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ABSTRACT

Electrical stimuli play a crucial role in activating cell signaling pathways and promoting essential functions such as migration,
proliferation, and differentiation, while also enabling communication between specific cell types. Bioelectronics aims to modulate
the biological activity of living tissues and organs through minimally invasive electrical stimulation. This work aims to develop and
validate cytocompatible, subcellular-sized wireless microdevices fabricated through a scalable silicon microtechnology process.
These microdevices consist of a micrometer-scale silicon dioxide platform integrating ZnO nanosheets (NSs) as the active
piezoelectric material. They establish electromechanical interactions with cells, driven by intrinsic cellular forces or by external
ultrasound actuation in the biomedical range. This study demonstrates the underpinning mechanism of this electromechanical
interaction. Mechanical forces, whether generated intrinsically by cells or applied through ultrasound, deform the nanostructures
and generate localized piezopotentials that depolarize the membrane and trigger calcium transients. Pharmacological studies
revealed that calcium entry occurs mainly through voltage-gated calcium channels (VGCCs) and stretch-activated cation channels
(SACCs), with a minor contribution from intracellular stores. Membrane potential imaging confirmed dynamic depolarization
events, validating direct cell-nanogenerator coupling. Ultrasound actuation further enhanced the effect, with 58% of cells activated,
underscoring the promise of piezoelectric nanogenerators for minimally invasive cellular-level bioelectronic interfaces and
biomedical applications.

cells and tissues is a novel and interesting approach that allows
overcoming these limitations [1-4].

1 | Introduction

Current medical devices used for electrical stimulation have

several limitations, that is, (i) the size and invasiveness of
implantable systems; (ii) the need for a power source-wires or
batteries; and (iii) the lack of spatial resolution in implantable
electrodes. The use of piezoelectric materials to develop medical
devices that induce an electric field to electrically stimulate

Piezoelectricity is the property of certain materials to generate a
potential difference when subjected to mechanical stress, and vice
versa. The piezoelectric properties depend directly on the mate-
rial composition and structure. Piezoceramic materials exhibit
higher piezoelectric coefficients than piezopolymers, enabling
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them to generate greater electrical voltages in response to the
same applied mechanical strain [5]. The main challenge of
piezoceramics for biomedical applications is to find an adequate
balance between biocompatibility and piezoelectric properties.
For example, lead zirconate titanate (PZT) has an outstanding
piezoelectric performance and is cost-effective, but it is highly
cytotoxic to cells [6].

Piezoelectric devices based on PZT have been miniaturized
to millimeter (1.7 mm?®) and submillimeter (0.1 mm?) scales,
enabling tissue-level spatial resolution [7, 8]. In contrast, the
use of piezoelectric nanomaterials can offer single-cell spatial
resolution, but their size, much smaller than that of a typ-
ical cell (tens of pm), makes them difficult to manipulate.
As a result, they generally lack the ability to perform com-
plex bioelectronic functions and are often internalized by the
cell [9, 10].

Complementing these material-based strategies, ultrasound actu-
ation has emerged as an effective method for controlled wireless
energy delivery and non-invasive stimulation in bioelectronics.
Ultrasound has been explored in diverse biomedical contexts,
including neuromodulation and wound healing [11,12], and it can
be used for activating piezoelectric materials 7, 13], underscoring
its potential as a versatile tool for next-generation implantable
and wearable devices.

Several studies have demonstrated that piezoelectric stimulation
can modulate cellular activity across different cell types. These
effects include enhanced calcium signaling [9, 14], upregulation
of differentiation markers [15, 16], and improved functional
responses [17], highlighting the versatility of piezoelectric plat-
forms for applications in bone regeneration [15, 16], neuromod-
ulation [13, 18], and muscle stimulation [4, 7].

A wide variety of cell types can react to electrical stimuli.
These cells can be classified as excitable and non-excitable. The
difference between them is the production of action potentials,
a specific membrane depolarization due to a rapid sequence
of changes in the voltage across the cell membrane [19].
In excitable cells, such as neurons, action potentials are a
means of cell communication, or initiate specific cell func-
tions, such as muscle cell contraction [20-22]. By contrast,
in non-excitable cells, such as epithelial cells, chondrocytes
and osteoblasts, the electrical signaling induce slower changes
in the voltage across the membrane, the effect of which
would trigger the activation of several cellular pathways leading
to cell migration, proliferation, differentiation and even cell
death [19, 23].

Among non-excitable cells, osteoblasts are a well-established
model to study cell electrical stimulation. In osteoblasts, it has
been proposed that exposure to an electric field induces a gradient
in the electric potential of the membrane that, in turn, affects ion
fluxes asymmetrically, playing a critical role in controlling Ca**
flux [24, 25]. Furthermore, it has been reported that electric fields
in the range of 10 V cm™ or higher induce intracellular calcium
elevation in osteoblasts [25-27]. Ozkucur et al. deduced that
voltage-gated calcium channels (VGCCs) in the cell membrane
play a key role in this process in Saos-2 osteosarcoma cells,
depending on the field intensity [25]. In osteoblasts, VGCCs are

implicated in several functions [19], such as the increase of bone
tissue formation [28], bone mineralization [29], and hormone
secretion [19].

As previously mentioned, osteoblasts are non-excitable cells
that are able to respond to electric fields. Under physiological
conditions, osteoblasts are subjected to piezoelectric stimulation
due to the piezoelectric nature of the bone [6, 30-32]. Under-
standing the interplay between bone cells and their matrix is
crucial, as leveraging the benefits of microscale interactions and
nanoscale piezoelectricity. In this context, piezoelectric ceramics
have emerged as promising biomaterials for orthopedic appli-
cations. They enable self-powered electrical stimulation from
in situ mechanical energy sources such as body motion or
inherent cell forces [14]. Furthermore, these materials allow for
wireless actuation via externally-applied ultrasound, broadening
their potential for minimally invasive and remote biomedical
applications [16, 33].

Among all piezoceramics, ZnO has gained much interest in the
biomedical field. ZnO nanostructures in the form of nanosheets
(NSs) have been thoroughly tested in our group for potential
biomedical applications. Previous works by our group deeply
studied and characterized ZnO NSs as a piezoelectric mate-
rial [14, 34, 35]. The piezoelectric performance of ZnO NSs,
with a piezoelectric coefficient (d;;) of 4-6 pm V! [14], is
well-balanced with the material’s biocompatibility. This is due
to the fact that ZnO is a crystalline material composed of
zinc and oxygen, elements that are naturally found in the
human body, although zinc exists only in trace amounts. It
has been shown that the Zn?** ions released by ZnO NSs
in culture throughout 21 days did not have any cytotoxic
effect on muscle cells [36]. Although ZnO exhibits a lower
piezoelectric coefficient compared to PZT and BaTiO;, its
performance is sufficient to generate the electrical stimulus
required for effective cell modulation. In addition, its inherent
biocompatibility makes ZnO a safer alternative for biomed-
ical applications involving direct interaction with biological
tissues.

