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ENGINEERING

In situ diagnosis and simultaneous treatment of cardiac
diseases using a single-device platform

Jae Chul Hwang"*t, Moohyun Kim'?t, Sumin Kim"?, Hunkyu Seo'? Soohwan An*3,
Eui Hwa Jang?, Seung Yeop Han*3, Mi Jung Kim"*, Nam Kyun Kim* Seung-Woo Cho?3#,

Sak Lee**, Jang-Ung Park'%>*

The in situ diagnosis of cardiac activities with simultaneous therapeutic electrical stimulation of the heart is key to
preventing cardiac arrhythmia. Here, we present an unconventional single-device platform that enables in situ
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monitoring even in a wet condition and control of beating heart motions without interferences to the recording
signal. This platform consists of the active-matrix array of pressure-sensitive transistors for detecting cardiac
beatings, biocompatible, low-impedance electrodes for cardiac stimulations, and an alginate-based hydrogel
adhesive for attaching this platform conformally to the epicardium. In contrast to conventional electrophysiological
sensing using electrodes, the pressure-sensitive transistors measured mechanophysiological characteristics by
monitoring the spatiotemporal distributions of cardiac pressures during heart beating motions. In vivo tests show
mechanophysiological readings having good correlation with electrocardiography and negligible interference
with the electrical artifacts caused during cardiac stimulations. This platform can therapeutically synchronize the
rhythm of abnormal heartbeats through efficient pacing of cardiac arrhythmia.

INTRODUCTION

Sudden cardiac death (SCD), a symptomless, fast-acting failure of
the heart (within 1 hour) due to a cardiac abnormality, is a common
and fatal occurrence that accounts for more than 60% of the deaths
associated with cardiovascular disease (I-3). The main cause of
SCD is cardiac arrhythmia, which accounts for about 80% of the SCDs
(4). During the arrhythmia, the heart can beat too fast (tachycardia),
too slowly (bradycardia), or with an irregular rhythm (fibrillation).
Continuous monitoring of cardiac activity and its immediate treat-
ment are the key to preventing arrhythmia-related sudden death
when an arrhythmia occurs (5, 6). Therefore, various efforts have
led to the development of cardiac implantable electronic devices
(CIEDs) that are capable of diagnosing and treating arrhythmia.
For example, permanent pacemakers and implantable cardioverter-
defibrillators, which are representative commercial CIEDs, can be
inserted into the human body for a longer duration to monitor car-
diac activity (7). If a cardiac abnormality occurs, these CIEDs pro-
vide immediate electrical impulses that can pace the rhythm of the
heart to its original value. However, implanting these bulky, rigid
devices requires the insertion of their pulse generator into the body
and lead electrodes into the cardiac chambers through the delicate
subclavian vein. This involves complicated surgical procedures that
can cause multiple postoperative complications, such as the regur-
gitation of the tricuspid valve, the perforation of veins, and ischemic
inflammation (8-10). Recently, functional cardiac patches are emerg-
ing as a promising research field as they not only investigate cardiac
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activity such as electrocardiography but also have the potential to
restore cardiac functions through clinical therapeutic methods such
as myocardium regeneration (11). In particular, cardiac patch devices,
which are attached directly to the curvilinear epicardial surface, also
have been demonstrated for diagnosing electrophysiological abnor-
malities in the heart through real-time spatiotemporal mapping of
the conduction of heart chambers or treating heart abnormality by
electrical stimulation. These devices present a promising strategy to
diagnose the electrophysiological abnormalities in the heart through
spatiotemporal mapping of the conduction of heart chambers or
treat abnormality by electrical stimulation (12-20).

Cardiac electrophysiology is a branch of physiology that pertains
to the electrical activity of cardiomyocytes, and it has been used ex-
tensively as the standard recording method to analyze the contrac-
tion and relaxation of the cardiac muscles. Briefly, waves of electrical
pulses that are initiated at the sinoatrial (SA) node induce a series of
physical contractions and relaxations in the myocardium. This pro-
cess allows blood to be circulated throughout the body, and various
cardiac diseases can result from the dynamic irregularities within
the heart and blood vessels. Although both implantable CIEDs and
attachable patch-type devices mainly detect the heart’s electrical
conduction system in the form of an electrocardiogram (ECG), the
ECG signals are affected directly by electromagnetic interferences
and other stimulators. These ECG artifacts can lead to the misinter-
pretation of cardiac activity and result in unnecessary medical treat-
ment with potentially fatal outcomes (21). To address this limitation,
these devices are configured to have separate monitoring and stim-
ulation components, which make them bulky and complicated, or
they have to operate the monitoring and stimulation sequentially
because of their difficulties in monitoring the simultaneous func-
tion of both the ECG and electrical stimulation for the immediate
treatment of cardiac abnormalities (22-25). In addition to the inter-
pretation of the heart’s electrical activity using ECG analysis, the direct
measurement of cardiac mechanical movements during the contrac-
tion and relaxation cycles can also provide vital information that
can be used to understand SCDs. For example, the direct contact of
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a bulky singlet vibrator to the surface of a heart to measure its myo-
cardial elastance as well as a catheter or a cardiac sleeve for indicat-
ing the conformal contact between these instruments and cardiac
tissues have been demonstrated previously (26-29). Although these
mechanical sensors were useful for assisting surgical instruments,
they could not diagnose physiological abnormalities in a heart for
the direct treatment of arrhythmia.

To overcome these limitations, we present an unconventional
approach for the fabrication of a single-device platform that is con-
formably attachable to the wet surface of a heart for use in the in situ
monitoring and control of cardiac beating motions. In contrast to
electrophysiological recording, this device platform can present
mechanophysiological analysis by using pressure sensors to directly
monitor relative changes in cardiac pressures. This platform is com-
posed of three components: (i) an active-matrix array of pressure-
sensitive air-dielectric transistors (as pressure sensors) for detecting
cardiac physical activities, (ii) pacing electrodes for therapeutic
electrical stimulation, and (iii) an alginate-based hydrogel adhesive
patch for conformal attachment of this device platform to the cardiac
epicardium. The key advantages of this platform are as follows:
(i) the use of an active-matrix pressure sensor array (100 sensing
nodes) to analyze the mechanical movement during the cyclic car-
diac beating, such as its contraction and relaxation in the form of a
real-time, spatiotemporal, two-dimensional (2D) map. The 10 x 10
sensing nodes were designed to have a pixel resolution of 1 mm,
capturing the branch of arterial blood vessels (such as left coronary
arteries, which are about 1 mm in rabbits) as well as the overall pres-
sure distribution on the cardiac surface at a given spatial resolution.
The variation of the pressure of the cardiac physical motions that
are recorded using this platform can correspond to ECG traces and
can generate negligible artifacts in the sensing signal even when an
electrical impulse is delivered for pacing the heart. (ii) Its modula-
tion of cardiac beating: This pressure sensor array is also integrated
with biocompatible pacing electrodes on which platinum (Pt) black
nanoparticles are coated uniformly for low impedance and high
charge storage capacitance (CSC) characteristics to enable cardiac
actuation at low pacing thresholds (0.6 V/mm). These pacing elec-
trodes can synchronize the beating of the heart at a threshold ampli-
tude that is only one-third the amplitudes of conventional pacing
electrodes. In addition, (iii) a catechol-functionalized alginate hy-
drogel is synthesized and lyophilized as a dried biocompatible adhe-
sive patch using a dual-crosslinking mechanism to attach this device
platform very quickly (within ~30 s) to the wet and curvilinear surface
of an epicardium. This heart-attachable device platform enables its
safe and stable operation on the epicardium without notable tissue
inflammations. Furthermore, in vivo clinical trials have been con-
ducted on the left ventricular (LV) epicardium of a live rabbit to
record cardiac motions continuously in real time. To test the thera-
peutic application of this platform in disease modeling, expressions
of arrhythmias, such as bradycardia and ventricular fibrillations, were
developed in the rabbit through the injection of drugs and electrical
shocks. As the form of a single-device system, this heart-attachable
platform enables simultaneous, corrective treatment through im-
mediate electrical impulses while using its continuous mechano-
physiological recording capability to monitor the abnormal cardiac
beating motions of arrhythmias. In addition, we also investigated
the correlation between cardiovascular hemodynamics and the dis-
tribution of the epicardial pressure. The change in blood pressure
(BP) and flow in a cardiovascular system, which is a crucial factor of
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hemodynamics, further elucidated the complex cardiac dynamics
during electrical pacing. On the basis of our in vivo result, this patch
device presents a promising strategy to diagnose the abnormalities in
the heart through mechanophysiological spatiotemporal mapping of
the heart chambers and treat heart abnormality, such as arrhythmias,
by electrical stimulation. The potential for using this device platform
for in situ mechanophysiological analysis of heart activities and
simultaneous electric therapeutics indicates its substantial promise
for use beyond the limit of conventional electrophysiological methods.
A table that compares and differentiates our device with previous
works of cardiac devices is presented in table S1.

