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Abstract

Objective. We aim to develop a novel non-invasive or minimally invasive method for neural
stimulation to be applied in the study and treatment of brain (dys)functions and neurological
disorders. Approach. We investigate the electrophysiological response of in vitro neuronal
networks when subjected to low-intensity pulsed acoustic stimulation, mediated by
piezoelectric nanoparticles adsorbed on the neuronal membrane. Main results. We show that
the presence of piezoelectric barium titanate nanoparticles induces, in a reproducible way, an
increase in network activity when excited by stationary ultrasound waves in the MHz regime.
Such a response can be fully recovered when switching the ultrasound pulse off, depending on
the generated pressure field amplitude, whilst it is insensitive to the duration of the ultrasound
pulse in the range 0.5 s—1.5s. We demonstrate that the presence of piezoelectric nanoparticles
is necessary, and when applying the same acoustic stimulation to neuronal cultures without
nanoparticles or with non-piezoelectric nanoparticles with the same size distribution, no
network response is observed. Significance. We believe that our results open up an extremely
interesting approach; when coupled with the suitable functionalization strategies of the
nanoparticles in order to address specific neurons and/or brain areas and applied in vivo,
enabling remote, non-invasive, and highly selective modulation of the activity of neuronal
subpopulations of the central nervous system of mammalians.

Keywords: ultrasound neuromodulation, barium titanate nanoparticles, microelectrode array
Supplementary material for this article is availabl@ine

AQ3  (Some figures may appear in colour only in the online journal)

Introduction used to provide AC electrical stimulation sstrg chronically

implanted electrodes, generally targeting areas such as the
Neural stimulation and modulation techniques are recog- thalamus, a portion of the globus pallidus, or the sub-thalamic
nized as key enabling tools in neuroscience, allowing for nucleus. DBS has shown the capability of recovering symp-
the treatment of neurological diseases and the investigation toms in patients with motor disorders such as Parkinson’s
of brain (dys)functions {2} Among them, deep brain stimu- disease {3}, and with other psychiatric and neurological dis-
lation (DBS) is a well-recognized approach, commonly orders such as obsessive-compulsive disorders, depression,
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epilepsy, schizophrenia, pain, and Alzheimer’s disease 4.
Nevertheless, such a technique requires rather invasive sur-
gery for the placement of the electrodes close to the targeted
area, which increases the risk of infection {54, and it suffers
from poor long-term biocompatibility {61

New generations of less invasive neural stimulation/
modulation techniques have been proposed, including tran-
scranial magnetic stimulation (TMS), transcranial direct cur-
rent stimulation (tDCS), and vagus nerve stimulation (VNS)
A, Their common goal is the generation of electrical fields
localized in different brain regions, with a spatial resolution

A@eqthe order of a few centimeters {89y As-aconsequeneesthig

poor resolution results in non-specific stimulation of the brain
regions surrounding the target area H6.

Ultrasound (US) has been used in an extensive range of
medical applications, including brain stimulation, since it
potentially combines non-invasiveness with high spatial
selectivity. Naor and colleagues recently thoroughly reviewed
the achievements and challenges of ultrasonic neuromodula-
tion {4, By carefully selecting the frequency and intensity,
and by employing suitable transducers (e.g. multi-element,
phased array ultrasound systems), US can be virtually
focused to any region of interest in the human brain, using
either pulsed or continuous waveforms, with a spatial resolu-
tion down to the millimeter scale H2;434; A solid mecha-
nistic understanding of the biophysical effects produced
by US on neural tissue is still to come; nevertheless such
effects can be roughly divided into thermal and non-thermal.
Thermal effects are the consequence of high acoustic intensi-
ties 4], which can cause ‘disruptive’ effects such as cavita-
tion. A temperature increase can cause denaturation of the
proteins involved in neurotransmission, thus determining a
decrease in the synaptic transmission, and consequently, neu-
ronal activity suppression. Non-thermal effects are related to
lower intensity waves {54 providing a mechanical stimulus
(referred to as ‘radiation pressure’), which might change the
viscoelasticity of the cell membrane, activate the mechano-

ensitive transmembrane proteins, or induce intramembrane
A@avimtion H6]. There is some experimental evidence that US
stimulation is capable of modulating ion channel currents
H#H, activating action potentials and synaptic transmission in
vitro H5;-483; or, for example, stimulating the motor cortex
and the moeuse-hippocampus in vivo H94. Importantly, most
of the studies substantially agree that it is possible to pro-
vide US stimulation capable of manipulating neural activity
without inducing tissue damage H6;20;24H;

