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Abstract
Cells live in a multiphysics-coupled microenvironment in vivo, in which electric fields (EFs) and mechanical cues are the 
most essential induction signals. The regulatory effects of EFs and stiffness on cells have been independently demonstrated. 
However, how cells respond to electromechanical coupling cues remains mysterious. In this study, an electro-stiffness-
coupled chip system was designed and fabricated, freely integrating and precisely controlling EF strength and the mechanical 
stiffness applied to cells across the physiological spectrum. Utilizing the innovative bioreactor, it was observed that electro‐
mechanical coupling stimulations can shape cancer cell morphology and cytoskeleton into a unique anteroposterior polariza‐
tion state and orient cancer cell migration in a voltage-dependent manner through cytoskeleton-associated mechanisms. More‐
over, the mechanical stiffness regulated cancer cell susceptibility to EFs, and the orientation effect of EFs on cells required a 
stiffness threshold. Furthermore, transforming growth factor-β1 suppressed the orientation of cancer cells induced by electro‐
mechanical coupling signals and showed a splitting effect on the directionality and velocity of cancer cell migration, indicat‐
ing a comprehensive cross-talk of biochemical–electromechanical signals. Together with the dual-physical bioreactor we de‐
signed, these findings provide a robust and convenient platform for exploring cellular responses to electro-stiffness coupling 
signals, reveal the biophysical mechanisms of cell polarization and migration from the perspective of electromechanical cou‐
pling, and lay a promising foundation for biophysical-based cell manipulation and therapeutic interventions.
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1　Introduction

Endogenous electric fields (EFs) are nonnegligible biophysi‐
cal clues in the extracellular space [1–4]. Most organs (espe‐
cially glands, such as the lung) surrounded by epithelial 
cells produce potential differences or transepithelial poten‐
tials (TEPs). In essence, endogenous EFs are generated from 
the vectorial transport of ions by cells (especially by TEPs), 
which forms and maintains asymmetric regional positive 
and/or negative charge concentration gradients [3, 5]. Due 
to the different ion-selective transport characteristics of di‐
verse types of epithelial cells that surround various organs 
(especially glands) in the human body, intertissue EFs are 
generated [5, 6]. The strength of physiological EFs formed 
by TEPs can reach several V/cm [7–10]; for example, the 
value in the rectum and small airways of the lungs can vary 
in strength from 0.5 to −5.0 V/cm [11–23], sufficient to 
elicit various cellular responses [7, 10]. Many recent studies 
have emphasized the critical guiding role of extracellular EFs 
in embryonic development [24] and tissue regeneration [25], 
especially in wound healing [26].

Cancers have been considered “wounds that fail to heal” 
for decades [27]. Extracellular EFs have been detected to 
exist inside cancer tissues, on the cancer tissue surface, and 
between cancer tissues and adjacent tissues [28–30]. Mecha‐
nistically, compared to normal polarized epithelial cell 

membranes with distinct apical and basal regions, mem‐
branes containing rapidly proliferating cancer cells can 
be depolarized [3, 31], generating local EFs in cancerous 
tissue [29, 30]. Cancer progression disrupts the local 
ionic environment and interferes with the TEP, inducing 
a difference in the electrical potential between cancer tis‐
sues and the adjacent normal tissues [28, 32]. Detection 
results have shown that the strength of cancer EF can ex‐
ceed 1 V/cm [33], varying from 1.5 to 23.25 mV across 
approximately 50 µm [29]. To date, carcinogenesis-triggered 
EFs correlate strongly with solid tumor size and heterogene‐
ity [29, 31] and can serve as biological markers for cancer 
diagnosis and prognosis [28–32, 34]. Therefore, EFs may 
serve as fundamental but poorly understood regulators of 
cancer progression.

Various EF stimulation devices have been established to 
mimic endogenous EFs and explore cellular responses to 
EFs. However, there are still some limitations that must be 
overcome in these EF stimulation devices. For conventional 
EF stimulation devices, paired conductive electrodes are in‐
troduced through direct immersion into the cell culture me‐
dium (e.g., carbon rod, platinum, and stainless-steel elec‐
trodes) or are connected to the medium via agar salt bridges 
(e.g., Ag/AgCl) to excite EFs, resulting in medium evapora‐
tion, compromised experimental consistency, and low 
experimental throughput [7, 35–38]. Recently, a series of 
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polydimethylsiloxane (PDMS)- and polymethylmethacrylate-
based microfluidic devices have been proposed for use in 
EF stimulation trials in miniaturized devices [7]. These de‐
vices can improve conventional EF stimulators in different 
manners, such as enhancing EF controllability [39], pro‐
longing cell culture time [40], applying electrical/fluid shear 
stimuli to cells [41], or combining biochemical gradients 
with electrical stimuli [42]. However, the introduction of 
microfluidic technology has compromised the convenience 
of EF stimulation assays and created challenges associated 
with cell seeding and adhesion [43, 44]. Recently, material-
induced EFs have also been applied to electrical stimulus 
experiments on cells, such as cell-scale confined EFs gener‐
ated by K0.5Na0.5NbO3 (KNN)-based ceramics via laser-
induced phase transition technology [45] and surface Volta 
potentials generated by bimetals via spark plasma sintering 
technology [46]. However, these methods are less flexible than 
conventional electrodes in accurately adjusting EF intensity 
and distribution, cannot easily generate continuous uniform 
EFs within the macroscopic plane, and require expensive spe‐
cial equipment and technology. Overall, existing EF stimula‐
tion devices cannot balance the convenience and robustness of 
equipment fabrication while ensuring that EF in a target re‐
gion is uniform and can be precisely controlled. More impor‐
tantly, almost all EF-stimulation trials have been conducted 
by seeding cells on rigid substrates, such as poly(lactic-co-
glycolic acid) (PLGA) polymers [47, 48], glass [5, 49], or 
conventional plastic culture dishes/plates [29, 50, 51]. These 
materials exhibited Young’s moduli in the GPa range, typi‐
cally 103–104 times stiffer than those of native ECM [52, 53]. 
The physiological stiffness information in the ECM was 
ignored.

Cells sense the mechanical cues present in the ECM and 
convert them into meaningful biological activities. The me‐
chanical stiffness of the ECM has been recognized to play 
an essential role in regulating cellular functions, from guid‐
ing cell migration to affecting cell differentiation [54, 55]. 
Changes in ECM stiffness caused by disease or develop‐
ment guide the gene expression and function of cells, which 
in turn mediate these physiological and pathological pro‐
cesses [56, 57]. Regarding cancer progression, progressive 
stiffness is among the most recognizable characteristics of 
cancers and is strongly correlated with the degree of cancer 
malignancy [58, 59]. Cancer cells can stiffen the ECM by 
secreting biochemical factors to activate stromal cells, such 
as cancer-associated fibroblasts, resulting in the excessive 
deposition of ECM proteins [60]. Besides, cancer progres‐
sion can lead to the hardening of the ECM by promoting 
malignant and stromal cell migration, which densifies the 
ECM by mechanically pulling and recombining ECM 
fibers [60]. Conversely, a stiffened ECM can activate a se‐
ries of mechanotransduction pathways (such as the Rho/
rock, integrin-related, and phosphatidylinositol 3-kinase 

(PI3K)/Akt signaling pathways) in cancer cells, which fur‐
ther increases cancer cell malignancy and promotes cancer 
invasion [1, 36, 61]. However, although mechanical stiff‐
ness is a nonnegligible biophysical signal in the cellular mi‐
croenvironment, further studies are needed to reveal 
whether and how cells respond to ubiquitous electrome‐
chanical coupling signals.

In this study, to bridge the knowledge gap and improve 
the aforementioned limitations, we developed an electro-
stiffness coupling bioreactor that can orthogonally and 
robustly apply the desired EFs and stiffness stimulations to 
individual cells across the physiological spectrum. In our 
electro-stiffness bioreactor, interdigitated microelectrode 
arrays prepared by lithography were used to apply uniform 
EFs to cells; fibronectin-modified hydrogels with designed 
stiffness, which were covalently bonded to the microelec‐
trode array surface, were used to mimic the mechanical 
environment of the ECM. By delivering orthogonally con‐
trolled electro-stiffness coupling signals, our bioreactor re‐
vealed that electro-stiffness stimulations shaped cancer cell 
morphology and cytoskeleton into a distinctive polarization 
state. Meanwhile, stiffness regulated the sensitivity of can‐
cer cells to EFs. Moreover, cytoskeleton and transforming 
growth factor-β1 (TGF-β1) mediated the cellular response 
to the electro-stiffness signals. These findings, along with 
our bioreactor, helped reveal the underlying biophysical 
mechanisms of multiple cue-regulated cellular behaviors 
and established an encouraging foundation for biophysical-
based cell control and disease treatment.

