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T
he possibility to stimulate/modulate
the neural activity is often limited
by the restricted accessibility of the

nervous system,1 and several innovative
techniques are being explored in order to
address this challenge. Among these, the
rapid development of genetically encoded
actuators/sensors, i.e., optogenetics,2 is al-
lowing for the detailed investigation of the
mechanisms of various diseases, especially
those presenting a neuronal etiology, in
different animal models, thanks to a fine
cell activitymodulation/monitoring.3�7 How-
ever, the exploitation of optogenetics is
currently limited by several complications,
including the phototoxicity8 and the scarce
penetration of the light through the tissues
due to their opacity at the suitable wave-
lengths.9 Other well-characterized neural
stimulation approaches are represented
by the deep brain stimulation (DBS),10 the
trans-cranial direct current stimulation
(tDCS),11,12 and the trans-cranial magnetic
stimulation (TMS).13 Drawbacks of DBS are

thenecessity of an invasive surgical operation,
followed by inflammation and gliosis at the
implant site, while the main disadvantage of
the tDCS and TMS is the low spatial resolution
(a brain volume of about 1 cm in diameter).
Ultrasounds (US) can be instead exploited

for trans-cranial stimulation without the re-
quirement of surgical processes, and with a
resolution of about 3 mm,14 which can be
further improved by the use of hyperlenses
and acoustic metamaterials.15,16 However,
the heterogeneous results obtained with the
US stimulation, that in certain conditionsmay
induce neural silencing rather than excitation,
are influenced by the physical parameters of
the US, including frequency and power. Re-
cently, Tufail et al. reported an exhaustive
summary of the US-mediated neuromodula-
tion effects observed by using different US
parameters and different neural models.17

US can be exploited in combination with
piezoelectric materials in order to generate
direct-current output:18,19 indeed, piezo-
electric materials are able to efficiently
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ABSTRACT Tetragonal barium titanate nanoparticles (BTNPs) have been

exploited as nanotransducers owing to their piezoelectric properties, in order to

provide indirect electrical stimulation to SH-SY5Y neuron-like cells. Following

application of ultrasounds to cells treated with BTNPs, fluorescence imaging of

ion dynamics revealed that the synergic stimulation is able to elicit a significant

cellular response in terms of calcium and sodium fluxes; moreover, tests with

appropriate blockers demonstrated that voltage-gated membrane channels are

activated. The hypothesis of piezoelectric stimulation of neuron-like cells was

supported by lack of cellular response in the presence of cubic nonpiezoelectric

BTNPs, and further corroborated by a simple electroelastic model of a BTNP subjected to ultrasounds, according to which the generated voltage is

compatible with the values required for the activation of voltage-sensitive channels.
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generate electricity in response to the US mechanical
stimulations. Taking advantage of the piezoelectricity
of different nanomaterials, such as ZnO nanowires and
BaTiO3 nanoparticles (BTNPs), it is possible to obtain
US-driven nanogenerators able to generate output
currents inside biological liquid for energy harvesting
and for self-powered electronics.20�22 In a previouswork
of our group, the US-driven piezoelectric stimulation of
PC12 neural-like cells was performed for the first time by
using boron nitride nanotubes (BNNTs).23 In this work, a
significant enhancement of the neurite outgrowth was
observed in response to the combined US þ BNNT
stimulus, with respect to the US stimulus without the
presence of the piezoelectric nanoparticles; moreover,
the significant increase of the neurite length dependent
by the US þ BNNT stimulation was suggested to be
mediated by a Ca2þ influx. However, the impossibility to
perform electrophysiological recordings in conjunction
with theUS stimulation hasnot allowed themechanisms
giving rise the Ca2þ influx (i.e., piezoelectric-mediated
plasma membrane depolarization) to be investigated,
and consequently the different ion currents involved to
be elucidated.
In this work, we carried out neural stimulation with

US and piezoelectric BTNPs characterized by a tetra-
gonal crystalline configuration, and the effects of both
US and US þ BTNP stimulations on SH-SY5Y-derived
neurons were deeply investigated, by exploiting ima-
ging techniques for detecting the Ca2þ/Naþ fluxes and
temperature levels. Our results show as the stimula-
tion with US þ piezoelectric BTNPs was able to induce
tetrodotoxin (TTX) and cadmium (Cd2þ) sensitive
high-amplitude Ca2þ transients, and that the observed

transients are specifically evoked thanks to the piezo-
electric properties of these nanoparticles with single
cell resolution. Our findings thus strongly support the
hypothesis that the piezoelectric stimulation is able
to induce a Ca2þ influx, which likely mediates the
enhancement of the neurite outgrowth and neural
differentiation,23,24 and suggest the possible use of
this approach as a wireless tool to modulate neuronal
activity even deeply in vivo, by a combination of piezo-
electric nanoparticles and a pulse of ultrasounds.