Recently, novel nanomaterials have been implemented
in neural stimulation techniques to improve performance in
terms of gfficiency and selectivity {22;23}; The working prin-
ciple is based on a primary stimulus from an external source
(light, magnetic field, or acoustic wave) which is converted
by the nanomaterial into a secondary stimulus focused in
the region of interest. As an example, light is used as a first
stimulus that is converted by quantum dots {2425 and
gold nanoshells {26] or nanorods {27 into an electric field
and heat, respectively. With a similar approach, by applying

electromagnetic fields as a primary stimulus and by exploiting
magneto-electric {28 transduction or superparamagnetic {294
nanoparticles as localized transducers, it is possible to convert
the first stimulus in a localized electrical field [30], temper-
ature increase {36;34H or mechanical force 32:33};

Piezoelectric nanomaterials have been proposed as
acoustic-electric transducers to convert remotely generated
US into locally generated electric fields {3435} Some of us
have recently shown that piezoelectric barium titanate nano-
particles (BTNPs) organized in a tetragonal lattice structure
induce a Ca’" influx in a ‘neuron-like’ cell culture (SH-SY5Y
cell line) as a response to wltraseund {36] Such an effect
has been interpreted in terms of transduction of the primary
mechanical stimulus (in this case US at 1 MHz generated
with a power of 1 W cm?) into a localized (close to the cell
membrane) electrical field by BTNPs. In this work, we further
investigate this approach by using primary cultures of cor-
tical and hippocampal neurons coupled with micro-electrode
arrays (MEAs), capable of performing electrophysiological
recording to investigate the presence of direct evidence for
neuronal activation due to the stimulation of US, mediated by
the presence of piezoelectric BTNPs.

Methods

Preparation and characterization of the BTNPs

In this work we used piezoelectric non-centrosymmetric
BTNPs, characterized by a tetragonal crystal phase (1144DY,
from Nanostructured and Amorphous Materials, Inc.
Houston, TX). The nanomaterial composition and its level of
purity were provided by the supplier: BaO/TiO; 0.999-1.001;
average particle size (APS): 300nm; specific surface area
(SSA): 3.5-3.7 m? g~'; purity,99.9%.

As previously reported {364, the BTNPs were stabilized
in phosphate buffered saline (PBS) solution by noncovalent
wrapping with gum arabic (G9752, from Sigma-Aldrich) and
dispersed in water by sonication. The nanoparticle disper-
sion (10mg ml~") was further sonicated for 30min using a
Bransonic sonicator 2501 to obtain a homogeneous suspen-
sion, right before subsequent dilution (1:200) in cell culture
medium at the final concentration of 50 g ml~! for biological
experiments.

Analogous BTNPs, characterized by a centrosymmetric
cubic crystal structure (1143DY, from Nanostructured and
Amorphous Materials) were adopted for the control experi-
ments, following the same preparation procedure and dilution.

The imaging of nanoparticles was carried out with a scan-
ning electron microscope (SEM, Helios NanoLab 6001 FIB/
SEM, FEI). Specifically, a stable water dispersion of 50 ug
ml~! of cubic or tetragonal BTNPs wrapped with gum arabic
was deposited on a silica substrate. The samples were dried
for 4h and subsequently gold-sputtered.

The dispersions (50 pg ml~! cubic or tetragonal BTNPs)
were finally analyzed in terms of Z-potential and hydrody-
namic radius with a Nano Z-Sizer 90 (Malvern Instruments).
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Neuronal network preparation

To obtain stable and long-lasting neuronal network activity,
the MEA chips were sterilized and treated with adhesion
molecules—Ilaminin and poly-D-lysine at the same concen-
tration of 0.05mg ml~! (both from Sigma-Aldrich)—to favor
neuronal adhesion and growth. Rats were sacrificed and 18 d
embryos (E18) were removed immediately by cesarean sec-
tion. All procedures were carried out to reduce the number
of animals and to minimize their suffering. The exper-
imental protocol was approved by the European Animal Care
Legislation (2010/63/EU), by the Italian Ministry of Health
in accordance with the D.L. 116/1992, and by the guidelines
of the University of Genova (Prot. N. 24982, October 2013).

