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Piezoelectric ultrasound energy-harvesting device
for deep brain stimulation and analgesia applications

Tao Zhang't, Huageng Liang®t, Zhen Wang?, Chaorui Qiu*, Yuan Bo Peng?, Xinyu Zhu',
Jiapu Li', Xu Ge', Jianbo Xu', Xian Huang?, Junwei Tong?, Jun Ou-Yang’, Xiaofei Yang',

Fei Li**, Benpeng Zhu'*

Supplying wireless power is a challenging technical problem of great importance for implantable biomedical de-
vices. Here, we introduce a novel implantable piezoelectric ultrasound energy-harvesting device based on Sm-
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doped Pb(Mg+,3Nb3/3)03-PbTiO3 (Sm-PMN-PT) single crystal. The output power density of this device can reach up
to 1.1 W/cm? in vitro, which is 18 times higher than the previous record (60 mW/cm?). After being implanted in the
rat brain, under 1-MHz ultrasound with a safe intensity of 212 mW/cm?, the as-developed device can produce an
instantaneous effective output power of 280 pW, which can immediately activate the periaqueductal gray brain
area. The rat electrophysiological experiments under anesthesia and behavioral experiments demonstrate that
our wireless-powered device is well qualified for deep brain stimulation and analgesia applications. These en-
couraging results provide new insights into the development of implantable devices in the future.

INTRODUCTION

With the rapid development of the biomicroelectronics, implant-
able biomedical devices have emerged and attracted considerable
attention (I1-3). These devices exhibit numerous advantages in im-
proving the quality of patient life and/or extending patient life, al-
though supplying power to these devices is still a technical challenge.
Deep brain stimulation (DBS) as a powerful tool has been clinically
used to treat Parkinson’s disease (4), essential tremor (5), dystonia
(6), pain (7), and other diseases (8-10). However, its power supply
remains a main challenge (11-17), as shown in fig. S1. The tradi-
tional scheme of an outer power resource requires transcutaneous or
percutaneous wires that are cumbersome and prone to infection,
especially for long-term application (18). Integration of the battery
with the implants is another choice, but the battery must be replaced
regularly because of its limited energy capacity, bringing postoperative
pain and financial burdens to patients (19).

Recently, to address this issue, magnetoelectric and ultrasonic
wireless energy-harvesting technologies have been proposed (20, 21).
Compared to electromagnetic waves, ultrasound (US) can realize a
longer travel depth and a better spatial resolution in the tissue (22).
Furthermore, according to the U.S. Food and Drug Administration’s
regulation, the safety threshold of US in the human body is 720 mW/cm®
(23), which is dozens of times greater than that of radio waves
(10 mW/cm?) (24). These two factors enable ultrasonic wireless
energy-harvesting technology’s unique advantages in biomedical
applications in contrast to other wireless power transmission tech-
nologies, such as electromagnetic (25-27), piezoelectric (20, 21),
triboelectric (28-30), electrostatic (31-33), biofuel cell (34, 35),
thermoelectric (36, 37), and photovoltaic (38, 39) (table S1).
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Because the ZnO nanowire array was successfully driven by US
to produce continuous electrical output in 2007 (40), many efforts
have been conducted to develop piezoelectric US energy-harvesting
(PUEH) devices (41-45). The state-of-the-art devices made from
polyvinylidene fluoride, lead zirconate titanate (PZT) film, PZT 1-3
composite, and potassium-sodium niobate 1-3 composite exhibit very
low energy density in the range of 3.75 tW/cm® to 60 mW/cm?® (table S2)
in vitro (41-45). Because of this, no PUEH devices have been used in
in vivo experiments over the years. Theoretically, the output can be
enhanced by increasing US’s intensity, but the US’s intensity must
not exceed the safety threshold; otherwise, damage to the body will
be induced by heat as a result of the US. Thus, it is highly desired
to enhance the output energy density by improving the energy-
harvesting efficiency of PUEH devices.

