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ABSTRACT: Cancer metastasis presents a formidable clinical
challenge, demanding innovative therapeutic approaches.
Compared to normal cells, the enhanced migratory capacity of
malignant cancer cells plays a pivotal role in the metastatic
process. Targeting this differential motility to inhibit migration
may offer a novel strategy for cancer treatment. We found that
the piezoionic hydrogels significantly inhibited the migration of
human hepatocellular carcinoma cells (Huh-7) which are
characterized by high migratory capacity, with minimal impact
on normal cell migration. Cell adhesion genes like ICAM1
increased and N-cadherin decreased on the piezoionic
hydrogel. Besides, piezoionic hydrogels induced calcium
overload in cancer cells by activating Piezo1 and promoting

Non-piezoionic hydrogel (AM)

o N
ZON ON

Fast migration

\

Gel deformation

Piezoionic hydrogel (AA)

Migration

AM AA

~" PIEZOI channel

® Ca’ == Actin » Integrin

excessive calcium influx, which can disrupt mitochondrial function and compromise cytoskeletal integrity, ultimately
hindering cell migration. Crucially, our research has pioneered the validation of a novel strategy: harnessing the inherent
migratory properties of cancer cells to suppress their own migration, while exerting minimal inhibitory effects on normal cells
with weaker migratory capabilities, may offer a superior method and strategy for specifically targeting and inhibiting

malignant cancer cell metastasis.
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1 Introduction

Metastasis of malignant tumors is a major cause of cancer
treatment failure and is difficult to eradicate once it occurs [1]. In
this process, cancer cells detach from the primary tumor site, invade
the surrounding tissues, survive in the circulatory system, and
eventually colonize distant organs, constituting the most
challenging aspect of cancer treatment [2, 3]. Among them, the
migratory ability of cancer cells is the central driver of invasion and
metastasis [4, 5]. Current clinical practice primarily relies on
chemotherapeutic agents for cancer treatment, however, safely
administered doses often fail to achieve complete patient cure, while
supra-therapeutic levels can result in significant damage to
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surrounding healthy tissues [6-9]. Developing methods that can
specifically inhibit cancer cell metastasis while causing minimal
damage to normal cells holds significant importance for cancer
therapy.

Extensive research has demonstrated that electrical stimuli
influence cellular behaviors, including the contact guidance-
directed migration of neural stem cells towards neuroblasts,
wherein cell type and electric field parameters dictate migration
towards either the cathode or anode [10, 11]. Furthermore, low-
intensity, prolonged electrical stimulation can promote the
proliferation of certain cell types, whereas high-intensity or
extended electrical stimulation may inhibit proliferation,
underscoring the profound interplay between electric fields and
cellular life activities [12—14].

Piezoelectric materials can achieve electrical stimulation through
their piezoelectric properties. For instance, L. Ricotti et al. [15]
promoted chondrogenesis by ultrasound-exciting piezoelectric
nanocomposite hydrogels. Wang et al. [16] developed a novel
ultrasound-responsive  piezoelectric composite hydrogel that
facilitates local neurovascular regeneration through acoustic-to-
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electric conversion, while simultaneously inhibiting bacterial
activity and accelerating diabetic wound healing. Luo et al. [17]
engineered a dual-network piezoelectric hydrogel that utilizes its
tunable acoustic-electric effect for wound sterilization and sustained
promotion of human fibroblast proliferation and migration. It is
evident that conventional piezoelectric materials are typically rigid
and require external ultrasound for activation. Although
piezoelectric composite hydrogels can also have a soft matrix, the
cell traction force generated by actin-myosin contractility and focal
adhesion dynamics is usually in the range of several nanonewtons
to several hundred nanonewtons, corresponding to approximately
10-1000 pascals of local matrix stress [18-20]. Traditional
piezoelectric hydrogels made of polyvinylidene fluoride (PVDF) or
barium titanate (BaTiO;) composites, relying solely on the traction
force between cells, are insufficient to generate measurable electrical
signals, external ultrasonic stimulation or mechanical stimulation is
also required to generate significant electrical signals [21-23]. This
indicates that there is a critical gap of one to two orders of
magnitude between the material sensitivity and the physiological
force range. This mismatch fundamentally limits the ability of
piezoelectric composite hydrogels to convert cellular mechanical
signals without external intervention. In contrast, piezoionic
hydrogels utilize the redistribution of ions in the polymer network
during deformation to generate electrical signals in response to
pressures as low as several pascals [24, 25]; this is comparable to the
traction forces generated by cells. This inherent sensitivity makes
piezoionic hydrogels particularly suitable for capturing weak
mechanical stimuli driven by cells in the absence of any external
stimulation.