Cell culture. The hippocampus and cortex were removed
from the rat embryo, their tissue was first enzymatically
dissociated in 0.125% of Trypsin/Hank’s solution contain-
ing 0.05% DNAse (Sigma Aldrich) for 18-20min at 37 °C,
and then mechanically dissociated with a fire-polished Pas-
teur pipette. Cells were plated on the MEAs at a density of
about 1600 cells mm~ in a solution containing Neurobasal ™
Medium with 1% glutamax, 2% B-27 supplemented and 1%
penicillin—streptomycin (all from Invitrogen Life Technolo-
gies). The MEAs were then incubated in a humidified 5% CO,
atmosphere at 37 °C and a half-volume medium was replaced
every week. More details about the procedure that followed
to prepare the neuronal networks on the MEA can be found
in 3H; The experiments were performed after at least 21 d
in vitro (DIV).

BTNP treatment. The evening before the experiment, ahalf

] 750 41 of 4 i ireetlvswithd ‘
the-ealture-ehip—Then; 75 ul of the BTNP suspension, which
had been sonicated immediately before again for 10 min, was
added te-the-eultare, Finally, the chip was filed, with the miss-
ing 750 pl of medinm and incubated overnight at 37 °C, 5%
CO; at 95% humidity.

Immunostaining and confocal imaging. Immediately after
some randomly selected experiments, cultures were fixed
using 4% paraformaldehyde in PBS for 20min at room
temperature. Repeated washing was done with PBS to remove
the fixative as a post-fixation step, followed by a permeabili-
zation step with a Triton X-100 0.2% (8 min); finally, the cul-
tures were exposed to a blocking buffer solution (PBS with
2% bovine serum albumin (BSA), 0.5% fetal bovine serum
(FBS)). Antibodies raised against the specific markers NeuN

A and MAP2 were used and visualized by the Alexa Fluor 549-

Gam (goat anti-mouse IgG) and Alexa Fluor 488-Gar (goat
anti-rabbit IgG) secondary antibodies (Thermo Fisher Scien-
tific, Waltham, MA) in order to locate the neuronal soma and
dendrites, respectively. Fluorescence imaging of the immu-
nostained samples was performed with a confocal laser scan-
ning microscope (C2s, Nikon). Specifically, 488 and 561 nm
lasers were used for the excitation of Alexa Fluor 488 Gar
Alexa Fluor Gam and 549, and the emission lights were col-
lected at 500-550,and 570-630 nm, respectively. BTNPs were

detected through confocal fluorescence imaging by using far
red laser excitation (excitation at 642 nm and collection from
650 to 1000nm), as previously indicated 363,

Inhibitory cocktail. In order to inhibit synaptic communi-
cation we used a cocktail of synaptic receptor antagonists
constituted by (-)-bicuculline methiodide (BIC) 20 uM, DL-
2-amino-5-phosphonopentanoic (APV) 50 M and 6-cyano-
7-nitroquinoxaline-2,3-dione disodium (CNQX) 30 pM
(Sigma-Aldrich, Eife-Seienee).

Experimental set-up

Ultrasound stimulation

MEA chips (Multi Channel Systems MCS GmbH, Reutlingen;
Germany) with glass rings were filled with a culture medium
and covered with Parafilm M®. A commercial US source
(model SonoPore KTAC-4000 by Nepa-Gene-Cotd-Fapan)
equipped with a disc-shaped piezoelectric transducer (model
KP-S20, diameter size: 20 mm, working frequency: 1 MHz)
was employed. We added some acoustically transparent gel
(Pharmaceutical Innovations Inc., Newark, NJ) to couple the
ultrasound probe with the Parafilm cap. The US transducer
was placed parallel to the MEA surface at an 8 mm distance
from the neuronal culture. The generated pressure field was
characterized by directly measuring its intensity using a
dummy MEA chip with a hole drilled in the microelectrode
array area to allow the insertion of a calibrated miniaturized
hydrophone (TC4038, Teledyne Reson, Denmark). After
filling the chamber with the culture medium, closing its top
with Parafilm, and placing the US transducer, we measured
the pressure intensity as a function of the vertical position
of the hydrophone and the power of the US generator. The
dummy chamber was also equipped with a miniaturized ther-
mocouple in order to measure any temperature increase due
to US.