RESULTS

Mechanophysiological monitoring using an active-matrix
pressure sensor array

Figure 1A illustrates the schematic layout of this heart-attachable,
patch-type device platform where an active-matrix array of pressure-
sensitive, air-dielectric transistors are integrated with biocompatible
pacing electrodes. This patch-type platform is formed by assembling
two flexible plastic panels (bottom and top panels) to fabricate the
transistor array and pacing electrodes, with encapsulation layers
covering the entire outer surface of this flexible patch. The bottom
panel consists of the semiconductor channels, source/drain elec-
trodes, and a passivation layer. Separately, the top panel of this
device platform consists of top-gate electrodes and a pressure-
sensitive elastomeric layer. In the structure of this device platform
(total thickness, 38 um), all of the outer surfaces of this epicardial
patch are encapsulated by biocompatible materials such as medical-
grade silicone, parylene, and Pt black before its direct attachment
to a heart. The detailed fabrication processes related to this device
patch are described in the Supplementary Materials and in Materials
and Methods.

In a human adult, the heart repeats its cycle of contraction and
relaxation 60 to 80 times per minute under normal conditions to
pump blood throughout the body. The LV provides systemic circu-
lation, i.e., it relaxes after receiving blood from the left atrium and
then contracts to pump blood out of the ventricle. Our patch-like
platform can be laminated conformably onto the surface of the LV
with its 500-nm-thick parylene encapsulation layer facing the
epicardium. Here, the pacing electrodes (Pt black) are contacted
directly on the epicardial surface through holes of the parylene
layer. As illustrated in Fig. 1A, another patch of the soft alginate
hydrogel adhesive covers the entire top outer surface of our device
platform as well as the surrounding epicardium area to strengthen
its adhesion to the epicardium during cardiac motions. This adhe-
sive layer is not pasted to the interface between the device platform
and the epicardium. The active-matrix array of pressure-sensitive
air-dielectric transistors (pixel resolution, 1 mm as the distance be-
tween adjacent transistors) of this patch-like platform can monitor
the relative pressure distributions that are caused by the changes in
the volume of the LV during the cardiac cycle in the form of a real-
time, spatiotemporal, 2D map. During the process of ventricular
relaxation, for example, the blood that is supplied from the left atrium
fills the chamber through the mitral valve, and the epicardium of
the LV exerts compressive pressure on this device platform as the
chamber expands (Fig. 1B). As the corresponding pressure com-
presses this platform, the air-dielectric layer of the top-gate transis-
tor becomes thinner, and this results in a higher drain current (Ip)
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Fig. 1. Heart-attachable patch-type device platform. (A) Schematic layouts of the device platform composed of an active-matrix pressure-sensitive transistor array and
biocompatible pacing electrodes with encapsulation layers (right inset). This device platform was attached to the epicardium by covering a hydrogel adhesive patch for
monitoring cardiac pressure and electrical treatment (left). (B) Schematic illustrations on the pressure sensing mechanism using this device platform during cardiac
contraction (systole) and relaxation (diastole). (C) Photograph of the active-matrix pressure-sensitive transistor array and Pt black pacing electrodes (outer black lines) in the
patch device platform. The 10 x 10 sensing nodes defined by elastomeric partitions are shown in the photograph. The inset shows an optical micrograph of four adjacent
transistors that are isolated with elastomeric partitions. S, D, and G denote the source, drain, and gate electrodes, respectively. (D) Cross-sectional schematic illustration
of the active-matrix air-dielectric transistor array [designated as X-X"in (C)]. A red dashed box indicates the air-dielectric vacant hole that can be compressed when pressure
is applied. (E and F) Representative transfer (Vp = 1V) and output (Vg =—10 to 40 V) characteristics of the air-dielectric transistor in this epicardial device patch at ambient

conditions. (G and H) Statistical distributions of the threshold voltage (Vi) and the field-effect n-channel mobility of 100 transistors in total, respectively.

due to the increase in capacitance of the gate-air-channel structure.
Then, the pressure applied on this device by the epicardium is re-
duced again during the contraction of the LV, leading to a rapid
decrease in the corresponding Iy as a signal of a pressure sensor.
Through this underlying mechanophysiological mechanism of the
heart, this patch-type platform can detect the cardiac beating cycles
and provide the related physical parameters.

Furthermore, the pacing electrodes (Pt black) in this platform
come in direct contact with the epicardium. The premeditated elec-
trical pulses, meant to correct the abnormal cardiac conditions, can
be transmitted to the heart through the pacing electrodes, which are
connected by custom-made flexible flat cables to an external power
source. These electrical pulses can trigger systematic muscular con-
traction by inducing depolarization of cardiac muscle cells with
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negligible interference to the pressure signals. In contrast to the
conventional systems that must have separate components for
monitoring and stimulation due to the interference between the
ECG signals and the electrical impulses, both monitoring and stim-
ulation components can be integrated in our epicardial patch as a
single-device platform. Therefore, this single platform enables the
mechanophysiological monitoring of cardiac beating motions using
pressure sensors as well as monitoring synchronized electrical pacing
using Pt black electrodes, which can be efficient for in situ cardiac
arrhythmia diagnosis and simultaneous treatment.

Figure 1C is a photograph of the pressure-sensitive air-dielectric
transistor array (100 sensing nodes) and the pacing electrodes (black-
colored lines). The inset optical micrograph shows the source, drain,
and gate electrodes of four adjacent transistors, and local air holes
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are positioned underneath the gate electrodes. Figure 1D also illus-
trates a cross-sectional schematic layout of this transistor array, which
is indicated as the red dashed line (X-X") in Fig. 1C. Figure 1 (E and F)
shows the representative transfer and output characteristics of the
air-dielectric Si transistor at ambient conditions, respectively. The
n-channel mobility (1) was calculated as ~450 cm? Vsl The on/
off ratio (Lon/ofr) Of Ip and the threshold voltage (Vy,) of this transistor
were 2 x 10° and 13.8 V, respectively. Through statistical distribu-
tion analysis of 100 air-dielectric transistors with their active-matrix
integration form, both the threshold voltage and mobility had
Gaussian distribution profiles (Fig. 1, G and H). Specifically, low
hysteresis is a key feature of this air-dielectric transistor for its oper-
ation as a pressure sensor. As shown in fig. S1, this transistor exhib-
ited negligible hysteresis because of the clean interface between the
channel and the air gap, which negated charge trapping and chem-
ical interactions (30-34). These characteristics, such as good unifor-
mity and negligible hysteresis, are advantageous to enable reliable

and fast-response capabilities for pressure sensing to detect dynamic
and continuous cardiac motions, such as a heartbeat.

Performances of the pressure sensing and

pacing components

Figure 2A illustrates the pressure sensing mechanism by the heart-
beat using an air-dielectric transistor in the patch-type platform. The
application of normal mechanical force on the transistor reduces
the thickness of its air-dielectric layer because of the good elasticity
of polydimethylsiloxane (PDMS). Therefore, the compressive force
by the heartbeat increases the Ip of this transistor due to the in-
crease in the capacitance of the gate-air-channel structure. This
pressure-sensitive modulation in Ip enables the individual air-
dielectric transistor to act as a pressure sensor. To evaluate the
pressure-sensing characteristics, a well-defined load was applied in
the pressure range from 1 to 200 kPa using an experimental setup
that consisted of a motorized z-axis stage (Mark-10 ESM 303) and a
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Fig. 2. Performances of the pressure-sensitive transistors and pacing electrodes. (A) Schematic layouts of an air-dielectric transistor and its operating mechanism as
a compressive pressure sensor. (B) Real-time measurement of the relative change in Ip of the transistor when applying various pressures (at Vo =15V, Vp = 1 V). (C) Relative
change in Ip by the applied compressive pressure. S denotes the pressure sensitivity. (D) Response and recovery time of the pressure-sensitive transistor during pressure
loading (100 kPa) and unloading. (E) Relative change in Ip of the transistor with 5000 cyclic compressions to 100 kPa for testing its mechanical reliability. (F) Measurement
of leakage currents of this device platform using an electrochemical impedance spectroscopy by its immersion in a PBS solution for 60 days. (G) Cyclic voltammetry plot
of Au, Pt, and Pt black electrodes recorded at a sweep rate of 100 mV s (H) Dependence of the transistor signal (Alp/lp) on the strength of the electric field generated at

pacing electrodes.
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force gauge (Mark-10 M7-20). Figure 2B shows the real-time detec-
tion of relative change in Ip [AIp/Iy (%)], where I is the current at
zero Pascal and Alp = I — I, which denotes the variation of the
Ip during stepwise pressure loading. This graph shows that the re-
sponse to the applied pressure was distinguished clearly as a step-
like response. The sensitivity (S) of this pressure-sensitive transistor
was obtained by plotting the relative change in I, concerning the
applied pressure, and it was expressed as [Ip/Iy (%)]/AP, where AP
denotes the applied pressure. Alp/Ij increased linearly within the
pressure range from 1 to 150 kPa, where the sensitivity was calculated
as 0.23 kPa™! (Fig. 2C). The signal-to-noise (SNR) can be defined as
SNR = p/o, where p is the averaged value of relative Ip when the
pressure (1 kPa) is loaded, and o is the SD of the noise levels when
the pressure is unloaded. In our sensor, SNR was measured to be
~13 when the 1 kPa of the pressure was loaded to the pressure-
sensitive transistor. The minimum pressure sensing level can be
calculated to be ~77 Pa, according to the measured SNR. A table of
comparison with the characteristics and performances of pressure
sensors in biomedical applications is shown to differentiate this
device (table S2).

