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Electrical bioadhesive interface for bioelectronics
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Reliable functions of bioelectronic devices require conformal, stable and conductive interfaces with biological tissues.
Integrating bioelectronic devices with tissues usually relies on physical attachment or surgical suturing; however, these meth-
ods face challenges such as non-conformal contact, unstable fixation, tissue damage, and/or scar formation. Here, we report
an electrical bioadhesive (e-bioadhesive) interface, based on a thin layer of a graphene nanocomposite, that can provide rapid
(adhesion formation within 5s), robust (interfacial toughness >400J m—2) and on-demand detachable integration of bioelec-
tronic devices on diverse wet dynamic tissues. The electrical conductivity (>2.6 Sm~") of the e-bioadhesive interface further
allows bidirectional bioelectronic communications. We demonstrate biocompatibility, applicability, mechanical and electrical
stability, and recording and stimulation functionalities of the e-bioadhesive interface based on ex vivo porcine and in vivo rat
models. These findings offer a promising strategy to improve tissue-device integration and enhance the performance of bioin-

tegrated electronic devices.

n tandem with recent advances in miniaturized and flexible elec-

tronics, the integration of bioelectronic devices in close contact

with biological tissues has been intensively explored in a broad
range of diagnostic and therapeutic applications'~. To ensure reliable
functions of bioelectronic devices in these applications, it is crucial
to establish conformal and stable contact between the device and
the target tissue*’. Although physical attachment of flexible bioelec-
tronic devices on tissues has been demonstrated, such attachment is
generally limited to thin devices <5pm thick®'. In addition, since
physical attachment relies on relatively weak bonds such as van der
Waals interaction'"'? or capillarity’, these thin devices may still
debond from wet dynamic tissues, especially in long-term applica-
tions*'>'* (Fig. 1a, Extended Data Table 1 and Supplementary Fig. 1;
See Supplementary Information for detailed discussion on wet
tissue integration of bioelectronic devices by physical attachment).

Conventional surgical fixation through sutures has been adopted
for more stable integration of bioelectronic devices, especially for
devices that are not in thin-film form'*-"”. However, suturing can
cause tissue damage and stress concentration at piercing points, and
consequent scar formation'® (Fig. 1b). Furthermore, it is challenging
to suture bioelectronic devices to fragile (for example, spinal cord,
peripheral nerve)'”* and dynamic (for example, heart)*** tissues
and organs. For example, suturing of epicardial pacing-wires after
heart surgery can cause tissue damage and bleeding*. More recently,
bioadhesives have been explored to integrate bioelectronic devices
onto tissues and organs, mostly on the skin** (Supplementary
Table 1). However, the poor adhesion performance (including
incompatibility with wet surfaces, slow adhesion formation, weak
adhesion, and difficulty in handling the adhesives) and limited
electrical properties (including low electrical conductivity and high
impedance) of existing bioadhesives have prevented them from
providing conformal, robust yet electrically functional integration
between bioelectronic devices and wet dynamic tissues'>*"-**.

Here, we report an electrical bioadhesive (e-bioadhesive) inter-
face to achieve rapid, robust, conformal and electrically conductive

integration between bioelectronic devices and various wet dynamic
tissues (Fig. 1c). The e-bioadhesive interface is enabled by a thin layer
of a graphene nanocomposite that can readily adhere bioelectronic
devices to wet dynamic tissue surfaces. When the dry e-bioadhesive
interface contacts a wet tissue surface, the e-bioadhesive interface
removes water from this surface by hydration and subsequent aniso-
tropic (only in the thickness direction) swelling, forming rapid and
robust integration with the tissue surface within 5s (ref. **) (Fig. 1d,e
and Extended Data Fig. 1). After adhering on the tissue surface, the
e-bioadhesive interface becomes a thin layer of a graphene nanocom-
posite hydrogel with high water content, softness, and stretchability,
matching the mechanical properties of soft biological tissues. The
e-bioadhesive interface can be made electrically conductive if it is on
the electrodes of bioelectronics devices, enabling electrical record-
ing and stimulation of the underlying tissue (Fig. 1f). Furthermore,
the e-bioadhesive interface can be benignly removed from the target
tissue by applying a triggering solution, allowing on-demand and
atraumatic retrieval of implanted bioelectronic devices.

