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Wearable and Implantable Devices for Cardiovascular
Healthcare: from Monitoring to Therapy Based on

Flexible and Stretchable Electronics
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Cardiovascular disease is the leading cause of death and has dramatically
increased in recent years. Continuous cardiac monitoring is particularly
important for early diagnosis and prevention, and flexible and stretchable
electronic devices have emerged as effective tools for this purpose.

Their thin, soft, and deformable features allow intimate and long-term
integration with biotissues, which enables continuous, high-fidelity, and
sometimes large-area cardiac monitoring on the skin and/or heart surface.
In addition to monitoring, intimate contact is also crucial for high-precision
therapies. Combined with tissue engineering, soft bioelectronics have

1. Introduction

The heart is a vital organ that pumps blood
through blood vessels to provide oxygen
(O,) and nutrients throughout the entire
body and to remove carbon dioxide (CO,)
and metabolic waste from the body. The
World Health Organization estimated that
cardiovascular diseases (CVDs), i.e., heart
and blood vessel diseases, are responsible
for up to =30% of the total number of

also demonstrated the capability to repair damaged cardiac tissues.

This review highlights the recent advances in wearable and implantable
devices based on flexible and stretchable electronics for cardiovascular
monitoring and therapy. First, wearable/implantable soft bioelectronics for
cardiovascular monitoring (e.g., the electrocardiogram, blood pressure,

and oxygen saturation level) are reviewed. Then, advances in cardiovascular
therapy based on soft bioelectronics (e.g., mesh pacing, ablation, robotic
sleeves, and electronic stents) are discussed. Finally, device-assisted tissue
engineering therapy (e.g., functional electronic scaffolds and in vitro cardiac

platforms) is discussed.
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deaths worldwide."Yl Since CVDs become
much easier to manage when detected
early, there is an increasing need for
continuous cardiovascular monitoring.>#
For example, various CVDs can be indi-
cated by interpreting the patterns of elec-
trocardiograms  (ECGs).P®  Meanwhile,
monitoring the blood pressure (BP) and
blood oxygen saturation is also common
practice. This is because an elevated BP
is one of the most important risk factors
in cardiovascular morbidity,” and a low
baseline for the blood oxygen saturation
level is useful in the diagnosis of acute
heart failure. When abnormal heart rhythms or heart failure
is detected, timely and accurate treatment is vital. As a result,
there are significant needs for the research and development of
cardiovascular monitoring and therapeutic devices, which have
to be enabled by novel material and design innovations.

Rapid advances in flexible and stretchable electronics!'%12
have enabled the development of soft wearable (Figure 1a) and
implantable (Figure 1b) devices.'>"] By utilizing ultrathin
and soft materials,['822 soft bioelectronic devices can reliably
and unobstructively interface with parts of human body,?>24
such as the skin and/or internal organs including the heart, to
monitor human physiological signals with a high fidelity.?>-28l
In particular, for electrophysiological signals, conformal device—
tissue contact can effectively reduce the electrode—skin interface
impedance and mechanical sliding, minimizing motion arti-
facts. Some of these devices are so soft that they can fully
wrap around the heart and blood vessels in 3D space without
imposing any mechanical deformation to the soft tissue or
causing any mechanical constraint on the natural motion of the
heart. Compared with conventional lead-like cardiac implants,
3D integumentary membranes have enabled unprecedented
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functions such as 3D high-resolution spatiotemporal mapping
of the entire heart. Furthermore, the integration of wireless
communication units avoids the use of messy wires, and ena-
bles continuous cardiac health monitoring with mobility, which
represents a major advancement toward ambulatory monitoring.

In addition to cardiac monitoring devices, flexible and stretch-
able bioelectronics have also been applied for improved in vivo
cardiovascular therapies (Figure 1c).?%) Conventional rigid med-
ical implants are prone to inducing device-related complications
such as local or systemic infection and inflammation. Electrical
therapies confined within the small area corresponding to the
electrode size show limited therapeutic efficacy. In contrast,
soft treatment devices such as multifunctional integumentary
membranes and inflatable balloon catheters utilize biocompat-
ible materials to minimize device-related complications and are
capable of carrying out large-area treatment of the epicardium or
endocardium to effectively cure arrhythmia. Moreover, soft bio-
electronics-based therapy can be supplemented by integrating
device-assisted cell-based therapies, particularly for repairing the
damaged cardiac tissues (Figure 1d).I1¢3%31 Cells cultured in vitro
under the appropriate environmental cues mimicking native
conditions are prepared as a scaffold or cell sheet for implanta-
tion.3233 When integrated with soft bioelectronics, the efficacy of
such tissue engineering therapeutics can be monitored in vivo.

In this review, we present the recent advances in soft bioelec-
tronics especially designed for cardiac monitoring and therapy.
The review starts by highlighting the advances in designs, mate-
rials, and structures for ECG electrodes, such as a filamentary
serpentine (FS) design, 1D and 2D materials based composites,
and bioinspired microstructures. Then, we scrutinize the wear-
able (i.e., ECG monitoring and pulse oximetry; Figure 1a) and
implantable (BP monitoring and cardiac mapping; Figure 1b)
soft bioelectronic devices especially developed for continuous
cardiac monitoring. In addition, soft bioelectronics also ena-
bles more effective and controllable cardiac therapy (i.e., cardiac
pacing, robotic sleeves, ablation therapy, and electronic stents;
Figure 1c). Finally, cell-based therapies assisted by soft devices
including functional electronic scaffolds and in vitro cardiac plat-
forms are introduced with the possibility of realizing synergistic
effects with soft bioelectronics—based therapies (Figure 1d). The
application of flexible and stretchable electronics technology in
cardiac devices has significantly improved the capability and
quality of cardiac monitoring and therapy, and has provided
many future opportunities for subsequent development.

2. Soft Bioelectronics for Monitoring

2.1. Materials for Skin-Integrated Soft Electrodes

An ECG is the most essential and commonly used diagnostic
tool for abnormal cardiac rhythms.?¥ An ECG is induced from
the electrical activity of the sinoatrial (SA) node and cardiac
conduction system (CCS) of the heart, which can be measured
invasively from the heart or epidermally. The depolarizing
and repolarizing surface potential differences can be nonin-
vasively measured through multi-lead electrodes located on
the chest (Figure 1a, left) or limbs.>! The quality of an ECG
measured using surface electrodes is largely dependent upon
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the electrode—skin interface impedance and noise induced by
motion.’® Equivalent circuit models (i.e., parallel and series
combinations of resistors and capacitors) are available to
account for the complex structures and the characteristics of
the skin layers in accordance with wet and dry electrodes.®!
Although electrodes with electrolytic gels are conventionally
used for surface ECG recording, they are unfavored owing to
their skin irritating and drying nature. Rigid dry electrodes are
wearable long-term and reusable, but they suffer from a large
electrode-skin impedance and motion artifacts. When the skin
deforms, motion artifacts arise from electrode—skin sliding and
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Figure 1. Overview of wearable and implantable devices for cardiovascular health management systems. a) Schematics of wearable monitoring
devices including an ECG monitoring device (left) and pulse oximetry (right). Reproduced with permission.?>73l Copyright 2018, Nature Publishing
Group, Copyright 2014, Nature Publishing Group, respectively. b) Schematic and optical image of implantable monitoring devices including blood
pressure monitoring (left) and cardiac mapping devices (right). Reproduced with permission.>"%¢l Copyright 2009, IEEE, Copyright 2016, Wiley-VCH,
respectively. ¢) Schematic of bioelectronics-assisted therapies including angioplasty (top left), pacing (top right), ablation therapy (bottom left), and a
robotic sleeve (bottom right). d) Schematic of cardiac cell therapies (left) including a scaffold integrated with flexible and soft electronics (top right)
and a heart-on-a-chip for providing native heart-like tissue and an in vitro environment (bottom right). Reproduced with permission.2%63%1 Copyright
2012, Nature Publishing Group, Copyright 2016, Nature Publishing Group, respectively.

variations in the intrinsic skin impedance. Hence, soft stretch-
able electrodes have the obvious advantage of minimizing
slippage against the skin by being able to deform with the skin
without detachment or fracture. Numerous soft bioelectronics
with advanced mechanics, materials, and design strategies have
been reported for dry electrodes. The ultrathin and ultrasoft
ones are able to fully conform to natural skin morphology and
follow arbitrary skin deformation. Hence, they exhibit a low
electrode-skin impedance and high signal-to-noise ratio (SNR),
even under severe skin deformation.

Skin-conformable dry and soft surface electrodes originated
from the idea of epidermal electronics (Figure 2a).’”) Au was
the first choice of epidermal electrode materials because of
its biocompatibility, chemical inertness, and suitable half-cell
potential. A micrometer-thick Au bilayer on polyimide (PI)
was first patterned into an FS mesh on a rigid wafer for han-
dling and then transfer-printed onto a 30 um thick skin-soft
Ecoflex substrate backed by a water-soluble polyvinyl alcohol
(PVA) substrate. To apply the Ecoflex-supported Au FS elec-
trode to human skin, the PVA substrate can be dissolved by
water, leaving the electrodes to self-conform to human skin via
only van der Waals forces. As the thickness, Young’s modulus,
stretchability, and mass density of such electrodes can mimic
the human epidermis well, they are called epidermal elec-
trodes. Epidermal electrodes have been applied to successfully
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measure the surface ECG, electromyogram (EMG), electro-
encephalogram (EEG), and skin hydration, as indicated by
the skin impedance.l’”! A further development eliminated the
Ecoflex substrate and directly printed the FS Au/PI electrodes
onto the skin (Figure 2b).*®l Instead of Ecoflex, a biocompatible
spray-on liquid bandage was applied over the FS electrodes to
provide imperceptible but robust bonding to the skin. The first-
generation epidermal electronics were manufactured through
standard microelectronic fabrication processes,,’’~* i.e., photo-
lithography on rigid wafers that can be handled. Later, a dry and
digital “cut-and-paste” manufacturing method was invented for
the rapid prototyping of epidermal electronics.**l This method
utilizes a paper/vinyl cutter plotter to subtractively pattern
bilayer Au/polyethylene terephthalate (PET) on a temporary
supporting substrate, and the patterned FS mesh can be pasted
onto any target substrate such as medical tape (e.g., Tegaderm)
(Figure 2c). Compared with photolithographic processes, the
“cut-and-paste” method is much more effective in terms of
the fabrication cost, labor, and time. A major limitation of this
method is that the patterning resolution of the cutter plotter
is limited to 200 um. Although some laser cutters can offer a
higher patterning resolution, the thermal stress in and thermal
damage to the thin films need to be carefully managed.[*’]
Recently, as a dry and digital freeform manufacturing method,
laser patterning of printed circuit boards and electrodes has
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Figure 2. Skin-integrated electrode designs, materials, and structures of soft electronics for wearable ECG monitoring. a) Optical image of an epidermal
electronic system on the skin integrating a metal-on-polymer FS design. Reproduced with permission.”l Copyright 2011, AAAS. b) Colorized scanning
electron microscopy (SEM) image of wearable soft electronics integrating a thin and narrow FS design strategy, which improves deformability.
Reproduced with permission.B8 Copyright 2013, Wiley-VCH. c) Optical image of multiparametric epidermal sensor systems fabricated by a cost- and
time-effective “cut-and-paste” method. Reproduced with permission.[**l Copyright 2015, Wiley-VCH. d) Optical image of substrate-free and ultrathin
AuNM conductors on the skin (top) and an SEM image of the AuNM after dissolving the PVA nanofibers (bottom). Reproduced with permission.Bl
Copyright 2017, Nature Publishing Group. e) Optical image of Ag NW-based dry ECG electrodes on the chest, the ECG signals collected by the
electrodes on the chest (left inset), and a magnified optical image of an electrode fabricated by electrohydrodynamic printing (right inset). Reproduced
with permission.’Z Copyright 2018, The Royal Society of Chemistry. f) Optical image of self-healable and stretchable AgNW electrodes (top) and a side
view of the structure (bottom). Reproduced with permission.>3l Copyright 2017, Nature Publishing Group. g) Optical image of a sub-micrometer-thick
transparent graphene electronic tattoo sensor. Reproduced with permission.’*l Copyright 2017, ACS Publications. h) Optical image of an unperceivable
and ultrathin electrode with inkjet-printed PEDOT:PSS on the skin. Reproduced with permission.53 Copyright 2018, Wiley-VCH. i) SEM image showing
the side view of a porous PDMS film (top left), an optical image of a Au/Ti-deposited porous PDMS ECG electrode (bottom), and an optical image of
the electrode wound around a finger (top right). Reproduced with permission.% Copyright 2013, Wiley-VCH. j) Optical image of a PGS biodegradable
elastomer sensor. The inset shows an SEM image of square-pyramid-structured PGS film. Reproduced with permission.’’l Copyright 2013, Wiley-VCH.
k) SEM image of gecko-inspired conductive micropillars with mushroom tips. The inset shows the large-area replicated conductive micropillars.
Reproduced with permission.*® Copyright 2016, ACS Publications. I) Optical image (top left) and a schematic (top right) of a graphene-clad textile
electrode with reduced graphene oxide and nylon and the ECG measurement setup with the graphene-clad textile electrode (bottom). Reproduced
with permission.’®l Copyright 2015, Elsevier.

