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Wirelessly powered deformable electronic stent for
noninvasive electrical stimulation of lower esophageal
sphincter

Chong Zhang't, Chengfeng Pan*3t, Kai Fung Chan'*%#, Jinyang Gao?, Zhengxin Yang?,
Kevin Kai Chung Leung®, Dongdong Jin?, Yugiong Wang?, Neng Xia?, Zhipeng Ning?, Xin Wang?,
Shuai Jiang', Zifeng Zhang?, Qinglong Wang?, Bo Hao?, Philip Wai Yan Chiu**®#, Li Zhang'%>%*

Electrical stimulation is a promising method to modulate gastrointestinal disorders. However, conventional
stimulators need invasive implantation and removal surgeries associated with risks of infection and secondary
injuries. Here, we report a battery-free and deformable electronic esophageal stent for wireless stimulation of
the lower esophageal sphincter in a noninvasive fashion. The stent consists of an elastic receiver antenna infilled
with liquid metal (eutectic gallium-indium), a superelastic nitinol stent skeleton, and a stretchable pulse gen-
erator that jointly enables 150% axial elongation and 50% radial compression for transoral delivery through the
narrow esophagus. The compliant stent adaptive to the dynamic environment of the esophagus can wirelessly
harvest energy through deep tissue. Continuous electrical stimulations delivered by the stent in vivo using pig
models significantly increase the pressure of the lower esophageal sphincter. The electronic stent provides a
noninvasive platform for bioelectronic therapies in the gastrointestinal tract without the need for open surgery.
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INTRODUCTION
Gastroesophageal reflux disease (GERD) is a common gastrointes-
tinal (GI) disorder that shows a worldwide prevalence of around 8
to 33% (1, 2). It is characterized by gastric acid content abnormally
flowing back into the esophagus, mainly because of the transient
relaxation of the lower esophagus sphincter (LES) (3, 4). Long-
term exposure to gastric acid will irritate the esophagus, inducing
symptoms of chest pain, chronic inflammation, and ulceration
(5), and may lead to severe complications including esophageal
strictures, Barrett's esophagus (6), and even esophagus cancer (7).
Medication therapy, such as proton pump inhibitors, is primar-
ily used in clinics to mitigate acid-induced symptoms by inhibiting
gastric acid secretion. However, a large group of GERD patients still
suffer from recurrent symptoms due to poor drug adherence (8, 9)
and will seek surgical interventions as an alternative. Fundoplica-
tion is a typical surgical procedure to treat GERD where the
fundus is folded and sewn around the LES to passively reinforce
its barrier function (10). Another similar strategy without changing
the anatomical structure of the gastroesophageal junction is mag-
netic sphincter augmentation, which uses a ring of magnetic
beads to tighten LES (11). Despite the effective control of symp-
toms, these passive and unnatural augmentations of LES may lead
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to undesired side effects (e.g., difficulty in swallowing, abdominal
bloating, and increased flatulence) and potential severe risks asso-
ciated with laparoscopic surgeries (e.g., inflammation, abdominal
pain, and bleeding) (12-14).

Electrical stimulation therapy (EST) is a promising effective
method to treat GERD, which may address the need of a large
group of GERD patients who suffer from inadequate symptom
control of medications (15) and worry about the potential risks of
anti-reflux surgeries (fundoplication) or implanting LES augmenta-
tion devices (16—17). Other than passive LES augmentation, EST
actively enhances LES muscles to increase the closure pressure of
LES without affecting the normal relaxation of LES as the anatom-
ical structure of the gastroesophageal junction is preserved (18).
Previous clinical trials suggest that long-term intermittent electrical
stimulation can restore the normal barrier functions of LES and
thus eliminate GERD from the root (19, 20). However, conventional
implantable EST devices for GERD treatment (e.g., EndoStim)
share the same limitations and potential risks associated with the
invasive surgeries requirement: to implant the pulse generator in
the abdominal cavity, to fix the electrodes to the muscular layer of
the esophagus, and to remove the implanted EST system after the
completion of therapy (21). Besides, conventional implantable
EST devices may cause unexpected events including accidental
stimulation to abdominal muscles or diaphragm, migration of im-
planted stimulator in subcutaneous space, and electrodes dislodge-
ment and even electrode perforation into the esophagus, which will
require additional surgeries for repositioning. (22). The heavy sur-
gical burden (i.e., invasive surgery) and concomitant potential risks
prevent the widespread implementation of implantable EST systems
(see comparisons of GERD therapies in table S1). Overall, with the
increasing prevalence of GERD patients worldwide, there is a strong
demand for developing an EST system with less invasiveness to
minimize open surgery—induced risks and increase the acceptance
of EST for GERD patients (23).
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The GI tract offers the opportunity to deliver biomedical devices
in a noninvasive way (24-27). However, designing bioelectronics
that operate locally and continuously within the tubular organs of
the GI tract, such as the esophagus, remains challenging mainly due
to the anatomical structure of these organs. Specifically, the esoph-
agus is a long narrow muscular tube located in deep tissue. First, the
narrow space of the esophagus precludes the bulky batteries used in
conventional stimulators. Despite tremendous efforts in wireless
power transfer technology (table S2) (28-32), it is still challenging
to power bioelectronics in deep tissue (>10 cm), especially within
large animal models. Second, the limited space also requires a trans-
formable structure for the transoral delivery procedure while retain-
ing itself within the esophagus during continuous operation
without affecting swallowing function. Third, the esophagus gener-
ates peristalsis movements and is protected by the mucosa layer. A
specific tissue-device interface is required for effective electrical
stimulations across the dielectric of the mucosa tissue.