Owing to its remarkably low stiffness, this material can transduce
subtle cellular traction forces into electrical signals, which then exert
feedback on the cells, thereby modulating their behavior. Cancer
cells, exhibiting greater motility and exerting larger forces on the
surrounding matrix compared to normal cells [26-28], have the
potential to generate more pronounced electrical stimuli relative to
their normal counterparts. This difference in electrical properties
caused by cell movement could potentially lead to differences in
their states or behaviors. Based on this differential response, we aim
to investigate the distinct behaviors of cancer and normal cells on
the piezoionic hydrogel, with the ultimate goal of providing
guidance for the design of novel anti-cancer strategies.
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In this study, we developed a cell migration system based on
piezoionic hydrogels (acrylic acid is the main active ingredient, AA)
for the analysis of cancer cells movement behaviors. Upon
generating localized traction forces via integrin-mediated adhesion,
cancer cells induce an intrinsic piezoelectric potential that is directly
proportional to the applied stress intensity within the material. The
establishment of this piezoelectric platform based on cellular self-
feedback creates a unique platform for closed-loop regulation of
"cell movement-material electrical response—cell migration"
(Fig. 1(b)). We systematically investigated the regulatory
mechanisms of endogenous piezoelectric fields on cancer cell
migration patterns (Fig. 1). Coupled with calcium imaging and cell
migration analysis, we have elucidated the molecular mechanisms
by which piezoelectric potentials mediate cell movement
remodeling through voltage-gated ion channels. This finding not
only offers a novel paradigm for understanding cancer cell
mechanosensing but also may present a new avenue for anti-cancer
strategies.

