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Neuromodulation is considered a promising tool for treating brain diseases. However,
conventional methods are fraught by the attenuation of electromagnetic wave intensity with
distance, thereby posing a challenge to its use for the noninvasive induction of transcranial
neural responses in deep brain regions. Recently, transcranial ultrasound stimulation has
garnered attention because of its low invasiveness and improved spatial resolution. In addition,
amechanical contribution to neural impulse generation could be a physical basis for ultrasound-
driven neuromodulation. However, the underlying mechanisms at the cellular level remain
unclear. To elucidate the cellular mechanisms, an in vitro experimental system is advantageous
as it allows for precise control of the neuronal extracellular microenvironement. However,
conventional ultrasound transducers have limited applicability for brain stimulation because of
their large size, which prevents the local stimulation of neurons. In particular, the conventional
in vitro system has less accuracy in the stimulated area because of the neural activation in
relatively wider brain areas. In this study, we have developed a new micro-electro-mechanical
systems-based piezoelectric micromachined ultrasound transducer (PMUT) for precise in vitro
brain slice stimulation. Numerical simulations were conducted to investigate the correlations
between diaphragm dimensions and resonant frequencies. Guided by the numerical findings, we
proceeded to design and microfabricate a PMUT featuring four identical circular diaphragms,
incorporating eight square recording electrodes. We evaluated the physical properties of the
PMUT devices, and finally, we conducted in vitro ultrasound stimulation experiments to
evaluate its applicability for neuromodulation. Notably, we found that the PMUT could activate
cells. In addition, our PMUT successfully detected neural activities with the incorporated
electrodes. Thus, the PMUT device can be used both for stimulation and recording. We aim
to apply this device for closed-loop ultrasound stimulation and small and wearable devices in

our future studies.
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Neuromodulation is considered a promising tool
for treating brain diseases. However, conventional

methods such as transcranial direct current and

magnetic stimulation are fraught by the attenuation
of electromagnetic wave intensity with distance,
thereby posing a challenge to its use for the
noninvasive induction of transcranial neural
responses in deep brainregions. Recently,
transcranial ultrasound stimulation has garnered
attention because of its comparatively low
invasiveness and improved spatial resolution.

While neural impulses have conventionally
been regarded as electrical signals, it is noteworthy
that the suprathreshold depolarization of
excitable membranes in neurons is also influenced
by mechanical mechanisms in addition to
eletrophysiological mechanisms. Hence, a
mechanical contribution to neural impulse
generation could be a physical basis for ultrasound-
driven neuromodulation. However, the underlying
mechanisms at the cellular level remain unclear.
To clucidate the cellular mechanisms, an in vitro
experimental system is advantageous asitallows
for precise control of the neuronal extracellular
microenvironement. However, conventional
ultrasound transducers have limited applicability
for brain stimulation because of their large size,
often exceeding 10 mm, which prevents the local
stimulation of neurons (i.e., within the range of
tens to a few hundred microns). In particular, the
conventional in vitro system has less accuracy in
the stimulated area because of the neural activation
inrelatively wider brain areas.

Several previous studies introduced a
piezoelectric micromachined ultrasound
transducer (PMUT) and validated its efficacy
in elucidating the cellular mechanisms of
neuromodulation through experiments conducted
on dissociated cultured neurons in vitro. However,

in their experiments, the neural networks consisted
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of random connections, as neurons within the
source neural tissue lost their original network
connections during the dissociation process for in
vitro culture. Acute brain slices are therefore more
appropriate in vitro preparations for understanding
the biological mechanisms of ultrasound-mediated
modulation of neural activity. In addition,
conventional open-loop stimulators have a risk of
over-inducing neural activity during protracted
use, resulting in artificial responses, while closed-
loop stimulation is expected to reduce the adverse
effects of excessive stimulation. Furthermore,
there are several reports of wearable capacitative
micromachined ultrasound transducer (CMUT)
devices for small animals. Compared to PMUTs,
CMUTs, including microdevices, have limited
applicability forin vivo use in animals becase
ahighbias voltage (e.g., 100 V) isrequired, in
addition to the driving AC voltage, for stimulation.

