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Intrinsically stretchable electronics with ultrahigh
deformability to monitor dynamically moving organs

Shaolei Wang'?, Yuanyuan Nie'3, Hangyu Zhu'?, Yurui Xu'?3, Shitai Cao'?, Jiaxue Zhang'?,
Yanyan Li"%, Jianhui Wang'?, Xinghai Ning"3*, Desheng Kong

Intrinsically stretchable electronics represent an attractive platform for next-generation implantable devices by
reducing the mechanical mismatch and the immune responses with biological tissues. Despite extensive efforts,
soft implantable electronic devices often exhibit an obvious trade-off between electronic performances and
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mechanical deformability because of limitations of commonly used compliant electronic materials. Here, we in-
troduce a scalable approach to create intrinsically stretchable and implantable electronic devices featuring the
deployment of liquid metal components for ultrahigh stretchability up to 400% tensile strain and excellent
durability against repetitive deformations. The device architecture further shows long-term stability under physio-
logical conditions, conformal attachments to internal organs, and low interfacial impedance. Successful electro-
physiological mapping on rapidly beating hearts demonstrates the potential of intrinsically stretchable electronics
for widespread applications in health monitoring, disease diagnosis, and medical therapies.

INTRODUCTION

Implantable electronics provide personalized platforms for health
monitoring, disease diagnosis, and medical therapies by integrating
sensing, stimulation, and drug delivery capabilities (1-3). Despite
excellent electronic performances, conventional rigid probes tend
to induce long-term inflammatory responses as a result of the large
mechanical mismatch with the soft, curvilinear, and dynamic
biological tissues (4-7). To overcome this limitation, stretchable
electronics have emerged as a promising technology that features
compliant mechanical properties to withstand bending, twisting,
and expanding (8-11). The excellent mechanical deformability is
the enabler of conformable and intimate interfaces with skins
(12-14), internal organs (15-19), and stem cell-derived tissues
(20, 21). The seamless integration of functional electronics with
biological systems provides an enticing opportunity for the stable
collection of rich physiological information and the facile imple-
mentation of electrical/chemical simulations.

Currently, several design strategies are available to construct
stretchable electronic devices and systems. Strain engineering represents
a straightforward approach to convert various thin-film electronic
devices into highly extensible structures (22, 23). The open-mesh
design in particular has demonstrated excellent deformability on
the system level for the intimate interaction with living tissues (20)
and the facile implantation through syringe injections (15, 16). The
inherent high rigidity of conventional electronic materials, however,
may still induce notable mechanical constraints on soft biological
systems (24). An alternative approach makes use of all compliant
material components to construct intrinsically stretchable elec-
tronic devices (13, 17, 25), which naturally exhibit skin-like me-
chanical properties without complicated structural designs. The
recent studies have shown the substantial suppression of adverse
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reactions in these systems because of the improved mechanical com-
patibility with soft tissues during long-term implantable applica-
tions (21, 26, 27).

Intrinsically stretchable conductors represent a class of key
building materials to determine the structural designs and the
electronic performances of soft implantable devices. Stretchable
nanocomposites are formed by embedding various conductive
nanostructures into soft elastomers including carbon nanotubes
(28, 29), metal nanowires (30, 31), and metal flakes (32). Despite
decent conductivity and deformability, the degradations in electro-
mechanical properties of these nanocomposites at fine feature
dimensions are unfortunately incompatible with high-density inte-
gration (33, 34). Electrically conductive hydrogels and polymers are
mechanically compliant and well suited for implantable devices
(35, 36). The low electronic conductivity often requires the combi-
nation with metal structures and thereby limits the stretchability of
corresponding devices (17). A eutectic gallium indium (EGaln)
alloy, commonly termed as liquid metal, stands out as a competitive
candidate material with excellent electronic conductivity (3.4 x 10° S/cm),
low melting point (15.5°C), and liquid-state deformability (37, 38).
The negligible toxicity is the enabler for various biomedical appli-
cations of liquid metal including drug delivery, cancer therapy,
skin-attachable sensors, and electronic blood vessels (39, 40). The
flowable characteristics, on the other hand, give rise to insufficient
structural stability as the direct interface with dynamically moving
tissues and organs. In addition, liquid metals suffer from chemical
corrosion under physiological conditions, thereby inhibiting the
stable and reliable operation for long-term in vivo applications
(41, 42). These practical issues represent the major barriers for the
deployment of liquid metal conductors in stretchable and implant-
able electronics.