also been demonstrated, showing higher patterning resolutions
(up to 19 um separation between lines).**% In addition to Au
thin films, Au nanomesh (NM) electrodes were invented to
achieve thinness and stretchability simultaneously without any
supporting substrate (Figure 2d). The porous AuNM electrodes
also offer unprecedented breathability.>"]

Electrically conductive nanomaterials other than Au are also
possible candidate materials for building surface electrodes.
For example, Ag nanowire (AgNW)-based electrodes have been
fabricated by electrohydrodynamic (EHD) printing, which allows
the printing of conductive inks on a variety of unconventional
substrates including paper and polymers (PET and polydimethyl-
siloxane (PDMS)) (Figure 2e).’?) Mixing AgNWs into a self-
healable polymer matrix allowed the nanocomposite to recover
its mechanical properties and electrical conductivity within
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seconds after damage. Therefore, self-healable surface electrodes
could be achieved (Figure 2f).53 As a semimetal, an atomically
thin graphite layer called graphene is also a promising electrode
material due to its biocompatibility, mechanical robustness, and
chemical inertness. Since graphene is also mechanically cut-
table, transparent graphene e-tattoos (GETSs) have been success-
fully fabricated using the “cut-and-paste” method (Figure 2g).5*
In addition to inorganic nanomaterials, organic conductors such
as poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) can be inkjet-printed into nanomembranes as
skin-conformable electrodes that show long-term stability (up to
48 h) (Figure 2h).5%]

Beyond planar electrodes, structurally engineered ECG
electrodes can further enhance sensor performance or skin attach-
ment. For example, Au and Ti electroplated porous electrodes are
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flexible and directly solderable (Figure 2i).>% The introduction of ~ creation of soft continuous ECG sensors has many more sys-
a microstructured dielectric layer of poly(glycerol sebacate) (PGS)  tematic challenges. Beyond soft electrodes, innovative struc-
between the electrode and the skin has enhanced the SNR and  tural designs for complete circuits, unconventional assembly
response time (Figure 2j).°”) Gecko-inspired conductive micro-  strategies for integrated circuits (ICs), power supplies, and
pillars with mushroom tips can serve as both electrodes and dry ~ data transmission are demanded. Although the newly launched
adhesives that can repetitively attach to skin with good adhesion  Apple Watch Series 4 has approval from US Food and Drug
(Figure 2k).P8! Although the above mentioned electrodes are  Administration (FDA) for ECG measurement, it requires two-
extra attachments, conductive fabrics have been fabricated as a  handed operation, as an ECG has to be measured across the
natural interface with human skin. By dipping nylon fabric into  heart. Therefore, hands-free continuous ECG measurement
a reduced graphene oxide (rGO) solution followed by a thermal  require electrodes to be placed on the chest. Currently, there
treatment, graphene-based textile electrodes for ECG monitoring  is an FDA-approved soft ECG monitoring device called Zio
have been manufactured (Figure 21).° However, without secure ~ Patch (iRhythm Technologies Inc., USA) (Figure 3a).°! It has
attachment to the skin, the ECG signals recorded by such textiles ~ dimensions of 123 mm x 53 mm X 10.7 mm.[®!l Although the
showed more baseline drift and motion artifacts compared to  electrode areas are thin and flexible, the circuits, storage, and
those recorded by conventional Ag/AgCl gel electrodes. battery modules are lumped into a large rigid bump with a

soft enclosure at the center of the patch. It can continuously

record a single-lead ECG for up to 14 d, but it is not capable
2.2. Soft Continuous ECG Sensors of streaming real-time ECG data. Instead, the ECG data are

stored on board, which need to be downloaded after recording.
Although the aforementioned soft electrodes are mainly driven ~ Another commercial soft ECG sensor with FDA clearance
by advancements in materials and fabrication processes, the is BioStamp nPoint (MC10 Inc., USA).6263] Its predecessor,

d
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Figure 3. Soft continuous ECG sensors. a) Optical image of the single-lead Zio Patch (iRhythm Technologies Inc.) for recording ECG data for up to
14 d. Reproduced with permission.l®% Copyright 2014, Elsevier. b) Optical image of BioStampRC (MC10 Inc.), which captures surface biopotential signals.
Reproduced with permission.l®3] Copyright 2018, MC10 Inc. c) Optical image of NFC-enabled disposable cardiac biosensors integrated with batteries.
Reproduced with permission.B3 Copyright 2018, Nature Publishing Group. d) Optical image of a double-sided inkjet-printed wearable ECG sensor patch
integrated with a BT SoC. Reproduced with permission.[54 Copyright 2016, Wiley-VCH. e) Optical image of the textile-based ECG platforms for men (left)
and women (right). Reproduced with permission.[%¢! Copyright 2014, The Electrochemical Society. f) Wirelessly transmitted real-time signals displayed on
the smartphone. Reproduced with permission.[® Copyright 2014, The Electrochemical Society. g) Optical image of the spiral network of 3D microscale
helical structures for wireless soft electronics (left) and its finite element analyses (right). Reproduced with permission.l”l Copyright 2017, Nature
Publishing Group. h) Optical image of 3D integrated stretchable electronics (left) and a schematic of multi-layer fabrication by a laser ablation method
(right). Reproduced with permission.”!l Copyright 2018, Nature Publishing Group. i) ECG acquired with a microfluidic-chamber-enhanced stretchable
ECG device by wireless data/power transfer. The inset shows an optical image of the microfluidic assemblies. Reproduced with permission.l’2 Copyright
2014, AAAS. j) ECG measurement setup of the microfluidic assemblies in (i). Reproduced with permission.’? Copyright 2014, AAAS.
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BioStampRC, is a much thinner and even slightly stretchable
single-lead ECG sensor that can wirelessly stream real-time
ECG data to a mobile device via Bluetooth (BT) (Figure 3b).
Stretchability is enabled by the island + bridge design. The inte-
gration of near-field communication (NFC) capability into the
patch platform can activate the ECG sensor via an approaching
cell phone (Figure 3c).13% Although the overall patch is thin and
slightly stretchable, BioStamp uses rigid dry electrodes.

Ultrathin Au electrodes can be flexible or even stretchable.
Au electrodes have been inkjet-printed onto 50 pm thick Kapton
sheets as flexible substrates (Figure 3d).°! Kapton is a substrate
material with a high thermal budget (400 °C), onto which ICs
can be directly soldered to build a so-called BT system on a chip
(SoC).I*1 In addition, textiles were utilized as electrodes. Both
inner vest (Figure 3e, left) and brassiere (Figure 3e, right) were
incorporated with nanostructured dry textile electrodes and
printed conductive ink traces with a sensor electronics module
to capture surface biopotentials.®>%! The electronics module
is capable of wirelessly transmitting real-time ECG data via
ZigBee (Figure 3f).

To build a truly skin-soft and stretchy wireless ECG sensor,
the concept of a 3D architecture was used to replace in-plane
serpentine structures. On an Ecoflex substrate, rigid ICs inter-
connected by a spiral network of 3D microscale helical struc-
tures demonstrated significant stretchability (>1.8 times) due
to the uniformity in the stress distribution (Figure 3g).”)
Yamamoto et al. reported a multifunctional real-time cardiac
monitoring patch with a modular design separating a reus-
able component and disposable components that address cost
and hygiene concerns. The device is composed of three Ag
electrodes printed onto a 38 um thick PET film.[%®%] However,
the device must be wired with an external power source and
a data link for data processing since signal processing compo-
nents, amplifiers, and filters are not integrated into the device
itself. The PET substrate cannot induce a sufficient conform-
ability with skin; thus, additional conductive medical grease
was applied to enhance the contact between the electrodes and
the skin. Liu et al. demonstrated a soft, conformal class for a
wired mechano-acoustic-electrophysiological sensing platform.
The collection of ECG and mechano-acoustic signals such as a
seismocardiogram (SCG) on the chest is enabled by integrating
capacitive electrodes, a digital accelerometer, and active filter
components into the device."!

To increase functionalities, the area limitation of a single-
layer circuit becomes a major issue. To resolve such a limita-
tion, the 3D stacking of soft circuits has been proposed. By
laser manufacturing, a 3D stretchable circuit employed a soft
elastomer as the dielectric layer between layers (Figure 3h)."!
Vertical interconnect accesses can be fabricated through the
laser ablation of the elastomer layers. With an external battery,
a stretchable patch with 3D stacking is able to transmit a real-
time ECG and motion via BT.

Long-term power still remains a significant challenge for
wearable devices. Therefore, multiple wireless powering/
charging strategies have been implemented. For example,
radio-frequency (RF) data/power transmission has been imple-
mented in a microfluidic-chamber-enhanced stretchable ECG
device (Figure 3i).”2l However, to allow for fully wireless data/
power transmission, a combination of relatively bulky external
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waveform generators, receiving antennas, frequency counters,
and/or power supply modules are necessary (Figure 3j).1"?