RESULTS

Tetragonal Barium Titanate Nanoparticle Characterization.
Images of the BTNPs used in this work, wrapped with
gum Arabic, are provided in Figure 1a (scanning
electron microscopy, SEM) and Figure 1b (trans-
mission electronmicroscopy, TEM). These observations
revealed quite well-dispersed structures, with some
aggregates of a few nanoparticles. The hydrodynamic
size of the BTNPs, measured through dynamic light
scattering (DLS), resulted of 479.0 ( 145.3 nm, with a
polydispersity index of 0.180. The Z-potential was
�40.4 ( 5.2 mV, highlighting an excellent stability of
the dispersion. Hydrodynamic size and Z-potential were
evaluated also in experimental conditions (50 μg/mL of
BTNPs in artificial cerebrospinal fluid) and resulted
573.3 ( 173.8 nm and �17.2 ( 1.2 mV, respectively.
Most useful for tracking in cell experiments, BTNPs
resulted visible through confocal fluorescence
imaging (Figure 1c), by using an excitation at 633 nm
and a collection from 645 to 745 nm. From XRD anal-
ysis (Figure 1d), BTNPs resulted to have a perovskite-
like crystallographic structure. Tetragonal phase of

Figure 1. Barium titanate nanoparticles (BTNPs) characterized by a tetragonal crystalline structure. SEM (a), TEM (b) and
confocal fluorescence (c) imaging of BTNPs. In (c), confocal fluorescence image (red) is merged with the transmitted light
image (gray) of the same field of view. The crystallographic structure revealed thanks to the XRD analysis shows two close
peaks at 2θ = 44.85� and 2θ = 45.38�, specific of the tetragonal configuration of the crystal (d).
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BaTiO3, typical of piezoelectric nanoparticles, was
detected, with two close peaks at 2θ = 44.85� and
2θ = 45.38�.25

US-Driven BTNP Stimulation Induces Ca2þ Transients. In
order to evaluate the BTNPs/neurons interaction,
confocal fluorescence microscopy was carried out
(Figure 2). Particularly, high amount of BTNPs (in red)
was observed associated with the plasma membrane
(in green) of the SH-SY5Y-derived neurons after 24 h
from the BTNP treatment (Figure 2a); Figure 2b depicts
the 3D rendering of a confocal z-stack acquisition (see
also Video S1, provided as Supporting Information).
From all these observations, we can conclude as
nanoparticles are mainly associated with the plasma
membrane without a significant cellular internaliza-
tion. Finally, BTNPs were observed associated not only
to the membrane of the SH-SY5Y cell bodies, but also
to their neurites, as shown by Figure 2c.

Cellular viability following the experimental proce-
dures was confirmed byWST-1metabolic activity assay
and propidium iodide staining, the latter evaluating the
integrity of the cellular membrane after the stimulation.

Four experimental groups were considered: control
cultures, cultures treated with BTNPs (50 μg/mL), cultures
treated with US (0.8 W/cm2), and cultures treated with
both BTNPs (50 μg/mL) and US (0.8 W/cm2). Results are
provided in Figure S1 as Supporting Information, and
highlight no statistically significant differences among
the different treatments in terms of both metabolic
activity (Figure S1a, evaluated after 24 h since the
stimulation) and membrane integrity (Figure S1b,
evaluated immediately after the stimulation in order
to highlight also temporarily phenomena of mem-
brane permeabilization).

After the evaluation of the BTNP/cell interactions
at the level of the plasma membrane, we monitored
the intracellular Ca2þ dynamics in response to the
US stimulation performed at different intensities (0.1, 0.2,
0.4 and 0.8 W/cm2), with or without BNTPs (Figure 3).
Interestingly, we observed that, by stimulating
SH-SY5Y-derived neurons with BTNPs þ US at 0.8 W/cm2,
it was possible to activate high-amplitude Ca2þ tran-
sients (ΔF/F0 peak = 0.62 ( 0.12), significantly higher
with respect to the low-amplitude Ca2þ transients

Figure 2. Confocal fluorescence microscopy of BTNPs associating to the neuronal plasma membranes. (a) Characteristic
confocal z-stack of BTNP-treated SH-SY5Y-derived neurons (neuronal plasmamembranes in green, BTNPs in red and nuclei in
blue). (b) 3D rendering of the confocal z-stacks of the same field as in (a). BTNPs were also detected associating to the neurite
membranes (c).
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detected in all the other conditions (p< 0.05), including
the treatment with US at 0.8 W/cm2 but without BTNPs
(ΔF/F0 peak = 0.15( 0.04; please refer to the Table 1 for
the comparison of all of the peak amplitudes). Concern-
ing the tests performed with US intensities < 0.8 W/cm2,
no significant differences in terms of calcium transients
amplitude evoked by US þ BTNPs were found with
respect to the plain US stimulation (p > 0.05). In the
following results, relative to the investigation of the
mechanisms at the base of the observed phenomenon,
just the stimulation at the highest intensity (0.8W/cm2)
will be thus considered. Video S2, providedas Supporting

Information, shows the Ca2þ imaging time-lapse course
(18X accelerated) performed on cultures stimulated
with US (0.8 W/cm2) in the presence of BTNPs. The US
stimulation was applied at tvideo = 1 s.