In this study, we reported a scalable fabrication of intrinsically
stretchable and implantable electronic device featuring low inter-
facial impedance, ultrahigh stretchability up to 400% tensile strain,
excellent durability against repetitive deformations, and long-term
stability under physiological conditions. The entire device is com-
pletely made of highly compliant electronic materials, including liquid
metal interconnects, conductive nanocomposite electrodes, and
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microcracked conductive polymer bioelectronic interface. Liquid metal
interconnect exhibiting metal-level conductivity of 3.8 x 10* S/cm
and liquid-state deformability is the enabler of exceptional stretch-
ability and low signal losses in the device. Stretchable nano-
composite modified by conductive polymer provides a mechanically
compatible and electronically stable interface to interact with bio-
logical tissues. A soft and stretchable electronic patch is constructed
to achieve conformal attachments on rapidly beating hearts and
continuous epicardial electrophysiological recording/mapping for over
5000 expansion-contraction cycles. The successful capture of anom-
alous epicardial electrograms during cardiac arrhythmia demon-
strates the potential application of the stretchable electronic patch
for the diagnosis of cardiovascular diseases. The design and fabrica-
tion demonstrated here offer a general strategy to create robust
electronics in deformable form factors for implantable sensing
and stimulations.

RESULTS

Design of intrinsically stretchable and

implantable electronics

As schematically illustrated in Fig. 1A, an intrinsically stretchable
electronic device in the form of a 16-channel sensing patch is
completely made of compliant mechanical components, including
styrene-ethylene-butylene-styrene (SEBS) elastomer for the substrate/
encapsulation, liquid metal for interconnects, carbon nanotube
nanocomposite for electrodes, and microcracked conductive poly-
mer as bioelectronic interfaces. In Fig. 1B, an as-prepared device is
connected to a flexible polyimide connector as the interface with
external recording hardware. The soft and stretchy electronic patch
is highly deformable and sufficiently robust to endure various
mechanical manipulations including twisting, bending, and stretching,
as demonstrated in Fig. 1C. The extreme flexibility associated with
the low modulus and thin layout is the enabler for conformal
contacts with rough and irregular surfaces as exemplified by the
case of a walnut (see Fig. 1D). The compliant mechanical characteris-
tics are essential for the implantable applications of stretchable
electronic patch to achieve reliable electromechanical coupling with
three-dimensional and constantly moving organs.

Stretchable conductors

As regard the building materials, the liquid metal represents an
ideal candidate for stretchable conductors. Bulk liquid metal is
passivated by native oxides under ambient conditions and readily
cleaned by a short treatment in dilute HCI solution. As shown in
Fig. 2A, a nonoxidized liquid metal droplet naturally spreads and
adheres to thermally evaporated Cu film with a low contact angle of
30°, which is promoted by the formation of intermetallic compounds
through interfacial alloying reaction (43, 44). In contrast, nonoxidized
liquid metal exhibits a high contact angle of 130° with the pristine
SEBS elastomer, suggesting the lack of affinity. A layer of liquid
metal is thereby selectively coated onto patterned Cu film on SEBS
substrate, by simply rolling bulk liquid metal over the entire substrate
submerged in a dilute HCI bath (see Fig. 2B). The process harnesses
the large contrast in wettability to enable scalable fabrication of
high-fidelity liquid metal features. An array of line-shaped liquid
metal patterns is further created to determine the feature resolution
as ~50 pum (see Fig. 2C), which is largely limited by the original Cu
templates based on the laser ablation technique. The as-prepared
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Fig. 1. Intrinsically stretchable electronics in the form of a sensing patch. (A) Sche-
matic illustration of the device architecture involving elastomeric encapsulation,
liquid metal interconnects, nanocomposite electrodes, and microcracked conduc-
tive polymer interface. (B) Optical image of an as-prepared electronic patch connected
to a flexible polyimide connector. (C) Mechanical manipulations of a stretchable
patch by twisting (top), bending (middle), and stretching (bottom). (D) Conformal
attachment of a stretchable device onto a walnut with a rough and curved surface.