In addition, this pressure-sensitive transistor exhibited fast re-
sponse and recovery time (~52 ms) with negligible hysteresis (Fig. 2D).
To monitor heartbeats with dynamic cardiac motions, we need to
secure reliable operation of this transistor during the repetitive ap-
plication of pressure. Figure 2E shows that this transistor operated
stably; it had negligible change in signals (AIp/Iy) after 5000 cycles
of repetitive pressure loading at 100 kPa. In addition, this flexible,
patch-like platform was attached to the outer surfaces of cylinders
with various radii to test the flexibility and bending endurance of
this epicardial patch. Figure S2A shows the negligible change in I,
during its mechanical bending with various curvatures from 5 to
30 mm, where these curvatures are sufficiently small compared to the
case of the cardiac short-axis range of an adult rabbit (~30 mm) (35).
In addition, there was no notable change in the signal (AIp/Iy) after
5000 cycles of repeated bending to 10 mm of radius (fig. S2B) due to
thin thickness, reducing its bending stiffness (36).

For implantable electronic biomedical devices, the electrical leakage
(that can be caused by environmental factors or insufficient insulations)
is one of the biggest challenges (37). In particular, in the case of a
heart, the leakage current generated by implantable devices can in-
duce complications, such as ventricular fibrillation and heart failure,
which can be fatal. For this reason, the leakage current of an im-
plantable electronic device should be less than 10 uA (38-40). To
measure the leakage current of our device platform, we performed a
60-day shock test (15) by submerging it in phosphate-buffered
saline (PBS) solution and then measuring its leakage current using
electrochemical impedance spectroscopy (EIS) with a Pt reference
electrode. As shown in Fig. 2F, the leakage current was measured to
be less than 1 nA, which was small enough for the leakage current of
an epicardial bioelectronic patch, and the operation of the device
(with applying 3-V DC bias) at ambient condition for 60 days did
not increase this leakage current. In addition, long-term stability
in biofluids was tested to ensure the reliable operation of the air-
dielectric transistor in wet condition. For this test, the patch device
was immersed inside a water and PBS solution (pH 7.4) and then main-
tained at the temperature of ~37°C, which corresponded to the
body temperature, for up to 30 days. Then, the performance of the
air-dielectric transistor was checked. As shown in fig. S3, our patch
device continuously operated with negligible degradations in both
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water and PBS solution for up to 30 days. The complete encapsu-
lation of the patch-like platform using biocompatible passivation
materials (silicone and parylene) was effective in achieving this negli-
gible leakage current, and, in contrast to conventional electrophys-
iological devices, no electrodes of the active-matrix transistor array
had to be exposed to the surrounding tissues for monitoring cardiac
pressures.

As illustrated in Fig. 2A, the pacing electrodes for cardiac electrical
stimulation were located above the top layer of pressure-sensitive
transistors. These pacing electrodes were coated selectively by Pt
black as a biocompatible metal with nanometer-scale rough surfaces.
Because of the increase of its surface area, the low impedance and
high CSC of this Pt black coating enabled excellent charge injection
characteristics, thereby enhancing the pacing efficiency while mini-
mizing the damage to the biological tissue (41). For example, EIS
and cyclic voltammetry were used to compare the impedance and
CSC characteristics of three different metallic electrodes using Au
(evaporated), Pt (evaporated), and Pt black (electroplated) by their
immersion in 0.1 M PBS (pH 7.4) at 25°C. During these tests, the
dimensions of the electrodes of these three metals, i.e., Au, Pt, and
Pt black, were identical, i.e., 0.6 mm?. This test was performed using
the standard three-electrode configuration (reference, Ag/AgCl;
counter, Pt wire; and the working electrode, the tested metal). As
plotted in fig. S4A, these electrodes of Pt black, Pt, and Au exhibited
impedance values (at 10° Hz) of 81.3, 156.9, and 383.6 Q, respectively.
As shown in the scanning electron microscopy image of fig. S4B, this Pt
black sample showed the formation of Pt nanoclusters with rough sur-
faces, which was in clear contrast to the smooth surfaces of the other Pt
or Au films deposited by thermal evaporation. The Pt black electrode had
the lowest impedance among these three samples because of its high sur-
face area. In addition, this Pt black showed an outstanding charge stor-
age characteristic, which was about 6.4 times higher than that of the Au
electrode (Fig. 2G). This low impedance and high CSC of pacing elec-
trodes using Pt black can enhance the electrode-to-cell signal transfer,
which can be advantageous for cardiac stimulation. The mechanical and
electrochemical stability tests of the electroplated Pt black were con-
ducted. In this mechanical stability test, the cyclic voltammograms of Pt
black were insignificantly changed by the scanning cycles, indicating that
Pt black maintained its structure without noticeable exfoliation (fig. S5).
For the electrochemical stability evaluation, we compared the imped-
ance before and after by submerging Pt black in PBS in an incubator at
37°C for an hour. Figure S6 shows the negligible increase in impedance.

Furthermore, this patch-like platform can use these pacing elec-
trodes to apply immediate electrical pulses when a disease-related ab-
normality is detected, while its continuous monitoring of cardiac
motions continues using the pressure-sensitive transistors. Thus, the
correlation between the distortion of the pressure signal (detected by
the transistors) and the electrical pulses (generated by the pacing elec-
trodes) should be validated. As shown in Fig. 2H, applying an electric
field (from 0 to 5 V/mm) to the pacing electrodes of this patch-like
platform for electrical stimulation did not change the signal (AIp/Iy) of
the pressure-sensitive transistor when no pressure was applied. During
the application of identical electric fields to the pacing electrodes, the
transistor detected the application of compressive pressure (80 kPa)
immediately without any interference with the signals.

Characterizations of the Alg-CA-Ca** adhesive layer
A lyophilized, alginate-based adhesive was synthesized using a dual-
crosslinking mechanism (covalent and ionic bonds) to strengthen
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the conformable adhesion of this device platform onto the epicardium
during beating heart motions without any separate surgical opera-
tion. In addition, this adhesive layer (as a patch form), which firmly
covers the entire top surface of our device platform and the sur-
rounding epicardium area, can act as its back-pressure support to
amplify the recording signal of the pressure sensors. Following the
strong adhesion of mussels in aqueous environments, a catechol-
based hydrogel adhesive has been researched extensively (42-44).
Its excellent adhesion to wet surfaces, including wet internal organs,
has been an exciting topic (45). In addition, the outstanding bio-
compatibility of this alginate-based hydrogel and its nonresorbability
in the body make it suitable for its use as a medical-grade adhesive
(46) that can prevent the detachment of our device platform from a wet
epicardium during cardiac beating motions. From these perspec-
tives, a hydrogel adhesive was synthesized by introducing the cate-
chol group to the alginate polymer chain, mimicking the mussels-like
adhesive property, and was prepared in the form of a lyophilized

patch layer to improve the physical properties and facilitate its usage
in clinical applications. Using this hydrogel adhesive patch, we can
ensure secure and stable attachment of our device platform to the
wet surface of a heart. In addition, Ca** was used as a crosslinking
agent together with oxidant for this hydrogel because alginate natu-
rally interacts with Ca’" (47). Thus, the dual-crosslinking derived from
the combination of covalent bonding (conjugated catechol group) and
ionic bonding (Ca®* ions) can synergistically increase the mechani-
cal strength and adhesion of this alginate-based hydrogel adhesive.