Design and mechanism of the e-bioadhesive interface

To implement the proposed design of the e-bioadhesive interface,
we develop a graphene nanocomposite assembled on bioelectronic
devices. We first introduce graphene oxide (GO) into a poly(vinyl
alcohol) (PVA) hydrogel to prepare a graphene nanocompos-
ite hydrogel that exhibits anisotropic swelling (primarily swelling
orthogonal to the adhesion interface)*. The GO-PVA hydrogel is
further interpenetrated with a crosslinked network of poly(acrylic
acid) grafted with N-hydroxysuccinimide ester (PAA-NHS ester) to
provide bioadhesive capability** (Fig. 1d and Extended Data Fig. 2).
We then prepare the e-bioadhesive interface by drying the resultant
GO-PVA-PAA-NHS ester hydrogel on the locations of the bioelec-
tronic devices that were to adhere to tissues (Supplementary Fig. 2).
The surface of the bioelectronic devices is functionalized with
primary amine groups to facilitate covalent crosslinking with the
e-bioadhesive interface (Fig. 1e and Extended Data Fig. 3). If the
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Fig. 1| Design and mechanism of the e-bioadhesive interface. a, Schematic illustration of the physical attachment of a bioelectronic device on a tissue.

b, Schematic illustration of the suturing of a bioelectronic device on a tissue. ¢, Schematic illustration of a bioelectronic device adhered by the
e-bioadhesive interface on a wet dynamic tissue for robust integration and bioelectronic communication (top panel); schematic illustration of a magnified
cross-sectional view of the e-bioadhesive interface enabling electrical recording and stimulation between bioelectronic device and tissue (bottom panel).
d-f, Materials design and properties of the graphene nanocomposite-based e-bioadhesive interface capable of providing anisotropic out-of-plane swelling
(d), rapid and robust adhesion on wet tissues (e) and high electrical conductivity (f). Red arrows with crosses in d indicate limited in-plane swelling.

e-bioadhesive interface is placed on the electrode of the devices,
the GO-PVA hydrogel can further be reduced to rGO-PVA hydro-
gel prior to the introduction of the bioadhesive PAA-NHS ester
network. The reduction of GO results in electrical conductiv-
ity without compromising the mechanical properties because
the reduction conditions adopted here cause minimal disruption
of the dense hydrogen-bond-based physical crosslinks within
the PVA network and between PVA and GO** (Fig. 1f and
Supplementary Fig. 3).

Once in contact with wet tissue surfaces, the carboxylic acid
groups in the e-bioadhesive interface facilitate rapid absorption and
removal of the interfacial water and form physical crosslinks such
as hydrogen bonds and electrostatic interactions with the tissue sur-
face under gentle pressure (~1kPa) within 5s (refs. ***") (Fig. 1d and
Extended Data Fig. 4). The NHS ester groups in the e-bioadhesive
interface can further form covalent crosslinks with primary amine
groups on the tissue surface, offering long-term stable integration
of bioelectronic devices in wet and dynamic physiological environ-
ments (Extended Data Fig. 4). However, the adhesion formed by
the e-bioadhesive interface can be promptly reversed within 5min
by applying a biocompatible aqueous triggering solution (0.5M
sodium bicarbonate and 50 mM L-glutathione reduced in PBS)**

(Extended Data Fig. 5), allowing on-demand and atraumatic
removal of the adhered bioelectronic device from the tissue.
During adhesion formation, the dry e-bioadhesive interface
absorbs water and anisotropically swells orthogonally to the adhe-
sion interface (3.6 times increase in thickness) while the length and
width increase to less than 1.1 times their initial values (Fig. 2a).
The e-bioadhesive interface exhibits no further dimensional change
after fully swelling to its equilibrium state (Supplementary Fig. 4).
The anisotropic swelling of the e-bioadhesive interface originates
from the substrate-constrained drying process used in its prepara-
tion (Supplementary Fig. 2), in which the formation of rGO-PVA
microstructures constrains the swelling of the e-bioadhesive
along the in-plane directions (Fig. 2a)*'. In comparison, substrate-
constrained drying of e-bioadhesive interface without rGO leads
to approximately isotropic swelling, indicating that rGO is critical
for the anisotropic swelling of the e-bioadhesive interface (Fig. 2a).
The anisotropic swelling property of the e-bioadhesive interface
can minimize the potential geometric mismatch and subsequent
distortion or delamination of the e-bioadhesive interface from
bioelectronic devices in wet physiological environments. After
forming adhesion on wet tissues, the swollen e-bioadhesive inter-
face becomes a thin layer of hydrogel with tissue-like high water
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Fig. 2 | Mechanical properties of the e-bioadhesive interface. a, Schematic il
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lustration for the anisotropic swelling (left panel) and swelling ratio in the