2 Results and discussion

2.1 Material properties and inhibition of cell migration

In order to stimulate piezoelectric signals by the cell's own traction,
we referred to previous studies and adopted piezoionic hydrogels
that have better biophilicity and respond better to the cell's traction.
This type of hydrogel is soft enough to convert the cells own
traction force into electricity [29]. Pressure was applied and the
cations were displaced to produce a voltage response (Fig. S1(a) in
the Electronic Supplementary Material (ESM)). We applied a force
of 50 g weights and ultrasound stimulation on the prepared
hydrogel, and the oscilloscope results showed that AA gels obtained
obvious voltage fluctuations, verifying that the piezoionic hydrogels
(acrylic acid is the main active ingredient, AA) do indeed have
piezoelectric properties (Figs. S1(b)-S1(d) in the ESM). The
polyacrylamide hydrogels (acrylamide is the main active ingredient,
AM) have no piezoelectric effect, so we use AM as the control
group for this study's experiments. Considering that the hydrogel
hardness may also have a certain impact on the cellular behavior,
the modulus of the AA gel and the AM gel were made to be
basically the same by adjusting the content of the hydrogel
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Figure1 The effect of piezoionic hydrogel (AA) and polyacrylamide hydrogels (AM) on cell migration. (a) The migration of Huh-7 on AM gels. (b) The migration of
Huh-7 on AA gels. Upon adhesion to the AA gel substrate, cellular locomotion generates traction forces that are transmitted to the gel matrix. This mechanical
deformation of the hydrogel subsequently elicits an electrical stimulus experienced by the cells. In response, the ion channel Piezol is activated, leading to an influx of
calcium ions. Concurrently, there is a decrease in the abundance of actin and paxillin, resulting in impaired cellular migration. AA gels inhibits N-cadherin, resulting in
stronger intercellular adhesion on cells on AA gels compared to cells on AM gels. This consequently leads to reduced cellular migration, which is likely a significant factor
contributing to the slower scratch recovery. () The inhibition of cell migration on AA gels compared to AM gels.
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monomers, which was around 3 kPa (Fig. S1(e) in the ESM). The
pictures taken by scanning electron microscopy (Figs. S1(f) and
S1(g) in the ESM) and our previous research has shown that both
these two gels exhibited a porous structure [29]. The pore diameters
of these hydrogels range from 20 to 80 pm. Particularly for the AA
gel, these large and interconnected pores provide a smooth pathway
for the movement of ions during the mechanical deformation of the
hydrogel. When cell traction force is applied to the cells located on
the AA hydrogel substrate, the resulting local deformation enables
the mobile ions to pass through this pore network more easily,
thereby generating significant charge separation and interface
electric fields. Furthermore, we also conducted a cell membrane
potential detection experiment. Using the membrane potential-
sensitive fluorescent probe bis-(1,3-dibutylbarbituric
acid)trimethine oxonol (DiBAC,”), we labeled the migrating cells
on the two groups of hydrogels. The results showed that the cell
membrane potential on the AA gel was significantly higher than
that on the AM gel. This also indicates that a local potential change
did occur at the cell-hydrogel interface and the cells sensed the
electrical signal stimulation at the interface (Figs. S3(b) and S3(c) in
the ESM).

We selected human hepatocellular carcinoma cells (Huh-7) cells
as the primary model for this study. From scratch experiments, we
observed that the rate of healing of scratches in cells on AA gels was
much less than that on AM gels, both at 12 and 24 h (Figs. 2(a) and
2(b)). To verify the universality of the results, we conducted scratch
experiments using another cancer cells (Hep-G2) and found that
AA gels were also able to significantly inhibit the migration of
cancer cells ("Control" in Figs. 2(f) and 2(h)). It is reported that both
cell migration and proliferation abilities can affect the wound
healing behavior. Therefore, in order to determine the main causes
of the different wound healing behaviors exhibited by Huh-7 cells
under the specified culture conditions, we measured the
proliferation ability of these cells under the specified conditions.
The cells were stained with a 5-ethynyl-2'-deoxyuridine (EDU)
experiment (Figs. S2(a) and S2(b) in the ESM), and the results
indicated no significant difference in proliferation of cells between
cells on AA gels and AM gels. This approach effectively rules out
potential confounding effects on scratch results from cell
proliferation, suggesting that the slow recovery of scratches of AA
gels is mainly due to the slow cell migration on the surface of the
gel. To further investigate the effect of AA gels on cell movement,
we performed single-cell migration experiments, and cells on AM
gels moved more widely and faster than cells on AA gels (Figs. 2(d)
and 2(e)), indicating that AA gels do indeed inhibit cancer cell
migration. To provide a more comprehensive characterization of
cell migration behavior, we conducted more trajectory analyses,
including net displacement, migration consistency, and directional
persistence (Figs. S3(d) and S3(e) in the ESM); cells cultured on AA
gels exhibited notably lower net displacement values compared to
those on AM gels, indicating that piezoionic stimulation can inhibit
greater overall translocation. The migration consistency index
revealed that a subset of cells on AA gels maintained more linear
trajectories, reflecting a more directed migratory mode.
Furthermore, the directional persistence (mean cos) values were
generally positive for both groups, yet cells on AA gels showed a
high direction persistence. Collectively, these multi-parameter
analyses demonstrate that piezoionic hydrogels influence not only
the speed but also the directionality and persistence of cell
migration. However, by co-culturing normal cells (THLE-2) with
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AM gels and AA gels and performing single-cell migratory analysis,
the results indicate that, compared with AM gels, the migration
velocity of normal cells on AA gels shows almost no difference
(Figs. 2(c) and 2(g)). Consequently, in contrast to cancer cells, the
inhibition of normal cell migration by AA gels is almost negligible.
This suggests that AA gels have potential as a dressing to suppress
tumor metastasis, and the AA gels used herein exhibits selective
targeting of cancer cells, with relatively little effect on normal cells.