Figure 3A shows the process of preparing this lyophilized hydro-
gel adhesive in the form of a patch. The synthesis steps of this
alginate-catechol-calcium (Alg-CA-Ca%) adhesive patch are de-
scribed in detail in the Supplementary Materials and in Materials
and Methods. Since the fabrication process of the Alg-CA patch is
quite straightforward and reproducible, uncontrollable influences
on the device performance can be avoided when the Alg-CA patch
is applied as the adhesive layer (fig. S7). As mentioned above, both
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Fig. 3. Mechanical properties of the Alg-CA-Ca?* adhesive patch. (A) Fabrication process of the alginate-based hydrogel adhesive patch. An adhesive patch, which is
synthesized Alg-CA hydrogel, is prepared by lyophilization and then cross-linked by the spray of a crosslinking agent (oxidant, NalO,4 solution containing Ca?*). (B) Sche-
matic illustration of the dual-crosslinking mechanism (covalent and ionic) of the Alg-CA-Ca** adhesive. (C and D) Change in elastic modulus and elasticity of this adhesive
by CaCl? concentration. (E) Schematic illustration of a probe tack test to measure the adhesion force of this Alg-CA-Ca®* adhesive for porcine cardiac tissues. (F) Average
work of adhesion of the Alg-CA-Ca** adhesive. (G) Viscoelastic properties of the adhesive and its endurance under the application of cyclic strains (oscillatory tensile

strain, 30%; frequency, 2.5 Hz).
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the alginate and catechol groups have a natural binding affinity with
Ca®*. When this adhesive patch was treated with Ca?*, its mechani-
cal strength was improved because of the dual-crosslinking reac-
tions of the oxidative coupling between catechol groups and ionic
bonding with Ca®" (Fig. 3B). The elastic modulus that was analyzed
using a rheometer of this adhesive exhibited a positive correlation
with the Ca®* concentration, and the highest modulus was observed
at the concentration of 0.75% Ca>* (Fig. 3C). This modulus was re-
duced as the Ca®* concentration increased to 1% because the pres-
ence of excessive Ca”" interfered with the binding of the catechol
groups. Notably, as shown in fig. S8, the elastic modulus of this hy-
drogel patch (using the Alg-CA conjugate) prepared in a lyophilized
form was higher than the cases of a bulk hydrogel formed using a
solution form. This occurred because the internal structure was en-
hanced during the freezing step (48). The elasticity (tan 3) value of
this adhesive was also improved when Ca** was present (Fig. 3D).
Because of the enhancement of its storage modulus by Ca*", the ad-
hesive can act as sturdy support that can increase the sensitivity of
our pressure sensors during the relaxation of a heart. As shown in
fig. S9, when this patch in a lyophilized state was treated with the
crosslinking agent solution, this patch got soaked, allowing the stacked
sheets to tightly interact with each other during interpolymeric
crosslinking. Thus, the resultant cross-linked patch showed a much
flatter shape and more compact structure than the lyophilized Alg-CA
patch before crosslinking. The Alg-CA-Ca®" patch cross-linked with
both oxidizing agent and divalent cation has smoother surface mor-
phology and more compact internal structure than the Alg-CA patch
cross-linked with only oxidant agent solution without Ca** ion,
which can be attributed to the dual-crosslinking reactions (covalent
and ionic bonding) to make interpolymeric networks tighter and
denser. As illustrated in Fig. 3E, we conducted a probe tack test us-
ing porcine cardiac tissue to evaluate the adhesion strength of this
adhesive layer. After fixing the cardiac tissues on the surfaces of the
stage and the probe, the tensile force was measured after bonding
this adhesive layer between these two tissues through its crosslink-
ing by oxidizing agents (with and without Ca™h. Figure S10A shows
this evaluation of the adhesion force between our adhesive patch
and the porcine tissues. The interfacial force (yield point) was mea-
sured to be as high as ~7.5 N even in the presence of Ca*" (fig. S10B).
This interfacial force was induced mainly by its catechol group. In
particular, as plotted in Fig. 3F, the work of adhesion was increased
significantly after the Ca®" treatment (~11.9 mJ), compared to the
case without Ca®* (~6.2 mJ). The noncovalent bonding (i.e., ionic
bonding) of Ca** ions can contribute to the dissipation of energy
inside the polymer, which improves the adhesion stability and me-
chanical strength of this adhesive (49, 50). This hydrogel adhesive
patch provides sufficient tissue adhesiveness to mediate stable ad-
hesion of the bioelectronic device on the epicardium, while it can be
readily detached from this tissue without any lasting damage by
simple actions such as peeling or rubbing. After detaching this ad-
hesive patch from the heart tissue surface, histological analysis with
hematoxylin and eosin (H&E) staining confirmed that there were
no remnants of the adhesive patch and negligible damages on the
tissue surface (fig. S11).

In addition, we also tested the mechanical durability of this ad-
hesive patch to evaluate the impact of signal disruption during re-
petitive cardiac beating motions. Despite the repetitive application
of 30% in the oscillatory tensile strain at a constant frequency of
2.5 Hz for 30 min using a rheometer, the mechanical properties of
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this adhesive patch remained stable with negligible changes in the
storage modulus, the loss modulus, and elasticity (Fig. 3G). There-
fore, this Alg-CA-Ca* adhesive patch can offer reliable attachment
of our single-device platform (with pressure sensors and pacing
electrodes) to an epicardium that is undergoing repetitive and dy-
namic cardiac movements.

Motion detection using an artificial heart

We measured the beating motion of an artificial heart to evaluate
the diagnostic capabilitz of this device platform with the incorpora-
tion of an Alg-CA-Ca”" adhesive patch. The half artificial heart
was formed using a low-modulus silicone elastomer (Ecoflex 0030,
Smooth-on Inc.) that has stiffness similar to that of a biological
heart (51-53). The detailed experimental methods that were used to
form this artificial heart are described in the Supplementary Materials.
As illustrated in Fig. 4A, the device platform where the pressure-
sensitive transistors and pacing electrodes were integrated was first
placed near the central region of a pre-deflated artificial heart. Then,
the entire top surface of this device platform and the surrounding
epicardium area were covered by an Alg-CA-Ca** adhesive patch
(thickness, 1 mm) that was cross-linked further by spraying an oxi-
dizing agent (4.5 mg/ml NalOy solution containing 0.75% CaCl,).
The cardiac beating characteristics such as local pressures and
volume changes were evaluated by releasing the pigmented artifi-
cial blood in and out of this heart using a syringe pump. As shown
in Fig. 4B, the internal pressure of this heart was measured using a
digital manometer during the different pumping phases. While
gradually increasing the volume of the artificial heart from 0 to
100%, the external pressure applied on the outer surface of the heart
was also measured using a z-axis force gauge (Mark-10, M7-20) to
set the reference. For comparison, the signal (AIp/Iy) of the pressure-
sensitive transistor was monitored simultaneously. As plotted in fig.
S12A, the expansion of this heart increased the external pressure up
to ~80 kPa. In addition, the pressure-sensitive transistor that was
attached to the heart using the Alg-CA-Ca”" adhesive patch showed
a larger increase in its signal (AIp/Io) as the volume of the heart ex-
panded, compared with the case without this adhesive (fig. S12B).
Figure 4C shows the relationship between the value of the external
pressure (measured using a gauge) and the AIp/I of the transistor
as the volume of the heart was increased. The transistor that was
covered by the adhesive exhibited a 15-fold higher sensitivity of
the signal (AIp/Iy) to the application of pressure, compared to the
case without this adhesive (sensitivity: 0.2 kPa™" with the adhesive,
0.013 kPa™! without the adhesive). The sensitivity to the applied
pressure (P), defined as (AIp/Iy)/ AP, was calculated from the linear
fit of the plot. Furthermore, to evaluate the sensing reliability of the
pressure-sensitive transistor, this device that was attached to the
artificial heart by the adhesive was subjected to a test that involved
cycles of contraction and relaxation by repeatedly injecting and dis-
charging artificial blood 1000 times using an automated syringe
pump. Even after repeating 1000 cycles to 50 kPa, the change in its
signal (AIp/Iy) was negligible, as shown in Fig. 4D.