2　Results

2.1　Design and fabrication of the electro-
stiffness coupling bioreactor

We fabricated an electro-stiffness coupling bioreactor to 
systematically investigate the cell’s response to ubiquitous 
electromechanical signals in the cellular microenvironment; 
through this bioreactor, various combinations of EF and 
stiffness stimuli can be applied to cells across the physi‐
ological spectrum (Fig. 1a; Fig. S1 and Sect. S1 in the 
supplementary information). The core component of our 
bioreactor is an electro-stiffness-coupled chip that contains 
an interdigitated electrode array (IDEA), a patterned insulat‐
ing layer, and a polyacrylamide (PAAm) hydrogel layer 
whose stiffness can be adjusted within the physiological 
range. The process used to fabricate the electro-stiffness-
coupled chip is shown in Fig. 1b (Sect. S1 in the supple‐
mentary information). The IDEA was fabricated from 
indium tin oxide (ITO) glass by photolithography and 
wet-etching techniques. A patterned polyimide (PI) layer 
was modified on the ITO chip using photolithography 
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Fig. 1  Fabrication and characterization of the electro-stiffness coupling bioreactor. (a) Schematic diagram showing the structure and experimen‐
tal setup of the electro-stiffness coupling bioreactor. (b) Schematic illustration depicting the fabrication of the electro-stiffness-coupled chip, 
which was the core component of our bioreactor. (c) Geometric model of the electro-stiffness coupling bioreactor for applying electromechani‐
cal stimulation to cells. The gap between two adjacent ITO electrodes was 100 μm. (d) Spatial distribution of EF generated by the electro-
stiffness coupling bioreactor, which was obtained by finite-element simulation. This distribution corresponded to an electric potential difference 
of 0.8 V applied to two adjacent electrodes. (e) Relationship between EF strength and electric potential differences extracted via finite-element 
simulation. The partial image shows EF distributions on the upper surface of PAAm hydrogels (black line) and the mean strength (red line) cor‐
responding to EF in (d). (f) Young’s moduli of PAAm hydrogels adopted in our electro-stiffness coupling bioreactor with different AM/MBA 
ratios of 1.6, 6.8, 24.8, and 47.9 kPa. Boxes represent 10th–90th percentiles with median line (n≥10). ****P<0.0001; **P<0.01 (one-way analy‐
sis of variance). (g) Live/Dead assay for A549 cells cultured in an electro-stiffness bioreactor. Representative fluorescence images of A549 cells 
cultured on a 47.9 kPa PAAm hydrogel under an EF of 5.67 V/cm for 3 h are shown. The live and dead cells were stained green and red, respec‐
tively. Scale bar: 200 μm. LED: light-emitting diode; PC: personal computer; APTES: 3-aminopropyltrimethoxysilane 
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technology to form insulation between the electrodes and 
the culture medium in the nonexperimental area. A quartz 
ring with a matching lid was firmly adhered to the electro-
stiffness-coupled chip by PDMS, forming a cell culture 
chamber (Fig. 1a; Fig. S1 in the supplementary informa‐
tion). The Young’s modulus of the PAAm hydrogel layer 
can be adjusted by changing the ratio of the monomer to the 
cross-linker [62], and this layer was introduced to the IDEA 
surface to provide a physiologically stiff environment for 
cells (Sect. S2 and Table S1 in the supplementary informa‐
tion). To prevent the PAAm hydrogel from drifting during 
EF stimulation, the surface of ITO chips was functionalized 
with the aldehyde group, which can react with the amino 
group of the PAAm molecule and covalently immobilize 
the PAAm hydrogel on the IDEA surface, as shown in 
Fig. 1b (Sect. S1 in the supplementary information). The 
PAAm hydrogel surface was modified with fibronectin 
(Sect. S1 in the supplementary information), providing cells 
with an adhesion environment mimicking the native ECM. 
Finally, by connecting the electro-stiffness coupling chip to 
the function generator through a printed circuit board 
(PCB), a complete electro-stiffness bioreactor was estab‐
lished (Fig. 1a). Before use, the bioreactor was sterilized by 
ultraviolet (UV) irradiation. In the experiments, cells were 
seeded on the surface of functionalized PAAm hydrogel lay‐
ers, and the electrobioreactor connected to the functional 
generator was placed into a live-cell workstation to record 
the spatiotemporal dynamics of cells in real time (Fig. 1a).

In our experiments, specific EFs applied to cells via the 
electro-stiffness bioreactor were characterized based on 
electrochemical workstation measurements combined with 
finite-element simulations, and the stiffness of PAAm lay‐
ers was characterized using a nanoindenter (Piuma, The 
Netherlands). As shown in Figs. 1c and 1d, a finite-element 
model was established according to the actual size and posi‐
tion relationship between the ITO electrodes and PAAm hy‐
drogel combined with the electrical parameters of the 
electro-stiffness bioreactor measured by the electrochemical 
workstation (Figs. S2–S5, Sect. S3, and Table S2 in the 
supplementary information). Results showed that the IDEA 
can generate a uniform EF in the cell spreading area on the 
PAAm hydrogel surface. Specifically, a series of uniform 
EFs with intensities of 0.81, 1.62, 2.43, 3.24, 4.05, 4.86, 
and 5.67 V/cm can be applied to cells via the electrome‐
chanical bioreactor by applying corresponding potential dif‐
ferences of 0.14, 0.28, 0.42, 0.56, 0.70, 0.84, and 0.98 V on 
ITO microelectrodes, respectively (Figs. 1d and 1e; Fig. S6  
and Table S3 in the supplementary information). The typi‐
cal distribution of EF in the bioreactor is shown in Fig. 1d 
when the electric potential difference applied to the two 
adjacent electrodes was 0.84 V. The representative distribu‐
tion of EF (electric potential difference: 0.84 V) on the 
upper surface of the PAAm hydrogel layer was extracted 

and illustrated in the partial view of Fig. 1e. In this figure, 
our bioreactor can form a uniform EF to stimulate cells ad‐
hering to the PAAm hydrogel layer. The Young’s modu‐
lus of PAAm hydrogels adopted in our electro-stiffness 
bioreactor was controlled by adjusting the ratio of the 
monomer (acrylamide monomer (AM)) to the cross-linker 
(N,N′-methylenebis-acrylamide (MBA)). As shown in Fig. 1f, 
PAAm hydrogels with stiffnesses of 1.6, 6.8, 24.8, and 
47.9 kPa were prepared by adjusting the AM/MBA propor‐
tions to 5%/0.15%, 10%/0.10%, 8%/0.26%, and 10%/0.30%, 
respectively. Specifically, for lung cancer cells used in this 
study, 1.6 kPa was selected to represent the stiffness of 
normal human lung tissue [63, 64], whereas 6.8, 24.8, and 
47.9 kPa were chosen to represent the stiffness of gradually 
hardening lung cancer tissues [65, 66]. A live/dead assay 
for A549 cells cultured in our electro-stiffness bioreactor 
demonstrated that at the stiffness of PAAm hydrogels of 1.6, 
6.8, 24.8, and 47.9 kPa, the constructed bioreactor could 
maintain high cell viability (Fig. 1g; Fig. S7 in the supple‐
mentary information). Overall, our bioreactor can apply 
freely integrated and precisely controlled electro-stiffness 
coupling signals to cells, which explores the relationship 
between electromechanical cues and cellular behavior via 
real-time visualization and quantitative analyses at the single-
cell level.

2.2　Electro-stiffness coupling signals are 
guidance cues to direct cancer cell orientation 
and migration

Although stiffness plays a significant role in cellular function 
and behavior, almost all electrical stimulation tests have been 
conducted on rigid substrates, such as glass [5, 49] and plas‐
tic Petri dishes and plates [2, 29, 50, 51, 67], whose Young’s 
moduli (several GPa) were generally at least several orders 
of magnitude stiffer than those of native ECM [52, 53]. In 
this study, based on the above electro-stiffness coupling bio‐
reactor we designed, we first investigated the effects of 
EFs on cancer cells on PAAm hydrogels with Young’s 
modulus of 24.8 kPa, the typical stiffness of human lung 
cancer tissues [65, 66]. Because the TEP observed in lung 
tissues was characterized as a direct current (DC) EF with 
intensities from 0.3 to 5.0 V/cm, DC electrical stimuli at in‐
tensities of 0.81, 1.62, 2.43, 3.24, 4.05, 4.86, and 5.67 V/cm 
were employed for A549 cell treatment.