2.3. Wearable Pulse Oximeters

While a continuous ECG has to be measured from the chest,
continuous measurement of the blood oxygen saturation (SaO,)
can be carried out at the fingertip or wrist using flexible pulse
oximeters (Figure 1a, right).” In the blood,”¥ O, is dissolved
and selectively binds to hemoglobin, forming a mixture of
oxyhemoglobin (binding and transporting oxygen, HbO,) and
deoxyhemoglobin (without bound oxygen, Hb) in the blood.
The percent saturation of HbO, in arterial blood is the Sa0,.”!
When measured by a pulse oximeter, it is termed the SpO,. A
conventional rigid pulse oximeter clips onto a fingertip. It con-
sists of a photodetector (PD) and two quickly alternating light-
emitting diodes (LEDs) with differing wavelengths such as IR
(940 nm) + red (660 nm) or green (530 nm) + red. Depending
on the application, the PD and LEDs are placed vertically,”>76l
as in the transmission mode (Figure 4a), or horizontally,"’-%%
as in reflection mode. Figure 4b illustrates the transmitted light
pathway of upward incident light to the PD.3I The light has to
transfer through arterial blood, venous blood, and other tissue.
The light absorption consists of a pulsating alternating-current
(AC) signal caused by the systole (maximum light absorption)
and diastole (minimum light absorption) in the artery, and a
nonpulsating direct-current (DC) signal from the venous blood
and tissue. To calculate the SpO,, the incident light of the DC-
and AC-component signals from the LEDs are used in accord-
ance with the Beer—-Lambert law because HbO, and Hb have
different absorption rates at different wavelengths.®! The SpO,
of healthy people ranges from 95 to 99%. In combination with
the pulse, the SpO, is an expeditious way to detect abnormal
cardiovascular activity.l”3!

Bulky and rigid commercial pulse oximeters are obstructive
to wear and therefore inapplicable for continuous SpO, sensing.
As a result, more “skin-like”, flexible and stretchable[®2#% pulse
oximeters demonstrate conformability to the skin with thin and
lightweight form factors, as well as integration of soft materials
for mechanical robustness and elastic deformations. Flexible
organic LEDs (OLEDs) and organic PDs (OPDs) have become
good candidate active materials for flexible oximeters.l”377-7884
Lochner et al. used polyfluorene derivatives as the emissive
layers of OLEDs, and the active layer of OPDs were printed on
a planarized polyethylene naphthalate (PEN) substrate using
a blade-coating technique. Red and green OLEDs were fabri-
cated with peak wavelengths at 626 and 532 nm, respectively.
Comparable to the conventional combination of red and near-
IR LEDs, the red and green OLEDs are able to calculate the
SpO,. The OLEDs and OPDs are arranged in the transmission
mode, but their rigidity limits the flexibility of such oximeters
(Figure 4c).”3! Reflection-mode pulse oximeters were demon-
strated with red and green OLEDs and a Si PD placed on the
same side (Figure 4d).’®] As such an arrangement requires
more space on one side, the wrist is a more practical location.

NFC-enabled wireless pulse oximeters as a finger wrap
(Figure 4e)l””! or nail patch (Figure 4f)’°! have also been
reported. The ultraminiaturized (10 mm in diameter, 0.9 mm

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Wearable pulse oximeters. a) Principle of pulse oximetry operation. The light emitted from an LED is collected by a PD. Reproduced with
permission.’®l Copyright 2014, MDPI. b) Pathway of the transmitted light of the incident light with pulsating and nonpulsating transmission signals.
Reproduced with permission.I’3] Copyright 2014, Nature Publishing Group. c) Optical image of transmission-mode pulse oximetry composed of
red and green OLEDs and printed OPDs. The inset shows an optical image of the bottom view of pulse oximetry. Reproduced with permission./”?l
Copyright 2014, Nature Publishing Group. d) Optical image of reflection-mode pulse oximetry using flexible blade-coated red and green OLEDs and a
Si PD. Reproduced with permission.l”8l Copyright 2017, Wiley-VCH. e) Thin and flexible red and green OLEDs and an OPD wrapped on a finger (left),
the structure of the devices (top center), operation principle of reflection-mode pulse oximetry (bottom center), and the OPD signal output from the
incident green and red OLEDs for 99% oxygenation of the blood (right). Reproduced with permission.’”] Copyright 2016, AAAS. f) Optical image (left)
and magnified image (left inset) of an NFC-enabled nail-patch pulse oximetry system. The SpO, was extracted from the nail-patch pulse oximeter, and
movement artifacts were measured with an accelerometer affixed to the finger (right). Reproduced with permission.”?! Copyright 2016, Wiley-VCH.

in thickness) and lightweight nail patch is securely attached to
a nail through a biocompatible adhesive. The adhesive is crucial
for the minimization of motion artifacts, as evident in the right
panel of Figure 4f.7]

2.4. Invasive Soft Cardiac Monitoring Sensors

In addition to ECG, BP is also an important indicator to mon-
itor cardiovascular health. The ECG measures electrical activity
of the heart, which is analyzed by measuring the time intervals,
magnitudes, and shapes of the waveform. This gives insight
into the regularity of a heartbeat, how long a signal takes to pass
through the chambers, size of the heart, etc. Unlike ECG, BP is
closely related to hemodynamics of the cardiovascular system.
Hence, BP values in various chambers of the heart (left/right
side of the heart) and in the vascular system (central/periph-
eral) aid the physician to determine the functional integrity of
the cardiovascular system that is affected by cardiac power, arte-
rial stiffness, blood flow resistance, and blood viscosity.®*! The
pressures generated by the left (arterial pressure) and right side
(venous pressure) of the heart differ in pulse wave shape and
peak values. It is imperative to consider these differences and
to monitor minute changes continuously.#>-#7]

Although soft wearable cardiovascular sensors are becoming
more capable and long-term, many localized and accurate
electrophysiological signals still require in vivo measurement
directly from the heart surface (Figure 1b, right)®% or the
blood vessels (Figure 1b, left)."1-%I

A continuous BP-sensing arterial line (a-line) is a good
example. Noninvasive inflatable BP cuffs on the arm or wrist

Adv. Funct. Mater. 2019, 1808247

1808247 (7 of 26)

(sphygmomanometry) are very bulky to wear and can only
offer discrete measurements. There are several other nonin-
vasive BP estimation techniques such as volume clamping,”!
arterial tonometry,®®* ultrasound wall-tracking, and pulse
transit time (PTT). Recently, an ultrasonic device featuring a
wearable form factor (thickness: 240 um) and skin conform-
ability was reported with resolution that is comparable to
medical ultrasonic probes.®”) However, none of these methods
have FDA approval for continuous BP measurement owing
to their limited accuracy and wearability. Therefore, the cur-
rently invasive a-line is the only gold standard for continuous
BP sensing. Making wirelessly operating a-line can enable
a fully implantable and continuous BP sensor. Cleven et al.
reported such a wireless and battery-free system composed of
a complementary metal-oxide—semiconductor (CMOS) chipset
(5.6 mm x 0.7 mm X 350 um) with an integrated application-
specific integrated circuit (ASIC), which can measure the BP
with a sampling rate of 30 Hz and has a measurement range of
30-300 mmHg (blood-pressure in the femoral artery of a sheep)
and an accuracy of 1.0 mmHg (Figure 5a).1! The sensor is
powered via inductive coupling with an external reader station
and must be implanted into the femoral artery in order to gain
access to the vessel using the Seldinger technique. Although
this procedure is less invasive than standard cardiac catheter
examination, the insertion of this device requires puncturing
the desired vessel, which would increase the risk for the patient
compared to standard a-line procedures.

Monitoring peripheral BP (brachial, wrist, fingers) has
become widespread, but it is important to consider that BP
(both systolic and diastolic) varies depending on its measure-
ment location and position throughout the arterial tree.'%]
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Figure 5. Invasive soft cardiac monitoring sensors. a) Procedure for implanting the wireless CMOS chipset system integrated with a membrane
capacitive pressure sensor and an ASIC (left) and the wirelessly transmitted measured BP from a sheep under anesthesia (right). Reproduced with
permission.I! Copyright 2012. IEEE. b) Optical image of an implantable silicone cuff-based BP sensing microsystem wrapped around a blood vessel
(left). The inset shows an SEM image of the capacitive pressure sensor. The BP waveform for a laboratory mouse was wirelessly measured with
the device (right). Reproduced with permission.!l Copyright 2009. IEEE. c) Optical image of an elastoconductive mesh electrode composed of a
nanocomposite of AgNWs and SBS. Reproduced with permission.l®¥ Copyright 2016, AAAS. d) ECG baseline drift of the conventional and epicardial
meshes in c). Reproduced with permission.l®¥ Copyright 2016, AAAS. e) Optical image of a self-powered iTEAS implanted near a pig heart. Reproduced

with permission.®’l Copyright 2016, ACS Publications. f) In vivo output performance for the implanted iTEAS in e). Reproduced with permissio

Copyright 2016, ACS Publications.

Although peripheral BP is accepted as an important predictor
for certain symptoms, recent studies have shown the impor-
tance of central BP.'Ul Assessment of central BP rather than
peripheral BP may improve the identification of cardiovascular
health, as shown in a BP lowering drug test.192103] From that
perspective, Cong et al. demonstrated real-time BP measured
from aorta. To avoid puncturing a blood vessel, a pressure-
sensing silicone cuff wrapped around the blood vessel has been
instrumented (Figure 5b).°!l The elastic cuff is composed of a
micro-electromechanical systems (MEMS) capacitive pressure
sensor (Figure 5b, inset), which is immersed in a low-viscosity
silicone oil. The BP waveform is measured by coupling the
cavity modulation caused by a change in the vessel volume,
and a strain gauge measuring the change in the diameter with
a linear sensitivity of 0.18% mmHg™ of the base capacitance
(in vivo). Unlike the conventional catheter-based approach, this
device circumvents complications such as vessel occlusion,
bleeding, and blood clotting.

Soft electronics are not only able to wrap around blood
vessels but also the beating heart to measure intrinsic
myocardial electrical activities. Such devices should have
mechanical properties to enable wrapping of the heart with
a reasonable contact pressure for attachment and conform-
ability but with minimal mechanical resistance to the natural
heartbeat. An elastoconductive mesh electrode composed of
a homogeneous nanocomposite of AgNW and biocompatible
styrene-butadiene—styrene (SBS) rubber was demonstrated
to resemble the elastic and electrical characteristics of cardiac
tissue (Figure 5¢).° This cardiac mesh has been successfully
integrated into the epicardial surface and monitored the sur-
face ECG with less baseline drift than conventional bipolar
electrodes (Figure 5d).°"

Adv. Funct. Mater. 2019, 1808247

1808247 (8 of 26)

n.104]

The operation of implantable electronic devices is signifi-
cantly constrained by the power supply. Even if they are wire-
lessly powered by an external RF source, an RF generator has to
be held nearby, which still limits mobility. Ideally, the implant-
able device can be self-powered by harvesting mechanical
energy from the heart.#1°) An implantable triboelectric active
sensor (iTEAS) (Figure 5e) was demonstrated to be able to
self-generate an open-circuit voltage (Voc) of 10 V and a short-
circuit current (Isc) of 4 uA (Figure 5f).8% Without a battery, it
was able to continuously monitor multiple cardiac signals such
as heart rates, respiratory rates, ECGs, and the estimated BP.