In tumor pathology, the epithelial-mesenchymal transition
(EMT) is the main cause of infiltrative metastasis of malignant
tumors. After the occurrence of EMT, the migratory ability or
motility of the cells significantly increased [30]. To further validate
the anti-migratory effect of AA hydrogel, 10 ng/mL TGF-f1 was
introduced to induce EMT. To validate successful EMT induction,
reverse transcription quantitative polymerase chain reaction (RT-
gPCR) analysis was performed on control and TGF-f1-treated cells.
TGF-f31 treatment resulted in a significant downregulation of E-
cadherin and ZO-1 and a significant upregulation of vimentin and
N-cadherin at the mRNA level compared to untreated controls
(Fig. S2(e) in the ESM), confirming the successful induction of
EMT under our experimental conditions. When cells were not
exposed to TGF-f1, their migration became faster compared to
cells that had not undergone EMT ("Control" in Figs. 2(f) and 2(h)).
Furthermore, cells cultured on AA gels still have significantly less
migration compared to cells on AM gels ("TGF-f1" in Figs. 2(f) and
2(h)). Even following EMT, cellular migration on AA gels remained
significantly lower than that on AM gels from non-EMT cells,
indicating a potent inhibitory capacity of AA-gels on carcinoma cell
motility. This confirms a pronounced inhibitory effect of AA
hydrogel on cell migration. This conclusion was also verified in
Huh-7 cells (Figs. S2(c) and S2(d) in the ESM); cell migration on
AA gels was also significantly slower than that on AM gels when
adding TGF-f1 and cell migration on AA gels with TGF-$1 was
still slower than that on AM gels without TGF-f1. This once again
demonstrates that AA gels can effectively inhibit the migration of
cancer cells, and the inhibitory effect is significant for different types
of cancer cells.

2.2 Intercellular adhesion

RNA sequencing (RNA-seq) experiments were conducted on Huh-
7 cells to compare those on AA gels and AM gels. It was found that
there are some genetic changes in the cells on the two types of
hydrogels (Fig. 3(a)). ICAMI can promote adhesion between cells
at the inflammatory site and hinder tumor and metastasis, and the
TRIMS gene can inhibit the invasion of liver cancer cells. They had
higher expression in the AA group (Fig. 3(b)). To confirm that
RNA-seq experiments transcriptional changes correspond to
functional protein-level alterations, immunofluorescence test was
performed for ICAM-1, consistent with the transcriptomic data,
ICAM-1 protein expression was significantly elevated in cells on
AA hydrogels (Figs. 3(c) and 3(e)). These changes led to enhanced
cell adhesion and inhibited migration on AA gels. As a glycosylated
transmembrane protein, N-cadherin modulates cellular migration
capacity by regulating intercellular mechanical adhesion [31]. The
gain of N-cadherin promotes invasion, migration, and metastasis in
cancer cells [32, 33]. Through immunofluorescence staining, it can
be observed that the content of N-cadherin in cells on the AM gel is
significantly higher than that on the AA gel (Figs. 3(d) and 3(e)).
AA gels inhibits N-cadherin, resulting in stronger intercellular
adhesion on cells on AA gels compared to cells on AM
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a) The wound healing conditions of Huh-7 cells on AA gel and AM gel. This presented the wound

closure situations at the beginning of the experiment (top), 12 h (mlddle) and 24 h (bottom). Scale bar: 200 pm. (b) The rate of wound healing of Huh-7 cells
corresponding to panel (a). (c) The relative movement speed of THLE-2 on AA and AM gels (1 = 20). (d) The movement trajectories of Huh-7 on AA and AM gels
within 1 h. Scale bars: 100 pum. (e) The speed of Huh-7 cultured on AA gels and AM gels within 1 h (n = 18). (g) The movement trajectory of THLE-2 on AA and AM
gels within 1 h. Scale bars: 100 pm. (f) The rate of wound healing of Hep-G2 cells corresponding to panel (h). (h) Representative optical images of wound healing of Huh-