liquid metal feature is electrically conductive with a low sheet resistance
of 15 milliohms for a typical linewidth of 200 um. The correspond-
ing electrical conductivity is determined as 3.8 x 10* S/cm based on
the cross-sectional area acquired by a confocal scanning laser
microscope (see fig. S1). The value is even higher than bulk liquid
metal because of the formation of highly conductive intermetallic
compounds of CuGa, and CuGa (45). The high conductivity of a
stretchable conductor represents a key requirement for the effective
suppression of low-frequency losses during long-term recording in
physiological conditions (46). The native oxides formed on the
liquid metal features function as solid shells to retain structural
integrity. The subsequent spin casting SEBS dissolved in a slow
swelling solvent allows facile encapsulation without noticeable
distortions of the liquid metal features (see fig. S2). The stretchability
of the liquid metal conductive channel confined in the elastomer is
evaluated by measuring their electrical properties in response to
uniaxial tensile deformation, as shown in Fig. 2D. The liquid metal
conductor is highly deformable to reach tensile strain above 800%. The
resistance increases to 3 times at 100% strain, 12 times at 400% strain,
and ~30 times at 800% strain, respectively. The giant stretchability
is associated with the liquid-state characteristics to accommodate
enormous deformations up to the fracture strain of the elastomeric
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Fig. 2. Patterned liquid metal features. (A) Contact angle images of a nonoxidized liquid metal droplet on SEBS elastomer (top) and thermally evaporated Cu film (bottom).
(B) Optical images of a giraffe-shaped Cu pattern before (left) and after (right) selective coating with a layer of liquid metal, which exhibits obvious color changes from
reddish-brown to metallic gray. (C) Optical microscopy images of an array of line-shaped features to show the patterning resolution. (D) Normalized resistance as a function
of uniaxial tensile strain. (E) Evolution of the normalized resistance of liquid metal features immersed in PBS solution. Inset: Images showing the visual signatures of
chemical corrosion. (F) Linear sweep voltammogram of liquid metal in PBS solution to reveal the electrochemical stability window.

matrix. As illustrated in fig. S6, the liquid metal conductor further
exhibits negligible changes in the resistance during 1000 stretch-
relaxation cycles to 300% strain, which demonstrates the exceptional
electromechanical durability for practical applications.

The chemical stability of liquid metal, on the other hand, is less
than satisfactory under physiological conditions. Liquid metal fea-
tures show notable visual signatures of chemical corrosion after
immersion in phosphate-buffered saline (PBS) solution for several
hours, as shown in the inset of Fig. 2E. The corresponding resistance
shows a large increase by over two orders of magnitude within
8 hours (Fig. 2E). In Fig. 2F, the linear sweep voltammogram reveals
the electrochemical stability window of liquid metal in PBS solu-
tion. The corrosion potential at —0.30 V versus Ag/AgCl reference
electrode is consistent with the rapid degradation behaviors (see
fig. S3). The process may also release high-concentration gallium and
indium ions to induce significant cytotoxicity (41). In comparison, the
resistance of liquid metal features shows negligible changes after coat-
ing with a 25-um-thick SEBS layer, as shown in Fig. 2E. The reten-
tion of fairly stable electrical properties is further verified during
one-week storage in PBS solution (see fig. S4). The thin elastomer
represents an indispensable encapsulation to ensure the long-term
stability of liquid metal features toward implantable applications.

An alternative stretchable conductor compatible with the physio-
logical environment is consequently required for the preparation of
functional electrodes to interact with biological systems. Stretchable
nanocomposites represent an attractive platform to design conduc-
tors with tailored properties. Here, multiwall carbon nanotubes
(MWCNTSs) are selected as the conductive fillers because of their
high electrical conductivity and excellent electrochemical stability
(2, 29). A viscous ink is formulated by dispersing MWCNTSs into
SEBS solution that allows facile and scalable deposition of patterned
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conductive nanocomposite by stencil printing (see Fig. 3A). An
array of line-shaped nanocomposites is further created to reveal the
feature resolution as ~100 um (see Fig. 3A). The printed pattern of
50-um thickness exhibits a low sheet resistance of ~190 ohms/sq. In
the nanocomposite, the three-dimensional percolation network of
high-aspect ratio MWCNTs is the enabler of the decent electrical
conductivity of ~1.1 S/cm. The electrical properties under uniaxial
tensile deformations are shown in Fig. 3B. The normalized resistance
is 3 at 50% strain, 12 at 100% strain, and 35 at 150% strain, respec-
tively. The decent stretchability is ascribed to the formation of a
structurally continuous and intrinsically deformable conductive
network in the SEBS elastomer. The nanocomposite retains intact
morphology without obvious cracks at a large tensile strain of 150%,
as revealed by scanning electron microscopy (SEM) images in
fig. S5. In addition, the stable electrical properties during repetitive
tensile deformations are attractive for practical implementations
(see fig. S7). In Fig. 3C, the linear sweep voltammogram shows an
extremely wide electrochemical stability window of the conductive
nanocomposite from —1.25 to 1.30 V, which ensures reliable opera-
tions under physiological conditions. In addition, the incorpora-
tion of MWCNTs also boosts the mechanical properties of the
nanocomposites (fig. S8), which is attributed to the large surface
area of MWCNT in contact with the elastomeric matrix for the uni-
form transfer of applied stress (47).