In order to investigate the ion channels involved in
theobservedCa2þ transients, Ca2þ imagingexperiments
were performed in the presence of blockers either of the
voltage-gated Ca2þ channels (Cd2þ) or of the voltage-
gatedNaþ channels (TTX) (Figure 4).26,27 Figure 4a�dare
representative ΔF/F0 traces relative to Ca2þ imaging
time-lapses of neurons stimulated by US, US þ BTNPs,
Cd2þþUSþ BTNPs, andTTXþUSþ BTNPs, respectively;

Figure 3. Calcium imaging of SH-SY5Y-derived neurons in response to the US stimulation performed at different intensities
(0.1, 0.2, 0.4 and 0.8 W/cm2), with or without BNTPs: time courses of the ΔF/F0 traces. Arrows indicate the moment when the
5-s US pulse was initiated; in the inlet of each graph a representative calcium imaging time-lapse frame is reported (at t = 30).
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in the inlet of each graph a representative Ca2þ imaging
time-lapse frame is reported (more time-lapse images
are reported in Figure S2 as Supporting Information).
In Figure 4a we can appreciate low-amplitude Ca2þ

transients (ΔF/F0 peak = 0.15 ( 0.04) induced by
the US stimulus. In Figure 4b, the US in the pres-
ence of BTNPs induce significantly higher Ca2þ peaks

(ΔF/F0 peak = 0.62 ( 0.12; p < 0.05) compared to the
US stimulation without nanoparticles. These high-
amplitude Ca2þ transients were suppressed by both
the Cd2þ (Figure 4c) and the TTX (Figure 4d) treatments.
In both conditions (Cd2þþUSþ BTNPs and TTXþUSþ
BTNPs) we detected low-amplitude Ca2þ peaks (ΔF/F0
peak = 0.16 ( 0.02 in the presence of Cd2þ and ΔF/F0
peak = 0.14 ( 0.01 in the presence of TTX), similar to
those observed by stimulating with US without BTNPs
(ΔF/F0 peak = 0.15 ( 0.04; p > 0.05; Table 1), thus
suggesting that the induction of the high-amplitude
Ca2þ transients by the USþ BTNPs stimulation is medi-
ated by both Ca2þ and Naþ voltage-gated channels.

US-Driven BTNP Stimulation Induces TTX-Sensitive Naþ Tran-
sients. Possible effects of the stimulation on the Naþ

fluxes were evaluated by performing Naþ imaging
experiments on SH-SY5Y-derived neurons treated with
US, US þ BTNPs, Cd2þ þ USþ BTNPs, and TTX þ US þ
BTNPs. Representative ΔF/F0 traces relative to Naþ

imaging time-lapses are shown in Figure 5a�d; in the
inlet of each graph a representative Naþ imaging time-
lapse frame is reported (more time-lapse images
are reported in Figure S3 as Supporting Information).
The US stimulation without BTNPs was not able to
induce any appreciable Naþ peak (Figure 5a), while
a Naþ transient was clearly detected in response to the
US þ BTNP activation (ΔF/F0 peak = 0.032 ( 0.001;
Figure 5). Naþ peaks of lower amplitude were revealed
by stimulating SH-SY5Y-derived neurons with US þ
BTNPs in the presence of the voltage-gated Ca2þ chan-
nel blocker Cd2þ (ΔF/F0 peaks=0.011(0.001; Figure 5c),

TABLE 1. Calcium/Sodium Transient Amplitude (In Terms

of ΔF/F0 Peak Average ( Standard Error) Measured in

Response to the Different Stimulations and Treatments

calcium imaging

treatment US US þ BTNPs

0.1 W/cm2 No transients 0.14 ( 0.03
0.2 W/cm2 0.09 ( 0.02 0.15 ( 0.02
0.4 W/cm2 0.16 ( 0.02 0.22 ( 0.04
0.8 W/cm2 0.15 ( 0.04 0.62 ( 0.12
0.8 W/cm2 Cd2þ N/A 0.16 ( 0.02

TTX N/A 0.14 ( 0.01
EGTA 0.16 ( 0.04 0.12 ( 0.03
thapsigargin þ EGTA no transients no transients
gentamicin 0.15 ( 0.05 0.78 ( 0.24
cubic crystal 0.15 ( 0.04 0.12 ( 0.01

sodium imaging

treatment US US þ BTNPs

0.8 W/cm2 no transients 0.032 ( 0.001
0.8 W/cm2 Cd2þ N/A 0.011 ( 0.001

TTX N/A no transients

Figure 4. USþ BTNP stimulation (0.8 W/cm2) evokes Cd2þ and TTX-sensitive calcium transients. Representative ΔF/F0 traces
relative to calcium imaging time-lapses of SH-SY5Y-derived neurons stimulated by US (a), USþ BTNPs (b), USþ BTNPs in the
presence of Cd2þ (c) or TTX (d). Arrows indicate the moment when the 5-s US pulse was initiated; in the inlet of each graph a
representative calcium imaging time-lapse frame is reported (at t = 50).
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while no peaks were detected in the TTX treatment
(Figure 5d).