7 treated without (left panel) and with transforming growth factor-f1 (TGF-f31) (right panel). Scale bar: 200 pum.

gels (Fig. 3(f)). This consequently leads to reduced cellular
migration, which is likely a significant factor contributing to the
slower scratch recovery.

2.3 Differences in the cytoskeleton

Cell morphology is closely linked to cell migration and the spindle-
shaped cell morphology can significantly promote cell migration
[34]. For cells on AM gels and AA gels, experimental results
revealed distinct cellular morphologies (Fig. 4(a)). Among them, the
aspect ratio (the ratio of the long diagonal to the short diagonal of
the cell) of cells on AA gels is significantly lower than that on AM
gels (Figs. 4(a) and 4(d)), indicating that the cell morphologies on
the two gels are quite different. The cells change from the cuboidal
shape on the AA gel to the spindle-shaped form on the AM gel, cell
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migration on AA gels was thus inhibited. Furthermore, the cell
morphology here also corresponds to the changes in cell adhesion
described in the previous text (Figs. 3(c) and 3(d)). This observed
morphological difference was generally considered to stem from
variations in the underlying cytoskeleton [35] and the maturation of
focal adhesions (FAs) and F-actin assembly is the main factor
causing the change in cell morphology [36, 37]. The focal adhesion
plaques and microfilaments are also the important components
affecting cell migration.

Consequently, we proceeded to investigate the cellular
cytoskeleton. The focal adhesion plaques and microfilaments are
also the important components affecting cell migration. Through
experiments, we found that the microfilaments and actin proteins
on the AA gel were significantly less than those on the AM
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cadherin (green). The cells on the AA gel showed less N-cadherin. Scale bar: 100 um. (e) A quantitative representation of ICAM1 and N-cadherin on these two gels (n =

8). () The intercellular adhesion of cells on AA gels and AM gels.

gel (Fig. 4(c) and Fig. S3 in the ESM), indicating that this weak actin
may be one of the reasons for the slow cell migration on the AA gel.
The difference in the strength of the microfilaments and focal
adhesions explains the observed disparity in single-cell migration
capabilities on the two gels, and should also be a significant
contributor to the slow scratch recovery. Therefore, due to the
piezoelectric properties of AA gels, by inhibiting the assembly and
maturation of F-actin and FAs separately, the cell morphology can
be regulated and cell migration can be affected.

To further explore the mechanisms influencing cell migration,
we tested the mitochondrial membrane potential of cells on the two
gels. On the AA gels, there was an increase in green fluorescence
(JC-1 monomers) and a decrease in red fluorescence (JC-1
aggregates) in cells compared to that on the AM gel (Fig. 4(b)).
Based on these observations, it appears that the AA gel leads to a
decrease in mitochondrial membrane potential compared to the
AM gels. These results indicate that cells on the AA gel showed an
early cell apoptosis situation, which may be related to the slower cell
migration on the AA gel. It is possible that electricity generated by
cells on AA gels triggered mitochondrial damage, which impaired
the formation and maintenance of the cytoskeleton, thereby
affecting cell migration.