Fabrication and characterizations of the electronic patch

The stretchable bioelectronic patch is constructed by heterogeneous
integration of all compliant materials into a thin layout in a layer-
by-layer process flow, as schematically illustrated in Fig. 4A. Briefly,
liquid metal features are created on SEBS substrate by the solution-
based patterning process and then encapsulated by spin casting an
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Fig. 3. Printable conductive nanocomposite. (A) Stencil-printed nanocomposite
feature in the shape of chess pieces and line array to reveal the patterning quality
and resolution. (B) Normalized resistance as a function of uniaxial tensile strain.
(C) Linear sweep voltammogram of the nanocomposite in PBS solution to show
the electrochemical stability window.

additional SEBS layer. Selective laser ablation on the liquid metal
contact pad ruptures the elastomeric encapsulation layer and there-
by generates vertical interconnect accesses (VIAs) of ~200 um in
diameter (see fig. S9). Conductive nanocomposite electrodes are
subsequently stencil printed over the VIAs to establish electrical
connections with the embedded liquid metal interconnects. The
total thickness of this patch is about 50 um. The scalable approach
allows facile fabrication of stretchable and implantable electronic
patches of different sizes, as illustrated in fig. S10.

Electrochemical impedance spectroscopy is carried out to evaluate
the performances of the as-prepared electronic patch. In Fig. 4B, the
impedance spectrum reveals a pretty high impedance magnitude of
an individual sensing channel, which is likely associated with the
limited active surface area of exposed MWCNTs in the nanocom-
posite. The high impedance represents a major barrier for high-fidelity
recording because of significant signal attenuations and distortions.
A layer of electrodeposited poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) is therefore electrochemically
deposited onto an individual electrode that substantially reduces
the impedance. The notable improvement is ascribed to the high
specific capacitance of 61.6 mC cm ™ for the PEDOT:PSS layer, as
shown in fig. S11. In Fig. 4B, the phase plot of the impedance spectrum
further reveals a phase angle close to 0, which suggests the domi-
nance of the resistance component suitable for electrophysiological
recording and simulations.

All compliant components render the entire electronic patch
soft and stretchy. The pristine elastomer has a large fracture strain
of 850% and a low modulus of 1.3 MPa, as shown in fig. S8. The
MWCNT nanocomposite retains excellent stretchability with an
increased modulus of 5.1 MPa because of the strengthening effects of
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nanoscale fillers (fig. S8). In Fig. 4C, a series of optical images re-
veal a representative electronic patch under uniaxial tensile defor-
mation up to 400% strain. The actual strain of an individual electrode
linearly increases with the tensile deformation of the entire sensing
patch to reach 124% at a high global strain of 400% (Fig. 4D). The
modulus contrast gives rise to spatially heterogeneous strain distri-
butions over the electronic patch upon tensile deformations, thereby
mitigating the actual strains on sensing electrodes for enhanced
stretchability on the system level (48). In addition, the similar com-
positions among all building components ensure robust interfacial
interactions to avoid delamination under highly deformed states
(48). The corresponding impedance at 1 kHz is fairly stable with
marginal increase (<20%) under tensile deformations up to 300%
strain (Fig. 4E). A noticeable increase by two times is observed at
400% strain that is ascribed to the largely increased series resistance
of the nanocomposite electrode.

The low interfacial impedance is essential for the reliable acqui-
sitions of electrophysiological signals (17). Although the interconnects
and electrodes are based on compliant materials, the as-deposited
PEDOT:PSS interface layer is fairly brittle with limited stretchability
(49, 50). The strain-insensitive impedance is largely associated with
the unique architecture of the sensing electrode. In Fig. 4F, SEM
images of the sensing electrode at pristine and stretched states are
shown to reveal the crack of the PEDOT:PSS layer into numerous
islands. The attachment of brittle films onto an elastomeric substrate
is an effective approach to suppress the propagations of large cracks
upon tensile deformations, thereby spontaneously generating fine
islands to release the tensile stress (51, 52). Despite the apparently
broken morphology, the microcracked PEDOT:PSS layer is still
fully functional because of the excellent contact with the underlying
stretchable conductive nanocomposite (see fig. S12). In Fig. 4E and
fig. S13, the electrochemical capacitance and corresponding interfacial
impedance of the PEDOT:PSS layer show negligible changes with
the formation of the microcracked morphology because of the
volumetric charge storage mechanism (53, 54).