Figure 4E shows a schematic illustration of a normal heart and
LV hypertrophy (LVH) case. LVH, a condition in which the LV wall
becomes enlarged and thickened, is caused by various cardiac con-
ditions, such as hypertension, stenosis of the aortic valve, and insuf-
ficiency of the mitral valve (54-57). Although LVH has been diagnosed
using electrocardiography and echocardiography, conventional
electrocardiography is not suitable for diagnosing anatomic LVH of
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Fig. 4. Detection of beating motions using an artificial heart. (A) Schematic illustrations of cardiac contraction (deflation) and relaxation (inflation) with the attach-
ment of our device platform (with the Ag-CA-Ca** hydrogel adhesive). (B) Photographs of this experimental setup to evaluate motion detections using the artificial heart.
The black arrows indicate an injection tube of artificial blood and a needle tube for monitoring the internal pressure using a digital manometer. (C) Linear change in the
transistor signal (Alp/lo) by the pressure applied to the heart. Here, the pressure of this artificial heart was measured by a z-axis force gauge according to the volume in-
crementation of this heart. (D) Change in the transistor signal (Alp/lp) under repetitive cycles of contraction and relaxation at 50 kPa (volume expansion of 80%) for 1000
cycles. (E) Schematic illustrations on a normal heart (left inset) and LV hypertrophy heart (right inset). (F) Dependence of the transistor signal (Alp/lo) on the thickness of
artificial heart wall with varying internal pressures. (G) Real-time measurement of the transistor signal (Alp/lo) with three different thicknesses of artificial heart walls under

repetitive cycles of their contraction and relaxation (from 0 to 50 kPa).

a heart (58-60). In addition, echocardiography is an expensive tech-
nique and is only available in hospitals, which is not suitable for
real-time diagnosis in the patient’s daily life (61). In particular, it is
important to provide real-time anatomical information of the heart
for LVH diagnosis due to its seamless gradual development. Further-
more, it has been reported that the wall thickness directly influences
the diastolic properties of the LV (62, 63). The thickening of the LV
increases its stiffness because it is unable to relax normally and fill
with blood. In this respect, our mechanophysiological device
platform inserted into the body can intuitively provide real-time
information regarding any anatomical progression related to the
thickness of the LV wall by recording the change in epicardial pres-
sures. The modeling of LVH disease can be simulated using artificial
hearts with various wall thicknesses. To estimate LVH, half artificial
hearts with three different wall thicknesses (2, 4, and 6 mm) were
formed with identical outer diameters (70 mm). Then, our device
platform with the pressure-sensitive transistor was attached to the
surface of artificial hearts using the Alg-CA-Ca®" adhesive patch to
monitor Alp/Iy when the blood flow pressure (BFP) of the internal
artificial heart was applied by injecting artificial blood. This injection
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of artificial blood increased the internal BFP value with a volumetric
expansion of the heart, and this also led to the increase in AIp/Ij of
the pressure-sensitive transistor, as shown in Fig. 4F. Furthermore,
the heart sample with the thinner wall thickness exhibited higher
sensitivity of AIp/Iy to the applied internal BFP (fig. S13). In addi-
tion, we measured the time-dependent change in signals (AIp/Iy)
from these three different heart samples by repeating their contrac-
tion-relaxation cycles for respective systole and diastole conditions
(Fig. 4G). When the BFP was increased repeatedly to 50 mmHg,
the data were used to plot a real-time AlIp/I, detection curve, i.e.,
Fig. 4G, and it represented a step-like feature. The recovering be-
havior in pressure sensing with negligible hysteresis was exhibited
during the repeated contraction-relaxation cycle. Among these
three heart samples, the increase in Alp/I, became larger with thin-
ner wall thickness. Thus, the external pressure change recorded by
our transistor can be associated to the ventricular thickness in the
state of LVH. With respect to the clinical importance, this measure-
ment of epicardial pressures can offer a promising potential for
monitoring ventricular conditions associated with LVH while the
heart is beating.

8of 16



SCIENCE ADVANCES | RESEARCH ARTICLE

In vivo monitoring of cardiac motions in a live rabbit model

To examine the potential of this device platform (with pressure-
sensitive transistors and pacing electrodes) for monitoring cardiac
beating motions, we conducted in vivo tests using a live rabbit model
(New Zealand white rabbit, male, 3.0 kg). To stably attach this patch
device to the rapidly beating heart [~180 beats per minute (bpm)],
the heart rate of anesthetized rabbit was temporarily slowed by
esmolol (Jeilpharm Inc.) injection via the marginal vein of the ear
at a rate of 0.5 mg kg™' min, which is a short-acting intravenous
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cardioselective B-adrenergic blocker used for the short-term control
of ventricular rate (64). This flexible patch device was attached to
the epicardial surface of the anterior LV of rabbit in time for the
systole phase when the heart rate dropped below ~60 bpm. Then,
this patch device was covered completely by the Alg-CA-Ca** adhe-
sive patch and rapidly cured using crosslinking agent with oxidant
(Fig. 5, A and B). After fixing this patch device to the LV surface, the
normal heart rate was successfully restored. Through this esmolol
treatment, it was possible to minimize the difference in the recording
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Fig. 5. Real-time monitoring of cardiac beating motion in a live rabbit model. (A) Photograph of a live rabbit heart before the attachment of the device platform. Four
chambers of this heart are shown in the photograph. The yellow dashed box indicates the site for the motion detection area using this patch-type device. (B) Photographs
of the attachment process. The device patch was attached to the LV epicardium by covering an Ag-CA-Ca?* adhesive. (C) Spatiotemporal color maps of epicardial pressure
distribution measured using this device platform during a single cardiac cycle of a normal anesthetized rabbit. (D) Real-time detection trace of epicardial pressures (red
line) using a pressure-sensitive transistor in the device platform [indicated by the white box at the end-diastole 2D map of (C)], in comparison to the surface ECG trace
(black line). (E) Overlapped traces of epicardial pressures and the surface ECG, distinguishing the diastole and systole phases of a rabbit’s heart. (F) Comparison of heart
rates and the peak-to-peak interval derived from the pressure sensing and the surface ECG. (G) Ultrasound image of the patch-type device platform attached to the epi-
cardium of a rabbit’s heart for 10 weeks.
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value that is based on the irregularity of the cardiac phases when
attaching the patch device. For example, as shown in fig. S14, stable
cardiac surface pressure values were obtained even in repeated ex-
periments (five times) through the treatment with esmolol. Then,
the spatiotemporal distribution of epicardial pressures was mapped
directly by monitoring the resultant signal (AIp/Ij) of each transis-
tor during cardiac beating motions. Simultaneously, this measured
pressure change was compared with the surface ECG trace obtained
using a three-lead ECG module (PhysioLab Co., Korea). The experi-
mental method for this ECG recording is detailed in Materials and
Methods. Figure S15 shows photographs of the surgical preparation.
In addition, the data acquisition (DAQ) setup and circuit diagram
of 100 active-matrix array for the in vivo animal experiment are
shown in fig. S16.

Similar to Fig. 4C, each transistor’s signal magnitude (AIp/Ip) was
converted to the relative pressure change with the sensitivity of
0.2 kPa™'. Figure 5C presents spatiotemporal color contour plots
of the pressure distribution of the normal, anesthetized rabbit
during its cardiac beating motions. We have designed an array of
pressure-sensitive transistors with its overall size of about 10 mm x
10 mm, a similar dimension to overlap the LV of a rabbit’s heart. In
this pressure mapping, the 10 x 10 active-matrix transistor array
has a pixel resolution of 1 mm (that is, a total distance between ad-
jacent transistors), which is based on the diameter of the left coro-
nary arteries (rabbit, about 1 mm; human, 3 to 6 mm) and their
branch vessels (65, 66). Movie S1 provides a video clip comparing
this spatiotemporal plot of the pressure distribution (bottom right)
with the corresponding surface ECG trace (top inset) over time
during the rabbit’s normal heartbeats. The conformal adhesion
of this flexible device patch on the epicardium ensured its reliable
monitoring of pressures during continuous systole and diastole
cycles without its delamination. For example, Fig. 5D plots a real-
time trace of the relative pressure change detected from a single pixel
of pressure-sensitive transistor (indicated by the white box at the
end-diastole 2D map in Fig. 5C) of this device platform in cardiac
cycles. This pressure trace was consistent with the ECG trace to in-
dicate the identical heart rate. Figure 5E compares two representative
traces of pressure and ECG on the same timeline in two cardiac beat-
ing cycles. The QRS complex peak of this ECG trace clearly indicated
the depolarization of the ventricular cardiomyocytes, signaling their
contraction. Ventricular contraction pumped blood into the body,
thereby subsequently reducing the volume of the chamber. Here, the
corresponding pressure trace indicated the coincident reduction in
the epicardial pressure at this end point of the QRS complex during
the systole phase. In addition, the T wave of ECG revealed the ventri-
cle’s repolarization during ventricular relaxation. The pressure trace
plotted the gradual increase in the epicardial pressure after this T wave.
In addition, the heart rate obtained using the pressure-sensitive
transistor was calculated on the basis of the time interval between
consecutive systole peaks by differentiating this pressure plot, as
shown in fig. S17. Then, it was compared with the heart rate detected
by the surface ECG by calculating the time interval between the R
peaks. Both sets of data (i.e., the pressure sensing and ECG sets) indi-
cated identical values of the heart rate and peak-to-peak interval, as
shown in Fig. 5F. Heart rate calculations were based on the previ-
ously reported assessment on heart rate variability (67). The dura-
tion of the diastole and systole were 0.19 and 0.11 s, respectively.