The difference between AA gels and AM gels lies in whether they
can undergo piezoelectric conversion. Due to the traction force
exerted by the cells on the AA gel, the base will generate electricity
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which will act on the cells in turn, thereby possibly affecting cell
migration. Therefore, we used drugs that can influence the traction
force (Fig. 4(e)). Among them, cytochalasin D (Cyto-D) is a fungal
metabolite that can penetrate cells and inhibit the polymerization of
actin, reducing the traction force and the migration of the cells [38],
possibly thereby affecting the electricity generated by the piezoionic
hydrogel. Through experiments, we can clearly see that the cells on
the AM gel (Figs. 4(e) and 4(f)), under the influence of Cyto-D, had
a significantly slower migration speed; this is consistent with the
effect of Cyto-D.

While the cells on the AA gel, Cyto-D can inhibit actin, but the
cell migration does not decrease ("AA" in "control' in Fig. 4(f)),
instead, it increases. Similarly, Y-27632 (Y27), as an inhibitor of the
Rho-associated coiled-coil containing protein kinase (ROCK)
signaling pathway, can inhibit myosin phosphorylation, thereby
inhibiting cell migration; cell migration on AM gels was indeed
inhibited. Similar to Cyto-D, the cells on the AA gels showed an
improvement in migration after adding this drug (Fig. 4(f)). This
observation may be attributed to the following mechanisms: In the
absence of electrical stimulation, cells are generally expected to
exhibit enhanced force generation and faster migratory speeds.
However, in practical scenarios, the electrical stimulation provided
by AA gels may elicit a feedback effect on the cells. That is, the
forces generated by cells during migration activate electrical signals
in AA gels which may in turn weaken the cells' force generation
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on AA gels and AM gels in bright-field microscopy. (b) JC-1 fluorescence staining. This was used to assess the changes in mitochondrial membrane potential. The AA
group showed a significantly enhanced green signal and a lower red signal. On the contrary, the AM group exhibited a significantly enhanced red signal and a decreased
green signal. The combined image showed a strong contrast between red and green. Scale bar: 200 um. (c) Cytoskeleton structure of Huh-7 cultured on AA gels and AM
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the AA gel showed less fibers and focal adhesions. Scale bars: 100 pm; inserted: 20 pum. (d) The statistics of the cell length-to-width ratio (# = 100). (¢) The cell migration
on the two types of hydrogels when adding the actin inhibitor (500 nM cytochalasin D, 10 uM Y-27632). Scale bar: 200 um. (f) A quantitative representation of the

migration of Huh-7 (n = 3).

and migration capabilities. Conversely, when cells are treated with
Cyto-D (Y27), the inherent force generation and migratory
capabilities are significantly compromised from the outset. This
results in a very weak intrinsic electrical signal which may have a
minimal impact on cellular force generation and migration. The
findings presented in Fig. 4(e) further corroborate this hypothesis:
at the 12 h time point, the migratory capacity of cells treated with
Cyto-D (Y27) on AM gels was comparable to that observed on AA
gels. This suggests that the primary determinant of cell migration
ability at this stage is the inhibition of the cytoskeleton by Cyto-D
(Y27), with the electrical signal induced by AA gels having a
substantially reduced influence on migration. Notably, at the 24 h
time point, a decrease in migratory capacity on AM gels relative to
the control group ("Control" in Fig. 4(f)) was observed, while an
increase in migratory capacity on AA gels relative to the control
group was evident. This further supports that electrical stimulation
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on AA gels has a diminished effect on cell migration under the drug
treatment condition. Furthermore, it is noteworthy that upon
treatment with pharmacological agents, cell migration was
paradoxically enhanced. This observation further suggests that the
piezoionic hydrogel possesses a potential regulatory mechanism
wherein its inhibitory effect on cell migration may be more
pronounced for cells exhibiting higher migratory speeds.