Here, we design a miniature (13.5 mm by 9.6 mm by 2.1 mm)
and flexible PUEH device with 6 x 6 elements using Sm-doped
Pb(Mg)/3Nby/3)O03-PbTiO; (Sm-PMN-PT) single crystals, whose
piezoelectric coefficient (ds3), electromechanical coupling coeffi-
cient (ks3), and relative permittivity (&) are up to 4000 pC/N, 95%,
and 13,000 (46), respectively. This Sm-PMN-PT single crystal-based
PUEH device (abbreviated as Sm-PUEH device) can produce an in-
stantaneous output power up to 1.1 W/cm® and an average charging
power of 4270 + 40 nW in vitro, which are much higher than the
previous record values (60 mW/ cm?, 160 nW) (43, 45). Furthermore,
under 1-MHz US with a safe intensity (212 mW/cm?), such a device
can produce an instantaneous effective output power up to 280 uW
in vivo. According to the results of rat experiments both in an anes-
thetized and an awake state, we demonstrate that this Sm-PUEH de-
vice has the capability (table S3) to realize DBS and immediately
activate the periaqueductal gray (PAG) to reach the aim of analgesia.

RESULTS AND DISCUSSION

Principle and design of Sm-PUEH device

In our design, we propose the Sm-PUEH device be implanted sub-
cutaneously for DBS (Fig. 1A). According to the principle of PUEH
device (47, 48), the output power (P) is related to the piezoelectric
material’s dielectric coefficient (g33), effective elastic coefficient(cs3),
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Fig. 1. Schematic diagram and design of the flexible Sm-PUEH device. (A) Schematic diagram of the Sm-PUEH device designed for DBS and analgesia. DI, deionized.
(B) Attenuation of US after penetrating through the brain as a function of distance with different frequencies (0.5 and 1 MHz). (C) Exploded view of Sm-PUEH device,
consisting of soft polydimethylsiloxane (PDMS), stretchable copper electrodes, Sm-PMN-PT, rectifier diodes, and stimulating electrodes (from side to center). (D) The
stretchable electrical connection for the device. (E) The flexible device in a bent state. (F) Side view of the flexible device with bending angle greater than 30°. (G) Optical
image of the obtained device held with fingers. The inset shows that the device is smaller than a coin of ¥0.5 (20.5 mm in diameter).

and electromechanical coupling coefficient (ks3), which can be ex- method to improve the output power of the device is to choose the
pressed as (note S1) piezoelectric material with high electromechanical coupling factor
and high dielectric permittivity. Thus, we chose Sm-PMN-PT single
> crystal as the active material for our proposed PUEH device. The
(k33 + kl) relevant parameters of Sm-PMN-PT crystal are shown in table S4.
” As reported in previous literature (49, 50), kilohertz-range US can
Considering that the value of ks; is in the range of 0 to 1,  propagate through the skull and activate cranial nerves. After pene-
the formula —— is a monotonically increasing function. One trating through the skull (table S5) (51), as presented in Fig. 1B,

1

ks + 1) 0.5-MHz US can maintain 78.3% of the input pressure; only 38.1%

21 (1)
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pressure remains for 1-MHz US. Therefore, to avoid the influence
of US direct stimulation, the operating frequency of our Sm-PUEH
device is designed to be 1 MHz. Figure 1C illustrates an exploded
view of our Sm-PUEH device. Sm-PMN-PT single crystal is lapped
down to the thickness of 380 um and then cut into small pieces with
the size of 1 mm by 1 mm (fig. S2). These elements are connected
with stretchable electrodes (52, 53) (Fig. 1D) to form a 6 x 6 array
and embedded in soft polydimethylsiloxane (PDMS) with excellent
biocompatibility (fig. S3) and stretchability (54, 55). The whole de-
vice can be regarded as 36 minicurrent sources in parallel (fig. S4).
The specific fabrication process of Sm-PUEH device is shown in fig.
S5. Moreover, it exhibits good flexibility with a bent angle more
than 30° under external force (Fig. 1, E and F). The entire device
with the weight of 0.78 g is 13.5 mm long, 9.6 mm wide, and 2.1 mm
thick (fig. S6), which is smaller than a coin of ¥0.5 (20.5 mm in di-
ameter) (Fig. 1G).