The objective of the work presented here is to demonstrate the use
of a cytocompatible piezoelectric microdevice, fabricated through
micro- and nanotechnology processes, and able to wirelessly
stimulate single cells through the generation of local electric
fields. Microfabrication techniques enabled the production of
silicon microparticles, microscale platforms smaller than a typical
human cell, used as substrates for the hydrothermal growth
of piezoelectric ZnO nanostructures, synthesized as randomly
oriented NSs. These ZnO NSs, with a thickness of a few
nanometers, can be activated by pressure waves within the
biomedical ultrasound range. The reduced dimensions enhance
cell-microdevice interaction and improve the stimulation spatial
resolution. While the design has been intentionally simplified to
facilitate fabrication and integration, the use of advanced micro-
fabrication techniques ensures that more complex circuits and
electronic components can be incorporated in future versions.
The current design is better suited to enable subcellular-scale
electrical stimulation, electromechanical cell interaction, and
cell-interfacing investigations, providing essential insights that
can guide future development of advanced, functional devices,
rather than serving as a fully programmable or implantable
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FIGURE 1 | Fabrication process and application of the microdevices to cell cultures. First, the core microparticles were produced by microfab-

rication, inspired by previous works [37]. Then, ZnO nanosheets (NSs) were grown on the microparticles by hydrothermal growth to form the final
microdevices. Some of the microdevices were peeled off from the support wafer, suspended in water, and sterilized, following a patented process [38],
and then added to the cell culture for a cytocompatibility evaluation. On the other side, microdevices anchored to the silicon wafer (i.e., not released)
were used to test, via calcium imaging, the effect of the electrical stimulation generated by the piezopotential on the ZnO NSs after being actuated with

ultrasound.

bioelectronic system at this stage. Thus, this study aims to
demonstrate cell stimulation by measuring the increase in intra-
cellular calcium. Saos-2 cells were chosen as a simplified model
due to their reproducible characteristics of generating calcium
transients in response to an exogenous electric field [14, 25].
Furthermore, the source of calcium was analyzed to determine
whether it originates from extracellular influx through VGCCs,
SACCs or from intracellular stores, such as the endoplasmic
reticulum. This comprehensive analysis provides insights into the
mechanisms of cellular response to piezoelectric materials.

2 | Results and Discussion

Microdevices were first designed as 3 um x 3 pm microparticles
[37], later covered with uniform ZnO NSs grown over a selec-
tive area using a low-cost, mild-temperature, and reproducible
hydrothermal method. The microdevices were characterized and
evaluated using osteoblast cultures, either after being released
from the silicon wafer, allowing assessment of their cytotoxicity
and interaction with cells in suspension, or while remaining
attached to the wafer in an array configuration to investigate their
ability to electrically stimulate osteoblasts. Figure 1 illustrates
the piezoelectric microdevice fabrication process and the in vitro
studies performed.

2.1 | Microdevice Fabrication and
Characterization

The microfabrication process involved four key steps (Figure 2A):
(i) deposition of aluminum nitride (AIN), (ii) photolithography,
(iii) reactive ion etching (RIE) to define the microparticle geome-
try, and (iv) wet etching to form the underlying pillars. A 100 nm-
thick AIN layer, deposited using radio frequency (RF) reactive
sputtering, was used as a catalyst layer for the hydrothermal
growth of the ZnO NSs [35, 39]. Subsequently, a 1.2 um-thick
positive photoresist was applied for the photolithography process.
A photomask containing discrete 3 x 3 um? squared patterns
was used to define the microparticle outlines. RIE of the AIN
and SiO, layers was then performed to define the microparticle
structures. Finally, partial wet etching of the SiO, beneath the
patterned microparticle resulted in the formation of well-defined
microparticle pillars [37].

The microparticle morphology was examined by scanning elec-
tron microscopy (SEM). The microparticles on the wafer showed
good homogeneity as well as correct formation of the standing
pillar for an appropriate subsequent peel-off step. The micropar-
ticles obtained after the process had a final size of 3.4 + 0.1 um
(Figure 2C, Figure S1). The shape of the microparticle is equally
important. A square was selected because it was simple to
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FIGURE 2 | Microfabrication process of microdevices. (A) Scheme of the successive steps of the microfabrication process: oxidation (1), sputtering
of the AIN layer (2), photoresist spin coating (3), photolithography (4), resist development (5), dry etching of the AIN layer (6), SiO, dry etching (7),
wet etching to create the pillar of the microparticle (8), and resist stripping (9). (B) Hydrothermal growth of ZnO nanostructures for 9 h at 80°C in
a ZnNO3:HMTA solution (10), resulting in the final microdevices attached to the wafer through thin pillars (11). Peeling-off of the microdevices (12),
followed by polymer dissolution to obtain individual suspended microdevices through a patented process (13) [37, 38]. (C) SEM image of the fabricated
microparticles (tilted at 45°). (D) SEM image of the microdevices after the hydrothermal growth step. (E) SEM image of the released microdevices.
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fabricate, easy to detect in microscopy inspections, and serves as
a stable template for ZnO NSs growth. Other studies have shown
that more complex morphologies, such as star-shaped micropar-
ticles, can induce cell death [40], which is counterproductive for
our goal of biocompatible cell stimulation. The microfabrication
process described can be readily adapted to larger-scale produc-
tion by utilizing foundry-level techniques with larger wafers,
enabling the fabrication of billions of microdevices per batch.

Piezoelectric ZnO NSs were grown on top of the microparticles
(Figure 2B,D) [35, 41]. The final thickness of the top layer created
by the forest of ZnO NSs was around 1 um after the hydrothermal
synthesis. The overall size of the final microparticles covered
by the ZnO NSs was 4.9 + 0.3 uym (Figure S1). We define a
“microdevice” as the combination of a microparticle covered by
piezoelectric ZnO NSs [42]. The overall surface of the microde-
vices is around 25 pm?, giving them the right size to interact with
a single cell. Millions of microdevices were obtained per wafer
fabricated [43].

As recently demonstrated, the NS length and thickness depend
both on the chemical synthesis duration and the thickness of the
deposited aluminum-based layer [39, 42]. After 9 h of growth,
the hydrothermal synthesis resulted in homogeneous distribution
of randomly-oriented NSs, uniformly covering the top surface of
the microdevices. The mean value of the NS thickness was 21 +
4 nm. The selected hydrothermal synthesis was optimized to offer
a good balance among synthesis efficiency, piezoelectric response
and electromechanical performance [42]. In addition, concerning
the ZnO nanostructure shape, growing NSs was preferred over
nanowires (NWs), as NWs have the potential to pierce the cell
membrane, leading to cellular damage. Since cells tend to prefer
smoother and flatter surfaces, NSs facilitate a better cell-material
interaction and reduce the risk of membrane disruption.

To release the devices from the wafer surface, they were peeled
off and suspended in ethanol for storage and forthcoming use
(Figure 2B,E) [37]. It was calculated that 82% of the microdevices
were recovered for further studies after the process. The microde-
vices were dispersed evenly in the cell culture medium without
forming clusters, and the suspension of microdevices remained
homogeneous with minimal intervention. The presence of ZnO
NSs grown on the microdevices is suggested to drastically reduce
the tendency for aggregation [44, 45]. Additional supplementary
characterization of the microdevices can be found in Figure S1.

Silicon microfabrication techniques offer precise control over the
size, shape, and surface properties of microdevices. This design
flexibility marks a key advantage over commercial piezoelectric
micro- and nanoparticles.