Continuous measurement of blood flow also plays an impor-
tant role in the diagnosis and characterization of cardiovascular
health by providing microvascular and macrovascular flow
information regarding kinetic energy along its course through
the body. Abnormal blood flow patterns caused by abnormal
geometry of vessels or valves induce unavoidable frictional loss
of energy, hence it may ultimately result in heart failure.l'®’]
There are several principles to measure blood flow including
mechanical, optical, acoustic, and thermal methods. Webb et al.
reported an epidermal device that allows for precision thermal
measurements of blood flow. This flexible and thin device can
monitor both the speed and direction of surface (up to 2 mm in
depth) blood flow quantitatively.[1%]

2.5. Soft Epicardial Mapping Devices
Invasive epicardial sensors are also capable of cardiac map-
ping with a high spatiotemporal resolution. Real-time mapping

and the modulaton of the electrophysiology of in vivo cardio-
myocytes could have significant impacts on the cardiac activity
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Figure 6. Soft epicardial mapping devices. a) Optical image of a flexible electronic sensor system conforming to a pig heart with overlaid mapping
results of the relative depolarization response. Left anterior descending (LAD) coronary artery (yellow arrows) and the pacing electrode (white
arrow). Reproduced with permission.”) Copyright 2016, AAAS. b) Cardiac activation voltage maps at four different time points. Reproduced with
permission.'"1 Copyright 2016, AAAS. c) Optical image of 3D-MIMs laminated on a rabbit heart. Reproduced with permission."'%l Copyright 2014,
Nature Publishing Group. d) Magnified images of the electrical (top left), pH (top right), and temperature (bottom left) sensing elements and an LED
(bottom right) integrated in (c). Reproduced with permission.['"% Copyright 2014, Nature Publishing Group. e) Spatial activation maps measured by
the 3D-MIMs in (c) (left) and a conventional optical mapping (right). Reproduced with permission.['"% Copyright 2014, Nature Publishing Group.
f) Optical image of a 2D fan-shaped cardiac mesh composed of Au-coated AgNWs in SBS elastomer. Reproduced with permission."'] Copyright 2018,
Nature Publishing Group. g) Optical image of the cardiac mesh in (f) implanted on a pig heart. Reproduced with permission.'"'] Copyright 2018,
Nature Publishing Group. h) Voltage map constructed from the intracardiac recording by the cardiac mesh in (f). Reproduced with permission.""]

Copyright 2018, Nature Publishing Group.

in clinical therapy (Figure 1b, right).”® Soft cardiac mapping
devices in various forms such as 2D sheets, /197710 sleeves,[10]
and meshes®*!11 have been demonstrated for recording and
stimulating a multitude of sites on the heart (Figure 6). These
devices are required to be fully isolated from biological fluids
in order to prevent current leakage that can cause unintended
shock in adjacent tissues. An electronic sensor system con-
forming to the epicardium via surface tension and composed of
288 multiplexed Si nanomembrane channels was configured to
measure cardiac activity (Figure 6a).'%”! The relative activation
time at each contact point was used to visualize the propagation
of cardiac depolarization (Figure 6b). The 48 pum thick circuits
allowed the system to be rolled up and delivered via catheter.[1%”]

Such flexible active arrays of 2D sheet-like mapping devices
have limitations such as the coverage area and the reliability
of the contact with the epicardial surface. Therefore, 3D mul-
tifunctional integumentary membranes (3D-MIMs) represent
a major breakthrough in soft epicardial electronics because
they are the first to achieve spatiotemporal mapping across the
entire epicardium of both the anterior and posterior surfaces
(Figure 6¢).'% High-density electrical, pH, and temperature
sensors and LEDs integrated into 3D-MIMS are capable of
ECG, pH, and temperature mapping and optical stimulation
(Figure 6d). In vivo experiments on rabbit hearts validated
the spatiotemporal mapping capability of 3D-MIMS against
the conventional optical measurement of voltage-dependent
fluorescence (Figure 6e).'1¥

However, it is challenging to extend the validity of these
devices in human cardiac models based on in vivo experiments
on small animal models because of the innate physiolog-
ical discrepancies between small and large animals. Hence,

Adv. Funct. Mater. 2019, 1808247

1808247 (9 of 26)

large-animal models need to be used. Recently, a large-area
conductive nanocomposite mesh was applied to a pig heart
for in vivo measurements (Figure 6f).!'! The cardiac mesh is
composed of Au-coated AgNWs in an SBS elastomer config-
ured in a 2D mesh with a fan shape with 42 electrodes inte-
grated throughout it. This mesh was designed to cover the
entire ventricle surface of a pig heart with a high conductivity
(41 850 S cm™) and stretchability (266%) (Figure 6g). An in
vivo voltage map of the anterior and posterior of the heart can
be obtained using this mesh (Figure 6h).[111

3. Soft Bioelectronics—Assisted Therapy

3.1. Soft Bioelectronics—Integrated Pacing and Defibrillation

A heartbeat originates from the SA node—the endogenous
pacemaker.''?l The electrical impulse produced by the SA
node initiates the contraction of the left and right atria and
travels down to the atrioventricular (AV) node. The electrical
impulse travels further down to the His bundle and then the
Purkinje fibers, which triggers the contraction of the ventricles.
When this CCS is not functioning properly, the heart rate and
rhythm of the heartbeat may be abnormal (a condition called
arrhythmia). There are many causes (e.g., smoking, diabetes,
hypertension, alcohol, and stress) and types (tachycardia,
bradycardia, atrial fibrillation, and ventricular fibrillation)
of arrhythmia. Failure of the SA node to generate an elec-
trical impulse or block during the propagation of an electrical
impulse to the ventricles can slow the heartbeat (a condi-
tion called bradycardia). Pacemakers, which consist of a pulse
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Figure 7. Soft bioelectronics—integrated pacing and defibrillation. a) Optical image of an antibacterial envelope (TYRX, Medtronic Inc.) for
an implantable pacemaker. Reproduced with permission.'?0l Copyright 2011, Springer Healthcare. b) Schematic of the energy harvesting
mechanism of a TENG. Reproduced with permission.['>”] Copyright 2012, Elsevier. c) Schematic of the energy harvesting mechanism of a PENG.
Reproduced with permission.[>3 Copyright 2016, Wiley-VCH. d) Schematic of the energy harvesting mechanism of a solar cell. Reproduced with
permission.['8 Copyright 2014, Hindawi Publishing Corporation. e) Optical images of before (left) and after (right) implanting a TENG (white
dotted box) under rat skin. Reproduced with permission.[3 Copyright 2014, Wiley-VCH. f) Optical images of a flexible energy harvester with a
PENG, a rechargeable battery, and a rectifier mounted on a bovine heart during the expansion (left) and relaxation (right) phases. Reproduced
with permission.['*”l Copyright 2014, National Academy of Sciences. g) Optical image of a solar-powered flexible pacemaker with a rechargeable
battery. Reproduced with permission.l'*l Copyright 2016, Wiley-VCH. h) Optical image of a stretchable wireless charging system. Reproduced
with permission.[*8] Copyright 2013, Nature Publishing Group. i) Optical image of a 3D-MIM with fractal electrodes laminated on a rabbit
epicardial surface. Reproduced with permission.[1% Copyright 2015, Wiley-VCH. j) Schematic of an epicardial mesh composed of AgNWs and
SBS rubber wrapped around the epicardium. Reproduced with permission.’” Copyright 2016, AAAS. k) ECGs before and after pacing with the
epicardial mesh in (j) (left) and the QRS durations in control and postmyocardial infarct rats (right). Reproduced with permission.®® Copyright
2016, AAAS. I) ECG monitored during ventricular fibrillation (VF), defibrillation, and VF termination. Reproduced with permission.®® Copyright
2016, AAAS.

generator and leads, are implanted on the patient’s chest to
treat bradycardia (Figure 1c, top right).}13] They monitor the
heartbeat of the patient and send an electrical impulse when
the heartbeat is too slow.

One of the major limitations of a pacemaker is pocket
infection caused by the implanted device and the limited bat-
tery lifespan of the pulse generator.!'* 1l Serious infections
can lead to lethal complications such as urosepsis, wound
dehiscence, and erosion at the pocket site. An FDA-approved
antibacterial envelope—a poly(propylene) mesh that releases
antimicrobial agents including rifampin and minocycline

Adv. Funct. Mater. 2019, 1808247 1808247

(TYRX, Medtronic Inc., USA)—has shown significant efficacy
in reducing the risk of infection (Figure 7a).[120-129]

Another major limitation of a pacemaker is the limited
lifespan of the battery, and this necessitates additional sur-
gical procedures to replace the discharged battery.'3% Soft
bioelectronic devices that can generate power, including
triboelectric (Figure 7b),1131-13%] piezoelectric (Figure 7c),[137-142
solar-powered (Figure 7d),13-%7] and wirelessly powered
devices,[130148-151] are especially promising for overcoming
the limited battery life because they are thin, lightweight, and
biocompatible, ideal for implantable device applications.[12-157]
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Flexible triboelectric nanogenerators (TENGs) convert
mechanical energy into electrical energy by utilizing triboelec-
trification and electrostatic induction (Figure 7b).>”) A TENG
operates in the contact/separation cycles of two polymeric films
with different electron-attracting abilities. Since the body pos-
sesses periodic and spontaneous mechanical motions such
as breathing and heartbeat, implanted flexible TENGs can
harvest energy from the body. For the in vivo application of a
TENG, careful encapsulation with a biocompatible soft mate-
rial is required because body fluids can deteriorate the per-
formance of the TENG. Results from an in vivo application
demonstrated on a living rat showed that a flexible TENG
comprising PDMS micropatterned with a pyramid array, a PI
substrate deposited with Au, an Al foil, and PET spacers could
generate Voc = 3.73 V and Isc = 0.14 pA from rat breathing
(Figure 7e).3! The energy generated with five breaths could
stimulate a single pulse comparable to a commercial pace-
maker. Since the implanted TENG was designed to fit into the
rat, a TENG for human application could be larger and would
generate sufficient energy for stimulation with each breath.

Flexible piezoelectric nanogenerators (PENGs) utilize piezo-
electric materials such as ZnO, lead zirconate titanate (PZT),
BaTiO;, and polyvinylidene fluoride to convert mechanical
energy into electrical energy (Figure 7c).'21>4 A piezoelectric
potential is generated when the central symmetry in the crystal
structure of the piezoelectric material is broken by any type
of external force. Similar to TENGs, PENGs operate in the
bending/unbending cycles of piezoelectric materials, and an
AC is generated. A flexible PZT-based PENG integrated with
a rechargeable battery and rectifier could successfully har-
vest energy from the heart, lungs, and diaphragm of bovines
and sheep (Figure 7f).3] Since a single layer of a PZT-based
PENG produced an insufficient amount of energy (3.7 V,
0.18 uW cm™) to operate a pacemaker (0.3 uW), five layers
of PENGs were stacked, and the generated voltage and power
density were 8.1 V and 1.2 uW cm2, which are sufficient to
operate a cardiac pacemaker.