Electrical output characteristics of Sm-PUEH device

To explore the electrical output characteristics of our Sm-PUEH
device, a test system was built as described in Fig. 2 (A and B). Ac-
cording to the impedance spectrum (fig. S7), the resonant frequen-
cy of each Sm-PMN-PT element is approximately 1 MHz. To ensure
that the Sm-PUEH device works at this resonant frequency, the ap-
plied US in this experiment is set to be 1 MHz (fig. S8). The device’s
output voltage under 1-MHz US with different intensities was mea-
sured (Fig. 2C and fig. S9). The output voltage is positively cor-
related with the intensity of the input pulse US. Saturation occurs
when the input sound pressure is higher than 2.5 MPa, and the open-
circuit voltage can reach more than 80 peak-to-peak voltage (movie
S1). In addition, US incident angle and the bending state of the de-
vice may affect the output efficiency. We investigated the depen-
dence of the device’s output voltage on the US incident angle or
bending situation (Fig. 2D and movies S2 and S3). The output
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Fig. 2. Electrical output characteristics of Sm-PUEH device. (A) Schematic diagram of electrical output test system for the Sm-PUEH device. (B) Sm-PUEH device in the
test. (C) The output voltage signal of Sm-PUEH device measured under 1-MHz US with different intensities. (D) The output voltage signal of Sm-PUEH device at different
US incident angles (I) and at different bending angles (ll). (E) The output voltage, current, and power of Sm-PUEH device under different load conditions driven by a pulse
US with 2.5 MPa. (F) Charging curves of various capacitors (33, 100, 220, 470, and 1000 uF) with Sm-PUEH device driven by a pulse US with 2.5 MPa. (G) Comparison of
average charging power with different US energy harvesters. 2-D, two-dimensional; MEMS, Micro-Electro-Mechanical System.
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open-circuit voltage decreased with the US incident angle increas-
ing; when the angle was greater than 45°, the output voltage tended
to be 0. In a bending situation, the output open-circuit voltage di-
minished slowly with the rise of the bending angle. If the US inci-
dent angle was less than 10° or the bending angle was less than 20°,
then the device can maintain 70% output.

Figure 2E presents the change of output voltage (blue), current
(red), and power (green) for the Sm-PUEH device in an external
load resistance range from 100 ohm to 10 gigohm. As the load resist-
ance increases, the output voltage keeps raising until saturation at
high resistance (>100 megohm). With a load resistance of 1 kilohm,
the maximum instantaneous power is calculated to be 0.4 W, where the
output voltage and current are 20 V and 0.02 A, respectively.
The instantaneous output power density can reach up to 1.1 W/cm?,
which is 18 times higher than the previous record (60 mW/cm?)
(43). The voltage produced by PUEH device takes the form of AC
pulses, which cannot be directly used for DBS. Therefore, the AC
signals should be converted into DC output by a rectifier circuit
(fig. S10). After rectification, the device’s output voltage is shown in
fig. S11, which shows that the relationship between the voltage output
and the US intensity is similar to that in Fig. 2C. Moreover, the
pulse width of the output voltage is consistent with that of the
applied US (fig. S12).

As presented in Fig. 2F, five different energy storage capacitors
(33, 100, 220, 470, and 1000 uF) are charged under US (2.5 MPa).
Less than 60 s are required for a 470-uF capacitor to be charged to
1V (movie S4). The calculation formula of average charging power
is given below (31)

—  CV?
PS5 @

where C; is the capacitance, T is the charging time, and V is the
stored voltage. When Sm-PUEH device charges a 1000-uF capacitor
(fig. S13), its output power is determined to be 4270 + 40 nW, which
is 26 times larger than the previous record (160 nW) (45). Figure 2G
shows that PUEHs are superior to electrostatic US energy harvest-
ers (31, 56, 57) in terms of charging power, and among them, Sm-
PUEH is the best one (table S6). We attribute this excellent charging
energy efficiency to the performance of Sm-PMN-PT single crystal
and the desired structure of the device. Together with three 220-uF
capacitors in parallel, 56 commercial blue light-emitting diodes
(LEDs) can be illuminated simultaneously within 5 min by our Sm-
PUEH device (fig. S14 and movie S5). The Sm-PUEH device can
directly light up a blue LED connecting a 220-uF capacitor in paral-
lel (fig. S15 and movie S6). The outstanding output performance of
the device mainly lies in the high-performance piezoelectric Sm-
PMN-PT single crystal. Furthermore, the resonant working state
(1 MHz) of the device and the array structure (6 x 6) contribute to
the improvement of output power.