2.2 | Electrical Characterization of an Array of
ZnO NSs

Electrical characterization of ZnO NSs was previously performed
by our group. The piezoelectric coefficient of the ZnO NSs showed
d; values of 4-6 pm V! [14, 34, 35]. Additional piezoelectric
performance of ZnO NSs is assessed in the mentioned pub-
lications. Here, to evaluate the electrical performance of the
piezoelectric NSs in response to ultrasound, an epoxy-embedded

piezoelectric test device was fabricated and exposed to an acoustic
wave with a frequency of 3 MHz and different intensities (0.2,
0.6, 1, and 2 W cm™2). The test device was composed of ZnO NSs
sandwiched between a platinum (Pt) top electrode with a zig-
zag profile and a molybdenum (Mo) bottom electrode. The setup
is depicted in Figure S2. The voltage measured between both
electrodes, in the range of millivolts, was directly proportional
to the intensity of the acoustic wave and is produced by the
ZnO NS piezopotential (Figure 3). A greater intensity induces a
larger strain in the piezoelectric nanostructure, thus generating a
greater piezopotential.

For 0.2 W cm~2 intensity, the peak-to-peak signal voltage obtained
was 0.8 + 0.1 mV. In addition, 1.3 + 0.1 mV was measured for
0.6 Wcem™, 1.6 + 0.1 mV for 1 W cm™2, and 3.1 + 0.3 mV for 2 W
cm~2. These voltage measurements were obtained after applying
a digital low-pass filter computed in MATLAB. In the original
signals, a ripple could be observed (Figure 3B) with peak-to-peak
amplitudes of 0.6 + 0.3, 0.8 + 0.3, 0.9 + 0.3, and 2.1 + 0.3 mV for
0.2,0.6, 1, and 2 W cm™ acoustic intensities, respectively.

It is difficult to quantitatively extrapolate these measurements to
the system later used to stimulate cells due to the change in the
acoustic medium, from the polymer-embedded test device with
ZnO NSs to the microdevices in an aqueous medium. However,
this measurement is useful to validate the expected piezoelectric
response of the microdevices when actuated with ultrasound.

2.3 | The Effect of Microdevices and Acoustic
Waves on Osteoblast Viability

Our group has demonstrated that ZnO NSs, whether adhered
in a large area [14, 15, 36], or as part of individual suspended
microdevices [42], are non-cytotoxic. Even though the biocompat-
ibility of the microdevices has been proven, we have analyzed the
interaction between Saos-2 cells and the microdevices as well as
the safety of the method used to actuate them (i.e., ultrasounds).
The addition of 2:1 microdevices/cells allowed obtaining a favor-
able proportion for the final interaction in culture. Figure 4A
shows the results for the viability of microdevices after 1, 3,
and 7 days in culture. As expected, results demonstrated the
microdevices were cytocompatible according to ISO 10993-5 [42].
Although on day 3, the viability of cells cultured in the presence
of microdevices was reduced, this was by less than 30%, which
is the limit for a material to be considered cytotoxic according to
the ISO 10993-5 standard. Furthermore, on day 7, cell viability
returned to a level comparable to that of control cells without
microdevices. Figure 4B shows that 49% of the cells had one
microdevice in contact. A decreasing trend in the number of cells
with several attached devices was evident, showing a tendency
toward having one or two microdevices per cell (i.e., 75% of cells).
The interaction between the microdevices and the cells, as well
as their relative position, was analyzed using SEM (Figure 4C).
In addition, confocal laser scanning microscopy was performed
to corroborate the results (Figure S3). The preferred orientation
for the electrical stimulation of the cell is with the microdevices
positioned so that the NSs face the cell membrane. This configura-
tion maximizes intimate contact between the deformed NSs and
the cell membrane, which helps to prevent charge compensation
or screening by mobile charges in the extracellular medium, and
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FIGURE 3 | Electrical characterization of an epoxy-embedded test device composed of ZnO NSs sandwiched between electrodes actuated by an

ultrasound wave of a frequency of 3 MHz and different intensities (0.2, 0.6, 1, and 2 W cm~2). (A) Graph of the peak-to-peak voltage measured for
different ultrasound intensities. (B) Transient voltage measurements of the filtered signal (green) versus the original signal (gray). Data are expressed as

mean + SD from five independent measurements (n = 5).

enhances the effect of the local electric field generated by the
piezopotential resulting from the NS deformation. In the current
version of the system, the orientation of individual microdevices
cannot be actively controlled. In future applications, the NSs will
be functionalized to enable active guidance and control of the
microdevice orientation.

We propose the use of ultrasound to wirelessly actuate the ZnO
NSs integrated in the microdevices. The range of biomedical
ultrasound generally used goes from 1 to 20 MHz and ensures
the safety of ultrasound crossing the biological tissue without
damaging the organism [46-48]. 1.0 W cm™2 is close to the max-
imum limit of ultrasound intensity recommended by the Food
and Drug Administration (FDA) [49]. Nevertheless, the American
Institute of Ultrasound in Medicine published an extensive
study questioning these generalized values [50], highlighting the
importance of testing the ultrasound conditions specifically for
each study to verify accuracy. Therefore, to exclude any negative
effect of the applied ultrasound on cell viability, Saos-2 cells were
exposed to an acoustic wave of 3 MHz in the presence and absence
of microdevices and evaluated 24 h after exposure.

Ultrasound was applied three times for 10 s, each 5 min, at
three different intensities, that is, 0.2, 0.6, and 1.0 W cm™
(Figure S4). No changes in culture temperature derived from
this actuation were observed. The results for cell viability are
shown in Figure 4D,E. For each intensity tested, cell viability
was above 90%. No statistically significant differences were found
between cells exposed to ultrasound in the presence or absence of
microdevices at any intensity tested, with the exception of 0.6 W
cm™2. This suggests the possibility of some damage to the cell
membrane by ultrasound; however, the overall viability of the
cells decreased only slightly, and not by 30%, which is the limit
of harmful effects according to the ISO 10993-5 standard. Cell

viability for ultrasound actuation at 1 MHz was also tested and
can be found in Figure S5.

The evaluation of the microdevices after ultrasound application
revealed no changes in either the surface morphology or the
attachment of the ZnO NSs to the silicon substrate (Figure S6).
This suggests that microdevices are structurally robust under the
ultrasound conditions applied.

It can be concluded that neither the microdevices nor the method
used to actuate them is cytotoxic for Saos-2 cells. The hybrid
architecture of the microdevice, comprising ZnO nanostructures
anchored onto a silicon microparticle, leverages the microscale
dimensions of the core, while preserving the nanoscale properties
of the ZnO NSs. The use of microdevices results in an important
reduction of the exposed ZnO surface, minimizing the possible
cytotoxicity of nanostructured ZnO. Moreover, the stability of the
microdevices and the ZnO NSs was demonstrated. The microde-
vices are structurally robust and capable of withstanding the
application of ultrasound without degradation. Once proved that
cell viability remained unaffected by the ultrasound actuation,
the next step was to validate and evaluate the ability of the
actuated microdevices to stimulate cells.