MEA set-up

The electrophysiological activity from the cortical and hippo-
campal neuronal networks was recorded by means of a com-
mercial MEA recording system (MEA 2100, Multi Channel
Systems MCS GmbH, Reutlingen;-Germany). In this work,
we used MEA chips made up of 60 TiN/SiN microelectrodes
(30 pm diameter and 200 pm pitch distance) arranged in
an 8 x 8 square grid (the four electrodes in the corners are
not present). One of the electrodes in the array is used as a
pseudo-reference electrode for extracellular field potential
recording from the remaining 59. The raw data was acquired
with the proprietary software (MC_Rack, Multi Channel
Systems MCS GmbH, Reutlingen;—Germany) at a 10kHz
sampling frequency. This software also recorded a custom-
generated digital signal defining the pulse train by triggering
on and off US generation. During off-line analysis, a Matlab
(The MathWorks Inc., Natiek; MA) script used the recorded
digital signal to allow the synchronization of the signals from
the electrodes with the generation of US and to remove single
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glitches in the electrode recordings due to the switching on
and off of the US generator.

Experimental protocol

The US stimulation protocol consists of a train of US pulses
with 2s periodicity and a variable duty cycle. For all the
reported experiments, if not differently specified, a duty cycle
of 50% was used for a total duration of 180s (90 periods). The
electrophysiological activity of the neuronal network under
test is recorded from the electrodes of the MEA device before,
during and after US stimulation (figure 1(g)). To further check
the responsiveness of the neuronal network to external stim-
ulation, we delivered low-frequency electrical stimulation
through a randomly selected microelectrode in the array 384
at the end of each experimental session (supporting methods
and figure S4 (stacks.iop.org/JINE/00/0000/mmedia)).

Data analysis

Data analysis was performed using SPYCODE software {39
and additional ad hoc scripts developed in Matlab.

Spike detection. Spikes were detected using the precise tim-
ing spike detection (PTSD) algorithm {408}, Spike trains are
computed by setting three parameters: a differential threshold
(set independently for each channel) set to seven times the
standard deviation of the biological noise of the signal, the
peak lifetime period (set to 4 ms) and the refractory period (set
to 2ms). The data has not been spike sorted, because during
bursting activity the fast sequence of spikes with different and
overlapping shapes makes sorting difficult and unreliable {4+,

Mean firing rate (MFR). The MFR is the firing rate relative to
each active electrode (i.e. a firing rate greater than 0.2 spikes
s~!) averaged among all the active electrodes of the MEA.

Post-stimulus time histogram (PSTH). The PSTH was evalu-
ated considering a temporal window of 2 s after the delivery of
each stimulus. Such a 2's temporal window is divided into bins
of 50ms, and then the number of spikes that has fallen into each
bin is counted. Finally, the histograms of each channel were
normalized over the number of stimuli (90) and the bin size.

Statistical analysis. Since the data does not follow a normal
distribution, the Wilcoxon rank-sum test was used for the sta-
tistical analysis to check significant changes between the two
distributions. The data swas processed for statistical analysis
and plotted as a mean value + standard error.

Results

We tested the proposed acoustic stimulation technique on pri-
mary cultures of cortical and hippocampal neurons from rat
embryos plated onto MEAs (figure 1(a)). After 21 d in vitro
(DIV), mature neuronal networks were incubated with BTNPs
overnight.

The scanning electron microscopy images of BTNPs
show quite a homogeneous round-like shape (figure S@
The hydrodynamic radius size of the cubic crystal BTN
(116.8 £ 46.5nm; polydispersity index of 0.165), showing
piezoelectric behavior, were slightly smaller with respect to
the tetragonal ones (156.5 + 42.5nm; polydispersity index
of 0.254), which do not show piezoelectric behavior. The
Z-potential of the BTNPs characterized by cubic (—38.8 + 5.8
mV) and tetragonal (—40.7 £ 4.9 mV) phases were compa-
rable, thus making them eemparable in terms of the nanopar-
ticle—cell interface, despite the difference in size.

Microscopy images of the neuronal cultures taken after the
experiments allowed us to verify the presence and distribution
of the BTNPs (figures 1(b) and (c), and supporting figures S2
an| ). We also observed that the nanoparticles were asso-
ci ith the selectively stained neural plasma membrane
with no significant internalization, even after 24 h incubation

time (figure S video S1).
During the rimental session, we applied US stimula-

tion by placing a planar disc transducer on top of the MEA
chamber, filled with a culture medium and sealed with a thin
plastic film (Parafilm®) (figures 1(d) and (e)). The generated
stationary pressure field was calibrated using a miniaturized
hydrophone placed on the bottom of a dummy MEA chamber
as a function of the nominal signal power generated by the US
source (figure 1(f)), showing good linearity.