In thisreport, we described the development
ofanew MEMS-based PMUT for precise in vitro
brainslice stimulation. Numerical simulations
were conducted to investigate the correlations
between diaphragm dimensions and resonant
frequencies. Guided by the numerical findings, we
proceeded to design and microfabricatea PMUT
featuring fouridentical circular diaphragms,
each witharadiusof 580 um, and incorporating
eight square recording electrodes of 200 um x 200
pm. To our knowledge, this is the first report of
the incorporation of recording electrodes onto a
PMUT. We evaluated the physical properties of the
PMUT devices, and finally, we conducted in vitro
ultrasound stimulation experiments to evaluate
its applicability for neuromodulation. Notably,
we found thatthe PMUT could activate cells. In

addition, our PMUT successfully detected neural

activities with the incorporated electrodes. Thus,
the PMUT device can be used both for stimulation
and recording. We aim to apply this device for
closed-loop ultrasound stimulation in our future

studies.

x X

1.Summary

In this study, we first designed a piezoelectric
micromachined ultrasound transducer (PMUT)
device structure after computations were
performed to identify conditions that would allow
for the desired physical properties, including the
relationship between the resonant frequency and
the size of transducers (circular diaphragms).
For closed-loop ultrasound stimulation, we
incorporated recording microelectrodes onto
the same device as the PMUT. Second, we
microfabricated the PMUT devices and measured
their physical properties and compared with those
initially aimed for. Third, to examine the potential
of our fabricated device for neuromodulation, we
measured the PMUT-driven cellular responses
inacute mouse brain slices. Finally, to assess the
applicability of the interface in a closed-loop
system, we recorded neural activity in brain slices

with microelectrodes fabricated onto the device.

2. Materials and Methods

2.1System Design

Torecord neural responses locally from brain
slices, we aimed to developa PMUT device
thatsatisfied two stimulation conditions and a
size condition: (i) aresonant frequency of the
diaphragm of 500 kHz; (ii) an ultrasound pressure
for stimulation greater than 65 kPa; and (iii) a

diaphragm radius smaller than 600 um (Leeetal.,
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2019;Ohetal.,2019). Our PMUT device consists
of the following five components: a lead zirconate
titanate (PZT) film, a silicon (Si) layer, a SiO,
membrane, top and bottom Pt/Ti electrodes, and a
Sisupporting layer (figure 1(a), (b)). To operate as
atransducer, a thin film of a piezoelectric material
was used to convert electric (voltage) signals
into ultrasound pressure changes. To obtain a
thin diaphragm functioning as a vibrating plate,
circular openings were strategically designed from
the rear side of the supportive Sisubstrate (figure
1(a)).

Before fabricating the device, we numerically
simulated the vibrations of diaphragms in the
PMUT using general-purpose physics simulation
software (COMSOL Multiphysics, Ver. 5.5,
COMSOLAB, Sweden). Using the finite-element
method (FEM) in this simulation software, we
calculated the resonant frequency (500 kHz) and
determined the sizes of the PMUT. In particular,

the objective of the numerical computation was to
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Schematics of the PMUT. (a) Illustration of a
diaphragm of the device. (b) Cross-section of the
PMUT, which consists of four components—a
piezoelectric material (PZT), Si, SiO,, and Pt/Ti.

Figure 1

ascertain the suitable radius (r) of the diaphragm,
along with the thicknesses of the piezoelectric
material and Si-supporting layers, ensuring
resonance of the diaphragm inresponse to a 500
kHz input frequency. All parameters, including
the thicknesses of the layers, are summarized in
Table 1. To confirm the results of the numerical
calculation, an analytical calculation was
performed and compared it with the numerical
results, as previously reported (Wah, 1962; Muralt
etal.,2005; Furukawa and Tateno, 2022).

2.2.Microfabrication Processes

To achieve precisely localized brain slice
stimulation, the PMUT was engineered with an
array comprising four diaphragms, offering high
spatial resolution (figure 2). The PMUT had the
dimensions of a 15 mm?square. Microelectrodes
(200 pm x 200 pm) were designed on the substrate
to simultaneously record the electrical activity of
the brainslice (figure 2(a,b)).