2.4 | Mechanism of Intracellular Calcium
Activation in Response to ZnO NSs

Again, Saos-2 cells were selected as a simplified osteoblast
model to elucidate the effect of ZnO NSs on cell behavior.
Saos-2 cells show a reproducible ability to generate calcium
transients—temporary increases in intracellular calcium ion
concentration—in response to an exogenous electric field. These
cells have previously been used to assess cellular responses to
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FIGURE 4 | Cellviability and microdevice (uD) position. (A) Cytocompatibility of Saos-2 cells without (CTL) and with microdevices (1:2) after days
1,3, and 7 of cell culture. (B) Percentage of cells with different numbers of microdevices (1 to 6) in contact. A total of 323 cells were counted. (C) SEM image
of cells in contact with several microdevices. Zoom (insets) of different sections of the image showing the three different positions that were taken. (D)
Cytocompatibility of Saos-2 cells in absence (CTL) and presence of microdevices (uD) after 24 h of exposure to three cycles of 10 s of ultrasound actuation
separated by a 5 min period of relaxation. Three different intensities are represented (0.2, 0.6, and 1.0 W cm~2) at an ultrasound frequency of 3 MHz. E)
Cell viability images of a sample with microdevices, exposed to ultrasound at 3 MHz and three different intensities (0.2, 0.6, and 1.0 W cm~2). Data are
expressed as mean + SD from three independent experiments (n = 3). Student’s t-test was used to assess differences; asterisks (*) indicate significant
differences at p < 0.05.
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electrical stimulation via calcium imaging in several studies [14,
25, 51]. Indeed, calcium imaging is a common, straightforward
technique performed for the evaluation of stimuli-responsive
materials [13, 18].

In this experiment, microscopic glass coverslips with ZnO NSs
grown on their surface were used to study Saos-2 cell acti-
vation through calcium imaging. Our aim was to establish a
more comprehensive model of cell activation, based on previous
knowledge, and analyze the different contributions that lead
to changes in the cytoplasmatic Ca’* concentration. Previous
studies demonstrated that mechanical forces exerted by Saos-
2 cells upon adhesion to the ZnO nanostructured substrate
generate a local electric field arising from the piezoelectric
potential of mechanically deformed ZnO NSs, thereby pro-
moting self-stimulation and influencing cellular behavior [14].
The increase in intracellular Ca®* concentration in osteoblasts
can be triggered by several routes. The three main mecha-
nisms proposed to explain the intracellular Ca®*" concentra-
tion increase act either externally, that is, via the opening of
(i) VGCCs or (ii) stretch-activated cation channels (SACCs)
located in the plasma membrane, or internally, that is, (iii)
via the opening of calcium ligand-gated channels located on
the endoplasmic reticulum. Ca®* serves as a second messenger
in numerous pathways that can regulate the proliferation and
differentiation of osteoblasts, specifically, or cells, in general
(Figure 5A) [14, 52].

To elucidate the mechanisms involved in this increase, we
performed a set of experiments to measure intracellular calcium
transients in Saos-2 cells grown on ZnO NSs and glass coverslip
(control). Cells were cultured under the following conditions:
(i) in standard cell culture medium, (ii) in calcium-free Hanks’
balanced salt solution (HBSS), (iii) in the presence of nifedipine or
(iv) in presence of gadolinium. In these experiments, no external
actuation was used to strain the NSs, but the inherent forces
exerted by the cells on the ZnO NSs.

First, we aimed to elucidate on the origin of the Ca®" ions
responsible for the influxes. To achieve this, we compared the
number of excited cells grown in the presence or absence of
Ca**. The percentage of cells presenting calcium transients under
standard conditions (i.e., cultured in a medium containing Ca*")
was 3.5 times higher in cells cultured on ZnO NSs than on
those cultured on control glass, with values of 51% versus 14%,
respectively. When calcium-free HBSS was used, the percentage
of excited cells decreased to 13% in cells grown on ZnO NSs and
to 5% in cells grown on control glass. This demonstrated that 75%
of the calcium transients originate from the extracellular medium
in cells cultured on ZnO NSs.

Next, we studied the role of different types of calcium channels,
VGCCs and SACCs, in the generation of Ca*" influxes. To achieve
this, we used two different calcium channel blockers: gadolinium
and nifedipine. Gadolinium is known to primarily block SACCs,
although some studies have also shown that it can block VGCCs
[53]. Nifedipine, on the contrary, is a well-established VGCC
blocker. Gadolinium reduced the number of excited cells to 9% in
control cultures and 20% in cells grown on ZnO NSs. Conversely,
nifedipine reduced the number of excited cells to 11% and 33% in
control and ZnO NS cultures, respectively (Figure 5B). The video

recording of the time-lapse experiments can be found in Movie
S2, where the reduction in the calcium influxes can be observed.

Taking all these results together, it is possible to hypothesize that
the forces exerted by the cells on the ZnO NSs induce local electric
fields capable of opening the two different calcium channels
present in the cell membrane. According to Khatib et al., VGCCs
require an electric field above 10 V cm™ to open, whereas only
2 V cm™! is sufficient to open SACCs [26]. The force exerted
could vary depending on factors such as cell size, movement,
or the distance of cell prolongations on the NSs. Consequently,
the piezopotential generated may selectively open either VGCCs
or SACCs. Additionally, there is a percentage of excited cells in
the absence of Ca®* outside of the cell; in this case, we suggest
that calcium transients are originated from internal calcium
stores mediated by electrical stimulation-induced phospholipase
C (PLC) activation [26, 54]. Our results reveal that the mechanism
which triggers the increase in intracellular Ca** concentration
involves multiple entry routes.

To further confirm that a local electrical field is generated when
cells exert forces on the NSs, a voltage-sensitive probe, that is,
DiBAC,(3), that measures changes in membrane potential, was
employed. The results consistently showed higher depolarization
levels in cells seeded on top of ZnO NSs at the beginning of
the time-lapse experiment. This depolarization is not observed in
control samples. Beyond this, throughout the entire recording,
between 55% to 70% of cells cultured on ZnO NSs exhibited
dynamic changes in the membrane potential, observed by fluctu-
ations in fluorescence intensity (Figure 5C, Movie S3). In control
samples, these cells are below 14%. The mentioned percentages
are consistent with the subsets of cells that present intracellular
calcium transients, respectively.

2.5 | Cell Stimulation Through Actuation of
Microdevices

To analyze the ability of the microdevices to electrically stimulate
osteoblasts in response to ultrasound actuation, an array of
microdevices attached to a silicon wafer was used. In these
experiments, the microdevices were not released from the silicon
chip but instead remained attached to it, ensuring that the ZnO
NSs were in direct contact with the cell membrane.

Electrical stimulation was analyzed in terms of the presence
of calcium transients in the Saos-2 osteoblasts. We expected to
observe changes in the intracellular Ca®* levels in cells grown on
ZnO NSs compared to the control cells, due to the local electric
field induced by the piezoelectric ZnO NSs when actuated by
ultrasound at a frequency of 3 MHz.

The results obtained are depicted in Figure 6. Three different
conditions of wave intensity were tested: (i) 0.2 W cm =2, (ii) 0.6 W
cm™% and (iii) 1.0 W cm™2. Ultrasound was applied three times
sequentially for 10 s, each 5 min (Figure S4).

The percentage of excited cells was quantified in the absence of
ultrasound (basal stimulation), and after each cycle of ultrasound
actuation (first, second, and third cycles) (Figure 6A). At 1.0 W
cm~2, the basal cellular excitation level was 22% and after the
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FIGURE 5 | Ca?!influx routes, activated in Saos-2 cells cultured on ZnO NSs. Different entry routes responsible for intracellular calcium transients

are depicted in (A). The Ca** origin can be intracellular, where the external stimuli are transduced through membrane receptors, or extracellular, by
opening either voltage-gated calcium channels (VGCCs) or stretch-activated cation channels (SACCs) depending on the intensity of the exogenous

electric field. The graph in (B) shows the percentage of cells excited when cultured on ZnO NSs compared to control (CTL) glass coverslips in different

conditions: HBSS (Ca?* free), gadolinium (SACC blocker) or nifedipine (VGCC blocker). Excited cells exhibited at least one event of fluorescence intensity
exceeding a 5-fold increase over the basal signal during the 15-min time-lapse recording. The progression of images in (C) shows cells stained using
DiBAC4(3). Most of the cells of the ZnO NS samples exhibit early activation compared to control cells, which show lower fluorescence intensity. In

addition, the cell membrane potential remains stable in control, while in the ZnO NS samples some of the cells undergo changes in their membrane

potential during the recording, as indicated by the graphs showing the fluorescence intensity during the time-lapse experiment. Data are expressed as

counts from three independent experiments (n = 3).

first cycle of ultrasound actuation the percentage of excited
cells increased to 35%. The percentage of excited cells after the
second and third cycles of ultrasound actuation, although slightly
reduced, continued to be above 30%. However, no significant
differences were observed when the same intensity was applied
to the control cells (Movie S4).