Each electrode of the MEA records the spontaneous elec-
trophysiological activity of the neurons (i.e. extracellular
action potentials). Figure 1(h) shows an example of a typical
signal from one electrode where spiking activity (originating
from different neurons close to the electrode) occurs in a short
period of time, thus generating typical bursting behavior (i.e.
sequences of densely packed spikes).

When neuronal networks incubated with piezoelectric
BTNPs were exposed to US, we observed an evident
increase in recorded activity with respect to spontaneous
activity before and after the stimulation. As an example of
such a modulated response, figure 2 shows a representative
Raster plot of the detected spikes recorded from the cortical
culture at DIV 21. It can be directly observed that the spiking
activity, which is indeed present before and after stimula-
tion (i.e. spontaneous activity), increases during the stimu-
lation (figure 2(a)). Qualitative analysis of the Raster plot
at a higher time resolution (red boxes in figure 2(b)) shows
an evident increase of neural activity in the time intervals
during which the US generation is switched on (USoy). To
quantify the network activity, we calculated the mean net-
work firing rate (MFR) as the average number of spikes per
second detected by all the recording and active electrodes
(i.e. electrodes measuring at least 0.2 spike s~!) over the
total duration of the US pulses (90s for a pulse train with
a 2s period, 50% duty cycle and 180s total duration), the
intervals between US pulses, and the same time interval
right before the pulse train (respectively, USon, USopr and
baseline in figure 2(c)). We also verified that the response of
neurons to US in the presence of piezoelectric BTNPs can
be fully recovered and reproduced by repeating the stimula-
tion on the same network three times, with 5min recovery
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Figure 1. The experimental set-up for US stimulation. (a) A bright-field microscopy image of neurons cultured on an array of TiN
microelectrodes (30 um in diameter, visible as dark discs). (b) The confocal image of a region around a single microelectrode (dashed
circle) with neurons treated with BTNPs. Neuron soma (NeuN, orange), neurites (MAP2, green) are identified by immunostaining, as well
as the autofluorescence signal of the BTNPs (blue). (c) The zoom of an area around a single neuron. (d) An image of the MEA chip filled
with culture medium and encapsulated in Parafilm M®. (e) A schematic view of the US transducer positioned on top of the sealed MEA
chamber and generating US. (f) The measured pressure field amplitude as a function of the nominal power of the generated US (red line:
linear regression). (g) The acoustic stimulation protocol: spontaneous activity is recorded for 5 min before, during and after US stimulation,
which is applied as a train of pulses with a duration of 1s and 2. (h) An example of the raw signal recorded from one microelectrode over
1.5s. Action potentials can be identified as ‘spikes’.
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Figure 2. The effect of US stimulation on neuronal network activity mediated by BTNPs. (a) A representative Raster plot of the activity of
a neuronal network incubated with piezoelectric BTNPs before, during and after the stimulation interval with the US pulse train (red box).
(b) A zoomed Raster plot where 1 s intervals corresponding to the US pulses can be identified (red boxes). (c) A plot of the mean network
firing rate (MFR) during repeated stimulations of the same neuronal culture. Three subsequent US stimulations were performed, with
resting intervals in between. MFR values were calculated over 90 intervals before (‘baseline’) and during the stimulation phase. ‘US on’
and ‘US off” represent the intervals (50% of 2s * 90 periods = 905s) during which the US source was switched on and off in the stimulation
phase, respectively (P < 0.05, Wilcoxon test).

intervals in between. We observed similar, statistically sig- US source was switched off in the pulse train (i.e. USopg
nificant (Wilcoxon signed rank sum, p < 0.05) increases interval), as reported in figure 2(c).

of the MFR for each USpy interval, with an almost com- Control experiments were performed with neuronal net-
plete recovery to the original baseline level as soon as the works without BTNPs, or incubated with non-piezoelectric
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Figure 3. Representative Raster plots before, during and after US stimulation of a neuronal network without BTNPs (a) and incubated with
non-piezoelectric BTNPs (b). (c) The zoomed interval during US stimulation (red frames indicate the intervals during which the US source
was switched on). (d) Mean network firing rates (MFR) calculated for the three experiments reported in figure 2(a) (black columns) and in
panels (a) and (b) (red and blue columns, respectively). In order to compare the MFR values, they were normalized to the MFR value of the
corresponding baseline for each experiment (*P < 0.05, Wilcoxon signed rank test).
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Figure 4. A representative experiment of the US stimulation of a hippocampal neuronal network incubated with piezoelectric BTNPs.