When an electronic cardiac patch is attached to the epicardium,
the body can react to the device, so it is essential to assess the
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biocompatibility of an implantable electronic device. The biocom-
patibility of our device platform was tested by attaching it to the
epicardium of a live rabbit using the hydrogel adhesive, and we rou-
tinely checked the abnormal cardiac functions and general health
status of this rabbit for 10 weeks (fig. SI8A). As plotted in fig. S18B,
this rabbit stably maintained the normal heart rates in the range
between 145 and 180 bpm for 10 weeks after the insertion of the
device. In addition, Fig. 5G shows an ultrasound image of the device
platform that was attached reliably to the epicardium of this rabbit
even after 10 weeks. Furthermore, the H&E staining and macro-
phage assay were tested to evaluate the subcutaneous tissue inflam-
mation in this live rabbit at 10 weeks. Figure S19 (A and B) shows
no notable indications of inflammatory infiltrate in the subcutaneous
tissue surrounding the heart.

In situ sensing and simultaneous electrical pacing

for arrhythmia treatment

Figure 6A shows a schematic illustration of the induction of cardiac
diseases in a rabbit model by drug injection and electrical shock to
simulate the expression of arrhythmias. For the treatment of ar-
rhythmias, the pacing electrodes integrated in our device platform
can generate electrical impulses to control a rabbit’s heart rate. At
the same time, the pressure-sensitive transistors continuously mon-
itor its heart rhythm. In this experiment, the device platform was
placed on the anterior of the LV to monitor the rabbit’s heartbeat,
and the pacing electrodes were positioned near the apex to transmit
the electrical pulses directly to the Purkinje fibers (Fig. 6B). Then,
the Alg-CA-Ca®* adhesive patch covered the top surface of this de-
vice layer before its crosslinking using an oxidant agent. First, three
different noble metals, i.e., Au, Pt, and Pt black, were tested as pac-
ing electrodes (with the same shape) to compare their cardiac pac-
ing performance. Electrical pacing with the pulse width of 1 ms was
applied at 5 Hz while increasing the amplitude of the pacing pulses
to the heart of the live rabbit, as plotted in Fig. 6C. The pacing
threshold can be defined as the minimum pacing amplitude re-
quired to induce the contraction of the heart muscle, and the pacing
thresholds of the Au, Pt, and Pt black electrodes were 2.0, 1.4, and
0.6 V/mm, respectively. Because of the increment of its surface area,
the low impedance and high CSC of this Pt black enabled extraordi-
nary pacing characteristics at the lowest pacing threshold among
these three metals. The maximum pacing amplitudes of all the elec-
trodes were capped at about 5 V/mm because applying the ampli-
tude over 5 V/mm induced LV fibrillation (LVF), i.e., a rapid,
irregular heart rhythm. While applying electrical pacing using the
Pt black electrodes (pulse amplitude, 0.6 V/mm; frequency, 5 Hz;
pulse width, 1 ms), the relative changes in the epicardial pressures
and in the surface ECG traces were recorded simultaneously, as
shown in Fig. 6D. Although the initial normal heartbeat was slower
than 200 bpm before applying the electrical pacing pulse, the appli-
cation of this electrical pacing synchronized both signals of pressure
and ECG together by inducing a faster heart rate, i.e., 300 bpm (that
corresponds to the 5-Hz frequency). Pacing spikes, which mean the
vertical signals, represent the electrical stimulus of the pacing device
during its electrical impulse condition. As shown in Fig. 6D, ven-
tricular pacing spikes are visible before each QRS complex. However,
the overlapping of pacing spikes with the QRS complex waveform
on ECG can lead to the misinterpretation of cardiac activity, unnec-
essary medical treatment, and potentially fatal outcomes. In con-
trast to the ECG, the signal on epicardial pressures detected using
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Fig. 6. In situ diagnosis and treatment of cardiac arrhythmia. (A) Schematic illustration on a live rabbit model for the arrhythmia expression by CCB drug injection and
electrical shock. (B) Schematic illustration on the cross-section of a heart, indicating respective sites for the monitoring of cardiac beating motion and electrical pacing.
(C) Electrical pacing characterization for successful heart rhythm modulation using three different pacing electrodes of Au, Pt, and Pt black (pacing condition: 5Hz in
frequency, 1 ms in pulse width). (D) Comparison between the surface ECG and epicardial pressure detection traces, according to pacing amplitude using the Pt black
electrodes. (E) Synchronized heart rate and Py measured by the device platform with respect to different pacing frequencies. (F) Real-time measurements of the pho-
toplethysmogram at different pacing frequencies. The inset plots the magnified peaks of the photoplethysmogram, which compares the PPG amplitudes at different
heart rates (3, 5, and 7 Hz). (G) Measurement of femoral arterial BP of the systole and diastole phases at different pacing frequencies. The mean arterial pressure values
were calculated from the systole and diastole BP at respective pacing frequencies. (H) In situ diagnosis and simultaneous treatment of bradycardia using the device platform.
Restoration to intrinsic heart rhythm after electric pacing (0.6 V/mm, 2.2 Hz, 1 ms) using the device platform was performed while continuously monitoring epicardial
pressures (red line) and surface ECG (black line). (I) In situ diagnosis and simultaneous treatment of the expressed LV fibrillation using the device platform (red line), with
comparison to the surface ECG trace (black line). For ventricular defibrillation, restoration to intrinsic heart rhythm by electrical treatment (7 V/mm, 1 s) was performed
using this device platform. Dashed lines indicate the synchronized heartbeats between the ECG and pressure traces.
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the pressure-sensitive transistor presented no pacing spike or any
other interferences with the electrical stimulation pulses. Our de-
vice platform enabled mechanophysiological monitoring by detect-
ing cardiac pressures instead of sensing electrical conduction (in the
form of ECG), and this minimized the electromagnetic interferences
between the sensing signals and the electrical pulses from the stim-
ulators (i.e., pacing electrodes), as the form of a single-device sys-
tem in which pressure sensors and pacing electrodes were integrated.
Thus, this single platform can use its continuous recording of pres-
sure to perform simultaneous, corrective treatment through imme-
diate electrical impulses while monitoring the abnormal cardiac
beating motions of arrhythmias.

As a control experiment to compare this signal interference
effect, a flexible epicardial patch with arrays of Cr/Au electrodes
(thickness, 5/60 nm) for epicardial ECG recording and Pt black
electrodes for electrical pacing were fabricated separately, as illus-
trated in fig. S20. Then, these electrodes were encapsulated with a
500-nm-thick parylene layer with their opening (opening areas:
24 mm x 2 mm for ECG recording, 8 mm x 2 mm for pacing) for their
direct contact with the surface of the epicardium. Subsequently, this
epicardial patch was covered by the Alg-CA-Ca®" adhesive for its
strong adhesion to the rabbit’s wet heart. Since this patch did not
include any pressure sensors, it only enabled the electrophysiologi-
cal test instead of mechanophysiological monitoring. Figure S21
shows the result of epicardial ECG recording with simultaneous
electrical pacing using patch (pacing condition, 2 V/mm in pulse
amplitude; 7 Hz in frequency; and 1 ms in pulse width). This patch
regularly measured the bipolar epicardial electrogram amplitudes,
which were dependent on the rabbit’s heart rhythm, before initiat-
ing electrical pacing (time < 2.2 s on the x axis of fig. S21). However,
as the electric pacing began, the electric pulses disrupted the ECG
trace, rendering the interpretation of the ECG essentially impossible.
In this electrophysiological patch, all electrodes for ECG recording
and electrical stimulation were located on the wet surface of the
epicardium, and this led to undesirable interference with the electric
signals due to the leakage through the cardiac electrical conduction
system and limited the simultaneous functions of ECG recording
and cardiac pacing. In contrast, our mechanophysiological device
system enabled the recording of cardiac beating motions by using
pressure sensors with no signal disruption during the application of
electrical impulses in electrical therapeutics.