The electro-stiffness coupling environment can shape the 
cytoskeleton into a unique anteroposterior polarization 
state. Figure 2a and Fig. S8 (supplementary information) 
show that under cancer-specific stiffness conditions 
(24.8 kPa), EF stimulation significantly reduced A549 cell 
spreading and induced obvious anteroposterior polarity of 
the A549 cytoskeleton. The pseudopodium formation and 
polarization of the F-actin cytoskeleton are crucial for cell 
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migration [68]. As shown in Fig. 2a, after A549 cells were 
seeded on 24.8 kPa substrates with EF stimulation of 
5.67 V/cm for 3 h, cells specifically protruded broad sheet-
like lamellipodia at the front edge of migrating cells in the 
direction of movement. In contrast, the corresponding rear 
edge exhibited a smooth arc-like shape without any lamelli‐
podia and showed a highly EF-polarized cytoskeleton, sig‐
nificantly different from the cytoskeleton of unstimulated 
cells that contained randomly distributed pseudopods (in‐
cluding lamellipodia and filopodia) (the control group in 
Fig. 2a and Fig. S8 in the supplementary information). Con‐
sistently, Fig. 2b shows the real-time contour changes of 
A549 cells stimulated by EF at 24.8 kPa PAAm for 180 min, 
revealing that the dynamic change in cell morphology varied 
from a polygon to a typically polarized contour. Statistically, 
as shown in Fig. S8 (supplementary information), the spread 
area and aspect ratio (AR) of A549 cells decreased signifi‐
cantly with the time of EF induction, and the circularity of 
A549 cells increased significantly with the time of EF in‐
duction, further demonstrating that electro-stiffness coupling 
signals induced cell polarization and significantly changed 
the cellular morphology. In summary, the abovementioned 

assays demonstrated that cancer cells sense and respond to 
physiological electro-stiffness signals by exhibiting a particu‐
lar EF-polarized cytoskeleton and morphology.

We established a Cartesian coordinate system to describe 
cell migration in our bioreactor. In this system, the origin 
was defined as the initial position of the cell, and the Y-axis 
direction was defined as the direction of EF, which was 
termed the EF-induced direction (EFID) (Fig. 2c). A549 
cells cultured on the surface-modified PAAm hydrogel did 
not penetrate the internal structure of hydrogels, so only the 
movement trajectory of A549 cells in the XY plane was 
analyzed. Based on the Cartesian coordinate system, the 
migration trajectories of ≥50 cells are shown in Fig. 2d. 
Figure 2d clearly shows that on the physiological stiffness 
matrix (24.8 kPa), EF-stimulated A549 cells exhibited direc‐
tional migration along the EFID, whereas A549 cells not 
stimulated by EF showed random migration without any ori‐
entation preference. To further quantify cell locomotion, 
several migration indices (i.e., forward migration index 
(FMI), migration velocity, mean square displacement (MSD), 
and β index) were calculated based on the Cartesian coordi‐
nate system established above. FMI, which was calculated 
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based on Eq. (1) in Sect. 4, is the ability of cells to direc‐
tionally migrate under the elicitation of exogenously in‐
duced signals, the reference direction of which can be set 
parallel (FMI//EF) or perpendicular (FMI⊥EF) to EF direction. 
As shown in Fig. 2e, for PAAm hydrogels with stiffness 
that mimicked that of real lung cancer tissues, the FMI//EF 
index of A549 cells nonlinearly increased with increasing 
EF intensity, reaching a plateau with a peak value of 
0.191±0.272 at EF=4.05 V/cm. In contrast, the FMI⊥EF of 
A549 cells under the same experimental conditions re‐
mained near zero. Thus, cells always showed nonoriented 
locomotion in the direction perpendicular to EFID (Fig. S9 
in the supplementary information). Combining the statisti‐
cal data of FMI//EF and FMI⊥EF, it can be concluded that 
A549 cells exhibited directional migration along the EFID, 
and this direct migration can be promoted by increasing EF 
intensity. Moreover, as shown in Figs. 2h, 2f, and 2i, we 
calculated the migration velocity (V), MSD, and β index of 
A549 cells based on Eqs. (2)–(4) in Sect. 4. As shown in 
Fig. 2h, the migration velocity (V) of A549 cells increased 
significantly with the elevation of EF strength. Compared to 

the speed and directionality, the persistence of A549 migra‐
tion was relatively less affected by EFs. The change rate of 
MSD over time (i.e., slope of the MSD–time curve) can be 
used to characterize the persistence of cell migration. As 
shown in Fig. 2f, during electrical stimulation, the slope of 
the MSD–time curve of A549 cells showed an increasing 
trend with the increase of EF intensity, especially after 1-h 
electrical stimulation. However, despite the β index (an‐
other migration persistence indicator) of A549 cells show‐
ing a slight upward trend as the EF strength increased 
from 0.81 to 5.67 V/cm, their values showed no statistical 
difference compared to the control group. Overall, under 
cancer-specific stiffness conditions, EFs exhibited a sig‐
nificant strength-dependent directional induction effect on 
A549 migration while promoting migration speed but not 
persistence.

To further verify the directional induction effect of EFs 
on A549 cell migration, we analyzed the change in the posi‐
tion of A549 cells relative to EFID after EF stimulation, 
which is described as the angle (θ) between the origin–end 
vector of the cell and EFID. The θ index gradually increased 

Fig. 2  EF-induced cancer cell polarization and directional migration under stiffness conditions specific to cancer. (a) Representative fluores‐
cence images of A549 cells stimulated with EF (5.67 V/cm) on the PAAm hydrogel at 24.8 kPa for 3 h. The control group included cells 
cultured on the PAAm hydrogel at 24.8 kPa without EF stimulation. The arrow on the right side is the EF direction. Red, F-actin; green, vincu‐
lin; blue, nuclei. Scale bar: 20 μm. (b) Contour changes of A549 cells under stimulation with EF (5.67 V/cm) for 3 h. The colors and coordinate 
positions of the cell contours represent the induction time and migration trajectories, respectively. (c) Definition of the Cartesian coordinate 
system and reference directions used to describe cell migration. The dotted dashed line is the Euclidean distance between the starting and end 
points of a cell, and the solid line is the accumulated distance of the cell migration path. The positive direction of the Y-axis is defined as the EF 
direction. The reference directions of FMI⊥EF and FMI//EF are perpendicular and parallel to the direction of EF, respectively. θ is defined as the 
angle between the start–end line of migrating cells and the positive direction of the Y-axis. The θ index gradually increases in the clockwise di‐
rection. (d) Statistics of cell migration trajectories under free migration (control) and EF induction (5.67 V/cm) conditions, n≥50. (e) Box-scatter 
plot showing the FMI//EF of A549 cells at EFs of 0, 0.81, 1.62, 2.43, 3.24, 4.05, 4.86, and 5.67 V/cm, n≥33. ***P<0.001; **P<0.01; *P<0.1 (t-test). 
(f) Line plot showing the change in mean square displacement (MSD) over time at EFs of 0, 0.81, 1.62, 2.43, 3.24, 4.05, 4.86, and 5.67 V/cm, n≥33. 
(g) The wind rose plots display the angular distributions of θ under EF stimulation for 3 h at densities of 0, 0.81, 1.62, 3.24, 4.86, and 5.67 V/cm, 
n≥30. Bar plots representing the quantitative data of velocity (h) and β index (i) of A549 cells on the PAAm hydrogel at 24.8 kPa at EFs of 0, 
0.81, 1.62, 2.43, 3.24, 4.05, 4.86, and 5.67 V/cm, n≥33. ***P<0.001; *P<0.1; ns: not significant (t-test). Data in (e) express the maximum, minimum, 
median, and upper and lower quartiles of a set of data. Data in (f) are expressed as mean±standard error of the mean. Data in (h, i) are expressed as 
mean±standard deviation
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in the clockwise direction (Fig. 2c). Consistently, the statis‐
tics showed that the end points of cells were almost evenly 
distributed in all directions without EF stimulation, whereas 
the end points of cells were gradually distributed along the 
EFID with increasing EF intensity (Fig. 2g). In summary, 
the above results demonstrated that electro-stiffness cou‐
pling signals can shape cancer cells into a unique anteropos‐
terior polarized state, and the directional migration of can‐
cer cells can be induced and promoted by EFs under typical 
cancer stiffness conditions.