24 Differential expression of Piezol and intracellular
calcium ion levels

The difference between the two types of hydrogels lies in whether
they have the piezoelectric effect, and the commonly used channel
related to electricity is the Piezol channel. A moderate increase in
Piezol will promote the influx of calcium ions (Ca*), thereby
facilitating cell motility [39-42]. Therefore, we conducted an
immunofluorescence experiment and found that the Piezol of cells
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on AA gels was more than that on AM gels (Figs. 5(a) and 5(b)).
We further measured the intracellular calcium ion content in the
cells on the two types of hydrogels. The cells on the AA gel
contained higher levels of Ca* (Figs. 5(e) and 5(f)). We
hypothesized that there was a calcium overload phenomenon
within the cells on the AA gel because of the activation of Piezol,

(a) DAPI Piezol Merge (b)

which inhibited cell migration. To verify this assumption, firstly, we
used the agonist Yoda-1 and the inhibitor GsMTX-4 of the Piezol
to examine the speed of cell migration under different Piezol levels.
When Yoda-1 was added, the cell migration on AM gels increased
(Figs. 5(c) and 5(d)); this is consistent with the finding that cells on
AM gels did not exhibit calcium overload, and promoting
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Figure5 The expression levels of piezol on two types of hydrogel substrates and the migration conditions and calcium ion content of cells treated with piezol agonists
and antagonists. (a) The fluorescence levels of piezol on the AA gel (top) and the AM gel (below). The cells on the AA gel showed more Piezol. Scale bar: 100 um. (b) A
quantitative representation of Piezol on these two gels (# = 10). (c) The cell migration of Huh-7 on AA and AM gels when adding the piezol agonist (1 M Yoda-1) and
inhibitor (1 uM GsMTX-4). Scale bar: 200 um. (d) A quantitative representation of panel (c) (1 = 3). (e) A quantitative representation of panel (f) (n = 3). (f) The calcium
ion levels of cells on AA gels, AM gels, AA gels with GsMTX-4 added (AA+GsMTX-4) and AM gel with Yoda-1 added (AM+Yoda-1), scale bar: 200 um.
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migration by activating the Piezol pathway to facilitate a moderate
increase in Ca*. While the cell migration on AA gels was slowed
down significantly. This is consistent with the fact that cells on AA
gels are already calcium-overloaded, and further Ca* influx leads to
even greater overload, thereby affecting their migration. Conversely,
when GsMTX-4 was added, the cell migration on AM gels
decreased because cells on the AM gel did not exhibit calcium
overload and inhibiting Piezol channel opening reduced calcium
ion influx, thereby slowing migration. While the cell migration on
AA gels was faster (Figs. 5(c) and 5(d)), whose reason is that
calcium overload occurred within the cells and then inhibiting the
opening of Piezol channels reduces calcium ion influx, thereby
mitigating the adverse effects of calcium overload. Then we tested
the relative content of Ca* under different conditions. Initially, the
Ca* content on the AA gel was high, while that on the AM gel was
low (Figs. 5(e) and 5(f)). Upon the addition of Yoda-1, an agonist of
Piezol, intracellular Ca** levels were elevated. Conversely, when the
inhibitor GsMTX-4 was introduced, intracellular Ca* levels
exhibited a decrease.

For AM gels, the cells are initially in a normal state, so adding the
agonist of the Piezol would cause the migration to speed up due to
an increase in Ca* influx. Conversely, for AA gels, this
phenomenon may be attributable to the enhanced activation of
Piezol channels induced by AA gels, leading to excessive Ca* influx
and subsequent cellular calcium overload. This calcium overload
could further impair mitochondrial function, disrupt cytoskeletal
synthesis, and inhibit cell migration [43-45].

The presence of Yoda-1 exacerbates the degree of calcium
overload, thereby resulting in a significant deceleration of cell
migration. However, when adding GsMTX-4, the phenomenon of
calcium overload will be improved, and cell migration will
accelerate. Furthermore, we conducted a cell migration experiment.
When we added 1 mM Ca* to the cells on the two types of
hydrogels respectively, we found that for the cells on the AM gel,
adding Ca* promoted migration, however, for AA gels, the
addition of Ca* inhibited the migration (Figs. 6(a) and 6(b)).