To fulfill the unmet clinical need and address the technical chal-
lenges, we present a wireless, battery-free, deformable electronic
stent (E-Stent) capable of performing endoscopic delivery
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through the esophagus from the mouth for the wireless stimulation
of LES (Fig. 1A). E-Stent comprises a nitinol esophageal stent as the
mechanical support, an elastic coil infilled with liquid metal (LM)
[eutectic gallium-indium (EGaln)] for wireless power transfer, and
a stretchable circuit integrated with microneedles (MNs) for reliable
electrical stimulations across the mucosa. We characterize the elec-
trical performance of the elastic coil and demonstrate the stable
pulse generation of the stretchable circuit under deformation. We
then show the transoral delivery of deformable E-Stent by a custom-
ized delivery catheter compatible with operation under x-ray fluo-
roscopy. Moreover, the efficacy and safety of electrical stimulation
delivered by the wireless-powered E-Stent are validated in adult pig
models. These preclinical results open promising opportunities for
in situ bioelectronic therapies with minimal invasiveness in the
GI tract.
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Fig. 1. Overview of the wirelessly powered deformable electronic stent. (A) Schematic illustration of E-Stent delivered through the esophagus to the LES for non-
invasive electrical stimulation. E-Stent is powered by an external power transmitter. Microneedles (MNs) deliver electrical stimulation across the mucosa, leading to
increased pressure of LES (inset). (B) Schematic illustration of E-Stent, comprising an elastic coil, an esophageal stent, and a stretchable circuit integrated with MNs.
(C to E) Photographs of the elastic coil braided along the esophageal stent (C), the stretchable circuit wrapped around a transparent acrylic tube (D), and a stretched
E-Stent (E). (F) Function diagram showing an external power transmitter module and E-Stent including a power management module and a pulse stimulation module for
biphasic constant current stimulations. LDO, low dropout. GPIO, general-purpose input/output.
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RESULTS
System overview and design of E-Stent
Figure 1A summarizes the working principle and key features of E-
Stent. The soft form factor of E-Stent enables large deformations
including longitudinal elongation and radial compression that facil-
itate transoral delivery and avoid the potential risks associated with
open surgeries. E-Stent is wirelessly powered by an external power
transmitter (fig. S1 and movie S1) based on the principle of magnet-
ic resonant coupling that eliminates the need for any rigid and bulky
batteries (33). This E-Stent delivers constant biphasic current stim-
ulations to the muscle of LES through a pair of integrated MN elec-
trodes, which can penetrate across the mucosa layer without
perforation. Continuous stimuli would significantly increase the
pressure of LES and thus reduce gastric acid reflux (Fig. 1A, inset).

Figure 1B illustrates the components of E-Stent. Specifically, E-
Stent consists of a commercial nitinol esophageal stent (MicroTech)
as the mechanical skeleton, an elastic coil as the receiver antenna to
harvest energy by wireless power transfer even under the compres-
sion of the esophagus, and a stretchable circuit that can generate
precisely timed pulses in the dynamic environment of the esopha-
gus. As shown in Fig. 1C, the elastic coil is braided along the stent
skeleton by a single silicone tube (inner diameter of 0.3 mm and
outer diameter of 0.8 mm) infilled with EGaln, LM with low
melting point (15.4°C), and metallic electrical conductivity
(3.4 x 10° Sm™') (34-38). Because of its liquid nature under body
temperature, the LM core in the silicone tube is compliant with de-
formations. The parallelogram mesh allows E-Stent to elongate
along the axial direction and shrink in the radial direction when
E-Stent is stretched or compressed. Figure 1D shows a photograph
of the stretchable circuit wrapped around a transparent acrylic tube
indicating its deformability enabled by a laser-assisted maskless fab-
rication method (see Materials and Methods and fig. S2) (39). Me-
tallic compounds of Au and EGaln are used as the conductive traces
to connect electronic components between soft polydimethylsilox-
ane (PDMS) substrate and encapsulation. The stretchable circuit is
integrated with E-Stent along the helical skeleton that minimizes the
strain mismatch between the metal skeleton and soft electronics
during deformations. The intrinsically stretchable electronics and
the transformable structure of the stent skeleton jointly enable E-
Stent to undergo extreme deformations (up to 150% elongation in
length and 50% shrinkage in diameter) (Fig. 1E). The excellent de-
formability allows E-Stent to be delivered by a customized catheter
through the esophagus from the mouth, which provides a noninva-
sive accessible route to the LES. Figure S3 shows photographs of the
integrated E-Stent. The hollow structure of E-Stent enables the
elastic coil to harvest energy without affecting the food passage.
The deformable structure and the soft materials of E-Stent are com-
patible with the complex environment of the esophagus, while the
self-expandable nitinol stent skeleton provides intimate and safe
contact with esophageal tissue.