During the operation of our mechanophysiological device system
with pressure-sensitive transistors and pacing electrodes, the heart
rate of this rabbit became synchronized according to the pacing fre-
quency of the electrical stimulation (pulse amplitude, 0.6 V/mm;
pulse width, 1 ms). As shown in Fig. 6E, the magnitude of the maxi-
mum pressure for each beat (Py) decreased approximately five times
as the paced heart rate increased from 175 bpm (corresponding to
3 Hz) to 576 bpm (10 Hz). The insufficient relaxation of the ventri-
cle caused by the faster heart rate could result in this reduction in
Py due to the limitation in blood supply from the left atrium to the
LV. Therefore, the shortened ventricular filling phase could lead to
a decrease in the stoke volume. For example, the ventricular filling
phase is shortened when the heart beats too fast (generally, a heart rate
greater than 100 bpm in human adults) due to abnormal electrical pac-
ing signals. These rapid heartbeats disrupt the filling of ventricles with
blood, resulting in a lack of blood in the body, which is a condition
known as ventricular tachycardia (68, 69). To compare this depen-
dence of Py on heartbeats, the relationship between the decrease in
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blood flow and abnormally fast heart rates was tested further by the
hemodynamic measurement of peripheral arteries using photopleth-
ysmography (PPG). Here, a customized PPG sensor (PhysioLab Co.,
Korea) was attached to the sublingual artery of a rabbit’s tongue to
measure the change in the volume of blood (fig. S22A). To measure the
arterial BP, we inserted a catheter integrated with the BP transducer
into the femoral artery of the rabbit (fig. S22B). Insufficient blood flow
from the ventricle to the rest of the body caused a reduction in arterial
BP and a decrease of blood flow in the peripheral arteries. Figure 6F
plots the resulting amplitude of PPG signal obtained from the sublin-
gual artery during the electrical pacing of the rabbit’s heart rate by
varying frequency. Compared to its intrinsic heart rate (158 bpm on
average) with no electrical stimulus, an application of electrical pacing
frequency greater than 3 Hz induced faster heart rates to decrease fur-
ther the amplitude of PPG and the relative flow rate of blood. Similarly,
this increase in heart rates also reduced the BP of the femoral artery,
i.e,, the systolic, diastolic, and mean arterial pressure [diastolic BP +
(systolic BP — diastolic BP)/3], due to insufficient blood flow from LV
to the blood vessels (Fig. 6G). As a result, both measurements of epi-
cardial pressure detection (using the pressure-sensitive transistor) and
the hemodynamic analysis (using the PPG sensor) indicated the reduc-
tion in Py and BP with increasing heart rates during electrical pacing.
Diltiazem (HERBEN, CJ Healthcare Inc.), a calcium channel
blocker (CCB), inhibits the inflow of calcium ions into the cardiac
muscle during depolarization, resulting in slowing of the SA node
and a slowing conduction through the atrioventricular node. Thus,
diltiazem causes sinus bradycardia (70). By injecting 4 ml of diluted
CCB agent through the marginal ear vein of the rabbit at the rate of
1 ml/min, bradycardia became expressed in the rabbit with a reduc-
tion in its heart rate from 128 to 86 bpm. The electrophysiological
and epicardial pressure traces were observed in the ECG and our de-
vice platform, respectively. To restore an intrinsic heart rate after this
bradycardia expression, we paced this heart with the electrical pulse
(amplitude, 0.6 V/mm; pulse width, 1 ms; frequency, 2.2 Hz) while
monitoring its cardiac motions continuously. As shown in Fig. 6H
and movie S2, this electrical pacing could recover the heart rate to an
intrinsic condition of 130 bpm on average. To test further, we in-
duced the LVF condition in the rabbit by using electrical shock. The
subsequent variations in both surface ECG and epicardial pressure
traces were compared during fibrillation (Fig. 6I). The ECG and pres-
sure measurements verified the expression of LVF after applying ex-
cessive electrical pulses at a pulse amplitude of 5 V/mm, a frequency
of 10 Hz, and a pulse width of 1 ms for 10 s. The surface ECG trace of
the representative LVF wave, which was an irregular electrical activity
with no discernible pattern, was plotted in Fig. 6I (black line; time
range, 2.7 to 8.9 s). However, the consistent increase in epicardial
pressure after the irregular pressure signal during LVF indicated that
contraction of the LV did not occur, which were signs of asystole (red
line in Fig. 6I; time range, 2.7 to 8.9 s). For defibrillation, we applied
an electrical treatment for 1 s at a pulse amplitude of 7 V/mm using
the pacing electrodes of this device platform while continuously
monitoring the cardiac beating motions. The surface ECG and pres-
sure traces after the defibrillation protocol, correcting the LVF, indi-
cated that the intrinsic heart rhythm had been restored completely.

DISCUSSION
This study presents a heart-attachable single-device system that en-
ables epicardial pressure detection and simultaneous electrical pacing
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for in situ diagnosis and treatment of cardiac arrhythmias. This device
platform consisted of an active-matrix pressure-sensitive transistor
array with 10 x 10 sensing nodes, biocompatible pacing electrodes
coated with Pt black nanoclusters, and an alginate-based hydrogel
adhesive with negligible tissue inflammations. The pressure-sensitive
transistors, as pressure sensors, enabled mechanophysiological anal-
ysis by continuously monitoring the spatiotemporal change in epi-
cardial pressure distributions during heart beating motions. The Pt
black-coated electrodes could control heart rates at a low pacing
threshold (0.6 V/mm) due to their low impedance and high CSC
characteristics. In addition, the biocompatible Alg-Ca-Ca”" adhe-
sive patch attached this device platform stably to the wet surface of
a heart by improving the pressure sensitivity. In contrast to conven-
tional electrophysiological methods such as ECG, this measurement
of epicardial pressures enabled simultaneous treatment of electrical
therapeutics using a single device without any interference between
the sensing signals and electrical pulses from pacing electrodes, even
in wet cardiac conditions. In vivo experiments using live rabbits
have shown that this device platform can address arrhythmias, such
as bradycardia and LVF, by monitoring abnormal heart rhythms
and appropriately applying electrical treatment. Furthermore, the
mechanophysiological detection of this device platform has offered
a substantial potential for analyzing the physical properties of a
heart related to the abnormalities of cardiac muscles and cardiovas-
cular hemodynamics as well as providing deeper insights into the
understanding of cardiac diseases and treatment. Thus, we envision
that the results of this study can intuitively provide diverse and
complex physiological information related to heart disease in com-
plementary to the electrophysiological devices.

Although this epicardial device patch proposed in this work sug-
gests a unconventional mechanophysiological analysis, only in vivo
animal trials related to abnormal heart rhythms were studied. We expect
that this mechanophysiological method using a similar device platform
can expand the study of cardiac diseases to factors other than arrhyth-
mias, such as myocardial infarction, hypertrophic cardiomyopathy,
concentric hypertrophy, and dilated cardiomyopathy. To broaden the
scope of its clinical applications, the permanent usability of this device
platform with its completely wireless communications to external
mobile systems and a self-sustainable, safe power source should be
ensured further to adequately perform long-term assessments of
organs and their functions. Together with the exploration of applica-
tions in various cardiac diseases and other areas, these and other func-
tional improvements represent promising areas for future work.

MATERIALS AND METHODS

Experimental design

The purpose of this study was to develop a flexible, heart-attachable,
device platform (as a patch shape) for monitoring cardiac beating
motions and the simultaneous treatment of abnormal heart rhythms
related to cardiac diseases. As a single-device system, this epicardial
patch enabled the detection of epicardial pressures during cardiac
beating cycles as well as the appropriate electrical pacing with no
signal interference to each functional operation. This device platform
comprises three components, i.e., (i) pressure-sensitive transistors
(as pressure sensors), (ii) pacing electrodes, and (iii) an alginate-
based hydrogel adhesive patch. The active-matrix array of pressure-
sensitive air-dielectric transistors was used to record cardiac beating
motions while visualizing the spatiotemporal distributions of the
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epicardial pressures in real time. In addition, Pt black electrodes
were integrated into this device system to transmit the electrical im-
pulses needed for cardiac pacing. Moreover, a biocompatible hydro-
gel adhesive was developed to attach this device patch conformally
to the epicardium for its reliable operation. To verify the capability
of using this device platform to sense epicardial pressures, first, we
formed and tested the artificial hearts before the in vivo trials using
live rabbits. To further test the device’s applicability, we conducted
in vivo animal experiments using specific pathogen—free New Zealand
white rabbits (total, n = 6). All of the animal experiments were
conducted under the guidance of a cardiologist (S.L.). To detect the
cardiac beating motions of live rabbits, we attached this flexible de-
vice patch to the epicardium of the LV of the anesthetized rabbits.
To compare the characteristics of pacing electrode materials, three
different metals, i.e., Pt, Au, and Pt black, were used as pacing elec-
trodes for our device platform. Each of these was fabricated on an
individual device. The pacing conditions (amplitude, frequency, and
pulse width) and mechanophysiological test results using our de-
vice were compared by randomly selecting four rabbits and subject-
ing them to the experiments for surface ECG recording and pressure
recording for 10 s. To evaluate the biocompatibility further, we at-
tached this patch device to the epicardium of two anesthetized rab-
bits and left it there for 10 weeks. After 10 weeks, the two rabbits
were subjected to a series of medical examinations. They were tested
for inflammatory responses to the subcutaneous tissues surround-
ing their hearts, where the patch devices were attached for 10 weeks.
Last, a CCB drug was injected, and an excessive electrical impulse
was delivered into an anesthetized rabbit for bradycardia and LV
fibrillation expression. To normalize the heart rate, we transmitted
systematic pacing, and the pacing electrodes in our device platform
transmitted defibrillating shock.