A robust construction is essential for the practical applications
of the stretchable electronic patch. The electromechanical durability
is assessed by tensile fatigue tests on as-prepared electronic patches.
Individual sensing channels retain stable impedance amplitude
during 10,000 stretch-relaxation cycles to 100% strain (see Fig. 4G
and fig. S14). In addition, the chemical stability of the electronic
patch is evaluated through long-term storage in PBS solution. The
individual sensing channels are well operational with marginally
increased impedance under both relaxed and stretched states, as
illustrated in fig. S15.

In vivo recording on beating hearts

The implantable epicardial recording process provides valuable in-
formation for discovering and monitoring cardiovascular diseases
(17, 25, 31). The biocompatibility of the stretchable electronic patch
has been verified by cell viability analyses, as summarized in figs.
S16 and S17. The electronic patch is consequently used to acquire
epicardial electrograms from beating hearts of bullfrogs. As sche-
matically illustrated in Fig. 5A, the sensing patch is attached to
the surface of the ventricle, whereas a Pt needle reference electrode
was subcutaneously inserted into the right leg. The intrinsic stretch-
ability of the electronic patch ensures conformal contacts to the heart
without sliding and delamination during cardiac expansion and
contraction cycles (see Fig. 5B and movie S1). Figure 5C shows
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Fig. 4. Integrated stretchable electronic patch. (A) Schematic showing the layer-by-layer construction of the electronic patch. (B) Impedance and phase angle spectra
of an individual sensing channel at the pristine state and after modification with a PEDOT:PSS layer. (C) Images of the stretchable electronic patch at different tensile
strains. Scale bars, 2 mm. (D) Correlation of the local strain of individual sensing electrode with the global strain of the electronic patch. (E) Impedance of individual chan-
nels on the electronic patch at 1 kHz at various applied strain up to 400%. (F) SEM images of the sensing electrode on the pristine (top) and stretched (bottom, 400% strain)
patch, in which the arrow indicates the stretching direction. Scale bars, 50 um. (G) Impedance of an individual channel at the original state and after 10,000 stretch-

relaxation circles to 100% strain.

representative electrograms acquired from the anterior ventricular
surface by the electronic patch. The microcracked PEDOT:PSS in-
terface layer is effective to improve the signal quality by substantially
reducing the interfacial electrochemical impedance, as shown in
Fig. 5E. Specifically, the signal amplitude is increased from 2.17 + 0.23
to 6.32 + 0.41 mV, and the signal-to-noise ratio (SNR) is enhanced
from 69.7 + 7.4 t0 263.2 + 16.9 (Fig. 5D). All 16 sensing channels are
fully functional to enable spatially and temporally resolved biopo-
tential mapping (see fig. S18). In Fig. 5F, spatiotemporal epicardial-
potential maps capture cardiac activation propagating from the top
left to the bottom right of the array during a sinus rhythm. The
activation time is determined by using the maximum negative slope

Wang et al., Sci. Adv. 8, eabl5511 (2022) 30 March 2022

(dV/dt) of each electrogram trace to obtain the isochronal map, as
shown in Fig. 5G. The isochronal map suggests the propagation
speed of the action potential is 1.2 m/s on the heart surface, which is
comparable to the typical values of frog muscle tissues (55). The
average heart rate of ~33 beat/min is consistent with previous re-
ports (56). Accordingly, the soft and deformable patch allows direct
and intimate attachment on slowly moving organs for the reliable
collection of electrophysiological signals.

The dynamic and fast-moving organs present practical challenges
for implantable electronics to achieve direct contact mapping. The
demanding measurement condition is a relevant clinical application
as exemplified by atrial fibrillation accompanied by fast and chaotic
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Fig. 5. In vivo epicardial recording on a bullfrog. (A) Schematic illustration of the experimental setup for epicardial electrogram acquisition from a living bullfrog.
(B) Optical images showing the conformal attachment of the electronic patch to the surface of a bullfrog heart under contractions and expansions during one cardiac
cycle. (C) A series of epicardial electrograms. (D) Representative single voltage traces acquired by the sensing electrode before and after modified with PEDOT:PSS layer.
(E) Statistical analysis of signal amplitude and SNR. (F) Spatiotemporal biopotential map from all 16 channels at four sequential time points of a sinus rhythm. (G) Activation
map of the sinus rhythm captured by the stretchable electronic patch, in which the dotted arrow indicates the progression direction of the electric signals.

