumor effect and biological safety, tumor and
major organs (heart, liver, spleen, lungs, and kidneys) collected from
tumor-bearing mice were harvested and fixed in 4% paraformaldehyde.
These tissues were embedded in paraffin and cut into 10-pm sections and
stained with hematoxylin and eosin (H&E). For Ki67 staining, tumor
sections were stained with Anti-Ki67 antibody (1: 500, Servicebio,
China). Then, they were washed twice with DPBS, and incubated with
horseradish peroxidase-conjugated secondary antibody respectively for
1h (1:3000, Servicebio, USA). For terminal deoxynucleotidyl trans-
ferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL)
staining, tumor sections were incubated with 0.3% H3O in distilled
water for 5 min at room temperature and then were performed using the
ApopTag Peroxidase In Situ Apoptosis Detection kit (Merck Millipore,
USA) in accordance with the manufacturer’s instructions. These sections
were photographed using a microscope (Zeiss, Germany).
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4.20. Statistical analyses

Data were presented as mean =+ standard deviation (SD). Student’s t-
test and one-way analysis of variance with a multiple comparisons test
were carried out, and values of *p < 0.05 were considered to be statis-
tically significant.
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