The fabrication process was based on a previous
report on the standard microelectromechanical
system (MEMS) technology (Kuwano etal.,2020).
The initial substrate was a silicon-on-insulator
(SOI) wafer consisting of the following three layers: a
devicelayer(Si, 15 pm), an insulating membrane
(Si0,, 1 um), and a handle layer (Si, 500 pm).

Our microfabrication process was illustrated in

figure 3. After the process, the fabricated PMUT

Table 1 Material parameters used in the numerical
calculation.

Material Thickness in Young’s modulus Densitys Poisspn’s
um in GPa in kg/m ratio
PZT dpiczo 63 7500 0.34
Si dsi 170 2329 0.28
SiO:2 dsio2 70 2200 0.17
Pt drt 168 2145 0.38
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device was packaged with the printed circuit board.

2.3.Physical Properties

To assess the characteristics of the produced
PMUTs, we conducted measurements of the
resonant frequencies of the diaphragms. A custom-
made PCB was affixed with acylindrical acrylic
chamber, having an internal diameter of 30 mm,
onto the substrate (figure 4(a)). Initially, each
diaphragm within the PMUT was actuated using
asinusoidal voltage signal of 10 V amplitude, and
amplified through aradio-frequency amplifier
with a 10-fold voltage gain. The frequency

range was 260-900 kHz. The acoustic pressure
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Figure 2 Design of the PMUT and recording electrodes
with readout pads. (@) mouse brain and a slice
(b) Overall patterns of the PMUT design (top
view; upper panel) and the enlarged view of the
center part (lower panel). (c) Diaphragms and
microelectrodes illustrated with a brain slice.

generated immediately above the diaphragm
within the chamber was assessed using a calibrated
needle hydrophone. During the measurement,
the frequency (among the applied frequency
range of 260—900 kHz) eliciting the highest peak
response was designated the resonant frequency
oftheapplied voltage signal. Each measurement
consisted of five trials at the same conditions.
Furthermore, we assessed the electrical
characteristics of microelectrodes using
electrochemical impedance spectroscopy (EIS).
To characterize the electrochemical properties
of the microelectrodes onthe PMUT device,

weused a potentiostat with a built-in frequency
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Figure 3 Microfabrication processes used to construct the
PMUT. The different colors represent the different
materials— Si, PZT, SiO,, Pt/Ti, protective film, and
epoxy resin E205. The thickness of each material
indicated in the figure does not reflect its actual size.
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analyzer. Microelectrodes were tested using a
three-electrode test apparatus. A standard calomel
electrode and a platinum wire of 0.2-mm diameter
served as the reference electrode and counter
electrode, respectively. Forty sinusoidal voltage
waves with an amplitude of 25 mV were applied to

each microelectrode (Takahashietal.,2019).

2.4.Preparation of Brain Slices

In the present study, we used four C57BL/6J
mice. Each mouse was deeply anesthetized with
isoflurane and decapitated, and the brain was

quickly removed and placed into ice-cold artificial
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Figure4 Images of the microfabricated PMUT on a
PCB substrate and the physical properties of
diaphragms. (a) The packaged substrate with the
PMUT device. (b) The front side of the PMUT with
four diaphragms (channels [chs] 1 to 4) and eight
electrodes (1 to 8). Numbers represent chs of the
electrodes to specify each of them. (c) Measured
acoustic pressure of diaphragms as a function
of frequency in response to a sinusoidal voltage
input to them. (d) Representative resonant
acoustic pressures with different input voltages
at the driving frequency of 880 kHz, which is also
equivalent to the resonant frequency.

cerebral spinal fluid (ACSF) solution. During the
sectioning of brain slices containing the auditory
cortex, the measurement of the distance along the
rostral/caudal axis from the bregma was performed
for each coronal section according to the following
protocol. For visual representations of mouse brain
coronal sections, we employed a digitized atlas
(Franklin and Paxinos, 2007). Coronal slices, 400
pm thick, encompassing the auditory cortex, were
obtained using a tissue slicer in chilled ACSF. All
slices were leftin a chamber for 2 h (Furukawa et
al.,2022).