Fabrication of the patch device platform

For the fabrication of this bottom panel, a single-crystalline Si layer
(thickness, 160 nm), which serves as the channel of the transistor, is
transferred to a flexible polyimide (PI) film (thickness, 8 um) from
a silicon-on-insulator wafer (buried oxide, 400 nm) using a PDMS
stamp. Source/drain/interconnect (5-nm Cr/100-nm Au) electrodes
are deposited on the isolated Si channel using an e-beam evaporator
(channel length, 40 um; width, 150 pm). Then, this sample is covered
by a 1-pm-thick photo-patternable epoxy layer (SU-8, MicroChem)
with its opening above the channel region to form the locally vacant
holes only inside this epoxy layer. This epoxy layer not only produces
vacant regions on the Si channel at the designated positions but also
passivates the source/drain/interconnect metallic electrodes. For the
fabrication of this top panel, gate electrodes and interconnects
(5-nm Cr/100-nm Au) are patterned photolithographically on a
thin PI film (thickness, 3 um) and then are covered by a PDMS elas-
tomeric layer (thickness, 25 pm) in which vacant holes are pre-
perforated locally using a laser ablation method (CO; laser, Epilog
Laser Inc.). For the surface adhesive enhancement of the PDMS
layer, this PDMS surface and the gate panel are exposed by O, plasma.
The resulting bottom and top panels are laminated conformably
with their precise alignment to combine the local holes in both layers
of SU-8 and PDMS together, thereby completing the fabrication of
a 10 x 10 active-matrix array of pressure-sensitive top-gate transis-
tors with local air-dielectric layers. Here, the height of the air gaps
can be determined by the total thickness of the two partition spacers
(25-pum-thick PDMS and 1-um-thick epoxy) between the channel
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and the top-gate, and the thickness of this PDMS elastomeric layer
can be decreased by applying compressive pressure with increasing
capacitance of the gate-air-channel structure. This pressure-sensitive
capacitance change enables the individual transistor to act solely as
a single pressure sensor. Therefore, the simple integration of these
transistors, with no additional component or layer, directly forms
the active-matrix pressure sensor arrays, which can be advantageous
because of the densification of these sensor arrays. To suppress the
penetration of biofluids and to bind these two panels (top and bottom)
in place, the entire sidewalls of this resulting sample are encapsulated
completely by medical-grade silicone (Silastic MDX4-4210, Dow Inc.).
After depositing a 100-nm-thick parylene encapsulation layer (as a
biocompatible insulating layer) on the top surface of this sample,
two pacing electrodes (ground and stimulation, respectively) are
formed on this parylene surface using the evaporation of Cr/Au
(thickness, 5 nm/60 nm) through a shadow mask. Sequentially, only
these pacing electrodes are electroplated selectively by Pt nanoclusters
(Pt thickness, 300 nm), which are referred to as Pt black. The advantage
of this Pt black coating is that the addition of nanometer-scale rough-
ness to these pacing electrodes can increase their surface area and
lower their impedance greatly. The reduced impedance of pacing
electrodes can enhance the electrode-to-cell signal transfer. Last, a
500-nm-thick parylene layer covers the entire surface of this sample
again, leaving only the designated pacing site of Pt black electrodes
uncovered locally (open area, 8 mm x 2 mm), which completes the
fabrication of this thin and flexible patch-type platform where the
active-matrix pressure sensor array and pacing electrodes are integrated
(total thickness, 38 um). Additional fabrication processes related to this
flexible device patch are detailed in the Supplementary Materials.

Preparation and formation of the Alg-CA-Ca**

adhesive patch

To prepare an Alg-CA patch, we dissolved the lyophilized Alg-CA
conjugate in sterilized neutral PBS at a concentration of 1% (w/v)
and then poured it onto a flat mold with the desired size and shape.
This Alg-CA solution was completely lyophilized over 24 hours, pro-
ducing an Alg-CA patch. To form an Alg-CA-Ca*" patch, we placed
it on the desired substrates or target tissue surfaces and we evenly
sprayed it with a proper amount of crosslinking agents consisting of
an oxidant (4.5 mg/ml of NalO4) and CaCl, (Sigma-Aldrich) at pre-
determined concentrations, i.e., 0, 0.25, 0.5, 0.75, and 1% (w/v).

Animal experiments

All of the animal experiments were approved by the Committee for
Care and Use of Laboratory Animals at Yonsei University (College
of Medicine), and the experiments were performed following
the Guidelines for Institutional Animal Care and Use Committee
(IACUC) of Yonsei University Severance Hospital (IACUC approval
no. 2019-0275). The New Zealand white male rabbits (3.0 kg, Koatech,
Korea) were injected intramuscularly with Rompun (5 mg/kg) and
ketamine (20 to 30 mg/kg) to induce general anesthesia, and inhala-
tion anesthetic (2% isoflurane) was administered to maintain the
state of anesthesia. For the in vivo experiments, the sternum of
a rabbit was incised vertically to expose the heart after disinfec-
tion. The pericardium was excised using an electrosurgical instru-
ment. To consistently attach the device to the systole phase, heart
rate was adjusted to beat slowly less than 60 bpm by administering
esmolol (Jeilpharm Inc.) via the marginal vein of the ear at a rate of
0.5 mgkg ™' min, while the heart rate was monitored using a separate
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medical ECG monitoring system. When the heart rate dropped be-
low ~60 bpm, our device patch was positioned such that one side of
this device was set to span the septum of the LV epicardium of the
heart, while the stimulation electrode was placed on the Purkinje
fiber of the LV near the apex. Then, this patch device was fixed by
the Alg-CA-Ca®" adhesive patch and rapidly cured by spray using
crosslinking agent solution with oxidant. After about 20 min, the
normal heart rate was successfully restored. During the in vivo
recording of the surface ECG and pressure readouts, we have syn-
chronized both datasets to a computer system time clock as they
were simultaneously recorded. To verify the biocompatibility of this
device platform, we inserted the epicardial bioelectronic patch into
subcutaneous tissues. To confirm its stability, the position of this
device was fixed on the epicardium using hydrogel adhesive, and
subsequently, the incised chest was sutured shut. The rabbits used
in the in vivo trials were euthanized humanely using KCL.

Measurement of surface ECG, PPG, and arterial BP

The electrical activity of live rabbits was recorded using a three-wire
lead ECG system (PhysioLab Co., Korea). These three-lead wires were
connected to commercial Ag/AgCl patches (3M Red Dot 2223) that
were placed on the left and right chest (negative and ground) and
femoral of the left leg (positive) on the exposed skin of a rabbit, re-
spectively. The wires were connected to a separate ECG module with
a signal filter. In addition, this ECG module was connected to a
DAQ module to acquire real-time ECG traces, which were displayed
through a LabVIEW-based customized software program. The
sampling rate for recording the data was set at 1 kHz. For the hemo-
dynamic measurement of peripheral arteries using PPG, a PPG sen-
sor (PhysioLab Co., Korea) was connected to the DAQ module. Its
sensing component was attached to the sublingual artery of the rabbit’s
tongue to record the real-time peripheral blood flow of the rabbit.
Then, the arterial BP of the femoral of the rabbit was measured by
the inserted catheter integrated with the pressure transducer.

Biocompatibility test

The biocompatibility of the patch device platform with the adhesive
patch was histologically evaluated. The device platform and adhe-
sive patch were inserted into the subcutaneous tissue surrounding
the heart. After 10 weeks, subcutaneous tissue with the inserted de-
vice platform was cut for immunohistology analysis. The sliced sec-
tions of subcutaneous tissue were fixed in 10% formalin solution at
4°C for 24 hours. The paraffin blocks were made for H&E staining,
and 4-um-thick tissue sections were prepared for immunohisto-
chemistry analysis with CD68 antibody (GTX34543, Gene Tex Co.)
for macrophages.

Bradycardia induction

For bradycardia induction, 5 mg of diltiazem hydrochloride (HERBEN,
CJ Healthcare Inc.) was diluted in 4 ml of saline (Sigma-Aldrich).
The heart rhythm disturbances were evoked by the marginal ear vein
administration of diltiazem solution to anesthetized rabbit. The ECG
and epicardial pressure were recorded during intravenous injection
of diltiazem solution, and the dosage was injected four times every
minute. The ECG module and our device platform recorded real-
time data that showed that the cardiovascular responses to diltiazem
solution resulted in a heart rate of less than 90 bpm. After the bra-
dycardia was stably induced for more than 30 s, application of elec-
trical pacing started.

14of 16



SCIENCE ADVANCES | RESEARCH ARTICLE

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq0897
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