In the case of the samples actuated at 0.6 W cm™2, a significant
increase in the percentage of excited cells was observed after
the first stimulation in both the control cells and the cells

in contact with the microdevices. However, this effect was
much more pronounced in cells in contact with microdevices,
doubling the percentage of excited cells (from a basal 14% to
28% after the first ultrasound actuation). However, after the
second and third actuation, the percentages of cells excited in
contact with microdevices were not as high as for the first
actuation.

Finally, in samples in contact with microdevices actuated at an
intensity of 0.2 W cm™2, a slight increase in the percentage of
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asterisks (*) indicate p < 0.05.
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excited cells can be perceived (30%), but no significant differences
were observed between stimulated and non-stimulated samples.

More importantly, when considering the total percentage of cells
excited after the three cycles of ultrasound actuation (Figure 6B),
significant differences were observed. The percentage of stimu-
lated cells nearly doubled when the control cells were compared
to the cells that were cultured on top of the microdevices.
Specifically, the percentage increased from 30% (control) to 51%
(microdevices) at 0.2 W cm~2, and from 29% (control) to 58%
(microdevices) at 1.0 W cm~2. However, the basal cellular exci-
tation level was higher for control cells at 0.6 W cm~? compared
to the other two stimulation intensities. At this intensity, no
significant differences were found between control cells (45%)
and cells grown on microdevices (50%). Cumulative percentages
of cells excited after each ultrasound actuation at 1.0 W cm™2 are
detailed in Figure 6C.

As first demonstrated by Murillo et al. [14], and corroborated in
this work, the forces exerted by the cell on a piezoelectric ZnO
NS seem to be sufficient to produce a local electric field and
an associated ion redistribution that triggers some membrane
calcium channels, inducing an increase in intracellular calcium
in cells responding to the stimulus.

We hypothesize that the increase in the percentage of excited
cells observed in the control samples at 0.6 W cm™ could be due
either to ion transport or to the opening of SACCs, both triggered
by the ultrasound wave. Conversely, in cells in contact with
microdevices, the increase in the percentage of excited cells could
be due to a combination of the opening of both channels, SACCs
and VGCCs, triggered by the piezoelectric potential generated
in the ZnO NSs by the ultrasound actuation (Figure 6D and
Figure 6E).

In addition, changes in the calcium transient patterns were also
observed. We suggest that this effect could also be related to the
different calcium channels activated. More information can be
found in Figure S7.

Changes in the intracellular Ca** concentration induce different
cellular responses [55, 56]. Although this work does not focus
on the osteogenic capability, the effect of these changes on
cellular behavior, due to the interaction of osteoblast-like cells
with ZnO NSs, was previously studied by our group. Saos-2
cells grown on ZnO NSs showed increased proliferation after 7
days in culture and an increase in osteogenic markers of bone
matrix formation and bone mineralization after 21 days [15].
The increase in intracellular Ca?* could lead to an increase in
cell activity, which would eventually cause the switching on
or off of cellular processes [56], affecting cell proliferation or
differentiation.

2.6 | Finite Element Modelling Simulations in
COMSOL

Simulations based on finite element modelling (FEM) were
performed to estimate the intensity of the electric fields generated
by a single ZnO NS in the surroundings of the cell membrane,
when actuated by an ultrasound wave at a frequency of 3 MHz.

Figure 7 shows the electric field produced by a single ZnO
NS close to the cell membrane in response to ultrasound. Two
models have been considered: (i) whether the end of the ZnO
NS is free to move (Figure 7A), modelled at a distance of
5 nm from the cell membrane, or (ii) when it is embedded
within the membrane (Figure 7B). To ensure computational
feasibility while capturing the essential behavior, the model incor-
porates simplified assumptions, such as idealized cell-nanosheet
contact geometries and single-nanosheet configurations. Since
the real scenario likely falls between these two extremes, the
simulated electric field values can be interpreted as theoret-
ical lower and upper bounds, providing an estimated range
rather than an exact quantitative prediction of the experimental
system.

The intensity distribution of the electric field at the higher
intensity applied (1.0 W cm~2) is depicted in the images. A cross-
section of a ZnO NS in contact with the cell membrane and the
magnitude of the electric field generated along the x-z plane is
presented for both models. Complementarily, an x-y plane view
of the modelled cell membrane shows the significant magnitude
of the electric field produced by the ZnO NS in the vicinity of the
membrane. The area of interest of the membrane affected by the
electric field extends beyond the ZnO NS in both cases. In any
case, the electric field intensity generated by the embedded NS is
much higher than in the case of the free-end NS.

Figure 7C shows how the acoustic wave of 3 MHz and 1.0 W cm 2
travels through the aqueous medium and reaches the ZnO NS.
Figure 7D depicts the deformation produced in the ZnO NS by this
wave, as schematized in Figure 6E. The three different acoustic
intensities used for the cell excitation experiment (0.2, 0.6, and
1.0 W cm~2) were replicated for the simulations. The resulting
maximum electric field intensities are shown in Figure 7E. The
embedded ZnO NS produces an electric field intensity that is two
orders of magnitude higher than that produced by the free-end
NS, ranging between 10° to 10* V cm™, or 10° and 10 V cm™,
respectively. The magnitude increases with the intensity of the
acoustic wave, due to a higher strain produced in the ZnO NSs.

A movie comparing the resulting acoustic pressure at the ZnO
NSs-cell membrane system, the deformation of the ZnO NSs in
response to this acoustic pressure, and the electric field produced
due to this deformation can be found in Supporting Information
(Movie S5).

Considering that an electric field above 10 V cm™ induces
calcium transients in the cells by triggering VGCCs [26, 27], a
partially embedded ZnO NS should be capable of triggering the
opening of VGCCs since the intensity of the produced electric
field is higher than this value.

This simulation was designed based on the average size of
the ZnO NSs grown on the microdevices. Nevertheless, the
parametric study shown in Figure S8, allowed us to understand
how the NS diameter and thickness affect its resonance frequency.
As expected, the thinnest and largest ZnO NS exhibits the lowest
resonance frequency. These dimensions can be tuned by varying
the hydrothermal growth conditions [35, 39, 42], resulting in
an effective way of modulating the electrical response of the
piezoelectric nanostructures in response to the ultrasound wave
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FIGURE 7 | FEM simulations of a single piezoelectric ZnO NS in contact with the cell membrane. (A) Model of a single ZnO NS, whose top end is

free to move and is located at a distance of 5 nm from the membrane. The magnitudes of the electric field generated by the NS (x-z plane) and present
at the cell membrane (x-y plane) for an ultrasound actuation at 3 MHz and 1.0 W cm~2 are depicted. (B) Model of a ZnO NS with top end embedded
within the membrane. The magnitudes of the electric field generated by the single NS and present at the cell membrane under the same actuation
conditions as (A) are also shown. (C) Zoom out of the 3D model showing how the ultrasound wave crosses the medium, modeled as an aqueous sphere.
(D) Displacement of the NS actuated by the traveling ultrasound wave. E) Graphs comparing the magnitudes of the electric fields generated by the ZnO

NS and present at the membrane in both models at the three intensities studied (0.2, 0.6, and 1.0 W cm™2).

applied. Such versatility would allow the creation of customizable
microdevices tailored for specific applications.