2.3　Stiffness regulates cancer cell 
susceptibility to electrical stimulation in a 
synergistic manner

Cells perceive the stiffness signals of the ECM and translate 
them into meaningful biological activities through mechano‐
transduction pathways. Progressive stiffness is among the 
most recognizable characteristics of cancers and has re‐
cently been recognized to play an important role in cancer 
progression and metastasis. Therefore, it is necessary to in‐
vestigate the effect of stiffness on EF-induced cancer cell 
behavior. To this end, A549 cells, which are typical lung 
cancer cells, were cultured in bioreactors with PAAm hy‐
drogels to mimic Young’s modulus of normal lung tissues 
(1.6 kPa) and gradually harden lung cancer tissues (6.8, 
24.8, and 47.9 kPa) [64–66].

Our experiments showed that stiffness regulates the EF-
induced polarization of A549 cells. Figure 3a shows repre‐
sentative immunofluorescence images of A549 cells cul‐
tured on PAAm hydrogels with different stiffnesses in the 
free-spreading state (control group) and EF-induced state, 
which further confirms the following conclusion: under 
physiological stiffness, EF stimulations can significantly re‐
duce cellular spread and induce a unique anteroposterior po‐
larization morphology in cells. More importantly, as shown 
in Fig. 3a, the number and area of broad sheet-like lamelli‐
podia protruding from cancer cells at the front of cells in‐
creased with increasing substrate stiffness, whereas the cor‐
responding rear edge mainly maintained a smooth arc-like 
shape without any lamellipodia, showing that EF-induced 
cell polarization was promoted by increasing stiffness. Con‐
sistently, as shown in Fig. S10 (supplementary information), 
the circularity of A549 cells decreased by 38.71% when the 
substrate stiffness increased from 1.6 to 24.8 kPa under an 
EF stimulation of 5.67 V/cm, and the aspect ratio of A549 
cells improved by 21.43% when the substrate stiffness in‐
creased from 1.6 to 24.8 kPa under an EF stimulation of 
5.67 V/cm. Overall, the above results indicated that stiffness 
exerted a regulatory effect on EF-induced cell polarization.

To explore the regulatory effect of stiffness on the ori‐
ented locomotion of cancer cells induced by the EF, we ob‐
tained statistics on the end point distribution of A549 cells 

relative to EFID under different stiffness conditions. As 
shown in Fig. 3b, a growing number of cells gathered in 
EFID with increasing substrate stiffness. Specifically, after 
EF stimulation at 5.67 V/cm for 3 h, the proportion of A549 
cells distributed in the spatial region of (−45°, +45°) was 
approximately 43% on 47.9 kPa gels, whereas the corre‐
sponding value decreased to about 24% on 1.6 kPa gels. 
Overall, Fig. 3b shows that with increasing substrate stiff‐
ness, cancer cells moved more toward EF. Consistently, as 
shown in Fig. 3c, the FMI//EF of A549 cells varied from 
0.094±0.306 to 0.216±0.213 when the substrate stiffness in‐
creased from 1.6 to 47.9 kPa, further demonstrating that 
substrate stiffness regulates the ability of EFs to promote 
the direction that cancer cells migrate. There was no signifi‐
cant difference in FMI//EF between the control and 1.6 kPa 
EF stimulation groups (Fig. 3c), indicating that a certain 
stiffness threshold was necessary for directional cell migra‐
tion induced by EFs. Moreover, as shown in Figs. 3d–3f, in‐
dices of cell migration speed (i.e., velocity) and persistence 
(i.e., change rate of MSD over time and β index) exhibited 
an increasing trend with increasing matrix stiffness, demon‐
strating that increasing stiffness promotes the EF-induced 
ability of cancer cells to directly migrate. To further de‐
scribe the correlations between the stiffness and EFID mi‐
gration of cancer cells, phase diagrams of migration indices 
(i.e., FMI//EF, velocity,  and β index) under different electro-
stiffness coupling signals were drawn (Figs. 3g–3i). As 
shown in Fig. 3g and Fig. S11 (supplementary information), 
when the substrate stiffness exceeded about 24.8 kPa, the 
FMI//EF increased significantly with increasing EF intensity, 
whereas FMI//EF did not significantly change with increasing 
EF intensity when the stiffness was <6.8 kPa. Similarly, as 
shown in Figs. 3h and 3i and Fig. S11 (supplementary infor‐
mation), on hydrogels with relatively high moduli, EF ex‐
hibited a significant promoting effect on the migration abil‐
ity of cancer cells, including the migration velocity (V) and 
migration persistence (β index); however, on soft hydro‐
gels, the migration velocity (V) and migration persistence 
(β index) showed weak sensitivity to EF intensity. In sum‐
mary, increasing stiffness amplified the induction effect of 
EFs on cancer cells, including stimulating cell polarization 
and directional migration, which explained how stiffness 
promoted cancer cell migration and metastasis from an elec‐
tromechanical perspective.

2.4　The cytoskeleton modulates the 
directional migration of cancer cells induced 
by electro-stiffness coupling signals

The cytoskeleton is indispensable for cell motility and the 
maintenance of cell morphology. Based on our bioreactor, 
electro-stiffness coupling signals induced cell polarization 
and directional migration, which involved lamellipodia 
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Fig. 3  Stiffness regulates the sensitivity of EF-induced polarization and directional migration of cancer cells. (a) Representative fluorescence 
images of A549 cells cultured on PAAm hydrogels (1.6, 6.8, 24.8, and 47.9 kPa) under the elicitation of an EF (5.67 V/cm). The control group 
included cells on PAAm hydrogels (1.6, 6.8, 24.8, and 47.9 kPa) without EF stimulation. The arrow on the right side is the EF direction. Red, 
F-actin; green, vinculin; blue, nuclei. Scale bar: 20 μm. (b) The wind rose plots display the angular distributions of θ under EF stimulation for 
3 h on PAAm hydrogels with stiffnesses of 1.6, 6.8, 24.8, and 47.9 kPa. The randomly moving cells in the control group were seeded on the 
PAAm hydrogel at 24.8 kPa without EF induction, n≥30. Statistical results of FMI//EF (c), MSD (d), velocity (e), and β index (f) of A549 cells 
under 5.67 V/cm EF induction on PAAm hydrogels with stiffnesses of 1.6, 6.8, 24.8, and 47.9 kPa, n≥30. ***P<0.001; *P<0.1; ns: not signifi‐
cant (t-test). Phase diagrams of FMI//EF (g), velocity (h), and β index (i) of A549 cells under stimulation with various combinations of EFs and 
stiffness, n≥30. Data in (c) express the maximum, minimum, median, and upper and lower quartiles of a set of data. Data in (d) are expressed as 
mean±standard error of the mean. Data in (e, f) are expressed as mean±standard deviation
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protrusions mainly concentrated in EFID (Fig. 3a). There‐
fore, it is reasonable to hypothesize that the cytoskeleton 
helps regulate EFID migration under physiological stiffness 
conditions.

To verify this hypothesis, we used cytoskeleton-regulating 
drugs to investigate the electro-stiffness-mediated directional‐
ity migration of A549 cells (Fig. 4). We first investigated 

the effect of cytoskeletal inhibitors. Cytochalasin D 
(CytoD) is a widely used microfilament inhibitor. CytoD 
of 0.01 μmol/L began to inhibit actin polymerization, 
and CytoD above 1.0 μmol/L began to affect A549 cell 
viability [69–74]. To investigate the role of the actin fila‐
ment in the EFID migration of A549 cells, CytoD with con‐
centration gradients of 0.01, 0.1, 0.5, and 1.0 μmol/L was 