Investigation of Ca2þ Sources Involved in the US-Driven BTNP
Stimulation. The Ca2þ sources involved in the stimula-
tions, e.g., intracellular stores and/or extracellular envi-
ronment, were investigated as reported in Figure 6 (in
the inlet of each graph a representative Ca2þ imaging
time-lapse frame is reported; more time-lapse images
are reported in Figure S4 as Supporting Information).
The US stimulation in Ca2þ-free conditions (and in the
presence of 5 mM of the Ca2þ chelator ethylene glycol
tetraacetic acid, EGTA) induced low-amplitude Ca2þ

transients (ΔF/F0 peak = 0.16 ( 0.04; Figure 6a), non-
significantly different from those observed in standard
conditions, i.e., in the presence of 2 mM extracellular
Ca2þ (ΔF/F0 peak= 0.15( 0.04; p>0.05; Figure 4a). This
result suggests that the intracellular Ca2þ stores are
implicated in the low-amplitude Ca2þ transients ob-
served during the stimulations with US, but not in the
presence of BTNPs. Interestingly, we also observed
low-amplitude Ca2þ transients when stimulating with
BTNPs and US in the EGTA-supplemented Ca2þ-free
medium (ΔF/F0 peak= 0.12( 0.03; Figure 6b). This low-
amplitude peak is significantly lower compared to the
high amplitude peak measured in standard conditions
(i.e., 2 mM of extracellular Ca2þ; ΔF/F0 peak = 0.62 (
0.12; p < 0.05; Table1), suggesting that the US þ BTNP

stimulation, conversely to the plain US stimulation,
is able to activate the Ca2þ influx through the plasma
membrane. This result is in agreement with the pre-
vious observation highlighting that the high-ampli-
tude peaks are inhibited by the treatments with TTX
and Cd2þ, which are blockers of the cell membrane
voltage-gated channels.26,27 Further study suggests
that the source of these low-amplitude Ca2þ transi-
ents is the endoplasmic reticulum (ER): both the
low-amplitude peaks reported after the plain US
(Figure 6c) and the USþ BTNP (Figure 6d) stimulation
in extracellular Ca2þ-free conditions completely
disappear by depleting the Ca2þ flux from ER with
thapsigargin, suggesting that the ER represents the
involved Ca2þ store.

Thermal Effects of the US-Driven BTNP Stimulation. US
stimulations higher than 0.5 W/cm2 are known to
locally increase the temperature,17,28,29 and the ER is
prone to release Ca2þ in response to a heat pulse.30,31

We therefore investigated whether the US and US þ
BTNP stimuli are able to induce a temperature incre-
ment at ER level (Figure S5, supplied as Supporting
Information). In order to monitor the ER tempera-
ture during the stimulations, we took advantage of a
thermosensitive fluorescent dye able to specifically
target the ER, the ER thermo yellow.32 In Figure S5a
we can appreciate the colocalization of the fluorescence

Figure 5. USþ BTNP stimulation (0.8W/cm2) induces TTX-sensitive sodium transients. RepresentativeΔF/F0 traces relative to
sodium imaging time-lapses of SH-SY5Y-derived neurons stimulated by US (a), USþ BTNPs (b), USþ BTNPs in the presence of
Cd2þ (c) or TTX (d). Arrows indicate themomentwhen the 5-s USpulsewas initiated; in the inlet of eachgraph a representative
sodium imaging time-lapse frame is reported (at t = 27).
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signal stemming from the ER thermo yellow with that
one of the ER tracker, demonstrating the high specifi-
city of the ER thermo yellow in SH-SY5Y cells. The
sensitivity of the ER thermo yellow in SH-SY5Y cells
was determined to be �2.0%/�C by linearly fitting
the F/F0 data measured at different ER temperature
increment (ΔT, �C) starting from the room tem-
perature (Figure S5b). Figure S5c and S5d show
representative time courses of the ER thermometer
fluorescence signal during the stimulation with US
(0.8 W/cm2) and with US þ BTNPs, respectively. The
relativeΔT (�C) traces are shown in Figure S5e and S5f,
showing that the US stimulation is able to increase the
ER temperature both in presence (1.66( 0.30 �C) and
in absence (1.68 ( 0.31 �C) of BTNPs, but without
any significant difference between the two conditions
(p > 0.05).

Further Evaluations of the Mechanisms at the Base of the
US-Driven BTNP Stimulation. The role of mechanosensitive
channels in the low-amplitude and high-amplitude
Ca2þ transients respectively observed after the US
and US þ BTNP stimulations was investigated by per-
foming Ca2þ imaging experiments in the presence of
200 μM gentamicin, a blocker of mechano-sensitive
cation channels that does not affect the voltage-gated
Ca2þ currents.33�35 Even in the presence of gentamicin,
low-amplitude (ΔF/F0 peak = 0.15 ( 0.05) and high-
amplitude (ΔF/F0 peak=0.78(0.24;p<0.05) Ca2þpeaks
were respectively detected after the US (Figure 7a) and

the US þ BTNP stimulations (Figure 7b), suggesting
that the mechano-sensitive cation channels are not at
the base of the mechanism describing the effects
observed during the stimulations.

Finally, in order to investigate whether the high-
amplitude Ca2þ transients observed in the US þ BTNP
stimulation are indeed due to a piezoelectric effect, we
performed stimulation in the presence of BTNPs char-
acterized by a cubic crystalline configuration (Figure 7c),
and thus not piezoelectric.25 Interestingly, we observed
that in this case the US þ BTNP stimulation was able
to induce only low-amplitude Ca2þ transients (ΔF/F0
peak = 0.12( 0.01), not significantly different to those
observed after the plain US stimulation (0.15 ( 0.04;
p< 0.05), and significantly lower compared to the high-
amplitude peaks induced by the US stimulation in the
presence of BTNPs characterized by a tetragonal crys-
talline structure (p < 0.05).