Flexible solar cells convert solar energy into electrical energy
by a photovoltaic effect in which light absorption generates
electron-hole pairs (Figure 7d).18 Since sunlight can pene-
trate skin, a subdermal flexible solar cell would power a cardiac
pacemaker. Fourteen dualjunction solar microcells (GalnP/
GaAs) were integrated with a custom-built flexible pacemaker
and rechargeable battery (Figure 7g).1*31 This system was then
implanted under the skin of a live hairless mouse. The values
of Voc and Isc generated by the solar microcells were 4.6 V
and =195 pA, which are sufficient to operate the custom-built
flexible pacemaker (1.5-2 V, 76-105 pA). In addition, a stretch-
able and rechargeable battery integrated with a stretchable
wireless power transmission system would be another alterna-
tive power source (Figure 7h).l1*8l The power is transferred by
the inductive coupling of coils inside and outside the body, and
a Schottky diode serves as a rectifier, which converts an AC into
aDC.

Ventricular fibrillation, another type of arrhythmia, is the
state in which disorganized electrical activity in the ventricles
fails to squeeze blood from the ventricles. Strong electrical
shocks, known as defibrillation, are applied to the ventricles to
organize electrical activity and treat ventricular fibrillation.['>’]
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To effectively deliver an electrical shock to the ventricles, fractal
electrodes on a 3D-MIM that conform to the epicardium were
fabricated (Figure 7i).'%l In a more recent report, an epicardial
mesh comprising AgNW and SBS rubber was wrapped around
the epicardium of postmyocardial infarction (post-MI) rats for
mechanical support, biventricular pacing, and defibrillation
(Figures 5c and 7j).% To evaluate the effect of biventricular
pacing, electrograms before and after epicardial mesh pacing
were measured (Figure 7k, left). With epicardial mesh pacing,
the QRS durations, i.e., the total activation times of the ventri-
cles, for post-MI rats were normalized (Figure 7k, right). When
ventricular fibrillation spontaneously occurred for post-MI rats,
a biphasic electrical shock with an energy of 2 | was delivered
by an epicardial mesh, successfully terminating ventricular
fibrillation (Figure 71).

3.2. Soft Robotic Sleeves

Heart failure is a life-threatening chronic condition in which
the heart muscle fails to circulate blood. Treatment options for
end-stage heart failure include heart transplantation and left
ventricular assist devices (LVADs).['61-166] [n terms of long-term
survival and quality of life, heart transplantation is thought to
be the best option. However, the relative contraindications for
the elderly (age limit of 70 years old) and long waitlist due to
the limited donor pool necessitate other treatment methods
as destination therapy or bridge-to-transplantation therapy
(BTT).[167.168]

LVADs were initially designed as a BTT and later received
attention as a destination therapy (Figure 8a).101169170 An
implanted pump, part of an LVAD, withdraws blood from the
left ventricle (LV) and returns the blood back to the aorta. Con-
sequently, a parallel path for blood flow is formed, which allevi-
ates the pressure and volume applied to the LV. This mechanical
unloading substantially improves the ventricular function and
leads to a process called reverse remodeling.'”*-174 However,
since the blood directly contacts the LVAD, the LVAD is vulner-
able to driveline infection, thromboembolism, and hemolysis.
Therefore, patients are subjected to a lifetime of anticoagulant
medication to prevent the clotting of blood.['7>176]

Meanwhile, passive ventricular restraint devices such as
CorCap (Acorn Cardiovascular Inc., USA)'77178 and HeartNet
(Paracor Medical Inc., USA)!"7*-181 are not in contact with
blood and wrap ventricles to reduce the ventricular wall stress
and to limit the size of the dilated heart (Figure 8b-d). CorCap
is an inelastic polyester mesh wrap that is sutured to the epi-
cardium after median sternotomy, limiting the end-diastolic
volume (Figure 8b).'””] HeartNet comprises a nitinol mesh and
is more appealing than CorCap in that it is delivered by min-
imal incision left thoracotomy, and its elastic properties enable
continuous compression against the epicardium (Figure 8c).l'”)
However, both of them failed to benefit long-term survival,
and the level of restraint was not adjustable once deployed.
To measure and optimize the level of restraint, a fluid-filled
pressure-adjustable balloon was developed (Figure 8d).[182-184]
A restraint level of =3.63 mmHg resulted in =10% reduc-
tion in cardiac output, which is sufficient to restrain eccentric
hypertrophy after MI.
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Figure 8. Soft robotic sleeves. a) Schematic of an LVAD. Reproduced with permission.l'”%l Copyright 2017, BMJ Publishing Group. b) Schematic of
CorCap (Acorn Cardiovascular Inc.), an inelastic polyester mesh wrap, wrapped around the heart. Produced with permission.l'””] Copyright 2002,
Elsevier. ) Optical image of HeartNet (Paracor Medical Inc.), a passive ventricular restraint device made of a nitinol mesh, wrapped around a heart
model. Reproduced with permission.['”?l Copyright 2008, Elsevier. d) Schematic of a fluid-filled pressure-adjustable balloon ventricular restraint device.
Reproduced with permission.l'¥ Copyright 2010, Elsevier. e) Optical image of McKibben soft actuators circumferentially (left) and helically (right)
oriented. Reproduced with permission.'®] Copyright 2017, AAAS. f) Aortic blood flow rate of a pig heart before (black dotted line) and after inducing
heart failure (red line), and with the assistance of the sleeve in e) (black line). Reproduced with permission.['®”] Copyright 2017, AAAS. g) Average aortic
blood flow rate for 10 consecutive cycles in six animals for the conditions in (f). Reproduced with permission.l®”] Copyright 2017, AAAS. h) Optical
image of soft-robotic-sleeve biointegration using medical mesh. Reproduced with permission.l®3] Copyright 2018, Springer Nature. i) Schematic of
Corlnnova device (Corlnnova Inc.) on the heart. Reproduced with permission. Copyright 2017, Corlnnova. j) Schematic of a univentricular-pacing soft
robotic device, composed of a semilunar frame, soft actuators, a brace bar, and a septal anchor, placed on the right ventricle (RV) during the diastolic
(left) and systolic phases (right) (LV: left ventricle; IVS: interventricular septum). Reproduced with permission.['®®l Copyright 2017, AAAS. k) Optical
image of the in vivo measurement setup of the soft robotic device in (j) integrated with force sensors and recoil bands (left) and the pulmonary
flow rates with (w/) and without (w/o) recoil bands (right). Different actuator pairings were activated (distal and/or central pairs). Reproduced with

permission.['® Copyright 2017, AAAS.

Recently, the integration of soft robotics pioneered a new
field of more active and multifunctional treatment devices
called soft robotic sleeves (Figure 1c, bottom right).[8>18% A soft
robotic sleeve is wrapped around both ventricles to augment
heart function.['8:188] A soft robotic sleeve consists of two layers
of soft actuators stacked together that can act independently
from each other. Inspired by actual hearts which consist of
two layers of heart muscle that undergo twisting or compres-
sive motions,!'8% soft pneumatic artificial muscles called McK-
ibben actuators are helically and circumferentially oriented
(Figure 8e).[1¥”] The soft actuator mimicking native heart muscle
can elongate and contract and is made of silicone-based mate-
rials whose stiffness is similar to that of heart muscle.*191
The ECG, flow rate, and pressure were monitored to synchro-
nize the soft robotic sleeve with the native cardiac cycle.'*? The
effectiveness of soft robotic sleeves was demonstrated in vivo
for acute heart failure induced in pigs. The aortic blood flow
rate was monitored before (baseline) and after inducing heart

Adv. Funct. Mater. 2019, 1808247

1808247 (12 of 26)

failure, and with the assistance of a sleeve (Figure 8f). The
average cardiac output decreased to =45% of the baseline after
inducing acute heart failure but recovered to =97% of the base-
line with the assistance of a sleeve (Figure 8g).

For efficient assistance by a sleeve, coupling of the
sleeve to the epicardium is important, and various coupling
methods were deployed, including sutures, suction, and sur-
gical adhesives. Recently, a new concept of biointegration
has been suggested to couple a sleeve to the epicardium, in
which cell migration into interface materials enhances adhe-
sion.%3 In this strategy, a soft robotic sleeve using medical
mesh as an interface material was fabricated, implanted on
the heart, left over for tissue integration into the medical
mesh, and then actuated for cardiac assistance (Figure 8h).
The medical mesh implanted for 14 d endured a pull-off
force of 2.27 N, as compared to 0.91 N for a silicon implant.
The first soft robotic device (CorInnova Inc., USA) that
can be delivered by a minimally invasive method through
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a delivery tube was designed (Figure 8i).191%l The pneu-
matic driver inside the device conforms to the heart without
sutures and compresses the heart in synchrony with the
native heart rhythm.

However, the aforementioned soft robotic devices are tar-
geted for biventricular pacing and have not considered the
role of interventricular septum. With left-sided heart failure,
congestion can increase the pressure of the diseased LV and
thereby shift the movement of the interventricular septum
toward the normal right ventricle, increasing the risk of right-
sided heart failure.1”] A soft robotic device anchored into
the ventricular wall and an interventricular septum was pro-
posed to augment heart function for one-sided heart failure
(Figure 8j).191991 Two McKibben soft actuators are oriented
to be centrally adjacent to a semilunar bracing frame, and the
other two actuators are oriented distally on either side of the
bracing frame. The ventricle contracts as the soft actuators
are inflated (systolic phase; Figure 8j, right), and relaxes as the
soft actuators are deflated (diastolic phase; Figure 8j, left). To
assist in the recoiling of the ventricle, elasticated recoil bands
were used to couple the bracing frame and a ventricular wall
anchor (Figure 8k, left). In vivo testing on pig hearts confirmed
the efficacy of the elasticated recoil band on augmenting the
refilling of the ventricle during the diastolic phase (Figure 8k,
right).

3.3. Soft Bioelectronics—Integrated Ablation Therapy

For a diseased heart, electrical impulses originating from cells
other than the SA node can compete with the SA node and ini-
tiate abnormal contraction (a condition called atrial fibrillation
(AF)).''2l One way to treat AF is catheter ablation, in which
the catheter is inserted into the heart to ablate arrhythmic
source of the heart (Figure 1c, bottom left). Typically, pulmo-
nary veins (PVs) are electrically isolated, preventing abnormal
electrical activity from reaching healthy cardiac tissues.[200201]
Previously, AF ablation has largely relied on point-electrode
catheter ablation, in which dozens of single points are ablated
to form a continuous ablation line without the ability to visu-
ally observe the ablated site.l?°?] Balloon-catheter-based ablation
has received attention as a viable alternative to a point-elec-
trode catheter because the inflation of the balloon catheter
within the left atrium creates a continuous contact loop with
the endocardium. Furthermore, recent advances in balloon-
catheter-based ablation have focused on cryoablation,203.204
RF ablation, 204291 Jaser ablation,26-2%8 and sensor integration
(e.g., temperature,'%2%] contact force 2?1211 and flow
sensors?12)),

Flexible and stretchable temperature sensors with various
shapes have been developed to monitor local temperatures
during ablation therapy. The ability to track local temperatures
during ablation could provide clinicians with improved effi-
cacy and safety by controlling the time and size of ablation. A
microfabricated Ti/Pt (thicknesses: 5/50 nm) thermistor array
has been mounted on thin bioresorbable 2D sheets of silk to
monitor both RF ablation and cryoablation (Figure 9a).l'%8!
Sixteen thermistors were fabricated in a square area with
a side length of =20 mm, and four of them were used to
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demonstrate the mapping of local temperatures. The tempera-
ture sensors could monitor temperatures as low as =—48 °C
during cryoablation with dry ice. To overcome 2D sheet that
cannot cover the full epicardial surface of the heart, the same
number (16) of serpentine Au resistors (width: 20 um, thick-
ness: 50 nm) were fabricated on an 3D elastic membrane that
precisely matches the epicardium of a rabbit heart (Figure 9b,
left).11% When a cautery pen acutely burned a small region of
the epicardium, the array could map the localized temperature
arising near the point of ablation (Figure 9b, right). Although
the coverage of the membrane has been widened to the entire
epicardial surface, the spatial density of temperature sensors
has become lean. Unlike the aforementioned temperature
sensors that monitor the thermal distributions on epicardial
surfaces, flexible needle-type temperature sensors have been
injected into myocardial tissue for the purpose of monitoring
the temperature, thermal conductivity, and volumetric heat
capacity at different depths during RF ablation and cryoa-
blation (Figure 9¢).2!3 Ultrathin geometries minimize the
damage to tissue during injection and did not impede car-
diac motion. Chronothermographs at three locations across
the wall enable the characterization of the thermal energy
profiles in the transverse direction during lesion formation.
Four key parameters that characterize the shape of a chrono-
thermograph have been extracted, and on the basis of these
parameters, transmural and nontransmural lesions could be
differentiated.