(a) A Raster plot before, during and after US stimulation. (b) A zoomed interval during US stimulation (red frames indicate the intervals
during which the US source was switched on). (c) A plot of the MFR calculated for 90s intervals before (‘baseline’), during (‘US on’, and
*US off”) and after (‘post stim”’) the stimulation phase (*P < 0.05, Wilcoxon signed rank test).

BTNPs, which are characterized by a cubic crystal structure.
In neither case did we observe a significant response to US,
although the same cultures at the end of the experiments
responded to the electrical stimulation as expected (see sup-
porting figure S4(b)). Figure 3 reports two examples of the
recorded Raster plots from cortical networks without nano-
particles and with non-piezoelectric BTNPs (figures 3(a) and
(b), respectively). When zooming the time scale during the
stimulation phase, it becomes clear that the firing activity is
not affected by the US pulses (figure 3(c)). We computed the
MEFR for time intervals before, during and after US stimula-
tion. In general, the spontaneous activity of neuronal networks
coming from different or even the same preparation can vary
a lot in terms of firing rate and the presence of stereotyped

bursting activity {42}, In order to compare the responses from
different cultures, for each experiment we normalized the
MER to the corresponding value calculated before the stimu-
lation phase (baseline) (figure 3(d)).

We applied the same protocol to hippocampal cultures
incubated with piezoelectric BTNPs (the same procedure
as for cortical cultures). Figure 4 reports a representative
example of such experiments. In this case, the spontaneous
activity shows more complex and synchronized firing patterns
than those observed in the previous examples. Nevertheless,
it is again possible to qualitatively detect, from the Raster
plot, a clear increase of the firing rate that is correlated to the
US pulses (figures 4(a) and (b)). The quantification of the
MFR value before, during (USpn and USggr intervals) and
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Figure 5. A Tukey boxplot (including outliers) summarizing the
US stimulation experiments performed with piezoelectric BTNPs
(n = 10) and control experiments (n = 5 with non-piezoelectric
NPs, n = 4 without NPs). In order to compare different experiments
performed with neuronal preparations from the cortex or the
hippocampus, the ratio between the mean network firing rate

during ‘US on” (MRFpy) and ‘US off” (MRFqgr) intervals for each
experiment was calculated and reported.

after the stimulation phase, shows the statistically significant
(p < 0.05, Wilcoxon signed rank test) effect of US stimulation
on network activity, which is completely recovered after the
stimulation phase.

To further investigate the reproducibility of the observed
responses to US, we repeated the same type of experiment
with different neuronal preparations from five different
animals, using either neurons from the cortex or the hip-
pocampus, for a total of n =22 MEAs. Thirteen cultures
were treated with piezoelectric BTNPs, while nine cultures
were considered as controls, four without BTNPs and five
with non-piezoelectric BTNPs. We obtained consistent results
despite the high variability in spontaneous activity. At the end
of each experimental session, a final phase of electrical stimu-
lation, by applying uncorrelated voltage pulses for 3 min from
at least two electrodes, was performed (supporting methods
and figure S4). The rationale was to verify the responsiveness
of the network to electrical pulse trains, as is usually done for
these experimental preparations, and to correlate it with the
responsiveness to US stimulation. All cultures incubated with
piezoelectric BTNPs which showed a response to electrical
stimulation (ten out of the thirteen available samples) were
also sensitive to US stimulation. The remaining n = 2 cases
were insensitive to both electrical and US stimulation. None
of the n =9 control cultures showed any response to US,
while they all responded to electrical stimulation. Figure 5
reports a summary of all the performed experiments, where
we observed a response to electrical stimulation.

In order to allow a quantitative and compact comparison of
the different experiments, characterized by a large variability
in spontaneous activity, for each experiment we calculated the
ratio between the MFR during the USpy interval (MFRoy)
and the one corresponding to the USogr intervals (MFRogg).
The values for such a ratio range from 1.2 to 5.5 were always
higher than unity anyway, hence indicating reasonably repro-
ducible stimulus-induced activity superimposed on the spon-
taneous activity.