ventricular responses. Rabbit hearts are selected as the model
systems to evaluate the performance of the stretchable electronics
during rapid cardiac cycles. A rabbit was mechanically ventilated
and underwent a thoracotomy to expose the heart, followed by the
attachment of the electronic patch onto the surface of the right
ventricular (Fig. 6A). The epicardial electrograms were successfully
acquired in almost all channels (see fig. S19). As compared with the
case of the bullfrog, the irregular fluctuations and increased noise
level in the electrograms are likely associated with the reduced electro-
mechanical coupling of the electronic patch with the rapidly beating
heart of the rabbit. A polydopamine-polyacrylamide hydrogel was
consequently synthesized harnessing mussel-inspired chemistry for
strong adhesion with wet tissues (17), which secures the electronic
patch on the beating heart as illustrated in fig. S20. The soft patch
consequently achieves conformal and stable contact with the epi-
cardium during cardiac contractions and expansions (see Fig. 6B
and movie S2). The representative epicardial electrograms are shown
in Fig. 6C. As the hydrogel adhesive effectively suppresses the slid-
ing on the dynamic tissue, the recording quality of the electronic
patch is substantially improved in terms of signal amplitude from
1.21 £ 0.30 to 3.76 + 0.78 mV and the SNR from 40 + 9 to 137 + 8
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(see Fig. 6, D and E). The heart rate is determined as ~270 bpm and
consistent with previous reports (57). In Fig. 6F, spatiotemporal
epicardial-potential maps are established on the basis of the reliable
operations of all sensing channels on the electronic patch, which
reveal the horizontal propagation of cardiac activation from the left
to the right during a sinus rhythm. In addition, the device supports
continuous epicardial recording for 20 min involving over 5000
cardiac contraction-expansion cycles, which demonstrates the ex-
ceptional electromechanical durability for long-term operations
(see Fig. 6F). All 16 channels are fully functional across the entire
recording duration, as shown in fig. S21.

In addition to healthy conditions, a drug-induced cardiac arrhyth-
mia was established in the rabbit model by intravenous administra-
tion of BaCl, solution to impair the ion channels of cardiomyocytes
(58). According to figs. S22 and S23, abnormal signatures of cardiac
arrhythmia are captured by the electronic patch in multiple record-
ing channels in terms of widened QRS complexes for ventricular
premature contraction and chaotic fluctuations for fibrillation (59).
Propranolol therapy was subsequently implemented as medical
treatment. The sinus rhythm was largely recovered after intravenous
administration despite significant bradycardia with a reduced heart
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Fig. 6. In vivo epicardial recording on a rabbit. (A) Schematic illustration of the experimental setup for epicardial electrogram acquisition from a living rabbit.
(B) Stretchable electronic patch achieving conformal attachment to the right ventricle by using a hydrogel adhesive. (C) A series of representative epicardial electrograms.
(D and E) Statistical analysis of SNR (D) and amplitude (E) before and after applying the hydrogel adhesive. (F) Spatiotemporal biopotential map at four time points of a
sinus rhythm. (G) A representative electrogram acquired during continuous epicardial recording for 20 min.

rate of ~144 bpm as the side effect. Accordingly, the high-quality
electrograms acquired by the stretchable electronic patch may
provide valuable information for cardiovascular disease diagnosis
and treatment.

DISCUSSION

In conclusion, an intrinsically stretchable and implantable electronic
device is constructed by the heterogeneous integration of all com-
pliant material components through a facile and scalable fabrica-
tion process. The soft and stretchy device allows conformal and
intimate interactions with dynamically moving biological tissues
with largely reduced mechanical discrepancy. The exceptional
deformability and durability are largely associated with the deploy-
ment of liquid metal conductors confined in an elastomeric matrix
to build interconnects. Stretchable MWCNT nanocomposite pre-
vents the direct contact of liquid metal with biological systems to
ensure the long-term stability of the device in the physiological envi-
ronment. The stretchable electronic patch allows reliable acquisi-
tion of multichannel electrograms on living hearts of animals with
distinctive heart rates. The spatiotemporal biopotential maps are
established to reveal the propagations of the cardiac activations
during sinus rhythms. The successful capture of abnormal electro-
grams associated with cardiovascular symptoms demonstrates the
practical relevance for disease diagnosis and treatment. All the key
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characteristics of the stretchable electronic patch are highly compet-
itive among recent studies as summarized in table S1. The material
developments and fabrication techniques reported in this study may
open up an enticing avenue for soft implantable electronics.