Output characteristics in tissue of Sm-PUEH device

Before the DBS experiment, it was necessary to test the output char-
acteristics of the device in tissue under biological safety. The device
was placed under the pork tissue in vitro, the thickness of which was
30 mm, including 1 mm of skin, 11 mm of fat, and 18 mm of muscle
(Fig. 3A). Driven by 1-MHz US with intensity of 0.65 MPa, the Sm-
PUEH device can still produce an output of 7.7 V [Fig. 3B (I) and
movie S7]. Although this output voltage is just 46% of the value
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(16.6 V) tested in deionized (DI) water, it is high enough for the
proposed application and is a record for a PUEH device. When the
device was placed under the skin, the output voltage was measured
tobe 9.3V, 56% of 16.6 V. We also studied the relationship between
the voltage output and the US incident angle. When the US incident
angle is less than 15°, the open-circuit voltage can remain 4.7 V
[Fig. 3B (II)]. All tested results showed that the device can show
excellent output performance in biological tissues.

To eliminate the influence of temperature change on nerve stim-
ulation, we established a different US stimulation strategy (Fig. 3C)
and tested the device’s temperature change both in air [Fig. 3D (I)]
and in tissue [Fig. 3D (I)]. There are three strategies for applying
US with a pulse repetition frequency (PRF): (I) No US, no US is
applied; (II) US 3 s, 1-MHz US (US-400 ¢/p, PRF = 50 Hz, 0.65 MPa)
irradiating for 3 s; (IIT) US 5 min, 1-MHz US (US-400 ¢/p, PRF = 50 Hz,
0.65 MPa) irradiating for 5 min with an interval (on 3 s and off 3 s).
The results indicate that our US strategy never caused substantial
temperature change not only in air but also in tissue (Fig. 3E).

As reported in (58), the charge on a stimulating electrode may
cause electrolysis, which is harmful. To identify a safe stimulation
frequency for Sm-PUEH device, we investigated electrolysis, where
the stimulating electrode (monophasic) was immersed in normal
saline when the device was driven by 1-MHz US with different PRFs
(Fig. 3F). The specific parameters of the applied US are shown in
table S7. Once a bubble appears, the water is electrolyzed. In Fig. 3G,
the blue area represents safe condition, while electrolysis occurs in the
red area. According to our results, the irradiation of 1-MHz US with
PRF of 50 Hz for 3 s is safe for an in vivo experiment; the irradiation
of 1-MHz US with PRF of 120 Hz for 3 s will lead to electrolysis.

The PAG activation by Sm-PUEH device

Pain seriously endangers people’s health and quality of life and
causes a huge economic burden to society (59-62). Usually, drug
chemotherapy can relieve pain, but widely used analgesics have an
additional risk of death (63, 64). Theoretically, the PAG is a key
brain region involving the pain inhibition descending pathway, and
there are mounting evidences demonstrating that DBS to the PAG
is a promising alternative for analgesia (65-69).

To explore the feasibility of the Sm-PUEH device for DBS and
toward analgesia application, we designed and conducted an exper-
iment of the PAG activation. As depicted in Fig. 4A, our device was
implanted under the scalp of a rat, and the stimulating and record-
ing electrodes were both placed in the PAG brain area. Under an
applied 1-MHz US of 212 mW/cm? (US-400 c/p, PRF = 50 Hz,
0.65 MPa), the Sm-PUEH device exhibits an instantaneous output
power up to 400 pW (approximate voltage, 2 V; current, 200 pA) and
the effective power is about 280 pW, as shown in Fig. 4B. Figure 4C
describes the recorded signal of the electrophysiological experiment
under two different conditions: US and no device, and US and de-
vice. Only when the device is driven by US can the periodic varia-
tions of local field potential (LFP) of the PAG be recorded. In
addition, when the stimulated signal’s amplitude is increased or its
duration is elevated, the amplitude of the recorded signal is en-
hanced; meanwhile, its waveform has no obvious change (fig. S16).
It is worth noting that the frequency of the PAG activation is equal
to the PRF of the applied pulse US (Fig. 4C). When the US’s PRF is
adjusted to 25 or 100 Hz, a similar phenomenon can be observed
(Fig. 4D), suggesting that the activities of the PAG can be precisely
controlled by this Sm-PUEH device.
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on an electrode in normal saline, as evidenced by gas bubbles (n=4).