length, width, and thickness directions of the e-bioadhesive interface with and without rGO (right panel). w/, with; w/o, without. Yellow dashed line
indicates no swelling (swelling ratio equal to 1). b, Nominal stress-stretch curve of the e-bioadhesive interface fully swollen in PBS, the slope in the curve
is used to calculate the Young's modulus of fully swollen e-bioadhesive interface. F indicates tensile force applied to the sample. ¢, Interfacial toughness
and shear strength between various tissues and polyimide substrates adhered by the e-bioadhesive interface. d, Interfacial toughness and shear strength
between porcine skin and various device materials adhered by the e-bioadhesive interface. Values in a, ¢, and d represent the mean and the standard
deviation (n=3 independent samples in a). Statistical significance and P values are determined by one-way ANOVA and Tukey's multiple comparison test.

NS, not significant; ****P <0.0001.

content (~85% by volume), softness (Young’s modulus of 293 kPa),
stretchability (>2), and high toughness (fracture toughness of
1,126 Jm™2) (Fig. 2a,b and Supplementary Fig. 5). In addition, the
thin thickness and the small thickness change of the e-bioadhesive
interface compared with the typical dimensions of tissues, together
with the tissue-like mechanical properties, can also minimize the
potential compressive narrowing of underlying tissues (Extended
Data Fig. 6).

Adhesion performance

To evaluate the adhesion performance of the e-bioadhesive inter-
face, we conduct standard mechanical tests to measure the inter-
facial toughness (180° peel test, ASTM F2256) and shear strength
(lap-shear test, ASTM F2255) of various tissues and device mate-
rials adhered by the e-bioadhesive interface. The e-bioadhesive
interface with a polyimide backing forms rapid and robust adhesion
to various wet tissues with high interfacial toughness (>420Jm™?
for heart; >270]m™2 for skin; >230] m2 for muscle; >260]m™2 for
sciatic nerve) and high shear strength (>110kPa for heart; >60kPa
for skin; >50kPa for muscle; >70kPa for sciatic nerve) within 5s of
applying gentle pressure (~1 kPa) (Fig. 2¢c, Supplementary Figs. 6 and
7a,c). In comparison, the interfacial toughness and shear strength
of polyimide physically attached on heart are only 1.55Jm™ and
0.21 kPa, respectively, and on skin are only 0.34Jm™2 and 0.19kPa,
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respectively (Extended Data Fig. 7). The e-bioadhesive interface
can also provide rapid and robust adhesion between wet tissues
and various commonly used device materials with high interfacial
toughness (>250 ] m~ for silicon; >190 ] m~2 for gold; >200] m for
polydimethylsiloxane (PDMS); >90]m™ for polycarbonate (PC))
and high shear strength (>60kPa for silicon; >50kPa for gold;
>40kPa for PC; >60kPa for PDMS) (Fig. 2d and Supplementary
Fig. 7b,d).

Electrical performance

To provide unimpeded electrical communications between the
bioelectronic device and the underlying tissue, the presence of the
e-bioadhesive interface on device electrodes should not substantially
alter the electrical properties of the tissue-electrode interface. The
e-bioadhesive interface can be readily modified to endow electrical
conductivity by reducing the GO in the nanocomposite hydrogel
to rGO (Fig. 3a and Supplementary Fig. 8), without compromising
the favourable mechanical properties including high water content,
tissue-like softness, anisotropic swelling, and rapid robust adhesion
capability (Supplementary Figs. 4 and 5).

The e-bioadhesive interface exhibits a stable electrical conduc-
tivity of >2.6 Sm™" during a 14 day incubation in PBS at 37 °C, both
with and without endogenous enzymes (for example, collagenase).
The conductivity of the e-bioadhesive interface is substantially
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Fig. 3 | Electrical properties of the e-bioadhesive interface. a, Conductivity of the e-bioadhesive interface in PBS over 14 days at 37 °C. Values represent
the mean and the standard deviation (n==8 independent samples). Statistical significance and P values are determined by one-way ANOVA and Tukey's
multiple comparison test. NS, not significant. b, Electrical impedance spectroscopy measurements in the thickness direction of the e-bioadhesive interface
fully swollen in PBS. ¢, Charge injection curves of the e-bioadhesive interface with biphasic pulses of 10 ms and +£0.5V versus Ag/AgCl. d, Charge injection
curves of the e-bioadhesive interface at 1,1,000, 5,000 and 10,000 cycles. e, Impedance in the thickness direction of the e-bioadhesive interface at TkHz
during cyclic tensile deformations measured by ammeter (A) and voltmeter (V). f, Impedance in the thickness direction of the e-bioadhesive interface

for 1-10,000 Hz at different stretch cycles (1, 10, 30, 50, 100, 300, 500 and 1,000). g, Schematic illustration of a circuit with LEDs adhered on an ex vivo
beating porcine heart. h,i, Schematic illustrations and images of a circuit with LEDs with (h) and without (i) the e-bioadhesive interface adhered on an

ex vivo porcine heart.