A representative Ca2þ imaging time-lapse frame is
reported in the inlet of each graph of Figure 7, while
more time-lapse images are provided in Figure S6 as
Supporting Information. The XRD analysis of BTNPs
characterized by a cubic crystalline structure is also
reported in Supporting Information, as Figure S7.

DISCUSSION

Several in vitro studies have focused on the be-
havior of different cell types interacting with piezo-
electric substrates/scaffolds. Detailed analysis of

Figure 6. Calcium sources involved during US and USþ BTNP stimulations (0.8 W/cm2). Representative ΔF/F0 traces relative
to calcium imaging time-lapses of SH-SY5Y-derived neurons in calcium-free conditions stimulated by US (a) and USþ BTNPs
(b) show inboth case low-amplitude calcium transients. Observed transientswere completely hinderedbydepleting the Ca2þ

flux from the endoplasmic reticulumwith thapsigargin before both theUS (c) andUSþBTNP (d) stimulations. Arrows indicate
themomentwhen the 5-s US pulsewas initiated; in the inlet of each graph a representative calcium imaging time-lapse frame
is reported (at t = 50).
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cytocompatibility and adhesion of human skin
fibroblasts on electruspun poly(vinylidene fluoride-
trifluoroethylene) (PVDF-TrFE) scaffolds have been for
example carried out by the Arinzeh group.36 In another
work, Martins et al. investigated the biological effects
of piezoelectric PVDF fiber polarization and alignment
on the myoblast cell adhesion and morphology for
muscles tissue engineering purposes.37 Concerning
neuron-piezoelectric substrate interactions, an inter-
esting work of Lee et al. demonstrated the potential of
micron-sized aligned PVDF-TrFE substrates in promot-
ing and guiding the neurite outgrowth of dorsal root
ganglion neurons.38 These results are particularly inter-
esting in view of exploiting piezoelectric substrates for
promoting the neural tissue repair. Furthermore, in
another work of the same group, the neural differen-
tiation of human neural stem/progenitor cells (hNS/
PCs) resulted significantly enhanced in terms of β-III
tubulin positive cells and average neurite length when
carried out on annealed (and thus characterized by
improved piezoelectric properties) vs as-cast PVDF-TrFE
scaffolds.39 Obtained results were observed without
making use of any mechanical stimulation, and authors
hypothesized that fiber piezoelectricity was likely trig-
gered by the forces exerted by the cells throughout
adhesion and migration.40 In other approaches, instead,
piezoelectric PVDF scaffolds were able to generate an
alternating electric field on their surfaceswhenmechani-
cally deformed by a custom-made vibration base.

A neurite length increase of rat spinal cord neurons
was reported on stimulated piezoelectric PVDF sub-
strates compared to nonpiezoelectric stimulated control
scaffolds.24 Alternatively, a dedicated device allowed to
apply specific tension to the substrate by regulating the
vacuum pressure in order to piezoelectrically stimulate
fibroblasts cultured on polyurethane/PVDF scaffolds.41

Finally, Inaoka et al. demonstrated as acoustic vibrations
were also able to excite a piezoelectric membrane and,
consequently, to generate electrical signals. The ampli-
fied signals were than transferred to the cochlea of
deafened guinea pigs, so artificially mimicking the func-
tions of the cochlear epithelium.42

In this work we successfully exploited for the first
time piezoelectric BTNPs, characterized by a tetragonal
crystalline configuration, for an US-driven piezoelectric
stimulation of SH-SY5Y-derived neurons. Primarily, we
observed as BTNPs functionalized with gum Arabic are
associated with the plasma membrane of cells after
24 h of incubation. The observed low internalization of
BTNPs is likely due to their negative external charge,
which is known to limit the nanoparticle up-take.43

However, the localization of the BTNPs at the neural
plasma membrane, which is enriched of voltage-gated
channels and it is electrically excitable, is optimal with
the perspective of a piezoelectric stimulation.44 The
US þ BTNP stimulation was able to activate high-
amplitude Ca2þ transients, while the simple US stimu-
lation, without BTNPs, induce low-amplitude Ca2þ

Figure 7. Calcium transients induced by US þ BTNP stimulation (0.8 W/cm2) are mediated by the piezoelectricity of the
nanoparticles. RepresentativeΔF/F0 traces relative to calcium imaging time-lapses of SH-SY5Y-derivedneurons stimulatedby
US (a) andUSþBTNPs (b) in the presenceof gentamicin, a blocker ofmechano-sensitive cation channelswhich does not affect
the voltage-gated Ca2þ currents. In (c) the Ca2þ time course of neurons stimulated by US and nonpiezoelectric BTNPs,
characterized by a cubic crystalline configuration. Arrows indicate the moment when the 5-s US pulse was initiated; in the
inlet of each graph a representative calcium imaging time-lapse frame is reported (at t = 50).
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transients. The nonstereotyped amplitude and the
duration (in the order of minute) of the transients
observed after the USþ BTNP stimulation suggest that
these transient are Ca2þ waves.45 These phenomena
are known to be dependent on extracellular Ca2þ