Despite this, the frequency of 3 MHz used for these experiments
is far from the above 100 MHz resonance frequency values found
in this simulation for a NS free to resonate. In a practical case,
the free end of the NS would be in contact with the membrane
through membrane biomolecules, lowering the final resonance
frequency in one or two orders of magnitude. A parametric sweep
for frequencies from 1 to 5 MHz was also performed to study how
the frequency affected the electrical signal generated by the NS
(Figure S8).

3 | Conclusion

In this work, wireless piezoelectric microdevices, smaller than a
mammalian cell, were fabricated using scalable and highly repro-

ducible microfabrication techniques. Millions of microdevices
were obtained from a single silicon wafer, providing a low-cost
fabrication solution. The pm-scale of the microdevice allows
intimate contact with a single cell, while the nanometer-size of
the ZnO NSs, grown on their surface, provides the piezoelectric
functionality and allows making direct contact with the molec-
ular structures of the cell membrane. The voltage generated by
the piezoelectric ZnO NSs in the test device, when actuated by
ultrasound at a frequency of 3 MHz, increased proportionally with
the intensity of the ultrasound wave, producing an electric signal
in the millivolt range.

Experiments using calcium-free medium, a VGCC blocker, and
an SACC blocker demonstrated that piezoelectric ZnO NSs are
able to induce an increase in intracellular calcium by triggering
mainly extracellular calcium entry routes, through VGCCs and
SACCs. The microdevices and the application of the ultrasound
waves used to actuate them proved to be cytocompatible. The use

12 0f 18

Small, 2026

85UB01] SUOWIWIOD SAIERID 3|ed!|dde B Aq peue0f 8. DRI YO ‘38N JO S9N 104 ARIQIT BUIIUO 4811\ UO (SUORPUCD-PUR-SWLISI 0" AB| 1M ARRIq 1 [BU1UO//SHIY) SUORIPUOD PUB SWLB L U} 89S *[9202/90/50] U0 A%.d178U1IUO A21IM ‘(PRPILES B OLRISIUIN) UOSIAOA [EUOIEN URIL0D USRS Aq 0LTTTSZOZ [IWS/Z00T OT/I0p/wod A8 imAreiq1ieul|uo//Sdny wo.y papeoiumod ‘9z ‘9202 ‘6289ETOT



of ultrasound-actuated microdevices provokes a notable increase
in the number of Saos-2 cells presenting calcium transients.
The maximum percentage of excited cells was obtained with an
ultrasound intensity of 1.0 W cm™. The total percentage of cells
stimulated was 58%, nearly twice than in the control sample.
Finally, FEM simulations indicated that a single NS actuated by
ultrasound at 3 MHz and the three acoustic pressures used (0.2,
0.6, and 1.0 W cm™2) can generate an electric field intensity in the
range of 10! to 10* V cm™, depending on the cell-NS interaction,
which is sufficient to trigger VGCCs, reinforcing the previous
results.

While significant progress has been made, further research is
warranted to fully elucidate the underlying mechanisms and opti-
mize this approach for clinical translation. Taken together, the
evidence presented highlights the promise of piezoelectric mate-
rials for cell stimulation and broader biomedical applications,
including skin regeneration [3], fracture healing [16], chronic
pain regulation [57], neuromodulation [13], cardiac peacemaking
[4], and muscle stimulation [7].

4 | Experimental Section/Methods
4.1 | Microfabrication of the Microparticles

The overall process was developed in the microfabrication clean-
room at the IMB-CNM (CSIC), based on previous published
works [37]. First, 4-inch silicon (Si) wafers were used as substrates
and, after the corresponding cleaning, a layer of 1 + 0.4 pm
of silicon dioxide (SiO,) was grown in the oven (TS Series V,
Tempress) at a temperature of 1100°C. The following step was
the deposition of aluminum nitride (AIN). The layer of AIN
was sputtered (KS800HR, KENOSISTEC), reaching a thickness
of 100 nm. Then, the photolithography step comprised the use
of a positive photoresist (HiPR 6512) with a thickness of 1.2 um.
A reticle was used to define the micropatterns, consisting of an
array of microparticles with an individual area of 3x3 um?, and a
vertical and horizontal pitch of 3 um. Afterwards, the etching of
the 100 nm AIN layer was performed with a chlorinated mixture
for 25 s (SI 500 ICP-RIE plasma etcher, SENTECH). The resist
was annealed for 30 min at 200°C. Then, the SiO, layer beneath
the metal was dry etched for 16 min (DIR-160, Alcatel) until
the Si layer was reached (NanoSpec 6100, Nanospec). Finally,
the Si layer was etched by isotropic reactive ion etching for
25 s (601E, Alcatel) to create the microparticle standing pillars,
etching 0.8 um per side. The resist was stripped after the etching.
The microparticle standing pillars were checked through optical
microscopy. In addition, the overall state of the wafer, specifically
the homogeneity and the microparticle definition, was examined
using SEM (Auriga-40, Carl Zeiss).

4.2 | Hydrothermal Growth of ZnO NSs

The wafers were diced into smaller pieces. These wafer pieces
were placed upside down in a sealed container suitable for
their size. Then, they were immersed in a ZnNO;-6(H,0):HMTA
(2:1) solution and placed in an oven at 80°C for 9 h. These
hydrothermal growth conditions allow ZnO NSs to grow on the
wafer surface thanks to the catalytic effect of the AIN layer. After

the chemical reaction took place, the wafer pieces were removed
from the container. They were rinsed, first in deionized water and
then in ethanol, for 1 min in each. Rinsing in ethanol prevented
the collapse of the nanostructures due to its lower surface tension.
Later, the wafer pieces were left to dry at room temperature
and stored. At that point, the microdevices, still attached to the
substrate wafer, have been created by combining the supporting
microparticles and the integrated ZnO NSs.

A similar procedure was used to create microscopic glass cover-
slip samples covered with ZnO NSs. Coverslips of 12 mm diameter
sputtered with a layer of 100 nm AIN were immersed in the
ZnNO;-6(H,0):HMTA (2:1) solution and placed in an oven at
80°C for 9 h. The consecutive rinsing steps were also carried out
for these samples.

The SEM inspection allowed us to characterize the morphology
of the ZnO NSs. Parameters such as thickness, orientation and
surface covering were measured for a magnification range from
100 to 50KX using the SE2 detector at 2 keV energy.

4.3 | Peeling off the Microdevices

The wafer pieces produced after the hydrothermal growth step
were reduced to 1x1 cm? size chips. They were attached to a
glass slide with double-sided tape and were covered completely
covered with aqueous mounting medium (Fluoromount, Sigma-
Aldrich). After drying overnight, the polymeric layer was peeled
off, detaching the microdevices from the silicon substrate. Later,
1 mL of deionized water was added to dissolve the polymer
for 3 h. Several washing steps were performed to remove the
Fluoromount polymer, waiting 3 h after each washing step for
the microdevices to precipitate. Finally, the microdevices were
resuspended in ethanol to preserve them from contamination
[37].