higher than that of biological tissues (0.3-0.7Sm™")** (Fig. 3a and
Supplementary Fig. 9). Moreover, the thin thickness (<100 um) and
the conformal adhesion of the e-bioadhesive interface can further
reduce interconnection and contact resistance, respectively. As a
result, the e-bioadhesive interface shows a low impedance (<50Q)
at physiologically relevant frequencies of 10>-10°Hz (ref. °) (Fig. 3b),
minimizing the unfavourable increase of electrical impedance at the
device-tissue interface. We further characterize the charge injection
capability (CIC) of the e-bioadhesive interface to evaluate its effect on
the electrical stimulation efficacy of bioelectronic devices (Fig. 3¢).
The e-bioadhesive interface shows a CIC value of ~25pCcm™,
comparable to that of metallic electrodes (10-50 pC cm~2)*, indicat-
ing that the presence of the e-bioadhesive interface does not impair
the electrical stimulation efficacy (Fig. 3d). We further evaluate the
electrochemical stability of the e-bioadhesive interface by cyclic CIC
measurements. The e-bioadhesive interface exhibits a <5% decrease

in CIC value after 10,000 charging and discharging cycles (Fig. 3d).
Moreover, the out-of-plane impedance of the e-bioadhesive inter-
face exhibits a negligible hysteresis (Fig. 3e) and fluctuation (Fig. 3f)
during cyclic tensile deformations at a physiologically relevant
strain level (for example, a 30% tensile engineering strain), further
supporting the stability of the e-bioadhesive interface in dynamic
physiological conditions.

To demonstrate the robust mechanical integration and stable
electrical communication between bioelectronic devices and wet
dynamic tissues through the e-bioadhesive interface, we apply
a circuit with light-emitting diodes (LEDs) with and without the
e-bioadhesive interface onto a beating ex vivo porcine heart (by
introducing cyclical, pressurized air inputs into the heart chambers
to mimic heartbeats, Fig. 3g). The circuit with the e-bioadhesive
interface can form rapid and robust integration as well as stable
electrical communication with the porcine heart (Fig. 3h and
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Fig. 4 | In vitro and in vivo biocompatibility of the e-bioadhesive interface. a, In vitro cell viability of rat cardiomyocytes based on LIVE/DEAD assay

after 24 h culture in a control media (DMEM) and in an e-bioadhesive-incubated media. b,c, Representative histology images stained with haematoxylin
and eosin for gold electrodes with (b) and without (c) the e-bioadhesive interface after rat subcutaneous implantation for 14 days. Five independent
experiments were conducted with similar results. d,e, Degree of tissue inflammation (d) and inflammation thickness (e) when using gold electrodes with
and without the e-bioadhesive interface evaluated by a blinded pathologist (O, normal; 1, very mild; 2, mild; 3, moderate; 4, severe; 5, very severe).

f-i, Representative immunofluorescence images and normalized fluorescence intensity obtained with gold electrodes with and without the e-bioadhesive
interface after subcutaneous implantation in rat for 14 days. Cell nuclei are stained with propidium iodide (PI, red). Green fluorescence corresponds to the
expression of fibroblasts (a-SMA, f), macrophages (CD68, g), T cells (CD3, h), and collagen (collagen-|, i), respectively. Values in a and d-i represent the
mean and the standard deviation (n=3 independent samples in a and f-i, and n=5 independent samples in d and e). Statistical significance and P values

are determined by two-sided Student's t-test. NS, not significant.

Supplementary Video 1). In contrast, the circuit without the
e-bioadhesive interface exhibits unstable adhesion with the beating
heart, resulting in the LEDs blinking along with the beating of the
heart (Fig. 3i and Supplementary Video 2).