and mediated by voltage-gated Naþ and Ca2þ chan-
nels.46,47 Furthermore, it is well-known from the litera-
ture as the Ca2þwaves, both spontaneous and stimuli-
induced, intercellularly propagate through adjacent
neurons thanks to gap junctions.46 Interestingly, we
found as some of the observed high-amplitude cal-
cium transients do not occur simultaneously to the
US þ BTNP stimulation: a possible explanation of this
phenomenon is related to the possibility that other
activated neurons propagate the excitation to adjacent
neurons. Calcium waves are known to play a key role
in promoting the maturation of the neural network,
especially by regulating the neurite outgrowth:45 at
this regard, it is worth to mention as we previously
demonstrated how the US-driven stimulation of piezo-
electric BNNTs was able to significantly promote the
neurite elongation of PC12 neural-like cells, compared
to the US control stimulation without BNNTs. In that
work, it was hypothesized that Ca2þ influx was in-
volved in the increase of the neurite outgrowth, since
this was sensible to the nonspecific Ca2þ influx block-
ers. The findings presented in the current work are
consistent with that hypothesis, having observed how
an US-driven piezoelectric stimulation is able to induce
calcium influx.
The high-amplitude Ca2þ transients recorded fol-

lowing the US þ BTNP stimulation are sensitive to TTX
and Cd2þ treatment, suggesting that both Naþ and
Ca2þ voltage-gated channels are involved. In particu-
lar, it is possible to argue that the opening of voltage-
gated Naþ channels induces a depolarization of the
plasma membrane, thus activates the voltage-gated
Ca2þ channels, and, finally, increases the cytoplasmic
Ca2þ concentration:48 indeed, the TTXþUSþ BTNP ex-
periments revealed as the voltage-gated Ca2þ chan-
nels were not sufficient, alone, to evoke high-amplitude
Ca2þ transients. The opening of these voltage-gated
channels in response to the US þ BTNP stimulus is
supposed to induce, as final outcome, a depolarization
of the neuronal plasma membrane.49

Since the voltage-gated channels are expressed on
the plasma membrane, the extracellular Ca2þ influx is
likely involved in the generation of the observed high-
amplitude Ca2þ transients. The USþ BTNP stimulation
in Ca2þ-free conditions reveals a significant decrease
of the Ca2þ transient amplitude, confirming the role of
the extracellular Ca2þ influx. However, in these condi-
tions, it is possible to detect low-amplitude transients,
similar to those measured in response to the US
stimulation in standard conditions (with 2 mM of
extracellular Ca2þ), suggesting that a small component
of the cytoplasmic Ca2þ increase is due to a release

from intracellular Ca2þ stores. Moreover, it is also
possible to detect similar low-amplitude Ca2þ transi-
ents in response to the simple US stimulation in
Ca2þ-free conditions. These results suggest that the
US stimulation without BTNPs is able to induce low-
amplitude Ca2þ transients triggering a release from
intracellular Ca2þ stores. By depleting the Ca2þ from ER
and in extracellular Ca2þ-free conditions, it is possible
to completely eliminate the Ca2þ transients in re-
sponse to both US and to US þ BTNPs. This finding
confirms the contribution of the ER in the US-depen-
dent increase of the cytoplasmic Ca2þ concentration.
In this context, it is well-known from the literature

that US stimulations higher than 0.5 W/cm2 can induce
a temperature increase,28,17,29 which results into Ca2þ

transients upon Ca2þ release from ER.30 Particularly,
the temperature-dependent Ca2þ release from the ER
is likely evoked by an imbalance between an increased
SERCA pump activity30,31,50 and a decreased open
probability of IP3R.

30,31,51,52 Interestingly, we noticed
as the US stimulation was able to increase the ER
temperature independently by the presence of BTNPs,
suggesting a possible role of the temperature in the
US-induced Ca2þ release from ER. Since there is not a
significantly different temperature increment follow-
ing the US and the US þ BTNP stimulations, it is pos-
sible to confirm that the high-amplitude Ca2þ transi-
ents evoked by US þ BTNPs are not caused by a
temperature increment, but instead induced by the
voltage-gated channel opening.
In order to assess whether the observed phenomena

were actually ascribable to the piezoelectric properties
of the nanoparticles, that act as nanotransducers by
inducing the opening of the voltage-gated channels
in response to the US stimulation, we performed
analogue experiments with US þ BTNPs characterized
by a cubic crystalline configuration, thus not piezo-
electric. Indeed, this stimulation was not able to induce
high-amplitude Ca2þ transients, confirming that the
piezoelectricity of the tetragonal BTNPs is a necessary
requirement for eliciting the observed high-amplitude
Ca2þ transients.
This hypothesis was corroborated by a simple elec-

troelastic model of a BTNP subjected to US stimulation.
In particular, the model provides the following expres-
sion for the maximum electric potential increment jR

generated by the US on the BTNP surface (r = R) with
respect to the stress-free condition:

jR � � R(serr þ 2erθ)
sεrr

pUS
sγþ 2R

� �
(1)