Another idea in research on ablation therapy is to mount soft
bioelectronics directly onto the surface of a balloon-catheter-
based system, rendering it multifunctionality. A balloon cath-
eter was instrumented with an array of sensors (ECG, contact
pressure, flow, and temperature) and actuators (LEDs and RF
ablation electrodes) (Figure 9d).2%! The sensors and actuators
were arranged in a mesh network and could withstand tensile
strains up to 200% without causing fracture. The contact pres-
sure sensor was insensitive to in-plane forces such as the forces
that can occur during inflation and deflation processes but was
highly sensitive to normal forces, making it a suitable device
for detecting the mechanical forces exerted on the balloon—
tissue interface. A thin serpentine layer of Ti/Pt (thicknesses:
5/50 nm) was fabricated for temperature sensing and placed
between two pairs of RF ablation electrodes to monitor lesion
formation (Figure e, left). The pattern of the chronothermo-
graph is consistent with the change in the RF power input
(Figure 9e, right). Even though the balloon catheter is designed
for endocardial application, the demonstration was conducted
on the epicardial surface. Another simple option for contact
sensing is an impedance-based sensor, in which a bipolar pair
of electrodes measures the shifts in the impedance generated
by small amounts of AC (<10 pA; Figure 9f).2 Since myocar-
dial tissue is about 2-3 times more conductive than blood, the
impedance-based contact sensor can be used to confirm contact
with cardiac tissue during ablation.

A powerful and clinician-friendly global ablation catheter
with the capability of contact, temperature, and intracardiac
electrogram sensing has been developed for circumferential
PV isolation (Figure 9g, left).?!> The global catheter consists of
16 ribs with 122 Au electrodes, and flexible electronic circuits
including temperature sensors are positioned directly beneath
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Figure 9. Soft bioelectronics—integrated ablation therapy. a) Optical image of thermistor array fabricated on a bioresorbable 2D sheet of silk.
Reproduced with permission.[% Copyright 2012, National Academy of Sciences. b) Optical image of a 3D-MIM with a temperature sensor array
laminated on a rabbit epicardium (left) and a temperature map during ablation with a cautery pen (right). Reproduced with permission."'% Copyright
2014. Nature Publishing Group. c) Schematic of a flexible needle-type temperature sensor array injected into the endocardial surface. Reproduced with
permission.2'®l Copyright 2016. Wiley-VCH. d) Optical image of an inflated balloon catheter with an array of sensors and actuators. The inset shows the
deflated balloon catheter. Reproduced with permission.2°l Copyright 2011. Nature Publishing Group. e) Magnified optical image of ablation electrodes
and temperature sensors laminated on the balloon catheter in (d) (left) and the temperature recorded with changes in the RF ablation (blue) and RF
input power (red) (right). Reproduced with permission.2%! Copyright 2011. Nature Publishing Group. f) Optical image of an impedance-based contact
sensor laminated on an inflated balloon catheter for tactile sensing. Reproduced with permission.?'¥ Copyright 2014, Elsevier. g) Optical image of a
global ablation catheter consisting of 16 ribs with 122 Au electrodes (left), an optical image (top center) and a schematic showing the side view (bottom
center) of Au electrodes with an embedded temperature sensor, and schematics of the global catheter placed at the antrum of each PV (right). Right
superior PV (RSPV; top left), left superior PV (LSPV; top right), right inferior PV (RIPV), and left inferior PV (LIPV). Reproduced with permission.?!!
Copyright 2017, Wiley-VCH. h) Voltage map, a customized user interface, after complete RIPV isolation with the global catheter in (g). Reproduced
with permission.?13 Copyright 2017, Wiley-VCH. i) Optical image of canine endocardium with a PV isolated by the ablation catheter in (g) forming a
transmural and contiguous lesion. Reproduced with permission.[?'*l Copyright 2017, Wiley-VCH.

each Au electrode (Figure 9g, center). The gaps between the ribs
allow for blood flow when the catheter is placed at the antrum
of a PV for circumferential isolation (Figure 9g, right). The data

3.4. Soft Bioelectronics—Integrated Stents

The heart muscle, like every other tissue in your body, needs O,

monitored by 122 electrodes are continuously displayed in a
number of maps that show the amount of contact (FLOW map),
the electrogram amplitude (voltage map), and the propagation
of the activation wave front (WAVE map) (Figure 9h). After con-
firming conformal contact with the FLOW and voltage maps,
the ablation electrodes are selected around the PV. Then, RF
energy is delivered to the selected electrodes, in which the
temperature sensors automatically control the input power of
each electrode to maintain the target temperature. The WAVE
map is used to confirm complete PV isolation, in which an
activation wave front does not enter the isolated area. In addi-
tion, the voltage map shows the decrease in the electrogram
amplitude within the ablation path (Figure 9h). In this way, the
global catheter could successfully form a continuous and trans-
mural lesion (Figure 9i).
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and nutrients to operate, and coronary arteries—the branches
of the aorta—are responsible for supplying O,-rich blood to the
entire heart muscle. When the inner wall of the coronary artery
is damaged, fatty plaque consisting of cholesterol and cellular
waste products can build on the injured site of a coronary
artery. The build-up of plaque narrows the coronary arteries
(stenosis) and reduces the supply of O,-rich blood to the heart
muscle. The lack of O,-rich blood to the heart would eventually
lead to a heart attack.

Balloon angioplasty was developed in the 1970s, in which
a catheter with a small deflated balloon on its tip is delivered
to a narrowed artery and the balloon is inflated to expand the
walls of a blocked artery.?'®) However, stenosis recurs (reste-
nosis) in about 50% of patients within 6 months after bal-
loon angioplasty.?'7:218 To solve this problem, a stent—a
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Figure 10. Soft bioelectronics—integrated stents. a) Schematics of metallic (far left), drug-eluting (second left), biodegradable (second right), and
electronic stents (far right). b) Schematic showing the 3D printing of a patient-specific biodegradable stent (left) and the degradation profile of
3D-printed on-the-spot stents (right). Reproduced with permission.?33 Copyright 2016, Wiley-VCH. c) SEM image of a stent coated with vaterite-phase
CaCOj crystals. Reproduced with permission.2*4l Copyright 2017, Wiley-VCH. d) Histological analysis of blood vessels in rats implanted with a PCL
stent (left) and CaCO;-coated PCL stent (right). Reproduced with permission.?*4 Copyright 2017, Wiley-VCH. e) Schematic of a bioresorbable electronic
stent equipped with flow and temperature sensors (inset), data storage, ceria NPs, and an antiproliferative drug. Reproduced with permission.?*l
Copyright 2015, ACS Publications. f) Reflection coefficients of the Mg-based stent antenna in (e) in vivo and a transmitting external antenna (900 MHz).
The inset shows an optical image of the experimental setup for wireless power/data transmission. Reproduced with permission.?3%l Copyright 2015,
ACS Publications. g) ROS scavenging activity of poly(lactic acid) (PLA) films with varying ceria NP concentrations. The inset shows a schematic of the
ROS scavenging mechanism of ceria NPs. Reproduced with permission.?** Copyright 2015, ACS Publications. h) Image of cells on a PLA film dyed with
a fluorescent live/dead assay after irradiation with a 40 mW NIR laser. The area inside the whited dashed box was irradiated. Red indicates dead cells,
and green indicates live cells. Reproduced with permission.2*? Copyright 2015, ACS Publications. i) Optical image of a polymeric stent integrated
with a wireless pressure sensor (left) and schematic of a wireless BP monitoring stent (right). Reproduced with permission.?*1 Copyright 2017, IEEE.
j) IR image of a stainless-steel stent device expanded inside an artificial artery with (right) and without (left) excitation by RF power. Reproduced with
permission.?42l Copyright 2015, Elsevier.
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small expandable tubular structure made of metal mesh— to neointimal hyperplasia and thrombosis. Although less

is mounted on the balloon catheter (Figure 1c, top left and
Figure 10a far left).?!l The expanded stent keeps the artery
open after removing the balloon catheter. In this respect, cor-
onary stents have revolutionized the field of angioplasty and
become the new standard angioplasty procedure.??%l Stent
implantation is advantageous in that it does not accompany
an abrupt vessel closure, a major complication of balloon
angioplasty, and operates well for a long time compared to bal-
loon angioplasty. However, metallic stents cause mechanical
damage upon implantation and predispose vascular tissue
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frequent than balloon angioplasty, when neointimal prolif-
eration becomes worse, the artery can be restenosed (in-stent
restenosis).[?21222l Therefore, stent technology has evolved to
overcome in-stent restenosis. One of the improvements in
stent technology is drug-eluting stents (Figure 10a, second
left).[220:223-225] The stent is coated with numerous pharma-
cological drugs with antiproliferative properties (e.g., actino-
mycin D, sirolimus, and paclitaxel) that are slowly released
to inhibit neointimal proliferation. This allows for local drug
application at the precise site and time of injury. Since systemic
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release is minimal compared to taking these medicines, the
risk of toxicity is reduced.??”] Another approach is to fabricate
stents out of biodegradable materials as an alternative to per-
manent stents, because stents are only needed temporarily and
the presence of a stent strut may cause long-term complica-
tions such as late thrombosis (Figure 10a, second right).[226-232]
There has been a first attempt of the patient-specific cus-
tomization of biodegradable stents using 3D imaging and 3D
printing technology (Figure 10D, left).?**l The manufactured
on-the-spot patient-specific stents degraded =25% in 6 months
(Figure 10b, right). Furthermore, drug-eluting and biodegrad-
able stents are combined by depositing vaterite-phase calcium
carbonate (CaCO;) crystals onto a polydopamine-coated poly-
caprolactone (PCL) stent (Figure, 10c).2** In acidic envi-
ronments such as fat-rich plaques, the CaCO; crystals react
with protons to generate CO, microbubbles, which prevent
restenosis by dissolving locally accumulated plaque. Blood
vessels implanted with PCL stents restenosed after 1 month
of implantation (Figure 10d, left), whereas blood vessels
implanted with CaCOj3-coated PCL stents did not accumulate
plaque (Figure 10d, right). In addition, the CO, microbubbles
are strongly echogenic and can serve as a contrast agent, ena-
bling noninvasive ultrasound imaging after stent implantation.