N
[N
N

- = N
o © =)
1 1 !
\
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T
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Figure 6. The dependence of the neural network response to the
pressure field intensity generated by the US. The ratio between the
mean network firing rate during the ‘US on’ and ‘US off” intervals
(MRFon and MRFqgr respectively) is plotted as a function of the
pressure field intensity; red line: linear regression (> = 0.99475).

We also tested the effect of different US pulse intensities
and durations on the neuronal network response. The power of
the US source, expressed in W cm~2, was converted into pres-
sure field intensity as measured by a calibrated hydrophone
positioned in a dummy MEA chamber where cells are seeded
(figure 1(f)). Figure 6 shows an approximately linear relation
between the MFRon/MFRopp ratio, calculated for subsequent
stimulation phases on the same MEA, and the generated pres-
sure field intensity (circles). In particular, it can be deduced
that below 1.1 kPa (corresponding to a power level of 0.5 W
cm 2 no significative response is generated (MFRon/MFR gpp
ratio = 1.03).

To investigate the dependence of the modulated activity on
the US pulse duration, and more generally its dynamics, we
analyzed what is usually referred to as a post- stimulus time
histogram (PSTH). Specifically, we computed the time dis-
tribution of the total number of spikes detected by all active
electrodes in the array over S0 ms time bins (cumulative firing
rate) starting from the beginning of the US pulse within the 2s
period, and averaged it for the 90 repeated pulses in the stimu-
lation phase. Such a distribution is not uniform during USon
duration, yet it shows a peak ~0.3 s after the onset of the pulse
(figure 7(a)). Interestingly, this feature is conserved when
we apply pulses with shorter (0.5s, figure 7(b)) and longer
(1.5s, figure 7(c)) durations to the same neuronal network.
The reproducibility of such a ‘pattern’ in the neuronal net-
work response dynamics becomes evident when calculating
the time distribution of the cumulative firing rate for all exper-
iments performed on the ten different neuronal cultures con-
sidered in figure 5. The average PSTH, reported in figure 7(d),
clearly shows a peak in the response at around 300 ms delay
from the onset of the US.

One may wonder whether the observed firing activity is
simply due to the collection of independent single neuron
responses or to a collective network response modulated
by the US stimulation mediated by the BTNPs. In order to
provide a possible answer, we applied a synaptic receptor
antagonist cocktail to our neuronal culture, incubated with
piezoelectric BTNPs {43;44; acting on the main excitatory
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Figure 8. The network response to US stimulation modulated by synaptic blockers (BIC 120 M APV 50 uM e CNQX 30 pM). (a)—(c)
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(*P < 0.05, Wilcoxon signed rank test).
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and inhibitory receptors (GABA, AMPA and NMDA) (com-
position described in the methods), with the objective of
isolating neurons from a network context. We monitored
the electrophysiological response to US stimulation before,
during and after washout of the cocktails. The Raster plots
(figures 8(a)—(c)) and the computed MFR values (figure 8(d))
show that treatment with the blockers of the synaptic trans-
mission significantly decreased the responses to piezoelectric
stimulation. Ten minutes after the addition of the cocktail, as
expected the spontaneous activity was drastically reduced and
the US stimulation was not able to elicit any activity modula-
tion (figure 8(b)). At this stage, the network did not show any
response to electrical stimulation either (data not shown). This
effect can be reversed by washing out the inhibitory cocktail
with a fresh culture medium and putting the culture back into
the incubator. After 2h, both the spontaneous activity and the
response to US stimulation had fully recovered, as can be
appreciated from the Raster plot (figure 8(c)) and the MFR
during stimulation (figure 8(e)).

For completeness, we also calculated the standard param-
eters to evaluate the network activity characteristics (i.e.
the MFR, the mean bursting rate (MBR), the burst duration
(BD) and the average inter-burst interval (IBI)) of the neu-
ronal networks before the application of the US stimulation
protocol (supporting table S1). Moreover, the inter- burst
interval (IBI) distribution before, during and after stimulation
(supporting figure S5) shows that US stimulation reduces the
interval between bursts inducing locking around the time-
period of stimulation (i.e. 2s in our stimulation protocol),
thus suggesting that US stimulation is capable of eliciting
a burst response at the network level. Finally, in the same
experiments, the inter-spike interval (ISI) distributions before,
during and after US stimulation were evaluated and no dif-
ferences were observed (supporting figure S6). Even the ISI
distribution during USon and USopp intervals shows the same
peak at ~3ms, thus indicating that US stimulation greatly
increases the number of spikes, but their timing is a character-
istic of the network which is not affected by US.