In eq 1, R denotes the radius, err and erθ the piezo-
electric coefficients, and εrr the dielectric constant of
the BTNP. Moreover, R, γ and s are known expressions
also depending on the elastic properties of the BTNP
(namely the Young modulus and the Poisson ratio).
Finally, pUS denotes the maximum pressure associated
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with theUSwave. Themodel derivation is fully detailed
in the Section S1 of Supporting Information, and
relevant parameter values are discussed/referenced
therein. On the basis of eq 1, when stimulating with
0.1 W/cm2 the maximum voltage is around 0.07 mV,
yet it rises to 0.19 mV when operating with 0.8 W/cm2.
In light of the BTNP clusters on the cell mem-
brane (clusters of about 10 BTNPs in average have
been quantified from confocal images), when using
0.8 W/cm2 the induced voltage of a few mV can locally
affect channel open probability,49 by superposition.
Furthermore, this induced voltage can virtually redis-
tribute the charges of the bivalent ions in correspon-
dence of the external surface of the plasmamembrane
and, consequently, enhance the voltage sensitivity of
the voltage-gated channels through a shift of the
channel activation curves.53 Differently, when using
0.1 W/cm2, it is more difficult for the voltage to affect
channel activation, even where the BTNPs cluster. The
above model predictions are fully compatible with the

experimental observations, and they quantitatively
foster the hypothesis of BTNP-mediated, piezoelectric
cell stimulation.

CONCLUSION

Successfully US-driven piezoelectric neural stimula-
tion was performed by exploiting BTNPs, and the
involved ion fluxes at the base of this phenomenon
were fully described. TheUSþ BTNP stimulation can be
considered a novel tool for a wireless neural stimula-
tion. Future works will be devoted to the functionaliza-
tion of the BTNPs with specific molecules, in order to
target nanoparticles to the membranes of specific
cell types: cell type selectivity will be in fact funda-
mental envisaging in vivo wireless stimulations of
different parts of the brain, and in order to foster
peculiar cellular functions. Obtained results, collec-
tively, open new intriguing perspectives not only in
the field of neural prosthetics, but also in tissue en-
gineering and biorobotics.

METHODS

BTNP Characterization. Barium titanate nanoparticles were
purchased by Nanostructured & Amorphous Materials, Inc.,
Houston, TX (1144DY). Details of sample purity and composi-
tion, as provided by the supplier, include the following: BaO/
TiO2 0.999�1.001, purity 99.9%; APS 300 nm; SSA 3.5�3.7 m2/g.
X-ray diffraction (XRD) patterns were recorded using an X-ray
powder diffractometer (Kristalloflex 810, Siemens) using Cu KR
radiation (λ = 1.5406 A) at a scanning rate of 0.016� s�1 with 2θ
ranging in 10��80� at a temperature of 25 �C.

For use in biological experiments, BTNPs were dispersed in
aqueous environment through a noncovalent wrapping with
gum Arabic (G9752 from Sigma-Aldrich). Briefly, 10 mg of
nanoparticles and 10 mg of gum Arabic were mixed in 10 mL
of phosphate buffered saline (PBS) solution. The samples were
sonicated for 12 h with a Bransonic sonicator 2510, by using an
output power of 20 W. The final product is a stable 1 mg/mL
nanoparticle dispersion, that was appropriately diluted in cell
culture medium for biological experiments. Obtained disper-
sion was characterized through scanning electron microscopy
(SEM, Helios NanoLab 600i FIB/SEM, FEI) and transmission
electron microscopy (TEM, Zeiss 902). Moreover, particle size
distribution and Z-potential were analyzed with a Nano Z-Sizer
90 (Malvern Instrument), both in water and in experimental
conditions (50 μg/mL of BTNPs in artificial cerebrospinal fluid,
see in the following for details).

For a control experiment, analogous nanoparticles but
with cubic crystal structure (1143DY, from Nanostructured &
Amorphous Materials) were used following the same prepara-
tion procedures.

Cell Culture, Differentiation and BTNP Treatment. Human
neuroblastoma-derived cells (SH-SY5Y, ATCC CRL-2266) were
cultured in DMEM/F12 with 10% fetal bovine serum (FBS,
Gibco), 100 U/mL penicillin, and 100 μg/mL streptomycin on
35 mm diameter μ-dishes (Ibidi) at a density of 20000 cell/cm2,
and subsequently differentiated toward neurons in DMEM with
1% FBS, 10 μM all-trans-retinoic acid, 100 U/mL penicillin,
and 100 μg/mL streptomycin. After 4 days of differentiation,
SH-SY5Y-derived neurons were treated for 24 h with BTNPs at
the final concentration of 50 μg/mL in the differentiation
medium. This nanoparticle concentration was previously tested
on the SH-SY5Y cell line and was demonstrated to be not toxic
by performing several independent biocompatibility investiga-
tions in terms of proliferation, metabolic activity, apoptosis

detection and reactive oxygen species detection.54 Control
neurons were instead treated for 24 h with the differentia-
tion medium and vehicle of the nanoparticles (50 μg/mL gum
Arabic).