The integration of soft bioelectronics with bioresorbable
stent implantation enables the tracking of local hemody-
namic changes and active control of advanced therapeutic
treatments (Figure 10a. far right).23>2%8 Figure 10e shows a
bioresorbable electronic stent consisting of bioresorbable (Mg,
MgO, SiO,, Zn, ZnO, and poly(lactic acid)) and bioinert (Mn)
materials.[?*l The electronic stent is equipped with flow and
temperature sensors, data storage (resistive random access
memory (RRAM)), ceria nanoparticles (NPs), and an antipro-
liferative drug (rapamycin). The conductive Mg-based stent
strut acts as an antenna for wireless power/data transmission
(Figure 10f). A thermoresistive flow sensor operates by meas-
uring changes in the resistance and stores the measured data
in the RRAM for further analysis. Ceria NPs catalytically scav-
enge reactive oxygen species (ROS) near the implantation site
to reduce ROS-induced inflammatory responses (Figure 10g).
Rapamycin is loaded on a Au nanorod core/mesoporous silica
nanoparticle shell (AuNR@MSN), which is responsive to a
near-IR laser (wavelength: =800 nm) that can penetrate soft
tissue. This enables active control over the noninvasive photo-
thermal actuation of drug release.?*% In addition, the near-IR
laser activation of AUNR@MSN induces hyperthermia and
provides thermal therapy via feedback control with tempera-
ture sensing (Figure 10h). To check the BP near the implanta-
tion site, a pressure sensor that can be wirelessly monitored
via RF waves has been integrated into a biodegradable poly-
meric stent based on PCL (Figure 10i).2*!] Polymeric stents
are used because metallic stents can potentially interfere with
the RF waves generated by an external coil. The wireless-pres-
sure-sensor-integrated stent can be used to diagnose in-stent
restenosis since restenosis changes the local hemodynamics
of the implantation site, modifying the local BP. A wireless
resonant-heating stent can be a possible solution for treating
in-stent restenosis, in which a stainless-steel stent functions
as an electrical inductor and an integrated flexible capacitor
strip forms a passive resonant circuit. (Figure 10j).242 The
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device could provide an increase in the temperature of more
than 30 °C using an RF power of 320 mW, which is suffi-
ciently effective for the endohyperthermia therapy of in-stent
restenosis.

4. Soft Bioelectronics—Assisted Tissue Engineering
4.1. Cell-Based Cardiac Therapy

Damaged cardiac tissue including ischemic heart diseases
does not regenerate or restore by itself.2*32*] To restore the
intrinsic function of cardiac tissue, heart transplantation has
been the only option.?*”! As mentioned earlier, heart trans-
plantation is limited owing to the low availability24247] of heart
donors and the high risk of immune response.?*3241 Hence,
cell-based therapies have gained attention for their capability to
treat damaged cardiac tissue.l>>*-2°% Cell therapies for ischemic
heart diseases and heart failure have been performed in clin-
ical trials.*>3] In most of these clinical trials, cells were directly
injected into an infarcted area or the corresponding coronary
artery (Figure 11a).”! The intracoronary transplantation of
autologous bone marrow cells (BMCs) into patients with acute
myocardial infarction has significantly improved left ventric-
ular performance without noticeable side effects. A total of
62 patients have received BMC therapy, and therapeutic
follow-up has been performed 3, 12, and 60 months after
therapy. The ejection fraction, the percentage of blood leaving
the heart during its contraction, was much higher in the BMC
group compared to the control group (Figure 11b).?*%! In addi-
tion, the administration of autologous cardiosphere-derived
cells and human mesenchymal stem cells to an infarcted
heart has shown therapeutic efficacy.?® These cells have
been administered to subjects via intracoronary infusion and
intramyocardial injection.[2>7-260]

Although cell therapies have shown improvement in left
ventricular function,?®!l there is no strong evidence that the
administered cells have successfully engrafted with the host
myocardium.?622%3] The therapeutic effect may have shown
by the paracrine effect owing to the low survivability of the
injected donor cells.2642%] Even if the cells have engrafted into
the host myocardium, only 0.1 to 10% of the cells continue to
survive for more than a few weeks.?>>) Moreover, the injection
of the cells requires a very large number of cells because most
cells are washed away during administration.?*® In order to
efficiently and effectively transplant cells, cell sheet technology
has been implemented.l?’ The cells are cultured on a thermo-
responsive polymer in vitro and form into a monolayer sheet
of cells (Figure 11c).2%8 Cell sheet technology allows a high
density of cells to be transplanted only at the target location
(Figure 11d).126%

To overcome the issue of low viability, various types of scaf-
folds and biomaterials that provide an adequate environment for
the transplanted cells in vivo have been developed.?’%! Cells are
cultured on a scaffold to increase viability during engraftment
and to guide cellular behavior such as differentiation.*”!272
Because cardiac cells in vivo are naturally aligned,?”? it is
important for the transplanted cells to be aligned in vitro.3>33 A
scaffold comprising nanofibers and encapsulated by a hydrogel
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Figure 11. Cell-based cardiac therapy. a) Schematic of cardiac cell therapy by direct injection. Reproduced with permission.?>*l Copyright 2017, Elsevier.
b) Plot showing the improvement in the ejection fraction (EF) for the BMCs group compared to the control group. Reproduced with permission.?>]
Copyright 2009, Elsevier. c) Optical image of a monolayer cell sheet harvested on a thermo-responsive polymer. The inset shows cross-sectional
confocal images of the green fluorescent protein (GFP)-expressed monolayer cell sheet after detachment from the polymer. Reproduced with
permission.?% Copyright 2006, Nature Publishing Group. d) Surgical operation of cell sheet transplantation on the infarcted heart of a rat. Reproduced
with permission.[?%°l Copyright 2006, Nature Publishing Group. e) Schematic of nanofiber scaffold fabrication by an electrospinning process and a
weaving technique using PCL/SF/CNT solution. Reproduced with permission.2 Copyright 2017, ACS Publications. f) Optical image of a 5 mm thick
tissue construct with assembled albumin scaffold layers. The inset shows a schematic of the thick assembled scaffold. Reproduced with permission.[?’l
Copyright 2017, National Academy of Sciences. g) SEM image of a AuNW-incorporating cardiac patch. The inset shows a schematic of AuNWSs bridging
the pores of the alginate hydrogel. Reproduced with permission.[?82l Copyright 2011, Nature Publishing Group. h) Schematic of a flexible shape-memory
scaffold injected into the heart for minimally invasive delivery. The inset shows an optical image of the shape-memory scaffold before and after injection
via a glass pipette. Reproduced with permission.#3l Copyright 2017, Nature Publishing Group. i) Schematic showing the fabrication of vascular
channels within the ECMs hydrogel. Reproduced with permission.[?®#l Copyright 2012, Nature Publishing Group. j) Optical image of the carbohydrate-
glass lattice (top) and a fluorescent image of blood vessel junctions (bottom). Reproduced with permission.?#)l Copyright 2012, Nature Publishing
Group. k) Staining images of the slab gel (top right) and the vascular scaffold (bottom right) with a fluorescent live/dead assay. Reproduced with
permission.l?#9 Copyright 2012, Nature Publishing Group. I) Schematic of biodegradable scaffold with built-in vasculature, AngioChip. Reproduced with
permission.??% Copyright 2016, Nature Publishing Group. m) Schematics (left) and images (right) of the surgical anastomosis of AngioChip cardiac
tissue artery-to-artery (top) and artery-to-vein (bottom). Reproduced with permission.?*?l Copyright 2016, Nature Publishing Group. n) Optical image
of AngioChip implantation on the hind limb of a rat. Reproduced with permission.?*l Copyright 2016, Nature Publishing Group.

mimics a 3D anisotropic environment (Figure 11e).2*l PCL,
silk fibroin (SF), and carbon nanotubes (CNTs) were used to
fabricate nanofiber yarn by a wet—dry electrospinning pro-
cess and weaving technique. The addition of CNTs formed an
electrically conductive network in the scaffold. The functional
engineered cardiac tissue requires a combination of more than
one type of cell and should be thick. Furthermore, different
types of cells need different culture media and environments.
Electrospun albumin fiber scaffolds were laser-printed and
assembled together by an extracellular matrix (ECM)-based
biological glue, creating a 5 mm thick engineered tissue
(Figure 11f).7] Fibrous layers were fabricated separately into a
grooved layer for cardiac cell alignment, channels for endothe-
lial cells, and cages for dexamethasone (DEX) particles and
were assembled together before transplantation.
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Hydrogels are another popular biomaterial used to fabri-
cate scaffolds because they are high in water content, which
is favorable for cell culturing.?’¢-%8] To enhance the cell—cell
interaction between cardiac cells that are electrically con-
nected in vivo, hydrogel-based scaffolds are made into a con-
ductive hydrogel by incorporating conducting materials such
as PEDOTPSS,?”? polyaniline,?®) and nanomaterials.[?81]
The incorporation of Au nanowires (AuNWSs) into an alginate
hydrogel successfully formed an electrically conductive path
between insulating pore walls, thereby increasing the elec-
trical communication between cardiac cells (Figure 11g).1282
The transplantation of these scaffolds requires an invasive sur-
gical procedure, i.e., opening the chest. Recently, a minimally
invasive delivery method has been developed, in which cells
cultured on a shape-memory scaffold are directly injected to
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the infarcted heart. The flexible and elastic scaffold comprises a
biodegradable polymer and recovers its initial shape after injec-
tion (Figure 11h).[283]

A critical factor for increasing the viability of trans-
planted cells is to provide vascularization within the scaffolds
that supplies O, and nutrients,?82%] especially for thick,
3D-engineered, cardiac tissue.?8% Further, it is important to
construct a scaffold bridging the blood vessels because many
heart failures are caused by coronary artery blockage. Many
engineered scaffolds, however, are not sufficiently sophisti-
cated to accompany vascular constructs.?®”28] 3D sacrificial
filaments comprising a carbohydrate-glass lattice serve as a
platform for fabricating vascular channels within the scaffold
(Figure 11i).12%% The strategy is that these 3D lattice filaments
(Figure 11j top) are coated with a thin layer of poly(p-lactide-co-
glycolide) that allows the carbohydrate glass to dissolve later
and flow out. Then, ECM polymers are poured and encapsulate
the lattice with the cells. When the filament is dissolved with
water, channels are formed within the ECM scaffold. Human
umbilical vein endothelial cells (HUVECs) are cultured within
the channels to form a vascular construct. Vessels are intercon-
nected via a junction (Figure 11j bottom). The scaffold with the
vascular channels shows a much higher cell survivability than
a slab without any vascular channels (Figure 11k). Importantly,
the viability of the cells residing at the center of the scaffold
is significantly higher in the scaffold with vascular channels.
Vascular scaffolds made of a soft hydrogel, however, can be
unstable during long-term in vivo implantation. Another scaf-
fold made of a biodegradable elastomer, poly(octamethylene
maleate (anhydride) citrate), is another promising scaffold for
increasing the viability of the transplanted cells and providing
a bridge between blood vessels.??% A scaffold called AngioChip
contains hollow channels, microholes, and nanopores for the
easy diffusion of gas and nutrients (Figure 111). Engineered car-
diac tissue with AngioChip could connect artery-to-artery and
artery-to-vein in vivo by surgical anastomosis, e.g., the rat blood
flowing via AngioChip shown in Figure 11m. This cardiac
tissue was implanted on a rat’s hind limb for a week with direct
anastomosis (Figure 11n), and native angiogenesis occurred
around the implant.