On AM gels, there is no calcium overload and the intracellular
calcium levels remain within the normal range. The addition of
moderate Ca® promotes cell migration by enhancing the coupling
between actin cytoskeleton and adhesion complexes, thereby
facilitating the efficient execution of detachment events within the
dynamic adhesion-disassembly cycle and accelerating migratory
speed. In contrast, on AA gels, intracellular calcium ions are in an
overloaded state. The addition of Ca* inhibits migration, because
further Ca* influx could exacerbate calcium toxicity, disrupting
cytoskeletal synthesis, and inhibiting cell migration. To further
evaluate the plausibility of the calcium-overload hypothesis, we
quantified intracellular Ca* levels under various conditions. We
observed that cells on AA gels exhibited significantly higher
intracellular Ca** concentrations, which further increased upon the
addition of external Ca* (Figs. 6(c) and 6(d)). In contrast,
irrespective of whether Ca* was added, cells on AM gels
maintained intracellular Ca** levels that remained consistently lower
than those of the AA gel condition. These findings suggest that cells
on AA gels are already in a calcium-overloaded state at baseline.

Specifically, piezoionic hydrogels induce intracellular calcium
overload by activating the Piezol ion channel, leading to excessive
calcium influx. Sustained calcium overload may impair
mitochondrial function, and consequently disrupt the formation
and maintenance of the cytoskeleton, ultimately hindering cell
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motility (Fig. 6(e)). Furthermore, we show that a simple and cost-
effective intervention that augmenting intracellular calcium ions
under piezoelectric stimulation can significantly amplify this cancer
cell migration inhibition.

3 Conclusions

In summary, this study, through piezoionic hydrogels, investigated
the effect of force-electric stimulation on cancer cell migration.
Compared to normal cells, cancer cells typically exhibit higher
migratory capabilities. This study reveals that piezoionic hydrogels
specifically inhibit cancer cell migration by exploiting the cells'
inherent strong motility while having minimal effect on the
migration of normal cells with relatively weaker motility. This
approach offers advantages including simple operation, no external
energy supply requirement, and the ability to deliver sustained
spontaneous stimulation. Specifically, the upregulation of Piezol
expression induced by piezoionic hydrogels and the increase in
intracellular calcium ion concentration led to calcium overload,
leading to a reduction in F-actin and focal adhesions, thereby
decreasing cell migration. And there is a significant upregulation of
cell adhesion-related genes (such as ICAMI) on the piezoionic
hydrogel, along with a downregulation of N-cadherin expression.
These alterations in the cell cytoskeleton and cell adhesion
molecules synergistically inhibit cell motility. Furthermore, we show
that a simple and cost-effective intervention that augmenting
intracellular calcium under piezoelectric stimulation can
significantly further enhance the inhibitory effect on the migration
of cancer cells. These findings provide a crucial theoretical
foundation for designing piezoionic hydrogels based anti-cancer
strategies. Our research demonstrates that piezoionic hydrogels can
specifically inhibit the migration of cancer cells, offering a novel
approach for developing therapies targeting cancer cell motility.

From a broader perspective, the strategy of using piezoelectric
hydrogels to inhibit cancer cell migration can be viewed as a
"motility trap". By artificially constructing a microenvironment
unfavorable for cancer cell movement, we can limit the spread and
metastasis of cancer cells, thereby improving the effectiveness of
cancer treatment without the influence of normal cells. Future
research can explore how to optimize the performance of
piezoionic hydrogels to inhibit cancer cell motility more effectively
and combine them with other therapies (such as chemotherapy,
radiotherapy) to achieve better anti-cancer outcomes.

Electronic Supplementary Material: Supplementary material
(detailed ~experimental methods, material and biochemical
characterization, more scratch experiment results,
immunofluorescence imaging and single-cell migration analysis) is
available in the online version of this article at https://doi.org/
10.26599/NR.2026.94908694.

Data availability

All data needed to support the conclusions in the paper are
presented in the manuscript and the Electronic Supplementary
Material. Additional data related to this paper may be requested
from the corresponding author upon request.
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