Further cell viability evaluations in the present experimental
conditions were performed withWST-1 assay ((2-(4-iodophenyl)-
3-(4-nitophenyl)-5-(2,4disulfophenyl)-2H-tetrazoiliummonosodium
salt, provided in a premix electrocoupling solution, BioVision)
and propidium iodide staining, in order to respectively assess
metabolic activity andmembrane integrity after the stimulation
procedures. More in details, cultures undergone the stimulation
protocol (described in the next paragraph) were incubated for
further 24 h, thereafter culturemediumwas replacedwith a 1:11
premix:medium solution, and incubation performed for further
2 h. Finally, the absorbance was read at 450 nm with a micro-
plate reader (Victor3, PerkinElmer). Membrane integrity evalua-
tion following the stimulation procedure was performed by
adding 1 μg/mL of propidium iodide (PI, Molecular Probes)
during the application of the ultrasounds, and assessing the
number of PI-positive cells over the total number of cells
through fluorescence microscopy (TE2000U, Nikon).

The analysis of the nanoparticle localization was performed
by confocal fluorescence microscopy (FluoView FV1000,
PLAPON 60XO, NA1.42, Olympus). Neuronal plasma mem-
branes and nuclei were stained with CellMask Green Plasma
Membrane Stain (1:1000, Invitrogen) and Hoechst 33342
(1 μg/mL, Invitrogen), respectively. The ER staining in live cells
was performed by using ER tracker Green (500 nM, Invitrogen)
and ER thermo yellow32 (300 nM). BTNPs, CellMask Green,
Hoechst 33342, ER tracker Green and ER thermo yellow were
excited by 633, 488, 405, 488, and 543 nm lasers, and the emis-
sion lights were collected at 645�745, 500�555, 425�525,
500�555 and 555�655 nm, respectively.

Ca2þ, Naþ and Temperature Imaging during US Stimulation. Before
the stimulation experiments, Fluo-4 AM (1 μM, Invitrogen),
CoroNa Green AM (1 μM, Invitrogen) or the ER thermo yellow32

(300 nM) were incubated in serum-free DMEM for 30 min at
37 �C. After the reagent incubation, samples were washed,
supplied with artificial cerebrospinal fluid (aCSF, composition
in mM: NaCl 140, KCl 5, CaCl2 2, MgCl2 2, HEPES 10, D-glucose 10;
pH 7.4) and positioned on an inverted fluorescencemicroscope.
Fluo-4 and ER thermo yellow were imaged with a microscope
IX81 (Olympus) equipped with an objective UPLFLN 40XO, NA
1.3, and a cooled CCD camera (Cool SNAP HQ2, Photometrics)
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by using 460�480HQ and 535�555HQ as excitation filters,
DM485 and DM565HQ as dichroic mirrors, and 495�540HQ
and 570�625HQ as emission filters, respectively (all from
Olympus). CoroNa Green was imaged with a microscope IX83
(Olympus) equipped with an objective UPLFLN 40XO, NA 1.3,
and an electron multiplying charge-coupled device camera
(iXon3, Andor Technology) by using BP470�495, DM505, and
BP510�550 as an excitation filter, a dichroic mirror and an
emission filter, respectively (all from Olympus).

Concerning the temperature imaging experiments, calibra-
tion was performed by using a near-infrared laser (1064 nm) as
previously described,32 and a sensitivity of�2.0%/�C relative to
room temperature (24 �C) was measured (please refer to
Supporting Information, Figure S5, for the calibration curve).

Stimulation was carried out after waiting 20 min for the
stabilization of the cell conditions after the medium change,
and for allowing the full de-esterification of the AM groups.
Ultrasounds were applied with a Sonitron GTS Sonoporation
System (ST-GTS, Nepagene) equipped with a plane wave trans-
ducer module (PW-1.0�6 mm, 6 mm diameter tip, 1 MHz). The
probe was vertically fixed at a distance of 5 mm from the cells,
and the US stimulations were carried out for 5 s at different
intensities (from 0.1 W/cm2 to 0.8 W/cm2).

During the stimulation experiments, cadmium chloride
(CdCl2 100 μM, Sigma), tetrodotoxin (TTX, 100 nM, Tocris), eth-
ylene glycol tetraacetic acid (EGTA, 5 mM, Dojindo Laboratories),
thapsigargin (2 μM, Sigma) or gentamicin (200 μM, Invitrogen)
were added to the aCSF (Ca2þ-free aCSF was used in the case of
the EGTA experiments). Concerning the thapsigargin experi-
ments, this reagent was also applied during the dye internaliza-
tion process, in order to allow the complete release of Ca2þ from
the ER, as previously reported.55

Image and Statistical Analysis. The fluorescence images ac-
quired during the time lapses were analyzed with ImageJ
software (http://rsbweb.nih.gov/ij/). Images were thresholded
in order to define the region of interest (ROI) to analyze;
subsequently, they were converted inΔF/F0 by using the divide
and subtract functions of the Math process. After a double
smoothing, the average values of the pixels inside the ROIswere
measured by using the multimeasure function of the ROI
manager and, finally, plotted on the ΔF/F0 graphs. Transient
amplitudes (ΔF/F0 peaks) 3-fold higher than the standard
deviation of the noise were reported in terms of peak average
( standard error.

All the described experiments were carried out in triplicate
(at least the response of 20 cells for all the conditions was
analyzed), the normality of all the data distributions was tested
with the Shapiro normality test and, subsequently, the ANOVA
parametric test followed by Tukey's HSD post-hoc test was
performed in order to compare the different distributions.
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