Figure 1F illustrates the electrical signal flow of E-Stent (see fig.
S4 for details of the circuit design). The external power transmitter
is driven by constant currents. The double-solenoid configuration
generates a relatively uniform alternative magnetic field along the
axial direction of the cylindrical workspace (fig. S5, A to C). The
elastic coil serves as the receiver antenna to harvest energy inside
the esophagus. The stretchable circuit comprises two main
modules of power management and electrical pulse generator. In

Zhang et al., Sci. Adv. 9, eade8622 (2023) 8 March 2023

the power management module, the received alternating current
(AC) is converted into direct current (DC) by a full-bridge rectifier.
Then, the boost converter elevates the voltage to 10 V and provides a
dual-rail power supply to the constant current source. Meanwhile, a
low dropout regulator further smooths the received voltage and
offers stable 3.3 V to a microcontroller (MCU), which generates
two-channel voltage pulses that control the frequency and pulse
width of stimulation signals. The constant current source (40) con-
verts two-channel monophasic pulse signals into biphasic constant
current stimulation pulses in response to variable tissue resistances.
This stretchable circuit generates stable pulse signals regardless of
the variable output voltage of the elastic coil. The small packages
of these components and intrinsic conductive traces realize a
highly integrated circuit with 31 components in a miniaturized
size (10 mm in width, 75 mm in length, and 1.5 mm in thickness)
(fig. S4B).

Elastic coil for wireless power transfer in the esophagus
To provide quantitative guidelines for the electrical performance of
the elastic coil, we use an analytical expression to explain and esti-
mate its open-circuit voltage (V) based on an enclosed area-de-
pendent model (see details of explanation in text S1 and fig. S6).
In general, the open-circuit voltage induced by the elastic coil
depends on the change ratio of the magnetic flux across the
elastic coil, which is primarily associated with the total area enclosed
by the elastic coil. Figure 2A shows the open-circuit voltage of the
elastic coils with different sizes in terms of diameter and length
when the driving current is 2 A. We have to carefully tune the
working frequency of transmitting circuit at 220 kHz to match
the resonant frequency of transmitting coils for the high energy ef-
ficiency due to the sharp bandwidth of transmitting coils (fig. S5D).
A larger size encloses more area, resulting in a higher V.. We mea-
sured V. of a series of elastic coils with different sizes that fit well
with the theoretical values (fig. S7). Considering that the diameter of
the human esophagus is approximately 2 cm (41), we choose the
stent with a diameter of 2 cm and a length of 12 cm for the prototype
fabrication of E-Stent. Its theoretical open-circuit voltage is 10.64 V,
which is sufficient to drive the circuit for electrical stimulations.
To further investigate the output performance of the elastic coil
under the complex condition in the esophagus, we apply angular
misalignment and radial compression to the elastic coil at benchtop
(see details in Materials and Methods) to simulate the misalignment
between E-Stent (i.e., receiver) and transmitter, and the potential
compression of the esophagus in practical in vivo applications.
Figure 2B shows that the open-circuit voltage maintains above
80% of the maximum voltage (10.76 + 0.18 V at 30°) and the
elastic coil still harvests 7.56 = 0.59 mW when the angle misaligns
up to 30°. The angular stability is mainly attributed to the uniform
magnetic field generated by the power transmitter (fig. S5, B and C).
The good tolerance to angular misalignment would be beneficial for
potential applications where E-Stent may misalign from the axis of
the transmitter coil due to the anatomical structure of the esophagus
or body movement. The electrical performance of the elastic coil
also depends on the deformations. When the elastic coil is com-
pressed to 70% of its original diameter (from 20 to 14 mm), the
open-circuit voltage drops approximately 50% from 10.66 + 1 V
to 5.46 + 0.4 V and the harvested power decreases around 25%
from 11.43 £ 2.11 mW to 3 + 0.45 mW as expected because the en-
closed area is reduced by half (Fig. 2C). We also use the modified
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Fig. 2. Electrical performance characterization. (A) Theoretical open-circuit voltage of the elastic coil as a function of the length and diameter of E-Stent. (B and C)
Theoretical and experimental values of the open-circuit voltage and related power at 10,000-ohm load resistance as a function of the angular misalignment (B) and
diameter (C) of the compressed elastic coil. Mean + SD for N = 5 samples. (D) S11 values of the elastic coils with different compressions and inside ex vivo esophagus.
(E) Theoretical and experimental values of the open-circuit voltage as a function of the driving current. Mean + SD for N = 5 samples. (F) Relationship of the output voltage
and related power with load resistances. Mean + SD for N = 5 samples. (G) Circuit diagram of the voltage-controlled constant current source. (H) Constant current output
with different current limiting resistor RS as a function of load resistances. (I) Biphasic pulse signals with RS of 200 ohms as a function of load resistances. (J) Explosive view
of the stretchable circuit. (K) Photographs of the stretchable circuit under twisting, bending, and stretching. (L to N) Pulse signals with constant amplitudes (L), frequency
(M), and pulse width (N) during 500-times cyclical bending, respectively.
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analytical expression to predict the electrical performance under
angular misalignment and radial compression (see details in text
S2). All experimental results show good agreement with the theo-
retical value of the enclosed area-dependent model. Unlike angular
misalignment that affects the cross-section area enclosed by the
elastic coil, compression directly changes its geometry configura-
tion and hence its inductance (fig. S8A). To investigate the effect
of compression on resonant frequency, we first placed the elastic
coil inside a fresh esophagus of pig to simulate the natural compres-
sion of the esophagus and matched the antenna to an operation fre-
quency of 220 kHz. We then measured S11 signals of the elastic coil
under different compressions, and the results are presented in
Fig. 2D. While resonant frequency shifts to higher frequency
under compressions, all S11 values at 220 kHz are below —10 dB,
indicating that reflected power is less than 10%. For a transformable
antenna, matching it to the operational frequency at its working
status would minimize its return loss. We assume that decreased en-
closed area is the major factor accounting for the voltage drop
during compressions.