Fig. 4  Modulatory effect of the cytoskeleton on the directional migration of cancer cells under electro-stiffness coupling stimulation. (a–d) Sta‐
tistical analysis of directional migration indices (FMI//EF, velocity, MSD, and β index) of A549 cells treated with CytoD (microfilament inhibi‐
tor) at 0, 0.01, 0.1, 0.5, and 1.0 μmol/L, n≥48. ****P<0.0001; ***P<0.001; **P<0.01 (t-test). (e–h) Statistical analysis of the directional migra‐
tion indices (FMI//EF, velocity, MSD, and β index) of A549 cells treated with Jasp (microfilament stabilizer) at 0, 0.01, 0.05, 0.1, and 0.2 μmol/L, 
n≥33. ***P<0.001; **P<0.01; *P<0.1; ns, nonsignificant (t-test). (i–l) Statistical analysis of the directional migration indices (FMI//EF, velocity, 
MSD, and β index) of A549 cells treated with COL (microtubule inhibitor) at 0, 0.1, 1, 5, and 10 μmol/L, n≥51. ****P<0.0001; ***P<0.001; 
**P<0.01; *P<0.1; ns, nonsignificant (t-test). (m–p) Statistical analysis of directional migration indices (FMI//EF, velocity, MSD, and β index) of 
A549 cells treated with EpoD (microtubule stabilizer) at 0, 1, 10, 50, and 100 nmol/L, n≥45. ns: not significant (t-test). Data in (a, e, i, m) express 
the maximum, minimum, median, and upper and lower quartiles of a set of data. Data in (b, d, f, h, j, l, n, p) are expressed as mean±standard devia‐
tion. Data in (c, g, k, o) are expressed as mean±standard error of the mean
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used. As shown in Fig. 4a, the FMI//EF of A549 cells 
decreased sharply with increasing CytoD concentration, 
indicating that the inhibition of actin microfilaments signifi‐
cantly weakened the EF-induced orientation of cancer cell 
movement. The migration velocity (V) and persistence (i.e., 
change rate of MSD over time and β index) also decreased 
significantly with the increase of the actin microfilament inhi‐
bition (Figs. 4b–4d). Similarly, we quantified the influence 
of colchicine (COL), a widely used microtubule inhibitor and 
disruptor [75, 76]. The dose response of A549 to COL has 
been previously determined, and 5 μmol/L was considered 
the optimal COL concentration [77]. COL at 1–6.26 μmol/L 
has been used to regulate various microtubule-mediated 
physiological activities of A549 cells [71, 78, 79], which be‐
gan to affect the microtubule-mediated mechanical proper‐
ties of cancer cells at 0.1 μmol/L and reached a plateau at 
10 μmol/L [80]. In this study, COL with concentration gra‐
dients of 0.1, 1, 5, and 10 μmol/L was used to investigate 
the role of microtubules in the EFID migration of A549 
cells. As shown in Figs. 4i–4l, although the persistence of 
cell migration was not affected, microtubule inhibition si‐
multaneously weakened the directionality and speed of can‐
cer cell migration. Overall, cytoskeleton inhibition signifi‐
cantly suppressed the electro-stiffness-mediated directional‐
ity of A549 migration.

Contrary to CytoD, jasplakinolide (Jasp) is an effective 
stabilizer for actin filaments. Jasp (0.05–0.125 μmol/L) has 
been used to effectively induce actin polymerization in 
A549 cells [74, 81]. In this study, 0.01, 0.05, 0.1, and 
0.2 μmol/L Jasp were used to explore the EFID migration 
of A549 cells. As shown in Figs. 4e–4h, although Jasp sig‐
nificantly promoted the migration ability of A549 cells, it 
did not affect the directionality of electromechanical-
mediated A549 cell migration. This seemingly contradic‐
tory phenomenon might be due to the two separable effects 
of Jasp on filamentous actin. Specifically, Jasp could rap‐
idly block the lamellipodia protrusion of migrating cells 
within minutes, whereas the significant actin assembly in‐
duced by Jasp was delayed until 1 h later [82]. Considering 
our observation that electro-stiffness signals induce cell po‐
larization by promoting lamellipodia protrusion at the cell 
front (Sect. 2.2), we speculated that the reason why Jasp 
cannot further promote the electro-stiffness-mediated direc‐
tionality of A549 migration is its inhibition of lamellipodia 
protrusion. Therefore, we stained the cytoskeleton of A549 
cells treated with 0.2 μmol/L Jasp. As shown in Fig. S12 
(supplementary information), Jasp obviously reduced the 
area of the electro-stiffness-induced lamellipodia in the ante‐
rior part of A549. In essence, this phenomenon was due to 
the inhibition of cytoskeletal dynamics by stable microfila‐
ments, which further validated our conclusion in Sect. 2.2 
that lamellipodia are a key effector for electromechanical-
mediated cancer cell polarization. To further validate this 

conclusion, we identified another cytoskeletal stabilizer that 
can also inhibit lamellipodia protrusion, namely epothilone 
D (EpoD). EpoD is a potent microtubule stabilizer 
demonstrated to improve microtubule density [83]. EpoD 
(1–100 nmol/L) has been selected to investigate the mediat‐
ing effect of microtubules on malignant cells, suggesting 
that EpoD acts on various carcinoma cells in similar concen‐
trations [84–86]. In our experiments, EpoD at 1, 10, 50, or 
100 nmol/L was used. As shown in Figs. 4m–4p, the micro‐
tubule stabilizer EpoD did not affect A549 cell migration, 
including the migration ability and directionality. As shown 
in Fig. S12 (supplementary information), EpoD also inhib‐
ited the lamellipodia protrusion of A549 cells under this 
electro-stiffness condition, consistent with the effect of 
Jasp. Overall, these data based on cytoskeletal stabilizers 
emphasized the importance of lamellipodia protrusion in 
the EFID migration of cancer cells.

In summary, inhibiting the cytoskeleton (including actin 
microfilament and microtubules) can significantly suppress 
the directionality of cancer cell migration under electro-
stiffness conditions, whereas stabilizing the cytoskeleton 
barely produces any effect. These results confirmed the in‐
volvement of the cytoskeleton in the EFID migration of can‐
cer cells and emphasized that lamellipodium was a key effec‐
tor in this process.

2.5　TGF-β1 disentangles the directionality 
and velocity of the electro-stiffness-induced 
migration of cancer cells

TGF-β1 is a key biochemical component in the tumor mi‐
croenvironment (TME), which regulates a series of cancer 
and stromal cell activities during malignant progression, in‐
cluding invasion, metastasis, and immune escape [87, 88]. 
Although the essential role of biochemical signals in can‐
cer progression has been extensively explored, the com‐
bined effect of biophysical and biochemical signals re‐
mains mysterious. In this study, we explored the effects of 
biochemical–electromechanical coupling signals on cancer 
cells by treating cells with TGF-β1 in our electromechani‐
cal bioreactor.

TGF-β1 suppressed the cancer cell orientation induced 
by the electro-stiffness coupling signals, including cellular 
polarized morphology and directional migration. As shown 
in Fig. 5a, a polarization morphology (i.e., large areas of 
sheet-like lamellipodia converged at the leading edge of the 
migration direction, whereas the trailing edge of the cell 
showed nearly no pseudopodia) was electromechanically in‐
duced in A549 cells without TGF-β1 treatment, whereas 
TGF-β1 treatment led to the gradual extension of spiky 
pseudopodia posterior to cells. Specifically, with increasing 
TGF-β1 concentration, the number of sheet-like lamellipo‐
dia that stretched from the front of cancer cells gradually 
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decreased, whereas the smooth curved shape of the other 
parts of cancer cells was gradually replaced by filamentous 
pseudopodia (Fig. 5a). In addition to altering the polariza‐
tion state of cancer cells, TGF-β1 inhibited the directivity of 
the electromechanically stimulated cancer cell migration. 
As shown in Fig. 5b, the FMI//EF of A549 cells decreased 
significantly with increasing TGF-β1 concentration. This 
conclusion was further confirmed by Fig. 5g, which showed 

that TGF-β1 suppressed the EF-induced migration direction‐
ality of A549 cells across the physiological stiffness range. 
Consistently, after electro-stiffness signals (24.8 kPa, 
5.67 V/cm) were induced for 3 h, the end points of A549 
cells were gradually distributed in all directions with increas‐
ing TGF-β1 concentration, whereas the end points of A549 
cells without TGF-β1 treatment were distributed mainly in 
EF direction (Fig. 5f). In general, TGF-β1 suppressed the 

Fig. 5  TGF-β1 suppresses the orientation of cancer cells induced by electro-stiffness coupling signals while simultaneously promoting cancer 
cell migration. (a) Representative fluorescence images of A549 cells cultured on 24.8 kPa PAAm hydrogels under 5.67 V/cm EF and treated 
with 0, 1, 2, or 5 ng/mL TGF-β1. The arrow on the right side is the EF direction. Red, F-actin; green, vinculin; blue, nuclei. Scale bar: 20 μm. 
Statistical analysis of FMI//EF (b), velocity (c), MSD (d), and β index (e) of A549 cells under 5.67 V/cm EF induction on 24.8 kPa PAAm hydro‐
gels treated with TGF-β1 at 0, 1, 2, and 5 ng/mL. (f) Wind rose plots displaying the θ distributions of A549 cells treated with TGF-β1 at 0, 1, 2, 
and 5 ng/mL under 5.67 V/cm EF stimulation on 24.8 kPa PAAm hydrogels, n≥30. Statistical results of FMI//EF (g), velocity (h), and β index (i) of 
A549 cells treated with 1 ng/mL TGF-β1 under 5.67 V/cm EF stimulation on PAAm hydrogels with stiffnesses of 1.6, 6.8, 24.8, and 47.9 kPa, 
n≥30. ***P<0.001; **P<0.01; *P<0.1; ns: not significant (t-test). Data in (b) express the maximum, minimum, median, and upper and lower quartiles 
of a set of data. Data in (d) are expressed as mean±standard error of the mean. Data in (c, e, g, h, i) are expressed as mean±standard deviation
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orientation induction effect of the electro-stiffness coupling 
stimulation on cancer cells.