MATERIALS AND METHODS

Materials

All chemical reagents were commercially available, including poly-
vinyl alcohol [PVA; My (molecular weight) = 67000], acrylamide,
bisacrylamide, ammonium persulfate, dopamine hydrochloridep,
tetramethylethylenediamine, barium chloride (BaCl,), and PBS
(0.01 M, pH 7.4) from Shanghai Aladdin Bio-Chem Technology
Co. Ltd.; 3,4-ethylenedioxythiophene (EDOT) and poly(sodium
4-styrenesulfonate) (NaPSS) from Shanghai Macklin Biochemical
Co. Ltd.; and 3% (w/w) pelltobarbitalum natricum and 0.1% pro-
pranolol from GlpBio Technology. MWCNTs of 20 to 100 um in
length and 10 to 20 nm in diameter (XFQ041) were purchased from
Nanjing XFNANO Technology Co. Ltd. SEBS (H1221) was provided
by Asahi Kasei Corporation. The liquid metal, EGaln alloy, was
prepared by melting a mixture of gallium and indium in a weight
ratio 75.5:24.5 at 80°C for 2 hours inside a glovebox. As regard the
formulation of the printable MWCNT/SEBS nanocomposite, 50-mg
MWCNTs were ultrasonically dispersed into 10 ml of toluene for
20 min, manually mixed with 1.5 g of SEBS solution [20% (w/w) in
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toluene], and then homogenized at 1000 rpm for 20 min in a planetary
mixer (JE-RVITV-150, Shenzhen Junfeng Technology Co. Ltd.). The
polydopamine-polyacrylamide hydrogel was prepared by dissolving
2 g of acrylamide, 4 mg of bisacrylamide, 100 mg of ammonium
persulfate, and 2 mg of dopamine in 10 ml of tris buffer (pH 8.5).
After the addition of 90 pl of tetramethylethylenediamine, the solu-
tion was immediately drop cast onto an octadecyltrichlorosilane-
modified glass wafer and cured at 60°C for 1 hour, thereby yielding
a hydrogel film of ~0.5 mm in thickness.

Characterizations

Optical images and videos were acquired by a Fujifilm X-T10 camera.
Microstructures were revealed by optical microscopy (Keyence
VHX-6000 digital microscope) and SEM (Zeiss Ultra 55 field emission
scanning electron microscope). Surface topographical images and
thickness measurements were performed using a confocal laser
scanning microscope (VK-X1000, Keyence). The mechanical proper-
ties were acquired by using a universal testing machine (Shimadzu
AGS-X) equipped with a 50-N load cell. All tensile measurements
were carried out with rectangular specimens (100 mm x 5 mm) ata
speed of 10 mm/min. The adhesive force was measured under
the standard 90° peel configuration at a speed of 50 mm/min. A
polydopamine-polyacrylamide hydrogel sample was prepared by
curing the precursor on a 10-um-thick polyethylene terephthalate
(PET) as the stiff backing layer. A biological tissue sample was
prepared by pasting porcine epicardium slice to a 3-mm-thick acrylic
plate with a butylcyanoacrylate glue (Beijing Compont Medical Device
Co. Ltd.). The resistance was measured based on 4-point probe
method with a Keithley 2110 digital multimeter. The tensile strains
were applied by using homemade motorized/manual linear stages.
The electrochemical characterizations were carried out under a three-
electrode configuration by using a CHI660E workstation (ChenHua,
China). The electrochemical stability window was measured by linear
sweep voltammetry at a scan rate of 1 mV/s in PBS solution. Electro-
chemical impedance spectroscopy (EIS) was measured in the fre-
quency range from 1 Hz to 100 kHz with a 5-mV amplitude at the
open-circuit potential.