We further measure the electrical performance of the chosen
elastic coil on the benchtop and in vivo in a pig's esophagus (see
Materials and Methods). For an elastic coil with a typical geometry
configuration, the open-circuit voltage also depends on the magnet-
ic field intensity, which increases linearly with the driving current
both at benchtop and in vivo (Fig. 2E). Figure S9 shows the linear
relationship of input voltage with driving current, which derives the
input power as 20.62 W with the driving current of 2 A. However,
the elastic coil provides a smaller V,, in vivo than benchtop exper-
iments. The decrease in inductance suggests that compression of E-
Stent in the esophagus due to muscular contraction is the major
factor accounting for the in vivo voltage drop rather than angular
misalignment and tissue attenuation (fig. S7B). The electrical be-
haviors with increasing loads are shown in Fig. 2F. As the load re-
sistance approaches 10,000 ohms, the output voltages saturate to
open-circuit voltages of 10.59 + 0.72 V at benchtop and
5.94 + 0.53 V in vivo. Moreover, power reaches the peak when the
load resistance reaches equilibrium with the elastic coil. When the
input voltage is 5 V, the average current consumption of the stretch-
able circuit is 5.22 mA, suggesting an equivalent load resistance
around 1000 ohms. Although the available power drops heavily as
the load resistance increases, the elastic coil still harvests approxi-
mately 100.53 + 10.98 mW at benchtop and 32.96 + 6.23 mW in
vivo with a load resistance of 1k ohms. In addition, the peak
power consumption of the stretchable circuit is 83.9 mW and the
average power is 26. 1 mW (fig. S10). These results indicate that
the wireless-powered elastic coil can harvest sufficient electrical
energy inside the esophagus to power the stretchable circuit for elec-
trical stimulation with a large capacitor of 10 uF.

Stretchable circuit for stable operation under large
deformations

To provide reliable electrical stimulation regardless of variable input
voltage, we implement a voltage-controlled current source, includ-
ing a difference amplifier and an operational amplifier (Fig. 2G). It
generates biphasic constant current pulse signals. The frequency
and pulse width are controlled by two independent 3.3-V pulse
signals generated by the MCU (fig. S11). The amplitudes can be ad-
justed by the current limiting resistor RS (Fig. 2H). The current
source can generate 3- to 10-mA constant current stimulations. In
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addition, the current driving capability is limited by the supply
voltage from the boost converter. When powered by +10 V, the
current source can generate 8-mA biphasic constant current stim-
ulations with load resistance ranges from 100 to 800 ohms (Fig. 2I),
which suggests that when load resistance satisfy V'=1* Rjy,q + 3.3 V/
2 <10V, constant current stimulation is guaranteed. Overall, the
circuit provides similar stimulations by a clinically validated stimu-
lator (EndoStim). Previous studies have shown that parameters of
the pulse signals play a vital role in effective stimulations of LES
(42, 43). We programmed the pulse generator to produce pulses
with a frequency of 20 Hz and a pulse width of 215 ps similar to
EndoStim, and the stimulation current is set as 8§ mA.

To offer good compliance to the dynamic environment of the
esophagus, we fabricate a stretchable circuit that robustly generates
reliable electrical pulses even under extreme deformations. Figure 2]
shows the explosive view of the stretchable circuit, including a bi-
phasic layer formed by EGaln and Au/Cr intermetallic compounds,
electrical components, and PDMS substrate and encapsulation. The
EGaln-based biphasic circuit traces provide not only good electrical
conductivity (44) but also a stable interface between rigid compo-
nents and soft substrate (fig. S12, A and B). Large surface tension of
EGaln provides additional forces to ensure that components stably
adhere to the substrate (fig. S12, C and D). Figure 2K demonstrates
that the stretchable circuit keeps electrically stable during twisting,
bending, and stretching. We also perform mechanical tests to study
the failure point in the stretching and twisting. Figure S13 shows
that the stretchable circuit fails at an average of 41.33% stretching
and 1080° (three turns) twisting, suggesting excellent mechanical
properties. To further investigate the potential long-term applica-
tions of E-Stent in dynamic in vivo environment, we performed
cyclic tests of stretchable circuits under mechanical deformation
of bending, twisting, and stretching. Figure 2 (L to N) and fig.
S14 present stable amplitudes, frequency, and pulse width with
cyclic bending (80° bending angle), twisting (360° twisting angle),
and stretching (10% strain), respectively. Figure S15 shows negligi-
ble change in internal resistance and inductance of the elastic coils
with cyclic stretching (10% strain) over 1000 times. These results
indicate robust electromechanical performance of the stretchable
circuits and the elastic coil independently.