Biocompatibility
To evaluate the biocompatibility of the e-bioadhesive interface, we per-
form a set of in vitro and in vivo characterizations based on rat mod-
els (Fig. 4). A cell culture media (Dulbecco’s modified eagle medium,
DMEM) conditioned with the e-bioadhesive interface shows com-
parable in vitro cytotoxicity of rat cardiomyocytes to a control (pris-
tine DMEM) after 24 h culture (Fig. 4a and Supplementary Fig. 10).
We further evaluate the in vivo biocompatibility of the e-bioadhesive
interface based on dorsal subcutaneous implantation in a rat model
for 14 days (Fig. 4b,c). Histological assessments by a blinded pathol-
ogist demonstrate that both gold electrodes with and without the
e-bioadhesive interface show comparable tissue responses without
severe inflammatory response 14 days after implantation (P=0.34,
Fig. 4d). Furthermore, there is no significant difference (P=0.77) in
the thickness of inflammation between the gold electrodes with and
without the e-bioadhesive interface (Fig. 4¢).

To further investigate the in vivo biocompatibility of the
e-bioadhesive interface, we perform immunofluorescence staining
of various markers for fibroblasts (a-smooth muscle actin (a-SMA),

NATURE MATERIALS | www.nature.com/naturematerials

Fig. 4f), macrophages (CD68, Fig. 4g), T cells (CD3, Fig. 4h), and
collagen (collagen-I, Fig. 4i) related to inflammatory and foreign
body responses. Based on the immunofluorescence analysis, the
gold electrodes with and without the e-bioadhesive interface exhib-
ited no significant difference in the expression of a-SMA (P=0.087),
CD68 (P=0.87), CD3 (P=0.62), and collagen-I (P=0.82), indicat-
ing that the in vivo biocompatibility of the e-bioadhesive interface
is comparable to that of conventional gold electrodes. The immuno-
histochemistry staining of the same markers further confirmed that
the presence of the e-bioadhesive interface on gold electrodes does
not generate any significant difference in terms of the expression of
a-SMA, CD68, CD3, and collagen-I (Extended Data Fig. 8).

We further quantitatively evaluate the in vivo stability of the
mechanical and electrical properties of the e-bioadhesive interface
by measuring the conductivity, impedance, and interfacial tough-
ness of two gold electrodes adhered by the e-bioadhesive inter-
face 14 days after implantation in rat dorsal subcutaneous pockets
(Extended Data Fig. 9). We find that the conductivity (Extended
Data Fig. 9a), impedance (Extended Data Fig. 9b), and interfa-
cial toughness (Extended Data Fig. 9¢) of the in vivo implanted
samples after 14 days were not statistically significantly different
(P>0.05) compared with the samples incubated in PBS for 1 and
14 days, demonstrating the in vivo stability of the e-bioadhesive
interface (Fig. 5).
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Bioelectronic functionalities on a rat model. To record the epicardial ECG, anodic and cathodic
To evaluate the in vivo bioelectronic functionality of the bioadhesive electrodes (gold electrodes with the e-bioadhesive
e-bioadhesive interface, we record an in situ epicardial electrocar-  interface) are applied to the right atrium and apex of the rat heart,
diogram (ECG, Fig. 5a—c) and electrically stimulated a sciatic nerve  respectively (Fig. 5a). Simultaneously, we also record a surface ECG
(Fig. 5d-h) by gold electrodes with the e-bioadhesive interface based by using conventional needle electrodes to evaluate the quality of
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the epicardial ECG and to monitor possible arrhythmia generated
by the bioadhesive electrodes. The rapid and robust adhesion of the
e-bioadhesive interface enables the electrodes to firmly adhere to
the surface of a beating rat heart within a few seconds upon contact
and gentle pressing. The robust integration is further validated by
gently pulling the adhered electrode and subsequently lifting the
whole heart by this electrode (Fig. 5b).

The e-bioadhesive interface allows stable recording of the epi-
cardial ECG without an observable baseline shift or high-amplitude
noise from the beating rat heart once the bioadhesive electrodes
have adhered to the epicardial tissues (Fig. 5b,c and Supplementary
Video 2). Notably, the surface ECG does not show any observable
sign of arrhythmia caused by the bioadhesive electrodes, demon-
strating the compatibility of the e-bioadhesive interface with elec-
trically active tissues and organs such as the heart. After 14 days of
in vivo implantation, the bioadhesive electrodes maintain a robust
integration with the rat heart and allowed recording of epicardial
ECG signals with waveforms and signal-to-noise ratios compa-
rable to the epicardial ECG signals recorded immediately after the
implantation of the bioadhesive electrodes on day 0 (Fig. 5b,c), vali-
dating the in vivo stability and efficacy of the e-bioadhesive inter-
face. Taking advantage of the triggerable detachment capability of
the e-bioadhesive interface®, we further demonstrat on-demand
atraumatic removal of the adhered bioadhesive electrodes after 14
days of in vivo implantation (Fig. 5b and Supplementary Fig. 11).