4.2. Electronics-Integrated Tissue Engineering

Studies on cardiac tissue engineering have focused on con-
structing cardiac engineered tissue and developing engineered
scaffolds, patches, and delivery methods.[?2%21 However, most
engineered tissues are passive,?”?l and their performance
regarding the replacement and restoration of an infarcted heart
is still limited. The integration of electronics into a scaffold
allows cells to be stimulated and monitored before and after the
implantation.?2283 Nevertheless, it is difficult to incorporate
rigid electronics into soft and elastic biomaterials.>*] Recent
advances in flexible and soft electronics, however, have allowed
the fabrication of active scaffolds, in which sensing and stimu-
lation are incorporated within 3D scaffolds.?**?%! Nanoelec-
tronics comprising Si nanowire field-effect transistors (FETS)
based on SU-8 polymer backbones have been fabricated on
sacrificial layers (Figure 12a).2°%! This electronic scaffold can
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be integrated with macroporous ECMs such as electrospun
nanofibers (Figure 12b) and alginate hydrogels (Figure 12, left).
Cardiomyocyte is three-dimensionally cultured on this scaffold
with a high viability (Figure 12c, right), and the electronic scaf-
fold records the extracellular electrical activity of cells. The fre-
quency of the conductance recording is significantly increased
after the treatment of noradrenaline (Figure 12d).

Although nanowire-based FETs are suitable for recording
electrical activity with a high SNR, they are poor for performing
the electrical stimulation or drug release onto 3D cardiac tissue
due to limitations on supplying a current.?*® Hence, another
electronic scaffold accompanied with 28 spatially distributed Au
electrodes and four electrodes for the controlled release of drugs
has been developed.?®”2%l The Au electrode array was pas-
sivated by SU-8 and encapsulated by electrospun PCL-gelatin
fibers to construct a 3D cardiac scaffold that mimics natural
ECMs. The engineered cardiac tissue on this electronic scaffold
can be constructed (Figure 12e) with sensing and stimulation
capabilities. In the active drug release system, two types of elec-
troactive polymers that can store and release either positively or
negatively charged proteins have been deposited onto the Au
electrodes (Figure 12f, left). DEX is an anti-inflammatory drug
that reduces inflammation during implantation. Polypyrrole
and DEX were deposited onto the electrode by electropolymeri-
zation. The amount of drug released can be modulated by con-
trolling the applied voltage (Figure 12f, right).

One of the major purposes of an electronic scaffold is to
monitor and stimulate cardiac tissue during long-term in vivo
implantation.?*! Previous electronic scaffolds, however, con-
sisted of nondegradable synthetic materials such as SU-8 or PI,
and an additional surgical procedure is inevitable to remove the
synthetic scaffold.?9*2%4 Therefore, an electronic scaffold that
can degrade in vivo is needed.?*%1 The Au electrodes were
fabricated onto an electrospun albumin scaffold, which serves
as a substrate and passivation layer, to construct engineered
cardiac tissue (Figure 12g; the inset shows an image of a rolled
scaffold).B% This scaffold can record the electrical activity of
cultured cardiac cells and stimulate these cells. To test bio-
degradability, the scaffold was implanted subcutaneously into
an adult rat (Figure 12h, inset). An in vivo degradation test
showed that the biomaterial component (albumin) degraded,
the inorganic materials (Au) dissociated into small fragments,
and the remaining area of the implanted scaffold significantly
decreased (Figure 12h).

Engineered cardiac tissue is not only intended to be
engrafted in vivo for regenerative medicine; it is also impor-
tant to create sophisticated engineered cardiac tissue for in
vitro testing platforms.%:304 The availability of in vivo heart
organs—especially a human heart—is very limited.[?*>! More-
over, it is rare to utilize an in vivo organ for testing novel
drugs. Nonhuman animal testing may not be effective for
studying novel substances for human trials owing to the dif-
ferences between species. A tissue-scaffold-mimicking 3D
nanoelectronic array scaffold enables the 3D mapping of elec-
trophysiology in engineered cardiac tissue (Figure 12I, top
left).3%03%71 A high-density array of 64 Si nanowire FETs was
fabricated and folded to construct a four-layer 3D scaffold.
The conductance of the cultured cardiomyocytes at each FET
was recorded to monitor the electrical activity, and the results
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Figure 12. Electronics-integrated tissue engineering. a) Schematic of a Si nanowire FET-integrated macroporous scaffold (top) and SEM images of the
FET scaffold (bottom). Reproduced with permission.[?°¢l Copyright 2012, Nature Publishing Group. b) Magnified image of an FET scaffold composed
of electrospun nanofibers. The inset shows an optical image of the thin FET scaffold. Reproduced with permission.?!l Copyright 2012, Nature
Publishing Group. c) SEM image of an FET scaffold comprising hydrogel (left) and a fluorescence image of the cells cultured on the FET scaffold (right).
Reproduced with permission.?%€l Copyright 2012, Nature Publishing Group. d) Conductance of the cardiomyocytes recorded by the FET scaffold before
(top) and after (bottom) treatment with noradrenaline. Reproduced with permission.?°®l Copyright 2012, Nature Publishing Group. e) Optical image of
a cardiac patch integrated with an array of electrodes. The inset shows a magnified image of the electrode. Reproduced with permission.?!l Copyright
2016, Nature Publishing Group. f) Controlled drug release system within the electronic cardiac patch in (e): schematic showing the deposition of a
drug onto the electrode and the active release of the drug (left) and a plot showing the amount of released drug for different applied voltages (right).
Reproduced with permission.?%8l Copyright 2016, Nature Publishing Group. g) Optical image of a biodegradable electronic scaffold. The inset shows
an optical image of a rolled electronic scaffold. Reproduced with permission.2% Copyright 2018, Elsevier. h) Biodegradability test of a scaffold. The
remaining area of the scaffold was reduced after in vivo implantation for 1 week and 3 weeks. The inset shows an optical image of the partially degraded
scaffold removed from the implantation site in vivo. Reproduced with permission.2%4 Copyright 2018, Elsevier. i) 3D multilayer electronic scaffold
composed of an array of electrodes (top left) and a schematic of scaffold fabrication and 3D mapping. Reproduced with permission.3%I Copyright 2016,
Nature Publishing Group. j) 3D-printed heart-on-a-chip recording the contractile stress of cardiac cells by the deflection of a cantilever and a strain
gauge sensor. Reproduced with permission.3% Copyright 2016, Nature Publishing Group. k) Plot showing the sarcomere orientation order parameter
(OOP) for different filament spacings. The insets show cellular alignments of cardiac cells on PDMS grooves with a spacing of 60 um. Reproduced
with permission.3%] Copyright 2016, Nature Publishing Group. |) Plots showing the contractile stress of the cardiomyocytes cultured on the 3D-printed
heart-on-a-chip in j). Reproduced with permission.2%! Copyright 2016, Nature Publishing Group.

were rendered into 3D isochronal maps. Moreover, the 3D
array of FETs recorded the action potential propagation of
cardiomyocytes induced by localized electrical stimulation
(Figure 12i).

An advanced in vitro electronic scaffold has been devel-
oped by easy and fast fabrication using 3D printer.?%83%] The
microphysiological activity of cardiac cells could be monitored
by a cantilever and soft strain gauge sensors (Figure 12j). A
thermoplastic polyurethane (TPU) ink has been utilized for the
substrate of the cantilever for free deflection. The strain gauge
sensors are also made of TPU with the addition of carbon black
NPs. PDMS grooves were fabricated to guide cardiac cells into
a uniaxial orientation. The highest percentage of cellular align-
ment could be achieved with a filament spacing of 60 um, and
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the orientation was quantified into a sarcomere orientation
order parameter (Figure 12k). The systole and diastole of cardiac
cells actuate the deflection of the cantilever. Then, the strain
gauge sensor quantitatively measures the tissue contractile
stresses in vitro (Figure 121). The integration of flexible and soft
electronics with a facile fabrication method enables the physi-
ological activity monitoring of cardiac cell in vitro for long-term
functional studies.

5. Conclusion

Heart-related diseases, both acute and chronic, have received a
considerable amount of attention owing to their life-threatening
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effect on the human body and have opened up extensive
research fields regarding monitoring and therapy. Among the
various research fields, soft bioelectronics and tissue engi-
neering have shown outstanding advancements. Wearable and
implantable soft bioelectronics have become deeply involved
in biomedical applications because of their diverse advantages
including multifunctional characteristics, conformal contacts,
flexible and stretchable properties, and biocompatible inter-
faces. Advancements in the electrode designs, materials, and
structures of wearable devices have enabled the real-time detec-
tion of minute changes in physiological signals, including the
ECG and blood oxygen saturation. For biosignals that require
a high precision, such as the BP and epicardial mapping,
implantable soft bioelectronic devices have been demonstrated
to directly measure signals from the targets. Epicardial map-
ping devices with various forms (i.e., 2D sheets, sleeves, and
meshes) conform to the epicardial surface, enabling real-time
spatiotemporal mapping.

In addition, soft bioelectronic devices could improve con-
ventional biomedical therapies such as pacing, defibrillation,
mechanical supporting, ablation, and stenting. i) For pace-
makers, TENGs, PENGs, and solar-power and wireless power
transmission provide unlimited battery life. ii) For defibrilla-
tion, 3D-MIMs and serpentine meshes conform to ventricles
to deliver an electrical shock efficiently. iii) For mechanical
support, the previously passive mechanical support devices
became active and effective for assisting the heart in synchrony
with the native heartbeat. iv) For ablation therapy, temperature
sensors have been integrated with multielectrode RF ablation
electrodes to monitor and provide feedback-control RF ablation.
v) For stents, soft electronic devices have been integrated into
biodegradable stents to monitor the healing process and deliver
therapeutic drugs.

Meanwhile, tissue engineering has been extensively studied
because of its unique capability to fundamentally restore dam-
aged tissue. In particular, engineered scaffolds have been
studied to provide a sufficient cell culturing environment that
facilitates cells to behave like native cardiac tissue and increases
the viability of the engrafted cells in vivo. Moreover, the integra-
tion of flexible and soft electronics has enabled active scaffolds
to be realized, which monitor and stimulate cells and release
drugs in a controlled manner. Thus, the electrophysiological
activity of implanted cells can be monitored in vivo. In addi-
tion, flexible electronics provide the capability to three-dimen-
sionally map the activity of engineered cardiac tissue in vitro
and serve as a platform for in vitro drug testing. Consequently,
continued efforts to develop multifunctional and effective treat-
ment devices by taking advantage of soft bioelectronics and
tissue engineering hold great promise for managing cardiac
health.
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