2.5.CalciumImaging

Inthis study, PMUT-driven intracellular activity
was observed using chemical fluoresent Ca?*
indicators. Our selection criteria for the indicators
were (i) arelatively high Ca*" affinity (dissociation
constant (Kd) <400 nM) and (ii) spectral properties
inimaging:i.e.,single-wavelength imaging.
Thus, we selected the popular single-wavelength
indicator Fluo-4 AM, whose Kd is around 345 nM
(Paredesetal.,2008).

2.6.Neural Activation of CellsinaBrain Slice

Ultrasound stimulation (US) using the PMUT
was directly applied to cellsin a brain slice. In
the absence of stimulation, we first monitored
the baseline changes in Ca®' transients for 1 s as
the Pre-US. Successively, we applied ultrasound
stimulation (880 kHz continuous wave) for 1 s, and
imaged the Ca?" transients, followed by monitoring
of Ca*" transients during the recovery period
for1s(total of 3 s pertrial). We also monitored
Ca?'signals evoked by sham stimulation, i.e.,
stimulation generated by the PMUT with 0 V input

voltage. During the recordings, slices were placed
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on PMUT substrates and covered with nylon mesh
and astainless sliceanchor atroom temperature

(23.6+0.8°C).

2.7.Microelectrodes for Recording Activity ina
Brain Slice
Forlocal field potential (LFP) recordings, we
recorded spontaneous and seizure-like neural
activities induced by standard (normal) and
magnesium (Mg?")-free ACSF, respectively
(Anderson etal., 1986). In each slice, spontaneous
activities innormal ACSF were firstly recorded
as acontrol for 5 min. Subsequently, we perfused
Mg?**-free ACSF for 25 min and performed the
recording for 5 min. The signals were recorded
withasampling rate of 20 kHz and subjected to
filtering within a frequency range of 1 Hzto 10
kHz. To compare the temporal properties in control
and Mg?*-free conditions, we analyzed the power

spectra of extracellular recording signals.

3.Results

3.1.Microfabrication of the PMUT

On the basis of the results of computational
simulation of the PMUT model having a resonance
frequency of 540 kHz, a diaphragm with aradius
of 580 um, a PZT layer thickness of 100 pm, and
aSilayer thickness of 15 pm was selected. The
numerically calculated resonant frequency (i.e.,
fe=540kHz) was not the same as the originally
designed frequency (500 kHz). However, we
decided to use this f;. Ultrasound stimulation has
an effective range of frequencies, and 540 kHz is
within thisrange (Lietal., 2023). Subsequently,
the PMUT device comprising four diaphragms
and eight microelectrodes was fabricated using

microfabrication techniques. Then, the PMUT

device was packaged on a PCB substrate. APMUT

isillustrated in figure 4(a).

3.2.Physical Characteristics of the Fabricated
PMUT

To assess the response of the manufactured
PMUT, we initially conducted measurements
oftheacoustic pressure generated by individual
diaphragms. The PMUT was driven by sinusoidal
voltage signals of varying frequencies, but of
constant voltage (Vin=10 V) (figure 4(c)). A
typical example of the frequency response for four
diaphragms (channels 1 to 4) is illustrated in figure
4(c)foraninputfrequency of 260-900 kHz. For
the pressure measurements, the first peak acoustic
pressure was always acquired at a higher frequency
(fpeax) than the resonant frequency (i.e., fr = 540
kHz) estimated in the simulation. Forone PMUT
device, for example, the error (|fpeak — fi|) rate of the
four diaphragms was 55+ 3% (mean = standard
error of the mean (SEM); figure 4(c)). Overall, the
error rate of the six diaphragms in the examined
PMUT devices was 40+ 10%.