We then integrate the stretchable circuit with the elastic coil and
test its performance during stretching, bending, and compression
(movie S2). E-Stent demonstrates constant light intensity and fre-
quency during stretching. The constant light intensity and frequen-
cy of the integrated light-emitting diode (LED) indicator show
robust performance under mechanical deformations. Overall, the
circuit design and intrinsic soft materials enable E-Stent to deliver
programmable and reliable electrical stimulation signals during de-
formations, which ensures its robust operation in the dynamic en-
vironment of the esophagus.

Deformable E-Stent for transoral delivery

We make a customized delivery catheter to assist the noninvasive
delivery of E-Stent from mouth to esophagus. As shown in fig.
S16, the customized catheter composes of a commercial balloon
catheter (Changmei Medtech), a three-dimensional (3D)—printed
soft tip, a flexible shell, and a rigid block ring. The soft material
and transformable structure allow E-Stent to be compressed
inside a flexible shell tube with a diameter of 12 mm, comparable
to a standard endoscope. EGaln in the elastic coil is the radio-
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opaque material that facilitates the operation under fluoroscopy in
practical applications. To visualize the delivery procedure of E-
Stent, we perform an in vivo delivery in a pig's esophagus under
fluoroscopy (Fig. 3A) with the following processes: (i) The custom-
ized delivery catheter is inserted into the esophagus (Fig. 3A, top).
The soft tip and flexible tube provide soft contact with esophageal
tissue and allow smooth delivery without injury (fig. S17). (ii) After
E-Stent is delivered above the gastroesophageal junction, the flexible
tube is pulled out to release the self-expandable E-Stent and the
blocking ring avoids the movement of E-Stent due to friction
(Fig. 3A, middle). (iii) The balloon catheter is then inflated to
insert the MNs across the mucosa layer after E-Stent is fully released
(Fig. 3A, bottom). Figure 3B and movie S3 show the endoscopic
view of E-Stent tightly in contact with the esophagus and leaving
LES closed. We also measured LES pressure before and after E-
Stent deployment (see Materials and Methods). Paired ¢ test
shows no significant pressure change, suggesting that E-Stent deliv-
ery does not affect the closure of LES (Fig. 3C). The open channel
allows an endoscope to pass through, which implies that the de-
formable E-Stent would not inhibit the passage of food through
the esophagus. The esophagus also provides a noninvasive way to
remove E-Stent as shown in movie S5. Endoscopic view in movie
S6 shows a careful inspection of esophagus, and esophagus histolo-
gy shows that no visible injuries were observed after E-Stent deploy-
ment and retrieval (fig. S17). This strategy avoids additional open
surgery to remove the conventional pulse generators.

To further validate the MN electrodes delivering effective stim-
ulations across the mucosa layer to the muscle, we characterize the
MN:ss in vivo in four pigs. Figure S18 shows a pair of MN electrodes
(1 mm in length; see fig. S19 for details of its geometry
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Fig. 3. Transoral delivery of E-Stent. (A) X-ray images showing the transoral delivery procedure in vivo in a pig's esophagus. (B) Endoscopic view of E-Stent deployed in
vivo inside the esophagus with closed LES. (C) Average LES pressure before and after E-Stent deployment. Paired t test shows no significant pressure changes before and
after E-Stent deployment. Mean =+ SD for N = 4 pigs. ns, not significant. (P = 0.4709). (D) In vivo histology analysis of MNs penetrating across esophageal mucosa without
perforation. (E) Average LES pressure during stimulations of E-Stent without and with MNs. Paired t test shows that E-Stent with MN effectively increases LES pressure
compared with groups without MN. Mean + SD for N = 4 pigs. *P = 0.0408. (F) SEM images of MNs with 200-nm Au coatings before and after 1-week immersion in SGFs
(pH 1.5). (G) Impedance spectra of MNs with and without Au coatings before and after 1-week immersion in SGFs (pH 1.5).
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In vivo evaluation of the wireless stimulation of LES by
E-Stent

To evaluate the efficacy of electrical stimulation of LES applied by
the wireless-powered E-Stent, we performed in vivo studies with
four pigs for its similar anatomical structure of the GI tract with
human (45). Figure 4A shows an illustration of the test setup and
working principle of the in vivo study. An anesthetized pig lies in
the power transmitter (fig. S22) with a cylindrical workspace (40 cm
in diameter and 25 cm in length). The uniform magnetic field gen-
erated within the workspace (fig. S5) allows wireless power transfer

A

Pressure meter

Manometry catheter

Power transmitter

to E-Stent located in the deep tissue of large animals. Movie S7 dem-
onstrates the wirelessly powered E-Stent with LED flashing at the
programmed frequency and pulse width in vivo inside a pig's
esophagus.