Device fabrication

A 20-um-thick SEBS film was spin casted from its solution in toluene
onto a glass wafer modified with a PVA sacrificial layer. A Cr/Cu
(10 nm/100 nm) film was thermally evaporated onto the SEBS
substrate and then patterned by selective laser ablation into arbitrary
pattern in a 1064-nm laser marking system (XM-FB30, Xianming
Optoelectronic Equipment Co. Ltd). The pattern design consists of
contact pads in a 4 x 4 square array and corresponding intercon-
nects. The Cu pattern is selectively coated with a layer of liquid metal
after rolling bulk liquid metal over the substrate submerged in
dilute hydrogen chloride solution [4% (w/v)], followed by rinsing in
deionized water and drying at 60°C for 10 min. A 25-um-thick SEBS
film was subsequently spin coated, from its solution in hexane, over
the substrate to encapsulate the liquid metal pattern. The VIAs to
the embedded liquid metal patterns were created by selective laser
ablation at the contact pads, in which ablated materials puncture the
elastomeric encapsulation. MWCNT/SEBS nanocomposite electrodes
were stencil printed onto the VIA locations by using a stainless steel
stencil and thoroughly dried in an oven at 60°C for 2 hours. PEDOT:PSS
film was subsequently electrodeposited onto an MWCNT/SEBS
nanocomposite electrode as an interface layer. The electrodeposition
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was carried by using an electrochemical CHI660E workstation under
a three-electrode configuration with individual MWCNT/SEBS nano-
composite electrode as the working electrode, graphite rod as the counter
electrode, and Ag/AgCl as the reference electrode. An aqueous
solution of 0.01 M EDOT and 0.1 M PSS was prepared as the electro-
lyte for cyclic voltammetry electrodeposition at a scan rate of 50 mV/s
in the voltage window between —0.5 and 1.2 V for 20 cycles.

Biocompatibility test

In vitro biocompatibility was evaluated on the basis of normal liver
cell line L02 and fibroblast cell lines from the American Type
Culture Collection. In 96-well plates, the cells (5000 per well) were
seeded and cultured at 37°C for 24 hours. The medium was then replaced
with fresh medium containing the testing sample. After the incubation
period (24, 48, or 72 hours), a 20-ul 3-(4,5-dimethylthialzol-2-y1)-2,5-
diphenyltetrazolium bromide solution (5 mg/ml) was added to each
well and incubated for 4 hours. The medium in each well was
replaced with 150 pl of dimethyl sulfoxide. Absorbance was measured
at 570 nm by using a microplate reader (Tecan Group). In addition,
the incubated cells were washed with PBS and stained with calcein
AM (1 pl, 1 mg/ml) for 30 min, followed by imaging with a fluores-
cence microscope (Tecan Group).

In vivo animal experiments

All animal protocols were approved by the Animal Care and Use
Committee of Nanjing University and conformed to the Guidelines
for the Care and Use of Laboratory Animals published by the National
Institutes of Health. The Number of Animal Use Permit was
SYXK(Su)2019-0056. A pithed bullfrog (~500 g, 6 months old,
female) was under thoracotomy surgery to expose the anterior
surface of the heart. The stretchable electronic patch was laminated
onto the surface of the ventricle. A Pt wire of 0.5 mm in diameter
was inserted subcutaneously at its leg as the reference electrode. The
flexible cable of the patch was connected through a home-built
adapter board to an Intan RHD2132 amplifier (Intan Technologies
LLC.). All channels were bandpass filtered, preamplified, and then
recorded at a sampling rate of 10 kHz. The recorded data were
further processed with a home-built MATLAB code. A filter with a
bandwidth of 0.1 to 40 Hz was applied for the electrogram data.
After applying the filter, the SNR was calculated by the maximum
peak of signal and root mean square of the noise region. A rabbit
model was used to evaluate the performance of the electronic patch
on a rapidly beating heart. A New Zealand white rabbit (~2.5 kg,
3 months old, male) was anesthetized by intravenous injection of
10 ml of 3% (w/w) pelltobarbitalum natricum in PBS solution
through auricular vein. The rabbit was placed in a supine position
over a heating pad with the hair removed from the chest and the
foreleg. The rabbit underwent endotracheal intubation and mechani-
cal ventilation using a pressure ventilator (ALC-V8-L100, Shanghai
Alcott Biotech Co. Ltd.). A thoracotomy was performed to expose
the heart with the pericardium removed by fine forceps. The
electronic patch was laminated on the right ventricle. An additional
hydrogel adhesive was attached to the entire exposed heart for en-
hanced electromechanical coupling. Ag/AgCl gel electrode (2223CN,
3M Company) was attached on the skin of the foreleg as the reference.
The data recording and analysis were carried out in a similar proce-
dure. A drug-induced cardiac arrhythmia model was established on
the basis of BaCl, to impair ion channels in cardiomyocytes. BaCl,
solution [0.4 weight % (wt %) in normal saline] was administered
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through the auricular vein at a dose of 8 mg/kg within 20 s. Cardiac
arrhythmia was observed at ~30 s after injection. The propranolol
solution (0.1 wt % in normal saline) was used as the pharmacological
treatment by intravenous administration at a dose of 0.25 mg/kg. The
epicardial electrograms were monitored by using the electronic patch.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl5511
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