Subsequently, to examine the input voltage-
dependency of the PMUT, we conducted
measurements of the acoustic pressure generated
by individual diaphragms. The PMUT was
actuated using sinusoidal voltage signalsata
consistent frequency (AC amplitude of 10-70V;
figure 4(d)). When the input voltage amplitude
was increased, the output acoustic pressure at the
measured resonant frequency (fpea monotonically
increased (figure 4(d)). On the basis of these
results, we applied an acoustic pressure of 65.6 +
1.8 kPa (for an input voltage of 70 V) of ultrasound

stimulation to brain slices in vitro.
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3.3.CalciumImaging

To examine whether our PMUT could activate
cells, the fluoresence Ca*" indicator (Fluo-4 AM)
was loaded onto seven brain slices. First, a typical
fluorescent image of a typical brain slice is shown
in figure 5(a). In the fluorescent image, a cell body
isindicated by an arrow. Ultrasound stimulation
was generated for a 1-s period by the PMUT driven
by the 70 V sinusoidal signal at an oscillatory
frequency of 880 kHz. After the stimulation
onset, the florescence signal of the cell increased
gradually and was sustained foratleast1s,even

after the stimulation was turned off (figure 5(b)).
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Figure 5 Fluorescence Ca?* imaging of brain slices driven by
the fabricated PMUT and response characteristics.
(a) Fluorescent image of cells in a brain slice
stained with Fluo-4 AM dye. Small areas appearing
bright in the image represent cell bodies. A typical
cell is indicated by an arrow. (b) Representative
fluorescence transients of cell responses evoked
by ultrasound stimulation (frequency, 880 kHz;
acoustic pressure, 65.6 £ 1.8 kPa; duration, 1 s) by
the PMUT. The red line shows the transient under
the sham condition (acoustic pressure, 0 kPa). ()
Response average (maximum) amplitude with
two conditions: (i) ultrasound stimulation (65.6 %
1.8 kPa) and (i) sham stimulation (0 kPa). Data are
indicated as the mean = SEM (n = 5 in two slices).
Mann-Whitney U-test was used to analyze the
difference. **p < 0.01.

Asacontrol experiment (sham condition), when
ultrasound stimulation was applied for the same
duration with a 0 V sinusoidal input signal, the
fluorescence signal did not increase (figure 5(b)).

To test the difference between two conditions
(70 Vvs.0V), we statistically analyzed the
response amplitudes, which were defined as the
maximum intensity in the stimulus period. The
response amplitude under ultrasound stimulation
was significantly larger than that under sham
stimulation (p =0.008; n =5, two slices; figure
5(c)). Thisresultindicates that our device has the
potential to activate cells in brainslices, because
the calcium signals of cells in the brain slice were

synchronized with the membrane voltage changes.

3.4.Recording of LFPsinaBrain Slice

The PMTU device was incorporated with
recording microelectrodes (200 pm x 200 pm) to
record electrical activity from brainslices. The
impedance of the microelectrodes was 23.4+£3.7
kQ (at 1 kHz; eight electrodes). Thus, the fabricated
microelectrodes with low impedance would be
useful for recording LFPs from brain slices.

In addition to constructing a closed-loop
feedback system for the PMUT device, we were
interested in examining the device’s ability to
detect spontanous neural activity during the sleep-
wake cycle, as well as short-term memory and
other brain functions. The representative LFPs in
spontanous activity acquired on channel 7 under
normal conditions are, as an example, shown in
the top panel of figure 6(a),(b). The spontaneous
activity in the normal ACSF condition showed
fastnegative peaks. The negative peaks of repid
changesin LFPs occurred randomly during

recording periods, and the inter-event intervals
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were 15.5+ 1.1 s forthe seven channels analyzed
forexamined slices.

In the brain, extracellular (interstitial) Mg?*
concentration ([Mg**],) is maintained at 0.7-1.3
mM (Sunetal.,2009). Many studies of [Mg?*], in
cortical brain areas focused on voltage-dependent
blockade of the NMDA receptor, restricting its

opening to more depolarized potentials in cell
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Figure 6 Spontaneous activity recording of brain slices
using microfabricated electrodes incorporated
into the PMUT. (a) Local field potential (LFP)
recordings during spontaneous activity in normal
(1.3 mM of extracellular Mg?* concentration)
ACSF and in Mg?*-free (0 mM) ACSF. Three typical
LFP waveforms are illustrated for (i) the control
condition (top trace) and (ii) immediately after the
switch to Mg**-free condition (bottom trace). (b)
Expanded views of spontaneous activity events in
panel (a). The time intervals of the original traces
are indicated by arrows in panel (a). (c) Time-
frequency analysis of the three LFP waveforms
(duration, 5 min) illustrated in panel (a). (d) Power
spectra of LFP waveforms. The blue bars indicate
significant differences among the frequencies
(64, 66 and 86 Hz; p = 0.037, 0.043 and 0.045,
respectively).