The efficacy of electrical stimulation of E-Stent is evaluated by
the LES pressure measured by a water-perfused manometry catheter
(Mui Scientific) covered with a dent sleeve, which is placed at the
LES zone (fig. S23 and Materials and Methods). Figure 4B shows
the profile of LES pressure measured before (Base, 5 min), during
(Stim, 20 min), and after electrical stimulations (Post, 20 min). One-
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Fig. 4. In vivo electrical stimulation of the LES in pigs. (A) Schematic illustration showing the experimental setup for the in vivo electrical stimulation. A pig lies in the
power transmitter. A water-perfused catheter that measures the pressure of LES is inserted through the esophagus. After applying electrical stimulations, the LES pressure
increases. (B) The pressure profile of the LES before (Base), during (Stim), and after (Post) stimulations (N = 4). (C) Percentage increment of average LES pressure of four pigs
during (Stim) and after (Post) stimulation sessions. (D) Average LES pressure during Base, Stim, and Post sessions. Paired t test shows that electrical stimulations signifi-
cantly increase LES pressure compared with baseline. Mean + SD for N = 4 pigs. *P = 0.0172. ns, not significant. (P = 0.1584). (E) Fluorescence images of live (green)/dead
(red) human esophagus epithelium cells (Het-1A) for silicone tubes with LM and MNs with Au coating. (F) Cell viability of Het-1A cells of control (Ctrl), MNs with Au
coating, and silicone tubes with LM for 1 week. (G) Temperature changes of pig skin during wireless power transfer. Infrared camera images before and after stimula-
tions (inset).
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way analysis of variance (ANOVA) test is performed for each pig
(fig. S24), and the results show that significant pressure increases
after stimulations for all pigs. Compared with the baseline
(average pressure before stimulations), average LES pressure
during stimulation sessions increases from 18 to 76% in four pigs.
During 20-min rest sessions, the average pressure still maintains
higher than baseline from 6.1 to 146% (Fig. 4C). Moreover, the
average LES pressures for each pig at different stages are then calcu-
lated for statistical analysis. Paired t test shows a statistically signifi-
cant increase in LES pressure during stimulations but no significant
pressure change after 20-min rest (Fig. 4D). These experiments
demonstrated that, in our animal cohort, the wireless-powered E-
Stent can provide continuous electrical stimulation to reinforce
LES pressures.

Considering potential human translation, safety of the proposed
device must be investigated. We perform biocompatibility test of
used materials (MNs and silicone-covered LM) with human esoph-
agus epithelial cells (Het-1A). Figure 4 (E and F) shows that Au-
coated MNs and LM-filled silicone tube do not affect cell prolifer-
ation and viability, indicating no cytotoxicity and great biocompat-
ibility of our device. To further evaluate the safety of the wireless
power transfer system, specific absorption rate (SAR) is simulated
by finite element analysis (see details in Materials and Methods).
A simplified body trunk comprising skin, fat, and muscle is
placed inside the power transmitter with a driving current of 2 A
at the working frequency of 220 kHz (fig. S25). The SAR profile
shows that the dissipated power is focused on the skin near the
transmitter coil with a peak exposure value of 0.113 W/kg, which
is far below the threshold of 0.4 W/kg (46). Moreover, heating
effect is quantitatively evaluated by monitoring the skin tempera-
ture of a pig using an infrared camera during the operation of
power transmitter. The minimal temperature change during wire-
less power transfer validates the SAR safety (Fig. 4G). The in vivo
feasibility study in the pig models demonstrates the efficacy and
safety of E-Stent and its potential translation in adult patients.

DISCUSSION

We design the wireless, battery-free E-Stent integrated with stretch-
able electronic circuits and demonstrate its feasibility in the transo-
ral delivery procedure and continuous electrical stimulation in adult
pig models. E-Stent is wirelessly powered on the basis of magnetic
resonant coupling and thus eliminates the need for bulky batteries
in conventional implantable pulse generators. The superelastic
feature of the nitinol stent and elastic coil allows E-Stent to
undergo large deformations without damage, enabling the delivery
procedure through the esophagus. The transoral method minimizes
the potential risk of open surgery for the implantation or removal of
conventional stimulators. Continuous electrical stimulation in
swine significantly increases the pressure of LES, which suggests
that intermittent electrical stimulation could be a promising solu-
tion for effective symptom control and prevention of acid
reflux (47).

Considering potential human translation, a wearable power
transmitter with a portable control module and power supply
would be the critical parts for this system. We summarize a strategy
(fig. S26) to design wearable power transmitters to accommodate
different patients’ body sizes. We demonstrate the design strategy
by developing two wearable power transmitters with different

Zhang et al., Sci. Adv. 9, eade8622 (2023) 8 March 2023

sizes for the slim volunteer (height: 177 cm, weight: 60 kg; fig.
S27A) and the one with mild obesity (height: 175 cm, weight: 87
kg; fig. S27E) correlating to GERD (48). We also did the simulation
and found out that these two transmitters can generate relatively
uniform magnetic fields at the surrounded space (with a range of
40 cm), which is essential to power our E-Stent through deep
tissue (fig. S27, B, C, F, and G).

We also use a transparent human model to better demonstrate
the wearable power transmitter on patients and its capability of
powering our E-Stent located inside the human body. As shown
in movie S1 and fig. S1, the human model wore the power transmit-
ter, which is controlled and powered by a portable control box and a
rechargeable lithium battery (output voltage: 3.7 V, capacity: 20 Ah,
weight: 331.5 g) (fig. S28). In this demonstration, we set the driving
current as 0.5 A to power the transmitter coils, which can power E-
Stent for over 24 hours with a single charging of lithium battery.
Although we used an adjustable capacitor with a large size for the
prototype of portable control box in this demonstration (fig. S28B),
it is feasible to make a more compact and user-friendly version of
control box by replacing the large adjustable capacitor with a series
of onboard capacitors.