Although TGF-β1 inhibited the directionality of cancer 
cell movement induced by electro-stiffness coupling 
stimulation, it simultaneously enhanced the migration abil‐
ity (i.e., velocity and persistence) of cancer cells, demon‐
strating that the migration ability and directionality of can‐
cer cells can be independently regulated. As shown in 
Fig. 5c, the migration velocity of A549 cells increased sig‐
nificantly with increasing TGF-β1 concentration. Specifi‐
cally, the migration velocity of A549 cells increased by 
31% when the TGF-β1 concentration increased from 0 to 
5 ng/mL (Fig. 5c). As shown in Fig. 5d, the change rate in 
MSD over time was positively correlated with TGF-β1 
concentration under electro-stiffness coupling stimulation, 
indicating that TGF-β1 promoted the persistence of cancer 
cell migration in response to electro-stiffness signals. This 
conclusion is also indirectly supported by Fig. 5e, which 
showed that the β index of A549 cells under electro-
stiffness stimulation increased with increasing TGF-β1 
concentration.

Stiffness regulated the suppression effect of TFG-β1 on 
the EF-induced orientation of A549 cells. Compared to the 
stiffness of healthy tissues, TGF-β1 did require higher stiff‐
ness to effectively suppress the orientation effect of EF on 
A549 cells. In this study, the orientation effect of EF on 
A549 cells was manifested in two aspects: one was the an‐
teroposterior polarization of the cytoskeleton, and the other 
was the directionality of cell migration. As shown in 
Fig. S13 (supplementary information), under the condition 
of healthy tissue stiffness (1.6 kPa), TGF-β1 could hardly 
change A549 cell morphology and the anteroposterior polar‐
ity of the cytoskeleton. Only when the TGF-β1 concentration 
was higher than 5 ng/mL, A549 cells were likely to exhibit 
extremely tiny filamentous pseudopodia. In contrast, as 
shown in Fig. 5a, under cancer-specific stiffness conditions 
(24.8 kPa), 1 ng/mL TGF-β1 was sufficient to alter the cell 
morphology and polarity and induce the formation of obvi‐
ous filamentous pseudopodia. Consistently, as shown in 
Fig. 5g, at the stiffness of healthy tissue (1.6 kPa) and early 
cancer (6.8 kPa), TGF-β1 addition did not have a statistically 
significant effect on the FMI//EF of A549 cells; however, at 
higher stiffness conditions (24.8 and 47.9 kPa), TGF-β1 addi‐
tion significantly inhibited the FMI//EF of A549 cells. Over‐
all, compared to the stiffness of healthy tissues, increasing 
stiffness was beneficial for promoting the orientation–
inhibition effect of TGF-β1.

In summary, increased stiffness promoted the inhibitory 
effect of TGF-β1 on EF-induced cell orientation (Fig. 5g) 
and amplified the acceleration effects of TGF-β1 on EF-
facilitated cell migration ability (Figs. 5h and 5i). That is to 
say, the above data demonstrated that the directionality and 
ability of cancer cell migration were two independent 

parameters, and TGF-β1 can exert opposite effects on the di‐
rectionality and velocity of cancer cell migration, indicating 
a promising application of our electro-stiffness bioreactor 
for cell manipulation.

3　Discussion and conclusions

Cells live in a multiphysics-coupled microenvironment con‐
taining EFs and mechanical cues. The endogenous electri‐
cal potential difference, which exists inside cancer tissues, 
on the cancer tissue surface, and between cancer tissues 
and adjacent tissues, has been reported to be a marker for 
the clinical diagnosis of cancers [28, 29, 32]. Meanwhile, 
external artificial EFs have shown excellent therapeutic ef‐
fects in cancer treatment [89, 90]. To date, although 
numerous studies have investigated EF-guided cell behav‐
iors [2, 67], the mechanical stiffness of the extracellular 
microenvironment has not been addressed. To dissect the 
cellular response to these coupling cues, we developed an 
electro-stiffness coupling bioreactor using a lithography-
based fabrication methodology and a finite-element-based 
multiphysics design strategy. Compared to previous EF 
stimulation devices that have been systematically intro‐
duced and classified in Sect. 1, our electro-stiffness biore‐
actor balances the convenience and robustness of device 
fabrication, ensures that EFs applied to cells are uniform 
and can be precisely controlled (Fig. S14 in the supplemen‐
tary information), and enables us to orthogonally adjust EF 
strength and the mechanical stiffness across the physiologi‐
cal spectrum.

With the aid of our electro-stiffness coupling bioreactor, 
we provided an initial framework for the synergistic effect 
between mechanical and electrical stimulation, from which 
future studies can be built. Results revealed that matrix 
stiffness can regulate cellular susceptibility to EFs and ex‐
hibited a synergistic role in promoting cancer cell polariza‐
tion and directional migration, implying that electrical stimu‐
lation and mechanical stimulation share interrelated/
interacting signal transduction pathways, consistent with 
previous reports that mechanosensitive Piezo1 channels [45], 
PI3K [1, 37, 67, 91, 92], and Rho-mediated mechanotrans‐
duction pathways [37] can all serve as key modulators for 
EF-induced cell migration. For example, inhibiting the 
PI3K pathway has been reported to abolish the electrotaxis 
of individual cells and cell layers [1, 37, 67, 91, 92]. 
Mechanosensitive Piezo1 channels were recently reported 
to be activated by EFs, which induce the extracellular Ca2+ 
influx and further modulate the downstream eNOS/NO 
pathway [45]. Consistent with the phase diagrams of cellular 
migration parameters (FMI, velocity, and β index) under 
different combinations of EFs and stiffness stimulations, 
which we plotted based on our bioreactor, cancer cells 
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require a stiffness threshold to respond to EFs, further 
confirming that reciprocal cellular cross-talk occurs be‐
tween mechanical and electrical perceptions.

This study also revealed the bidirectional role of the cyto‐
skeleton in the electromechanically triggered cellular polar‐
ization and migration. On one hand, results showed that phar‐
macological inhibition or stabilization of the cytoskeleton 
(e.g., microfilaments and microtubules) modulated the di‐
rectional migration of cancer cells induced by electro-
stiffness factors, implying that electro-stiffness coupling sig‐
nals mediate cancer cell migration through cytoskeleton-
related mechanisms. Li et al. [93] supported our observa‐
tion, as EFs were shown to induce the directional migration 
of neuronal stem/progenitor cells through an N-methyl-D-
aspartate receptor (NMDAR)/Rac1/actin complex-mediated 
transduction pathway. This study also emphasized that for 
cancer cells, the regulatory effect of cytoskeletal dynamics on 
cellular migration directionality and velocity is consistent, 
although these two parameters exhibit different sensitivities 
to cytoskeletal dynamics. On the other hand, this study 
showed that the electro-stiffness coupling signals can con‐
versely serve as important regulators for the cytoskeleton. 
The induction of cytoskeleton deformation is highly in‐
volved in a series of essential cellular activities, including 
receptor activation and intracellular signal transduction [94]. 
EF-stimulated F-actin polarization was recently reported to 
be triggered by the activation of heparin-binding epidermal 
growth factor-like growth factor/epidermal growth factor re‐
ceptor (HB-EGF/EGFR) signaling in keratinocytes [67]. EFs 
were also reported to excite the contraction of the cytoskel‐
eton, which further induced calcium influx and directed the 
proangiogenic activities of endothelial cells [45]. The cyto‐
skeleton was reported to alter the adhesion of mesenchymal 
stem cells (MSCs) through cytoskeleton deformation, which 
helped MSCs adapt to EF interference and promoted MSC 
osteogenesis [46]. Building upon these previous studies, we 
further reported a unique anteroposterior polarization state 
of the cytoskeleton, in which the cellular head and tail ex‐
hibited extremely significant differences under electro-
stiffness coupling signals. Specifically, the anterior part of 
the cancer cell protruded plate-like pseudopodia under electro-
stiffness stimulation, whereas the pseudopodia hardly pro‐
truded from the posterior part of the cancer cell, which 
mainly presented an arc-shaped state. That is, the introduc‐
tion of stiffness information shaped the EF-induced cyto‐
skeleton into a special polarization state, emphasizing the 
importance of considering the combined effects of electrical 
and mechanical signals.