Before each experiment, the ethanol was removed, and the
microdevices were resuspended in cell medium. The concentra-
tion of each batch was quantified in a Neubauer chamber.

4.4 | Electrical Characterization of the ZnO NS
Piezoelectric Layer

The test devices used to evaluate the electrical performance of
ZnO NSs included a glass coverslip covered by ZnO NSs. For
this analysis, a bottom electrode was metallized with 100 nm of
Mo, and later sputtered with 100 nm of AIN. The hydrothermal
growth was carried out as described in the previous section. The
upper electrode was fabricated by metallizing with 50 nm of Pt
on a hydrofluoric acid (HF)-etched coverslip, presenting a rough
surface. This rough surface, with a pseudo zig-zag profile, allowed
the sweeping of the NSs’ tips when the top electrode moves, for
example, in response to ultrasound actuation. The whole test
device was embedded in an epoxy resist (Araldite, Huntsman
Advanced Materials) as an insulation barrier.

The setup was actuated with an ultrasound transducer (Sonic-
Stimu Basic, Nu-Tek) at different intensities and a frequency
of 3 MHz. The transducer tip was placed in direct contact

Small, 2026

13 of 18

85UB01 7 SUOWILIOD 3A1E81D) 8|t jdde ay) Aq peusenob ae ssppiie O ‘88N JO S9N 10} A1 8UIUO A1 UO (SUORIPUCD-PUE-SWLB)/W0" A3 1M A1 1[U 1 UO//SANL) SUORIPUOD PUe SWB | 38U} 89S *[9202/90/50] Uo ARiqiauliuo 48| ‘(Pepiues ap OLBISIUIN) UOSIAOLG [EUOITeN 8UeIYo0D UsIUeds AQ 02 TTTSZ0Z 1IWS/Z00T OT/I0p/w0d A3 |1mARq 1 puljuo//Sdny woiy papeojumod ‘9z ‘9202 ‘6289€TIT



with the test device through a 6 mm-thick ultrasound hydrogel
(GEL G008 ECO&IPL, FIAB), which served as the coupling
medium and covered the entire interface between the equipment
and the sample. The electrical response of the piezoelectric
ZnO NS layer was measured with an oscilloscope (HMO3004,
Rohde&Schwartz), with an input impedance of 1 MQ. The whole
setup is depicted in Figure S2.

The data was treated with a low-pass filter coded in MATLAB
2017b (MATLAB, MathWorks) to obtain a cleaner signal by
removing the noise below 50 Hz.

4.5 | Cell Culture Experiments

Human osteosarcoma cells of the Saos-2 line (ATCC HTB 85)
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM,;
Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco)
and under standard conditions (humidified air atmosphere with
5% CO,, 37°C). Passage numbers ranged from p20 to p30.

For the viability experiments, 5 x 10* cells per well were seeded in
a 4-well plate (Thermo Fisher) and were cultured for 24 h to allow
cell adhesion on glass coverslips inserted in the wells. After that,
10 x 10* microdevices were added to each well. The proportion
between microdevices and cells was 2:1. Samples were then
evaluated after 1, 3, and 7 days. To assess the cytotoxic effect of the
microdevices, a live/dead viability/cytotoxicity kit (Invitrogen)
containing calcein AM (0.5 pLmL™) and ethidium homodimer-
1 (2 uLmL™) was added. The culture plate was incubated at 37°C
for 20 min in the dark and was then observed under an inverted
fluorescence microscope (Olympus IX71 Inverted Fluorescence
Microscope). Eight images from different fields were taken. Then,
an ImageJ Cell Counter (NIH) was used to process the images.

SEM analysis was used to assess the position of the microde-
vices with respect to the cells. Samples were fixed with 4%
paraformaldehyde (PFA) for 15 min and were dehydrated using
increasing concentrations of ethanol (30%, 50%, 70%, 90%, 100%)
for 15 min. After that, the samples were dried using hexamethyld-
isilazane (HMDS; Sigma-Aldrich) for 45 min. The magnification
of the images ranged from 100 to 50KX at 2 keV.

4.6 | Effect of Ultrasound Actuation on
Microdevice Integrity and Cell Viability

For the study of the cytotoxicity of ultrasound in Saos-2 cells,
an ultrasound wave of 3 MHz frequency and different intensities
(0.2, 0.6, and 1.0 W cm~2) was applied. The stimulation was
performed with an ultrasound transducer (Sonic-Stimu Basic,
Nu-Tek). Ultrasound actuation was delivered for 10 s every 5 min,
three consecutive times. The ultrasound transducer was placed
in direct contact with the cell culture medium, positioned at a
distance of around 1 cm from the cell layer. The setup used and a
scheme of the protocol followed are depicted in Figure S4.

First, any possible damage or flaking in microdevices due to
the effect of ultrasound was evaluated. For this, SEM images of
three microdevice arrays were taken before and after the exposure
to three cycles of 10 s of ultrasound actuation at 3 MHz and

1.0 W cm~2. Surface morphology and detachment from the silicon
substrate were studied (Figure S5).

The ultrasound intensity and frequency were optimized to be
non-damaging for the cell and able to actuate the piezoelectric
ZnO NSs. Frequencies of 1 and 3 MHz were evaluated to elucidate
their effect on cytocompatibility (Movie S1 and Figure S6). To
assess the cytotoxic effect of ultrasound after 24 h, a similar
protocol using the live/dead staining kit as for the study of
the cytotoxicity of the microdevices was used. The culture plate
was also observed under an inverted fluorescence microscope
(Olympus IX71 Inverted Fluorescence Microscope), taking eight
images from different fields. ImageJ Cell Counter (NTH) was used
to process the images.

Complementarily, temperature in the DMEM culture medium
was measured during the application of ultrasound for the 10 s
stimulation using a thermometer with a sensitivity of 0.1°C.

4.7 | Unravelling the Origin of Ca?* from
Intracellular Calcium Transients in Response to
ZnO NSs Interaction

The origin of the Ca®* from intracellular calcium transients,
whether it is extracellular or intracellular, was studied. A total of
5 x 10* cells per well were seeded in a 4-well plate and cultured
for 24 h to allow cell adhesion on glass coverslips, without
(control) or with ZnO NSs. After, the samples were prepared
for examination under the CLSM. Samples were washed with
medium without FBS and incubated for 30 min at 37°C in the
dark with medium without FBS containing 1 yLmL™ Fluo-4
calcium dye (Thermo Fisher Scientific). Once the incubation was
completed, the medium was removed, and the cells were washed
again with the medium without FBS.

Calcium-free conditions were induced by culturing the cells in
calcium-free Hank’s balanced salt solution (HBSS, Gibco). The
coverslips were placed upside-down in a glass-bottom Petri dish
with the cells facing the glass bottom. At the CLSM, tempered
at 37°C, they were incubated in HBSS for 10 min. Images were
taken from a single area for a total of 15 min. A 10X objective was
used. Between 150 and 200 cells were studied for each condition.
The time-lapse images were analyzed, and the number of cells
presenting intracellular calcium transients was quantified using
ImageJ ROI manager tool (NIH). Excited cells exhibited at least
one event of fluorescence intensity exceeding a 5-fold increase
over the basal signal during the 15-min time-lapse recording.