In addition, there is a gap from the proof-of-concept product to a
clinical product. Despite the low cost of laboratory-made E-Stent
(table S3), the low yield is a major problem in stretchable bioelec-
tronics. Fabrication methods should be improved to leverage the
successful rate and throughput. Although the laser-assisted fabrica-
tion shows great potential for batch fabrication, integrating soft
electronics on 3D objects with transformable structures, like
stents and balloon catheters, still remains a challenge. Roll-to-roll
printing techniques and pop-up MNs would be promising solutions
(25, 49-51). Additional engineering functions should be integrated
with the current system for practical usage. For example, digital-to-
analog converters can be used to control the amplitudes of stimu-
lation currents, and wireless communication modules can be inte-
grated to program stimulation parameters wirelessly.

Long-term viability of E-Stent should be evaluated in future
studies. Although we have demonstrated the retention of E-Stent
in ex vivo esophagus with artificial peristalsis movement (fig.
$29), E-Stent still suffers from the potential migration due to the
repeat contraction of the esophagus during swallowing. E-Stent
can be repositioned by an endoscopic operation through the
mouth with minimal invasiveness. Despite that various adhesive
strategies have been proposed for wet conditions (52-54), chronic
retention remains the major challenge for mucosa-interfaced elec-
tronics due to the rapid cellular turnover rate and slippery and
dynamic in vivo environment (55). Physical adherence approaches
such as hooked needles interfacing with epithelial cells that have
lower turnover rates are another promising solution to enable
month-long retention (25, 26).

E-Stent allows access to the internal lumen and biofluids of the
GI tract in a noninvasive method. In the future, integrating E-Stent
with sensors, such as pressure sensors or biosensors (56), would
provide a platform for the bi-direction interface capable of simulta-
neous diagnosis and treatment of GI disorders. Patient-specific
pathophysiological assessments offer an opportunity for personal-
ized closed-loop treatment (23, 57). Other nonpharmacologic ther-
apies could also be integrated with E-Stent. Wirelessly powered
optical therapies, like photodynamic therapy (36) and optogenetics
(28), are promising for noninvasive treatment. Specifically,
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wirelessly powered phototherapy is efficacious in treating Helico-
bacter pylori infection (58), and optogenetics could regulate
colonic motility (59).

MATERIALS AND METHODS

In vivo animal studies

Animal experiments in this study were carried out in accordance
with the guidelines of the Animals Ordinance (Chapter 340), De-
partment of Health, Hong Kong. All the procedures were approved
by the Institutional Animal Care and Use Committee of the Hong
Kong Science and Technology Parks Corporation and Animal Ex-
perimentation Ethics Committee of the Chinese University of Hong
Kong. Four adult pigs (two male and two female) used in the exper-
iment are food-restricted for 24 hours before the procedures. For
anesthesia, the pig is first sedated by injecting with a mixture of at-
ropine, xylazine, and ketamine. Then, anesthesia is maintained by
4% pentobarbitone. During the surgical procedures, a 1:1 mixture
of 2% isoflurane to oxygen and nitrous oxide is inhaled at a rate of
5 liters/min.

Fabrication of the elastic coils

EGaln is prepared by melting gallium and indium with a weight
ratio of 3:1 at 180°C. The conductive and elastic coil is made by in-
jecting the EGaln alloy into a hollow silicone tube (with an outer
diameter of 0.8 mm and an inner diameter of 0.3 mm). Then, the
single-strand wire is braided along with the skeleton of a commer-
cially available esophageal stent (MicroTech). Double-strand
copper wires are inserted into both ends of the elastic coils, and
the connection is encapsulated by epoxy to avoid the leakage
of EGaln.

Characterization of the elastic coils
The intrinsic parameters, including the inductance and the quality
factor of the elastic coils, are measured by an LCR meter (IM3536,
HIOKI). The open-circuit voltages of the elastic coils are measured
with an oscilloscope (TBS 2104, Tektronix). When measuring the
power, the elastic coils are connected to a resistor box. Voltages
are recorded when the resistor is swept from 10 to 10,000 ohms.
Corresponding power is calculated on the basis of Ohm's law.
When measuring the voltage and power with angular misalign-
ment, elastic coils are fixed by a series of 3D-printed supports (Pro2,
Raise3D) with different angles with respect to the axis of the trans-
mitter coil. When measuring the voltage and power under compres-
sion, elastic coils are compressed by acrylic tubes with different
inner diameters. Voltages with different compressions are mea-
sured, and related power is calculated. For in vivo measurement,
an elastic coil with an extra 1-m length is delivered inside the esoph-
agus, while the output is extruded out of the pig's mouth for the
measurement. Inductance, voltage, and power are measured in
the same way described above. S11 values of the elastic coils are
measured with a portable vector analyzer (miniVNA PRO 1300).