Electrophysiological experiments (LFP recordings) in rats
under anesthesia

To demonstrate the capability of our Sm-PUEH device for analgesia
application, we carried out an in vivo electrophysiological study on
rats under anesthesia (Fig. 5A). For the establishment of a pain ani-
mal mode, 50 ul of 3% formalin solution was injected into the rat’s
left hindpaw. This formalin-induced pain can last for 60 min. LFP

Zhang et al., Sci. Adv. 8, eabk0159 (2022) 15 April 2022

activities from the spinal cord dorsal horn (L5) involve in not only
receiving primary afferent signals from the periphery but also
recognizing descending inputs from supraspinal sources. Accord-
ing to previous literature (70, 71), the measurement of electro-
physiological signals from spinal cord dorsal horn can be used to
quantify responses to noxious stimuli. Consequently, we placed a
recording electrode in the spinal cord to detect the LFP activities of
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dorsal horn. Meanwhile, the Sm-PUEH device was implanted under
the scalp of the rat for the purpose of stimulating the PAG. In our
experiment, there were two groups: the stimulation group (n = 8)
and the control group (n = 8). For the former, as shown in Fig. 5B,
at the 30th min after formalin injection, 1-MHz US (US-400 c/p,
PRF =50 Hz, 0.65 MPa) began to irradiate for 5 min with an inter-
val (on 3 s and off 3 s), while for the latter group, no US was applied.

Figure 5C shows the LFP activity changes in both the stimula-
tion group and the control group. The record data (data were
imported into Spike2 for offline analysis) and the waveforms of
different frequency bands are referred to fig. S17. We analyzed the
waveform and power spectrum (0 to 100 Hz) of the recorded data.
Evidently, power spectrum intensity increased in both groups after
formalin injection, which means that the LFP activities of dorsal
horn were enhanced and the rat began to feel pain. When the US
irradiated, i.e., the PAG stimulation by the Sm-PUEH device oc-
curred, power spectrum intensity decreased immediately, implying
that the LFP activities of dorsal horn decreased and formalin-
induced pain was alleviated. Once the US turned off, dorsal horn
returned to the situation of LFP activity enhancement. For the

Zhang et al., Sci. Adv. 8, eabk0159 (2022) 15 April 2022

control group, no obvious changes of LFP activity were observed.
The heatmap of the power spectrum ratio also illustrates that LFP
activities in delta, theta, alpha, beta, and gamma waves decreased
significantly under the PAG stimulation by the Sm-PUEH device
(Fig. 5D). For delta waves, significant differences were observed be-
tween the control group and the stimulation group during the 30th
to 35th min (P < 0.001), 35th to 36th min (P < 0.01), and 36th to
40th min (P < 0.05) (Fig. 5E). Similar results were detected in the
theta, alpha, beta, and gamma bands (fig. S18).

Behavioral experiments

To further verify the feasibility of our Sm-PUEH device for analge-
sia application, we conducted rat behavioral experiments (Fig. 6A).
As shown in Fig. 6 (B to D), our device is fully implanted in rat’s
brain under the scalp, and the rat can recover from surgery and
move freely after 10 days. In this experiment, the rats are still divid-
ed into the stimulation group (n = 6) and the control group (n = 6),
and the stimulation strategy is consistent with that in electrophysi-
ological experiment (Fig. 6E). After formalin injection, the rat
mainly has three kinds of behavior responses: paw down [Fig. 6F (I)],

60f 11



SCIENCE ADVANCES | RESEARCH ARTICLE

A B
~—
s S— —US
n — =
+— Sm-PUEH device Recorder Stimulation
/ 5 min
Dorsal horn fo
(Spinal cord & L5) 9s r

I,
Sciatic nerve \
. PAW

Formalin injection

| o ) 05V |_
-k l \ 0.4 ms
LR ,,:__,;,,,_JA \“-:—-—o—«m«

@US-1 MHz, 400 c/p,
PRF = 50 Hz, 0.65 MPa

(o
Waveform 50 %
B | (relative mv) o} ; . i %
2 7 |
€ 7
S 7
(5] Power 100 Z
spectrum %
50 %
(Hz) /
.
.
Z 2 -
€ | Waveform 50 Z ol Stlmlflatlon il
2 | (retative mv) OJWWWW? i
® ' 7m i
5 7
7
E Power 100 7
| spectrum
@ (Hz) 501 Z A Y
// sl ¥
! Baseline }' . T ke
L — x 30th min 35th min 40th min
Formalin injection at time =0
D E
G. —— Delta-Stimulation
= 13.0 —g {— Delta-Control kkk
O| Beta ° g
=
S| Alpha 10.4 % E
O| Theta 2 <
7.80 2
Delta 6 -.2.. ® 6
G S5
amma
< 5205 ¢
=2 eta 2> =
8 5 23
3| Apha 2.60 % ®
E| Theta x %
=
| Delta 0.00 0
Baseline 30 35 40 =5 25 30 35 40
Time (min) Time (min)