Although numerous studies have revealed biochemical 
mechanisms involved in cancer progression, the compre‐
hensive contributions of biochemical-electro-stiffness cou‐
pling signals must be considered. TGF-β1 is a core element 
of the TME that regulates multiple aspects of cancer cells, 

including adhesion, migration, cell cycle progression, and 
apoptosis [88]. The epithelial characteristics of cancer cells 
are attenuated in response to TGF-β1, which increases the 
migration and invasion characteristics of cancer cells [95]. 
Wells and Discher [96] and Pang et al. [97] discussed the 
cross-talk between biochemical and stiffness cues and con‐
firmed that stiffness promoted the activation of latent 
TGF-β1. To date, despite a large amount of literature on 
biochemical and mechanical signals, there is a scarcity of 
research on the combined effects of electrical and biochemi‐
cal signals on cellular behaviors, let alone the biochemical 
electro-stiffness composite signals. A recent study showed 
that TGF-β1 treatment could enhance fibroblast susceptibil‐
ity to EFs [98]. Regarding the cross-talk between EF and 
other biochemical factors, EFs in combination with fibro‐
blast growth factor-2 (FGF-2) reversed the inhibitory effects 
of FGF-2 on collagen synthesis, and EFs intensified the 
stimulatory effects of insulin-like growth factor-I on aggre‐
can synthesis [99]. Compared to previous research, this 
study pioneered a biochemical–electromechanical microen‐
vironment for cancer cells, in which each parameter can be 
independently and precisely applied. Moreover, results 
showed that, in contrast to the cytoskeleton, with a consis‐
tent regulatory effect on the directionality and velocity of 
electromechanical-mediated cancer cell migration, TGF-β1 
exerts opposite effects on them. The effect of TGF-β1 on 
electromechanical-guided cancer cell migration can be am‐
plified by stiffness. Results demonstrated that directionality 
and velocity were two independent parameters for cancer 
cell migration under electro-stiffness coupling stimulation, 
demonstrating the promise of our electro-stiffness bioreactor 
for applications in biophysical-based cell manipulation.

In summary, we designed and fabricated an electro-
stiffness coupling bioreactor that could orthogonally and 
robustly control the electromechanical coupling stimula‐
tions applied to cells without using macroscopic electrodes 
or salt bridges. Using the bioreactor, we revealed the regu‐
latory role of stiffness on cancer cell susceptibility to EFs, 
reported the bidirectional modulatory effect of the cyto‐
skeleton on electromechanically mediated cancer cell po‐
larization and migration, and revealed the ability of TGF-β1 
to disentangle the directionality and velocity of the electro‐
mechanically induced migration of cancer cells. Overall, 
this study provided a robust and controllable device for the 
real-time detection and characterization of cellular re‐
sponses to multicoupled stimuli that contain EFs and stiff‐
ness signals. This study elucidated the biophysical mecha‐
nisms of cancer cell polarization and migration from the 
perspective of electro-stiffness coupling and laid a promis‐
ing foundation for developing novel biophysical methods 
for cell manipulation and therapeutic interventions involved 
in cancer invasion and metastasis.
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4　Materials and methods

4.1　Electrobioreactor fabrication

We developed the electromechanical coupling bioreactor 
based on lithography and wet-etching technology (Figs. 1a 
and 1b; Sect. S1 in the supplementary information). First, 
ITO glasses were spin-coated with the SUN-9i (Suntific 
Materials, China) photoresist solution, which was exposed 
to UV light and treated with the ITO etching solution to fab‐
ricate the interdigital microelectrode array. Second, the PI 
photoresist, with excellent electrical insulation properties, 
was spin-coated on the ITO surface to isolate the cell cul‐
ture medium and ITO electrodes in the target region. Third, 
ITO glasses with patterned electrodes were amino-silanated 
with 3-aminopropyltrimethoxysilane (Sigma-Aldrich, USA) 
and glutaraldehyde (Sigma-Aldrich) to create covalent 
bonds between the ITO chips and PAAm hydrogel layers 
(Sect. S1 in the supplementary information). We designed 
and fabricated a PCB to facilitate the connections between 
the ITO electrodes and the function generator. The com‐
pleted electrobioreactor is shown in Fig. 1a and Fig. S1 
(supplementary information).

4.2　Preparation and functionalization of the 
physiological stiffness hydrogel layer

In the experiments, the PAAm hydrogel was selected to fab‐
ricate a physiological stiffness substrate for cell electrotaxis 
assays. PAAm hydrogels with the designed mechanical 
properties were prepared by polymerization of the pre-gel 
solution containing the desired concentrations of monomer 
and cross-linker [62, 100]. The PAAm pre-gel solutions 
containing different ratios of AM (Sigma-Aldrich) to MBA 
(Sigma-Aldrich) were used to prepare hydrogel layers with 
specific Young’s modulus (1.6 kPa (5% AM–0.15% MBA), 
6.8 kPa (10% AM–0.10% MBA), 24.8 kPa (8% AM–0.26% 
MBA), and 47.9 kPa (10% AM–0.30% MBA)) (Table S1 in 
the supplementary information). The pre-gel solution was 
triggered to polymerize by adding 0.1% (volume fraction) 
N,N,Nʹ,N′-tetramethylethylene diamine (Macklin, China) 
and 1% (volume fraction) 0.1 g/mL ammonium persulfate 
(Sigma-Aldrich). The prepared PAAm hydrogels were im‐
mersed in complete RPMI 1640 (Gibco, USA) culture me‐
dium overnight to remove the unpolymerized monomer.

To facilitate cell adhesion, ECM proteins were covalently 
bonded to the upper surfaces of PAAm hydrogel layers via 
the heterobifunctional protein cross-linker sulfosuccinimidyl 
6-(4'-azido-2'-nitrophenylamino)hexanoate (sulfo-SANPAH; 
Thermo Fisher Scientific, USA). In brief, the hydrogel layers 
were thoroughly rinsed with N-2-hydroxyethylpiperazine-N-
2-ethane sulfonic acid (HEPES) (pH 8.5, 50 mmol/L) 
and coated with a 300-μL sulfo-SANPAH (Thermo Fisher 

Scientific) at 1.5 mg/mL, which was followed by irradiation 
with 365 nm UV for 10 min to activate the functional 
groups. Next, PAAm layers were thoroughly rinsed with 
HEPES to remove the unreacted sulfo-SANPAH. Finally, 
the gel samples were functionalized by fibronectin (Sigma-
Aldrich) by incubating the fibronectin solution on the hy‐
drogel layers at 20 μg/mL overnight at 4 °C (Sect. S2 in the 
supplementary information).

4.3　Stiffness characterization based on 
nanoindentation

A nanoindenter (Chiaro, Piuma) was employed to quantify 
the stiffness of the PAAm layer in our electro-stiffness bio‐
reactor. Before detection, the hydrogels were fully swollen 
in RPMI 1640 complete medium for 24 h. The indentation 
probe suitable for measuring the hydrogel materials was 
used. The spring constant (k) of the indentation probe was 
0.500 N/m, with a spherical indentation tip whose radius 
was 26,000 μm. For all nanoindentation tests, the loading 
rate was set as 5.0 μm/s, with a loading duration of 2 s.

4.4　Finite-element simulation for 
characterizing the spatial distributions of EFs

EFs generated by the ITO microelectrode array penetrated 
the PAAm hydrogel layer and were distributed in the chip 
chamber (Figs. 1d and 1e). According to the geometrical 
and position parameters of EF-related elements of the biore‐
actor, a finite-element model was established, which mainly 
consisted of a pair of ITO electrodes, a PAAm hydrogel 
layer, and a cell culture medium (Figs. 1c and 1d). Free tri‐
angular meshes were selected to divide the geometric 
model, and further mesh optimization was carried out for 
the electric signal-induced region (Fig. S6a in the supple‐
mentary information). The meshing results of the geometric 
model showed that there were approximately 1,000,000 tri‐
angular elements. The electrical parameters (i.e., conductiv‐
ity and dielectric constant) of EF-related materials of the 
bioreactor were measured using an electrochemical worksta‐
tion (CHI 760 E, CH Instruments, Inc., USA) (Sect. S3 in 
the supplementary information). The parameters of the ma‐
terial properties involved in the simulation analysis are 
listed in Table S2 (supplementary information), and the 
simulation results are displayed in Figs. 1d and 1e and Fig. 
S6 (supplementary information).