For in vivo electrical stimulation of the sciatic nerve, we use
flexible electrodes (50-pm-thick gold-coated polyimide) with
the e-bioadhesive interface (Fig. 5d). The electrodes without the
e-bioadhesive interface are easily detached from the sciatic nerve
with a gentle pull (Fig. 5e). In contrast, the electrodes with the
e-bioadhesive interface are robustly integrated with the sciatic
nerve, and maintain conformal and robust integration under gentle
pulling (Fig. 5f). Under electrical stimulations (0.75-1.2V at 1Hz,
biphasic charge balanced rectangular voltage pulses)'®***, periodic
and stable ankle joint movements (>25°) are observed (Fig. 5g,h
and Supplementary Video 3), demonstrating the stable electrical
stimulation of the sciatic nerve via the e-bioadhesive interface.

Outlook

We have introduced and demonstrated an e-bioadhesive interface to
achieve rapid, robust, atraumatic and electrically functional integra-
tion of bioelectronic devices to diverse wet dynamic tissues. Together
with the broad applicability of the e-bioadhesive interface to a wide
range of materials and surface topologies, the systematically vali-
dated in vivo performance of the e-bioadhesive interface can facili-
tate ready adoption and conversion of existing bioelectronic devices
for various applications. The e-bioadhesive interface not only offers
a promising solution to addressing the long-standing challenges
in tissue—device integration but also provides valuable insights for
future development of biointegrative electronics with improved
functionalities and efficacy in wet physiological environments.
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Methods

Preparation of the e-bioadhesive interface. PVA solution (20% w/w, 99+%
hydrolysed M,, 89,000-98,000) and GO solution (Graphene Supermarket) were
mixed in a volume ratio of 1:1 and stirred for 48 h to obtain a homogeneous
GO-PVA solution. The GO-PVA solution was poured into a glass mould, followed
by freezing at —20°C for 8 h and thawing at 25°C for 3h to form a GO-PVA
hydrogel. The GO-PVA hydrogel was further dried in an incubator at 37 °C for

1h and annealed at 100°C for 1h to obtain a dry GO-PVA film (23.7% w/w GO),
which was used for preparation of the non-electrically conductive e-bioadhesive
interface. For preparation of the electrically conductive e-bioadhesive interface, the
dry-annealed GO-PVA film was further reduced into rGO-PVA by immersing in
Na,$,0, (0.15M) and NaOH (0.5 M) solution at 65 °C for 1h, followed by rinsing
and immersing in deionized water for 4h three times to thoroughly remove

the residual Na,S,0, and NaOH. Unless otherwise indicated, the electrically
conductive version of the e-bioadhesive interface (based on rGO-PVA) was

used (Figs. 2-5).

To introduce the bioadhesive PAA-NHS ester network, the GO-PVA or
rGO-PVA film was immersed in an aqueous acrylic acid solution (30% w/w acrylic
acid, 0.03% w/w N,N'-bis(acryloyl)cystamine and 0.15% w/w 2,2'-azobis(2-m
ethylpropionamidine) dihydrochloride in deionized water) for 2h. The soaked
hydrogel was sealed and heated at 70 °C for 30 min to form the PAA network,
followed by drying on a glass substrate (to ensure constrained drying) under
nitrogen flow. To introduce NHS ester groups into the PAA network, the dry film
was immersed in an aqueous solution of 1-ethyl-3-(-3-dimethylaminopropyl)
carbodiimide (0.5% w/w) and N-hydroxysulfosuccinimide sodium salt
(0.25% w/w) for 5min in room temperature, providing the as-prepared
rGO-PVA-PAA-NHS hydrogel. This hydrogel was then further dried on a glass
substrate or a device under nitrogen flow to prepare the dry e-bioadhesive
interface (Supplementary Fig. 2). The dry samples were sealed in a plastic bag
with dessicant and stored at —20°C before use.

To prepare the e-bioadhesive interface without GO, we used PVA hydrogel
without GO but otherwise followed the same process.