Fig. 5. Inhibition of LFP activity of spinal cord dorsal horn by Sm-PUEH device’s PAG stimulation. (A) Schematic diagram of the experimental design. Three-percent
formalin (50 pl) is injected into the left hindpaw, and US is then applied to trigger the PAG stimulation by the Sm-PUEH device. Electrophysiological signals of the spinal
cord dorsal horn (L5) are recorded. (B) Schematic diagram of stimulation strategy with US (US-400 c/p, PRF = 50 Hz, 0.65 MPa) for 5 min with an interval (on 3 s and off
3'5). (C) Representative example of LFP activities from the spinal cord dorsal horn (L5) between the control group (top) and the stimulation group (bottom). In each group,
the first row represents the raw trace (waveform), and the second row demonstrates power spectrum. Formalin is injected at time = 0. (D) Heatmap comparison of the
power spectrum ratio (calculated by baseline) between the control group and the stimulation group. The power spectrum is broken down into delta (0 to 3 Hz) wave,
theta (4 to 7 Hz) wave, alpha (8 to 12 Hz) wave, beta (13 to 30 Hz) wave, and gamma (31 to 100 Hz) wave. (E) The comparison of power spectrum changes in delta (0 to 3 Hz)
wave between the control group (n =8) and the stimulation group (n = 8). The power spectrum is calculated by the average of each minute, and ratio (y axis) is processed
by the average baseline of the first 5 min. All data are presented as means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 versus control group.

paw up [Fig. 6F (II)], and paw licking [Fig. 6F (III)]. Figure 6G illus-
trates the weighted score of formalin-induced pain for these two
groups. At the 30th min, their scores reached a peak value simulta-
neously. Once the US began to irradiate and this PAG stimulation
by the Sm-PUEH device occurs, the pain score of the stimulation
group dropped significantly. However, for the control group, the
score remained at its maximum. We also counted the duration of
paw up and paw licking from 30th to 35th min (Fig. 6H). Evidently,
there was also a significant reduction in the total time of paw up
(P < 0.001) and paw licking (P < 0.05) in the stimulation group
(movie S8). The observations in the behavioral experiment are in good
agreement with the results of the electrophysiological experiment

Zhang et al., Sci. Adv. 8, eabk0159 (2022) 15 April 2022

(under anesthesia). All of these promising results demonstrate that
this implanted Sm-PUEH device exhibits an excellent performance
on the PAG stimulation-produced analgesia. Furthermore, no ob-
vious adverse reaction (movie S9) and surrounding tissue damage
(fig. S3) were observed after long-term implantation in rats, which
indicates considerable biocompatibility of our device.

In summary, we introduced a miniature (13.4 mm by 9.6 mm by
2.1 mm) and flexible PUEH device with 6 x 6 elements using the
Sm-doped Sm-PMN-PT single crystals with ultrahigh piezoelectric
and dielectric properties. In vitro, this Sm-PUEH device can pro-
duce an instantaneous output power up to 1.1 W/cm®* and an aver-
age charging power to 4270 + 40 nW, which are about 18 times and
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Fig. 6. Behavioral experiments in the rats with fully implanted Sm-PUEH device. (A) The timeline for the whole experimental procedure. (B) The device implantation.
(C) The first day after implantation. (D) The 10th day after implantation. (E) Schematic diagram of behavioral experiments of Sm-PUEH device for analgesia application.
Three-percent formalin (50 pl) is injected at the beginning, and US (US-400 c/p, PRF =50 Hz, 0.65 MPa) is applied during the 30th to 35th min. (F) Three main behavioral
responses of rats to formalin: (I) paw down, (ll) paw up, and (lll) paw licking, showing differential pain levels from no pain to the heaviest pain. (G) The weighted score
comparison of formalin-induced pain between the stimulation group (n = 6) and the control group (n = 6). (H) Total time (seconds) of paw up (left) and paw licking (right)
during the 30th to 35th min in formalin test. All data are presented as means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 versus control group.