membraines. Thus, to test our device under low
[Mg?'], conditions, we perfused the brain slices
with 0 mM [Mg**], ACSF solution. Eliminating
Mg (0 mM [Mg**],) induced seizure-like activity,
with more events with small positive peaks than
those with negative peaks across the baseline
voltage (figure 6(a),(b)).

Furthermore, we compared the power spectra of
the LFP transients for all eight channels in all three
slices (figure 6(c)). We found that both early and
delayed switch to Mg?*-free conditions produced
atendency towards a reduction in high-frequency
power (figure 6(c)). In addition, as shown in
figure 6(d), we found that high-frequency powers
(64,66 and 86 Hz) in the Mg>*-free ACSF were
significantly smaller than those in normal ACSF (n

=24,p=0.037,0.043, and 0.045, respectively).

4.Discussion

The measured resonant frequency (i.e., fpeak = 835+
17 kHz) was not the same as the calculated resonant
frequency (540 kHz). One of the possible reasons
for the shift to higher frequency is the difference in
module selection in the computational simulation.
In this study, the mechanics module was only
used in the design. However, the elevation of
the resonant frequency of the vibration could be
seen by adding the electrostatics module to the
mechanics module. Therefore, the use of a hybrid
moduleisrequired in future work.

Although among the individual diaphragms
of one PMUT device, the frequency—response
characteristics were not identical, the variance
of the error rate was small (SEM =3%). In total,
forthe two PMUT devices, the error rate of six
diaphragms was 40 + 10%, which was relatively

larger than that for similar PMUT devices reported
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in previous studies (14-40%) (Chengetal.,2019;
Dangi et al., 2020). For this reason, there could be a
discrepancy between the fabricated and designed
layer thicknesses of the individual diaphragms. To
test this hypothesis, we will use scanning electron
microscopy to measure the thicknesses of the
individual layers in future studies.

We observed significant calcium influx with
ultrasound stimulation by the PMUT. This
suggests that our fabricated PMUT can be used
for neuromodulation in brain slices. Thus, our
microdevice can be used to modulate the activity
of cellsin cortical slices, and should therefore
be useful for elucidating the mechanisms of
ultrasound-driven activities in the cortex.

In this study, we applied fluorescent Ca?*
indicators to brain slices, which included not
only neurons, but also glial cells. Therefore, the
fluoresence signals observed in the experiments
would be a maixture of neuronal Ca?" transients
combined with glial Ca*" waves. This would
suggest that it might be diffcult to distinguish these
two types of signals in brain slices. However, in this
study, we observed mainly two kinds of cellular
responses: (i) slow and strong responses over a
long duration (figure 5(b)) and (ii) rapid responses
synchronized with the stimulation onset (data not
shown). In general, glial cells usually exhibit slow
transients in intracellular Ca?* signals, whereas
neuronal responses are rapid, but decrease within
awindow of hundreds of milliseconds (Ikegaya et
al., 2005). Thus, these temporal differences in Ca*
signals might be derived from differences in cell
typesinabrainslice.

Because our PMUT combined with
microelectrodes could also detect spectral changes

inelectical activities in brain slices, a feedback

system consisting of a real-time detector of
abnormal activities could be implemented in
future applications. Although we presented a
PMUT forin vitro ultrasound stimulation, this
miniaturized transducer with recording electrodes
would be auseful tool for in vivo experiments as
well. Although there are several reports of closed-
loop ultrasound stimulation systems (Dong et
al.,2023; Xieetal.,2022), their stimulation and
recording modules were completely separated. In
comparison, our packaged interface isamenable
toacompact closed-loop system. We will apply
our new packaged system for chronic closed-loop

stimulation and monitoring in future studies.
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