Surface functionalization of device materials. To produce covalent coupling
between bioelectronic devices and the e-bioadhesive interface, various device
materials were surface functionalized with primary amine groups (Extended Data
Fig. 3). The substrates were first activated or cleaned by oxygen plasma treatment
applied for 3 min (30 W power, Harrick Plasma) followed by incubation in the
functionalization solution. For surface functionalization of glass and PDMS,
(3-aminopropyl)triethoxysilane solution (1% w/w in 50% ethanol in deionized
water) was used with an incubation time of 3 h at room temperature. For surface
functionalization of polyimide and polycarbonate, hexamethylenediamine solution
(10% v/v in deionized water) was used with an incubation time of 24 h at room
temperature. For surface functionalization of gold, cysteamine hydrochloride
solution (50 mM in deionized water) was used with an incubation time of 1h at
room temperature. The surface-functionalized substrates were thoroughly washed
with isopropyl alcohol and dried under nitrogen flow before use.

Ex vivo experiments. All porcine tissues and organs used for ex vivo experiments
were purchased from a commercial vendor of research-grade porcine tissue
(Sierra for Medical Science).

Electrical characterization. To measure electrical impedance, the e-bioadhesive
interface was sandwiched between two gold-coated glass electrodes with an
overlapped area (10 mm X 20 mm) and equilibrated in PBS before tests. The
gold-coated glass sheets were connected to an impedance analyser (12874,
Solartron) to measure the out-of-plane impedance. To measure electrical
stability, 0.01% w/v sodium azide was added to the PBS to prevent the growth
of microorganisms during the test. To measure electrical properties during
deformation, a gold-coated polyester film (McMaster Carr) was cut into a
serpentine pattern and adhered to PDMS substrate to minimize fluctuations in
interconnect impedance during the measurement.

To measure electrical conductivity, the e-bioadhesive interface was equilibrated
in PBS before tests. Based on a modified four-point probe method*, AC voltage
(£1V, 1,000 Hz) was applied by a power supply (GW Instek), and current (I) and
voltage (V) were recorded by a digital multimeter (Keysight 4450A). The length
(L), width (W), and thickness (T) of the sample were measured with a Vernier
caliper or a microscope (LV10, Nikon). The electrical conductivity (o) was
calculated according to the following equation:

LxI
6 =—
WxTxV

To measure charge injection capacity, a working electrode (the e-bioadhesive
interface on platinum with an area of 1 cm X 1 cm), a counterelectrode (platinum
wire, 0.5 mm diameter) and a reference electrode (Ag/AgCl in saturated KCI
aqueous solution, CHI Instruments) were immersed in PBS. Biphasic pulses of
10ms and +0.5V were applied by a multichannel potentiostat (VMP3, Bio-Logic
Science Instruments). The output voltage and current were collected to analyse the
charge injection capacity.
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Mechanical characterization. All samples were adhered by the e-bioadhesive
interface by pressing for 5s (applying a pressure of ~1 kPa by either a

mechanical testing machine or an equivalent weight). The surface of various
device materials was functionalized with primary amines before introducing

the e-bioadhesive to ensure covalent coupling with the e-bioadhesive interface
(Extended Data Fig. 3). All mechanical tests were performed 24 h after applying the
pressure to provide sufficient time for equilibrium swelling of the e-bioadhesive
interface in wet environments.

To measure interfacial toughness, adhered samples 2.5 cm wide were prepared
and tested by the standard 180° peel test (ASTM F2256) or 90° peel test (ASTM
D2861) (for inflexible substrates such as silicon) with a mechanical testing machine
(2.5 kN load-cell, Zwick/Roell Z2.5). All tests were conducted with a constant
peeling speed of 50 mm min~". Interfacial toughness was calculated by dividing
two times the plateau force (for the 180° peel test) or the plateau force (for the
90° peel test) by the width of the tissue sample following the corresponding ASTM
standard. Poly(methyl methacrylate) films (50 um thick, Goodfellow) were applied
by using a cyanoacrylate glue (Krazy Glue) as a stiff backing for the tissues.

For on-demand detachment, the adhered tissue samples were sprayed with an
aqueous triggering solution (0.5 M sodium bicarbonate and 50 mM L-glutathione
reduced in PBS) and kept in a sealed plastic bag for 5min before interfacial
toughness measurements.

To measure shear strength, the adhered samples with an adhesion area
2.5cm wide and 1cm long were prepared and tested by the standard lap-shear
test (ASTM F2255) with a mechanical testing machine (2.5 kN load-cell, Zwick/
Roell Z2.5). All tests were conducted with a constant tensile speed of 50 mm min~'.
Shear strength was calculated by dividing the maximum force by the adhesion
area following the corresponding ASTM standard. Poly(methyl methacrylate)
films (50 um thick, Goodfellow) were applied by using cyanoacrylate glue as a stiff
backing for the tissues.