26 times higher than the record value (60 mW/cm?, 160 nW) in
previous literature, respectively. In vivo, our device can produce an
instantaneous effective output power up to 280 uW under 1-MHz
US with the intensity of 212 mW/cm?, which is a record in PUEH
devices. The observations of the rat’s electrophysiological investiga-
tion and behavioral experiment demonstrate that our device does
have the capability to realize DBS and immediately activate the
PAG brain area for analgesia applications. These encouraging re-
sults suggest that such US-wireless energy harvesting technology is

Zhang et al., Sci. Adv. 8, eabk0159 (2022) 15 April 2022

a novel method for in vivo implantable biomedical devices. This
study provides new insights into the development of implantable
devices in the future.

MATERIALS AND METHODS

Sm-PUEH device fabrication

Sm-PMN-PT single crystal was grown by the modified Bridgman
approach (46) and was lapped down to the thickness of 380 um.
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After Au/Cr (200/100 nm) electrodes were deposited on both sides
of the polished single crystal by sputtering technology, the Sm-
PMN-PT single crystal was cut into pieces with the size of 1 mm by
1 mm using a DAD323 dicing saw (DISCO, Saitama, Japan). To
fabricate a flexible 6 x 6 array, copper stretchable electrodes were
used to connect each element using E-Solder 3022 (Von Roll Isola,
New Haven, CT, USA) as a binder (fig. S19). Last, the 6 x 6 array,
rectifier circuit, and bipolar stimulating electrode (Plastics One
Inc.) were connected and encapsulated in PDMS (Sylgard 184, Dow
Corning Corp.).

Characterization for material and device

An impedance analyzer (4294A, Agilent) was used to characterize
the impedance spectra of the Sm-PMN-PT single crystal. The input
sinusoidal signal of the US transmitter was provided by a function
generator (AFG3252C, Tektronix), and the power was then ampli-
fied by a power amplifier (AG1020, US T&C). A digital oscilloscope
(DSO-x3024a, Agilent) was used to measure the output voltage
generated by the Sm-PUEH device. A hydrophone probe (Precision
Acoustic, UK) was adopted to measure the output sound pressure
of the US transducer in a DI water tank, and the pulse intensity in-
tegral (PII), the spatial-peak temporal average intensity (Ispra), and
the mechanical index (MI) are defined as (72)

_ (P
PII = | 7.t 3)
ISPTA = PII x PRF (4)
M =2 5)

f

where P is the instantaneous peak pressure, Z is the characteristic
acoustic impedance in pascal-second per meter defined as pc, where
p is the density of the medium and c is the speed of sound in the
medium; p, is the peak negative pressure of the US in megapascals;
and fis the center frequency of the US transducer in megahertz.

Electrolytic test

One bipolar stimulating electrode was immersed in normal saline,
and a microscope (XD-202, Nanjing Jiangnan Yongxin optics Co.
Ltd) was used to observe the bubbles generated by the electrolysis at
the tip. During the 1-MHz US irradiation (400 c/p, 0.65 MPa), the
PRF was modulated. The duration of stimulation was recorded when
bubbles appear at the electrode tip, and each datapoint was repeated
four times.

Animal surgery

Thirty-eight Sprague-Dawley male rats weighing 300 to 450 g were
used in this study. All procedures were approved by the Institutional
Animal Care and Use Committee at the Huazhong University of
Science and Technology in Wuhan, China. The rats were housed in a
room with controllable temperature and humidity, the light/dark cy-
cle was 12 hours, and food and water were provided at will. During
the entire surgical operation and electrophysiological experiments,
the rats were first anesthetized with 5% isoflurane in oxygen and then
placed on a standard stereotaxic apparatus with 1.5 to 3% isoflurane
for maintenance. A feedback heating pad was used to keep the rats at
a stable body temperature when the experiments were carried out.

Zhang et al., Sci. Adv. 8, eabk0159 (2022) 15 April 2022

The PAG activation by the Sm-PUEH device

The stimulating and recording electrodes (a diameter of 0.01 inch
with a very small impedance of 0.01 ohm, Plastics One Inc.) were
inserted into the PAG brain area of the rat with ~1.5 mm of dis-
tance. The positioning method was offset 7 mm from the bregma of
the skull to the tail, offset 0.5 mm from the midline to the right side,
and depth downward from the brain surface 5.5 mm (73). One screw
fixed on the skull connecting to a wire was used as reference and
ground. Under an applied US (US-400 ¢/p, PRF = 50 Hz), the Sm-
PUEH device generated electrical signals to stimulate the PAG brain
area; meanwhile, the LFP signals were recorded by a wireless module
(SiChuan NeoSource BioTektronics Limited). Last, to detect the
periodic change of the signals activated by the PAG stimulation easily,
the signal data were imported into Spike2 software (Cambridge
Electronics Design Ltd., UK) and processed with a high-pass filter.