Nifedipine 1 uM, an L-type VGCC blocker, was used to locate the
origin of the extracellular Ca?" influx. After 24 h, the same Fluo-
4 calcium dye protocol was applied to the samples. Coverslips
were placed with the cells facing the glass bottom of the Petri
dish, and samples were incubated at the CLSM in DMEM without
FBS and without phenol red for 10 min and 37°C. Images were
taken from a single area for 15 min. At minute 7, nifedipine
1 uM was applied to the sample while the time-lapse recording
continued. A 10X objective was used. Between 100 and 150
cells were studied for each condition. A similar experiment
was performed using gadolinium (Gadolinium (III) chloride
hexahydrate, Merck) 50 uM, a non-specific SACC blocker. The
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time-lapse images were analyzed, and the number of cells
presenting intracellular calcium transients was quantified using
Image] ROI manager tool (NIH). The number of excited cells
was measured as described previously. The results on the number
of cells producing intracellular calcium transients obtained from
time-lapse images before and after the addition of each blocker
were compared.

4.8 | Study of the Cell Transmembrane Potential
in Response to the Interaction with ZnO NSs

Bis-(1,3-Dibutylbarbituric Acid)Trimethine Oxonol (DiBAC,(3),
Thermo Fisher), a slow-response voltage-sensitive probe, was
used to prove the voltage-dependent response of Saos-2 cells in
contact with ZnO NSs. Similarly to the previous experiments, 5
x 10* cells per well were seeded on glass coverslips and cultured
for 24 h to allow cell adhesion. Then, samples were washed and
were incubated for 30 min at 37°C in the dark with medium
without FBS and a concentration of 3 uM DiBAC,(3). The samples
were washed again after the incubation and prepared for the
CLSM examination at 37°C, the coverslips were placed with
the cells adhered upside-down in a glass-bottom Petri dish. A
time-lapse video from a single area was recorded for 20 min
using a 10X objective. Between 100 and 150 cells were studied
for each condition. The time-lapse images were analyzed both
qualitatively and quantitatively using the ImageJ ROI manager
tool (NIH).

4.9 | Ultrasound Actuation of Microdevices and
Effect on Cell Stimulation

The calcium transients in Saos-2 cells cultured on top of the
microdevices were studied to evaluate the electrical stimulation
generated by the microdevices when ultrasound was applied.
Ultrasound actuation at 3 MHz frequency and different intensities
(0.2, 0.6, and 1.0 W cm—2) was tested. The ultrasound transducer
was placed in direct contact with the cell culture medium,
positioned at a distance of around 1 cm from the cell layer. During
the first 3 min of the time-lapse experiment, the basal cellular
excitation level (without stimulus applied) was recorded. Then,
ultrasound actuation (for 10 s) was applied and the effect on
the calcium transients was recorded for the following 5 min.
The same ultrasound actuation was applied repeatedly three
times per sample. The procedure and setup can be checked in
Figure S4.

All data from the replicates were acquired at the CLSM. Samples
were prepared by seeding 5 x 10* cells per well in a 4-well
plate and incubating them for 24 h on top of the microdevices.
Control samples were seeded directly on top of glass-bottom
Petri dishes. After 24 h of incubation, the samples were prepared
for examination under the CLSM. Samples were washed with
medium without FBS and were incubated for 30 min and at 37°C
in the dark with medium without FBS and a concentration of 1
puLmL~! FLUO-4 calcium dye (Thermo Fisher Scientific). Once
the incubation was completed, the medium was removed, and the
cells were washed again with the medium without FBS. Finally,
the microdevice arrays with cells seeded were placed in a glass-
bottom Petri dish and were incubated in the medium without

phenol red for 10 min at 37°C. Controls without microdevices
were seeded directly on top of the glass-bottom Petri dish.

At the CLSM, tempered at 37°C, the sample was placed upside-
down with the cells facing the glass bottom of the Petri dish.
Images were taken from a single area for a total of 18 min.
After each stimulation, the area was recorded for 5 min to
capture the changes in calcium cell activity. The areas selected
should contain a minimum of 45 cells. A 10X objective was
used. Between 230 and 570 cells were studied for each condition.
The time-lapse images were analyzed, and the number of cells
with intracellular calcium transients was quantified. First, excited
cells exhibiting at least one event of fluorescence intensity
5-fold higher than the basal signal during the 5-min record-
ing after each stimulation were quantified. Subsequently, the
cumulative response over the entire 18-min time-lapse was also
quantified.

4.10 | FEM Simulations

COMSOL Multiphysics 6.0 (COMSOL, Sweden) 3D finite element
software was used to simulate the electrical activity of a single
ZnO NS interacting with the cell membrane when actuated with
ultrasound. The stress produced by the ultrasound wave in the
ZnO NS and the electric field created around the cell membrane
were studied.

First, the dimensions of the ZnO NS were defined based on the
measurements performed by SEM analysis. In the model, a ZnO
NS is anchored to the microparticle, defining the bottom as a
fixed constraint. In the first simulation, the upper edge of the
ZnO NS is free to move, close to the cell membrane, at a distance
of 5 nm. In the second simulation, the upper edge of the ZnO
NS is embedded in the cell membrane, fixing the tip of the ZnO
NS. The ZnO NS and the membrane modelled had a thickness of
30 nm and 10 nm, respectively. The whole system was embedded
in a sphere of saline water. Other parameters, such as the relative
permittivity (e,) of the cell membrane, were obtained from the
literature [58].

Stationary and time-dependent studies were performed. From the
stationary study, the data concerning the electric field produced
by the ZnO NS using a 3 MHz frequency were extracted and
are detailed in the FEM simulations section of ‘Results’. A
parametric sweep for frequency, ranging from 1 to 5 MHz, was
also performed (Figure S8). All the studies were performed using
an acoustic pressure of 0.2, 0.6, and 1.0 W cm™2, following
the same conditions as in the previous biological experiments
performed with ultrasound. In the time-dependent study, the
applied ultrasound frequency was also set to 3 MHz. In this study,
we analyzed the behavior of the system from the beginning of
the acoustic stimulus to the stationary phase (Movies S5). The
ultrasound wave was coming from the bottom of the system (-z)
at an angle of 45°.

Complementary to these studies, a parametric sweep of different
sizes of the ZnO NSs was performed to obtain the resonance
frequency of these nanostructures. The ZnO NS thicknesses in
this study ranged from 15 to 40 nm, and the diameters ranged from
350 to 550 nm.
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An anisotropic tetrahedral mesh was created to improve conver-
gence and solver efficiency. The minimum element size in the
mesh, in the NS-membrane system, was 10 nm. In the NS, it
ranged from 10 to 30 nm, and in the cell membrane, up to 150 nm.
The maximum element size, in the water sphere, was 58 um,
calculated to provide a good definition of the ultrasound wave
(4/8).

4.11 | Statistical Analysis

Statistical software (GraphPad, Prism 8.0.2) was used to con-
duct statistical analyses. The difference between the groups
was obtained by performing chi-square tests for the results
of the calcium imaging experiment, considering p < 0.05
(*) as the minimum statistical difference level. Student t¢-
test was used to compare the percentages of cytocompatibil-
ity correlating ultrasound-actuated microdevices and microde-
vices without remote actuation. The same tests were used to
evaluate the cytocompatibility for the different intensities of
the ultrasound wave that were applied. The statistical signif-
icance considered in every test was p < 0.05 (*). All statis-
tically analyzed biological experiments include at least three
replicates.
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