Fabrication of the stretchable circuit

The stretchable substrates of PDMS elastomer (Sylgard 184 with a
10:1 base-to-curing agent ratio, Dow Corning) are cured on a glass
substrate. A thin metal film of 20-nm Cr followed by 100-nm Au is
deposited by E-beam evaporation (EB-600, IVS). Then, the PDMS
substrate with Au coating was fully immersed in the EGaln and
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3 weight % (wt%) NaOH solution following with shaking the
bulk EGaln above the substrate for about 1 min for fully alloying
between EGaln and gold. Extra EGaln was then removed by
titling the substrate and cleaned by deionized water after EGaln
dropping. A 1064-nm fiber laser was used to pattern the circuit
trace (Universal Laser System Ultra R5000, speed: 100%, power:
90%, repeated two times). Pins of electronics are also immersed
in EGaln with 3 wt% NaOH solution to deposit a thin layer of
LM on the footprints. These pins are then cleaned by deionized
water to wash away the NaOH solution, and extra water is dried
by paper tissue. The native oxide layer of EGaln will be fractured
by gently placing the electrical components on the circuit traces.
Last, entire circuits are encapsulated with PDMS.

Mechanical property characterization

An esophageal stent (NST01-221-20.120, MicroTech) with a length
of 120 mm and a diameter of 20 mm is used for the compression
test. The integrated E-Stents were compressed at the midpoint with
a 12.7-mm-diameter flat head attachment by an extensometer
(Mach) with a loading speed of 0.1 mm/s. Cyclical stretching and
bending tests are performed with an Instron extensometer, and
the cyclical twisting test is performed by a customized mechanical
test system.

Characterizations of MN electrodes

Copper MNs with a length of 1 mm were purchased from Taizhou
Microchip Pharmaceutical Technology Co. Ltd., China. SEM image
was obtained using a JEOL JSM-7800F scanning electron micro-
scope. For the acid stability test, a 200-nm layer of Au is deposited
on the surface of the electrodes by e-beam evaporation. SGF is pre-
pared by dissolving sodium chloride (2.0 g/liter) in HCI solution
(pH 1.5). MNs are fully immersed in SGF for 1 week. After cleaning
with deionized water and drying, electrochemical analysis was per-
formed with a potentiostat (CHI630E, CH Instruments) using a
three-electrode configuration in phosphate-buffered saline (pH
7.4). Impedance analysis uses an AC perturbation amplitude of 10
mV sweeping from 1 to 10° Hz.

Histology analysis

Histological analysis was performed to characterize the depth of
penetration. After the esophageal tissues were fixed in 10% formalin
solution (CITOTEST), dehydrated using a series of ethanol solu-
tions, embedded in paraffin, and cut into sections at 5-pum thick-
ness, the sections were deparaffinized and rehydrated for
hematoxylin and eosin staining. Images were captured with a fluo-
rescence microscope (Nikon Eclipse Ti) with bright light.

In vivo electrical stimulation

The in vivo electrical stimulation was conducted in adult pigs.
Before electrical stimulation, the pig was anesthetized and placed
inside the transmitter coil (fig. S22). After E-Stent was delivered
through the esophagus above the gastroesophageal junction, con-
tinuous electrical stimulation was initiated by turning on the trans-
mitter coil with a driving current of 2 A.

LES pressure measurement

The LES pressure was measured with a water-perfused manometry
catheter (CE20ESOPH-SL-CLIN3, Mui Scientific). Water was cir-
culated through the channel by a water pump with a constant flow
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rate of 0.3 ml/min. The catheter was inserted through the LES with
an endoscope (GIF-HQ190; Olympus). One channel was covered by
a section of a sleeve with a length of 6 cm, which reflected the
maximum pressure applied to the sleeve. Pressure was read out
with a digital pressure meter and recorded every 12 s. Pressure
was measured through in vivo experiments, including four sessions,
5-min baseline measurement before and after E-Stent deployment,
and 20-min pressure profile during and after stimulations.

Electromagnetic simulation

The electromagnetic field distribution of the transmitter coil was
simulated by finite element analysis (COMSOL Multiphysics 5.3a,
COMSOL Inc.) The transmitter coil was a pair of solenoid coils
fixed on a customized plastic cylinder. In addition, the coils were
simplified as homogenized multiturn coils.

The SAR simulation was conducted (COMSOL Multiphysics
5.3a, COMSOL Inc.). The transmitting coils were fixed on a
custom-designed plastic cylinder, powering a current of 2 A at a fre-
quency of 220 kHz. The trunk was schematized as a multilayer
column composed of inner muscle covered by fat and skin layers
(fig. S25). The dielectric properties of tissues were taken from
http://niremf.ifac.cnr.it/tissprop/.

Cell viability

Thirty thousand human esophageal epithelial cells (Het-1A, Beijing
Zhongkezhijian Biotechnology) were seeded in the 3-cm plate and
cocultured with MNs and LM separately. The MNs were glued to
the side wall of the culture dish in advance, and the culture
medium covered the entire MN. Silicone tubes filled with LM
were exposed to the LM group, ensuring full contact between the
LM and the cell culture environment. After 7 days of persistent co-
culture, cells were dyed with propidium iodide (PI), calcein acetox-
ymethyl (AM), and Hoechst for 10 min. Photographs were taken
under a fluorescent microscope, and then cell viability was calculat-
ed by the ratio of live cells (AM" and PI7) to the total
cells (Hoechst™").
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