Electrophysiological experiment under anesthesia

In this experiment, 16 male Sprague-Dawley rats were randomly
divided into two groups: the control group (n = 8) and the stimula-
tion group (n = 8). A 3- to 4-cm laminectomy was performed on the
back of the rat to expose the lumbosacral segment of the rat’s spinal
cord. The spinal cord was fixed in a stereotaxic frame (RWD Life
Science Co. Ltd) and protected with mineral oil. An electrode (same
as the one used in PAG recording) was inserted in the L5 spinal
cord dorsal horn for recording the LFP activity. One clamp con-
necting to the surrounding skin was used as reference and ground.
The stimulating electrode was placed in the PAG area. In each ex-
periment, no treatments were done for the first 5 min, and the base-
line signal was recorded. At time = 0, 50 pl of 3% formalin solution
was injected into the left hindpaw. In the stimulation group, US
(US-400 ¢/p, PRF = 50 Hz) stimulation for 5 min with an interval
(on 3 s and off 3 s) was carried out at the 30th min, while there was
no stimulation for the control group. In our study, the effective
power to activate the PAG brain area was about 240 to 280 uW
after the systematic optimization. The ideal power to activate the
PAG brain area was about 280 uW, where the current was 175 pA
equivalently.

Behavioral experiments

In this experiment, 12 Sprague-Dawley male rats were randomly
divided into the stimulation group (n = 6) and the control group
(n = 6) for device implantation. The brain on the PAG region was
exposed by opening the skull of the rat, and the bipolar stimulation
electrode was then placed in the PAG. The device was fixed on the
skull with dental cement and three to four anchor screws. Last, the
animal skin was sutured, and the device was completely enclosed
under the skin. Buprenorphine (1 mg/kg) was given as an analgesic.
The sutures were removed on the fifth day (after the wound had
scabbed). At the 10th day, the hair of the rat brain was shaved before
the experiment. During the experiment, 50 pl of 3% formalin was
injected into the left hindpaw. US irradiation was performed at the
30th min for 5 min with an interval (on 3 s and off 3 s).

The pain behavior of the rat can be classified into three levels:
level 1, the injected paw of the rat touches the ground (paw down);
level 2, the rat lifts the injected paw from the ground (paw up);
and level 3, the rat licks the injected paw (paw licking). After formalin
injection, the rats were placed in an observation cage for pain mea-
surement using a double-blind method. The time (in second) spent
on the three-level behavior of the rat was recorded within 60 min,
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and weighted pain score was then calculated with a period of 5 min
(time bin = 5 min) with the following method (74)

OXxTI+1xT2+2x%xT3 (6)

Pain score = 300

where T1, T2, and T3 represent levels 1, 2, and 3, respectively.

Biocompatibility studies in vivo

Six rats were implanted with the Sm-PUEH device, and two un-
treated rats were used as the control group (naive animals). One, 2,
and 4 weeks after the surgery, the rats were euthanized. The scalp
tissue above the device with four squares (5 mm by 5 mm for each
square) and the brain were extracted and then fixed in 3.7% formal-
dehyde for 24 hours. The paraffin-embedded skin and brain were
sectioned using a pathological microtome (Leica, RM2016) (4 um).
The sliced sections were then stained with hematoxylin and eosin
and observed using a digital microscope. The thickness of loose
areola tissue was measured and analyzed (fig. S3).

Statistical analysis

The collected raw data were imported into Spike2. Power spectrum
analysis was performed using MATLAB 2012a (delta, 0 to 3 Hz; theta,
4to 7 Hz; alpha, 8 to 12 Hz; beta, 13 to 30 Hz; and gamma, 31 to 100 Hz).
A mixed analysis of variance (ANOV A) with least significant differ-
ence post hoc was used to test the significant difference between
LFP power and behavior. A paired f test was applied to test the dif-
ference of duration of paw up and paw licking between stimulation
and control groups. SPSS was applied to test statistical significance.
All data are presented as means + SEM.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk0159
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