Discussion and conclusion

After 21 d, in vitro neuronal cultures present spontaneous
electrophysiological activity constituted by a mixture of
spiking and bursting activity, including synchronized network
events (i.e. network bursts). We showed that such activity can
be modulated (i.e. enhanced) when US stimulation, provided
as a pulse train at 1 MHz with 2s periodicity, a variable duty
cycle and amplitude, is coupled with piezoelectric nanoparti-
cles, which we assume, are adsorbed on the plasma membrane.

The spontaneous activity of different networks coming from
the same cell preparation, from different animals, or from dif-
ferent districts of the central nervous system (cortex and hip-
pocampus) can vary a lot in terms of network activity (MFR),
network dynamics (e.g. the presence of bursting activity, syn-
chronous oscillations), structural and functional connectivity,
and, as a consequence, response to external stimulation {454
Despite such variability, we consistently observed an evident

increase in the network firing rate due to US stimulation,
which fully recovers to the baseline once the US is switched
off (figure 5). Out of thirteen neuronal preparations, the only
three that did not show any detectable response to US did not
respond to electrical stimulation either.

The clear reversibility of the US-induced response allowed
us to perform repeated experiments on the same cell culture,
varying single parameters of US stimulation, such as intensity
or pulse duration (duty cycle). In partial agreement with what
was previously observed by Marino et al {36}, who evalu-
ated calcium flow transients, we obtained a clear dependence
and a linear relationship between the relative increase in the
MER of the network and the pressure field intensity, thus sug-
gesting that possible steering of the network activity can be
implemented by fine-tuning the US amplitude. Furthermore,
as reported in figure 7(d), the mean firing response to US
stimulation for all tested samples shows a robust peak 200—
300ms after the US onset, and this is conserved regardless of
the duration of the pulse in the 0.5-1.5s range (figures 7(a)
and (c)). After this peak, the network activity decreases to a
non-excited state. This can be interpreted in terms of the time
necessary to recover after network-wide activity (i.e. activity
involving most of the neurons within the network) to let the
synaptic machinery (e.g. supplies of synaptic vesicles) sup-
port the neuronal communication by neurotransmitter release
again {464

Our results provide further indications of the mechanism
at the basis of the observed response to US stimulation. As
already proposed by Marino et al {36, mechano(acoustic)-
electric transduction seems to be a key element, but without
piezoelectric properties, since we never observed an induced
response in the presence of analogous nanoparticles (figure
6). Interestingly, we also observed in a preliminary experi-
ment (figure 8) that we could ‘turn off” the evoked electrical
response by reversibly blocking the synaptic transmission of
the network. We interpret this as an indication that even if the
mechano-electric transduction performed by the piezoelectric
BTNPs works at the subcellular level, the measureable effect
is at the network level. Possible speculation about the related
mechanism capable of enhancing network activity relies on
the possibility that the locally generated electric fields (given
by the BTNPs upon US stimulation) locally induce voltage
membrane fluctuations, thus increasing the firing prob-
ability of already excited neurons (by the natural activation
of synaptic inputs). In this case too, a systematic dissection
of the glutamatergic and GABAergic components, with the
antagonist of the excitatory and inhibitory synapses, together
with additional experiments aimed at controlling the level
of overall network excitability, would allow a better under-
standing of the (sub)-cellular mechanisms at the basis of the
obtained network response.

To our knowledge, this is the first report on the efficient
and tunable modulation of the electrophysiological activity
on actual neuronal networks by means of non-invasive US
stimulation mediated by piezoelectric nanoparticles. The
acoustic-electric stimulation enabled by piezo-nanomaterials,
without genetic intervention (as is the case for the recently
proposed sonogenetic technique {47}), makes the proposed
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strategy particularly promising in terms of the possibility of
generating physiologically relevant responses in a minimally
invasive way. When targeting in vivo applications, we foresee
the possibility of highly selective and efficient neural stimu-
lation, by providing suitable nanoparticle functionalization
to address specific groups of neurons in the central nervous
system with virtually single cell resolution, together with the
use of focused US. This represents a valuable innovative tool
for the generation of new non-invasive neural interfaces, as
recently discussed by Rivnay et al {23], thus enabling new
applications in translational nanomedicine.
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