4.5　Cell culture

The human nonsmall cell lung carcinoma cell line A549 
(ATCC) was maintained in RPMI 1640 culture medium 
supplemented with 10% fetal bovine serum (Gibco) and 
100 U/mL penicillin/streptomycin (Gibco) at 37 °C in a 
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humidified 5% CO2 incubator. A549 cells were harvested 
and subcultured with 0.25% trypsin (Gibco) when they 
reached 85% confluence, and cells were seeded in an electro-
stiffness-coupled bioreactor at a density of approximately 
5×104 cells/chip.

4.6　Image acquisition and data processing

In the experiments, A549 cells were first seeded on the 
upper surface of the functionalized PAAm hydrogel layer of 
the electro-stiffness coupling bioreactor. The bioreactor was 
placed into the culture chamber of a Nikon (Tokyo, Japan) 
live-cell workstation. Cell trajectories were imaged every 
5 min for a total duration of 3 h via a built-in Nikon micro‐
scope (20× objective lens), and images were analyzed using 
ImageJ (1.51v). At least 50 cells were randomly selected for 
each sample group unless otherwise stated. Cells undergo‐
ing division, death, or migration outside the field of view 
were excluded from the analysis. For the cell viability as‐
say, cells were treated with a live/dead staining solution 
(Thermo Fisher Scientific) containing 2 μmol/L calcein-
AM and 4 μmol/L EthD-1, which were dissolved in Dul‐
becco’s phosphate-buffered saline (DPBS) (Gibco) for 30 
min, and washed thoroughly with DPBS (Gibco) thrice. 
The fluorescence images of the stained cells were obtained 
using a spinning disk confocal system (UltraView VOX, 
PerkinElmer, USA).

4.7　Definitions of cell migration indices

To quantify cell locomotion under electro-stiffness coupling 
conditions, several migration indices were defined based on 
the established Cartesian coordinate system (Fig. 2c), i.e., 
FMI, migration velocity (V), MSD, and β index. In the Car‐
tesian coordinate system, the starting point of each single 
cell was set as (0, 0), and cell migration trajectories were re‐
corded via a series of coordinate positions (Fig. 2c). For com‐
putational convenience, the positive direction of the Y-axis 
was set to be parallel to EFID. FMI, which is the direction‐
ality of cellular migration parallel (FMI//EF) or perpendicular 
(FMI⊥EF) to EFID, was calculated using the following equa‐
tions [23, 48]:

FMI//EF = 1
m ∑ yend

daccum
, (1a)

FMI⊥EF = 1
m ∑ xend

daccum
, (1b)

where (xend, yend) and daccum are the end point and total 
length of a single-cell trajectory respectively, and m is the 
total number of tracked cells. The superscripts ⊥ or // repre‐
sent the reference direction of FMI, which was perpendicu‐
lar or parallel to EFID, respectively (Fig. 2c). According to 
the definitions of FMI, FMI//EF=1 or −1 indicated that cells 

migrate along or against the EFID, respectively; FMI//EF=0 
indicated that cells did not exhibit directional migration par‐
allel to EFID.

Cell migration velocity (V) was defined as the ratio of the 
accumulated distance to the induction time, which can be 
expressed as follows [101]:

V= ( )xi−xi−1
2+( )yi−yi−1

2

T , (2)

where (xi, yi) is the coordinate position at the ith time point, 
and T is the total induction time.

The MSD index refers to the mean squared distance 
between two corresponding positions at time t(i×(n×Δt)) 
and t((i+1)×(n×Δt)), which can be expressed as 
follows [101, 102]:

d2( )t =MSD (n×Δt )
= 1

N−n ∑
i = 1

N−n
é
ë
êêêê ù

û
úúúú( )xi+n−xi

2+( )yi+n−yi
2 , (3)

where (xi+n, yi+n) is the coordinate position at the (i+n)th 
time point, n and N are the time step number and the total 
number of frames respectively, Δt=5 min is the time interval 
between two adjacent frames, and n×Δt is the time interval 
between the combined trajectories (n=1, 2, … , 36). The 
growth of MSD over time complied with a power-law rela‐
tionship, which can be expressed as follows [101, 102]:

MSD (t )≈ tβ ( )t , (4)
where β is a measurement of cell migration persistence.

4.8　Definitions of cell shape factors

Shape factors were adopted for the quantitative characteriza‐
tion of cell polarization morphologies, i.e., the spreading 
area, circularity (Circ), and aspect ratio (AR). Circ can be 
calculated by the following equation:

Circ= 4×π×A
C2 , (5)

where A and C denote the spreading area and perimeter of 
cells, respectively. Hence, Circ∈ [0, 1]. Circ=1 is a perfect 
circle, whereas Circ→0 implies a gradually elongated poly‐
gon. The contour of each cell can be extracted and fitted as 
an ellipse using ImageJ. Hence, the AR index can be ex‐
pressed as follows:

AR= L(major axis)
L(minor axis)

, (6)

where L(major axis) and L(minor axis) denote the lengths of the 
major and minor axes of the ellipse fitted to the cell bound‐
ary, respectively.
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4.9　Drug treatments

CytoD (Abcam, UK) was used as an inhibitor of microfila‐
ments at 0.01, 0.1, 0.5, and 1.0 μmol/L. Jasp (Abcam, UK) 
was used as the stabilizer of microfilaments at 0.01, 0.05, 
0.1, and 0.2 μmol/L. CytoD and Jasp were predissolved in 
dimethyl sulfoxide (DMSO) to generate a 1.0-mmol/L stock 
solution. COL (Sigma-Aldrich) was used as an inhibitor of 
microtubules at 0.1, 1, 5, and 10 μmol/L. EpoD (Sigma-
Aldrich) was used as a microtubule stabilizer at 1, 10, 50, 
and 100 nmol/L. COL and EpoD were predissolved in DMSO 
to generate 10 mmol/L stock solutions.

For TGF-β1 treatment, recombinant human TGF-β1 pro‐
tein (R&D Systems, USA) was predissolved at 20 μg/mL in 
a sterile 4 mmol/L HCl solution containing 1 mg/mL bo‐
vine serum albumin (BSA) and stored at 20 °C. After pas‐
sage, a complete culture medium was added to A549 cells, 
which were cultured in an incubator for 2 h. After cells 
were fully spread on the substrate, the complete culture me‐
dium was removed, and cells were treated with 0.5, 1, 2, or 
5 ng/mL TGF-β1 for 48 h.

4.10　Immunofluorescence staining

Cells were first fixed with 4% (0.04 g/mL) paraformalde‐
hyde solution (Yuanye Bio-Technology, China) for 30 min 
at 4 °C. The fixed cells were permeabilized with 0.2% (vol‐
ume fraction) Triton X-100 (Sigma-Aldrich) in DPBS for 
5 min, followed by blocking with a 5% (0.05 g/mL) BSA 
(Sigma-Aldrich) solution for 30 min at room temperature. 
For vinculin staining, cells were incubated with a monoclo‐
nal anti-vinculin antibody (Abcam) diluted 1: 100 in 1% 
BSA overnight at 4 °C and incubated with the correspond‐
ing fluorescein isothiocyanate (FITC)-labeled secondary an‐
tibody (Abcam) diluted 1:100 overnight at 4 °C. Actin micro‐
filaments were stained with 100 nmol/L tetramethylrhodamine 
isothiocyanate (TRITC)-labeled phalloidin (Yeasen, China) 
overnight at 4 °C. Nuclei were stained with 4',6-diamidino-
2-phenylindole (DAPI; Yuanye Bio-Technology) at 5 μg/mL 
for 30 min at room temperature.

4.11　Statistical analysis

For all assays presented as bar chart, data are expressed as 
mean±standard deviation. For all assays presented as line 
chart, data are expressed as mean±standard error of the mean. 
For all assays presented as box chart, the box expresses the 
maximum, minimum, median, and upper and lower quar‐
tiles of a set of data, unless otherwise noted. Statistical analy‐
ses were performed using one-way analysis of variance 
(ANOVA), followed by Student’s t-test using GraphPad 
Prism. Significant differences were denoted as *P<0.05, **P<
0.01, ***P<0.001, and ****P<0.0001.

Supplementary Information  The online version contains supplemen‐
tary material available at https://doi.org/10.1631/bdm.2400280.
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