Validation of amine-coupling of the e-bioadhesive interface. To validate the
formation of covalent coupling between primary amine groups and NHS ester
groups in the e-bioadhesive interface, the e-bioadhesive interface with and
without NHS ester was incubated in PBS with 6-amino fluorescein for 1h at room
temperature. The incubated samples were then thoroughly washed with deionized
water to remove unreacted 6-amino fluorescein. The presence of covalently
coupled 6-amino fluorescein was characterized by fluorescence microscopy
(LV10, Nikon) (Extended Data Fig. 2).

In vitro biodegradation. In vitro biodegradation evaluation of the e-bioadhesive
interface was conducted based on an enzymatic degradation media following the
previously reported protocol®. To prepare the in vitro enzymatic biodegradation
media, 5mg collagenase was added in 100 ml PBS. Before immersion in the
enzymatic media, the samples were sterilized in 70% ethanol for 15min and
washed three times with PBS. Each sample was then immersed in 100 ml of

the enzymatic media and incubated at 37 °C with 60 r.p.m. shaking. Sodium
azide (0.01% w/v) was added to the enzymatic media to prevent growth of
microorganisms during the tests.

In vitro biocompatibility. In vitro biocompatibility tests were conducted using
the e-bioadhesive interface-conditioned media as was used for cell culture. To
prepare the e-bioadhesive interface-conditioned media, 20 mg of the e-bioadhesive
interface was incubated in 1 ml DMEM supplemented with 10% v/v fetal bovine
serum and 100 U ml~ penicillin-streptomycin at 37 °C for 24 h. Supplemented
DMEM without incubating the e-bioadhesive was used as a control. Rat embryonic
cardiomyocytes (H9¢2(2-1), ATCC) were plated in a confocal dish (20 mm
diameter) at a density of 0.5 X 10° cells (n=3 per each group). The cells were then
treated with the e-bioadhesive interface-conditioned media and incubated at 37°C
for 24h in 5% CO,. The cell viability was determined by a LIVE/DEAD viability/
cytotoxicity kit for mammalian cells (Thermo Fisher Scientific). A laser confocal
microscope (SP 8, Leica) was used to image live cells with excitation/emission at
495nm/515nm, and dead cells at 495 nm/635 nm, respectively. The cell viability
was calculated by counting the number of live (green fluorescence) and dead

(red fluorescence) cells by using ImageJ 1.8.0.

In vivo stability. All animal surgeries were reviewed and approved by the
Committee on Animal Care at the Massachusetts Institute of Technology. Female
Sprague Dawley rats (225-250g, Charles River Laboratories) were used for all

in vivo studies.

To prepare samples for in vivo subcutaneous implantation, an E-beam
evaporator (HHV TF500) was used to deposit gold (100 nm) on the surface of
flexible polyimide film (25 um thick) to obtain flexible gold-coated polyimide
electrodes. Before implantation, the gold-coated polyimide electrodes were
functionalized with primary amines according to the method described above.
Two gold-coated polyimide electrodes were adhered by the e-bioadhesive interface
and cut into rectangular samples (1 cm X 2 cm). All samples were prepared in an
aseptic manner and were further disinfected under ultraviolet light for 3h.

For implantation in the dorsal subcutaneous space, animals were anaesthetized
with isoflurane (1-2% isoflurane in oxygen) in an anaesthetizing chamber.
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Anaesthesia was maintained using a nose cone. The back hair was removed and
the animals were placed in the prone position over a heating pad for the duration
of the surgery. The subcutaneous space was accessed by a 1-2 cm skin incision per
implant in the centre of the animal’s back. To create space for implant placement,
blunt dissection was performed from the incision towards the animal’s shoulder
blades. The sample was placed in the subcutaneous pocket created above the
incision (n=4). The incision was closed with interrupted sutures (4-0 Vicryl,
Ethicon) and 3-6 ml of saline was injected subcutaneously. Fourteen days after the
implantation, the animals were killed by CO, inhalation. The implanted samples
were excised and collected for mechanical and electrical measurements. For
in vitro comparison, the samples were put in PBS solution at 37 °C with 60 r.p.m.
shaking for 1 or 14 days.

For measurement of electrical impedance, the two gold-coated polyimide
electrodes adhered by the e-bioadhesive interface were directly used according
to the method described above. For measurement of interfacial toughness, each
end of the two gold-coated polyimide electrodes adhered by the e-bioadhesive
interface was gripped by a mechanical testing machine (2.5kN load-cell, Zwick/
Roell Z2.5) to perform a 180° peel test following the method described above.
For measurement of electrical conductivity, the e-bioadhesive interface was
separated from the gold-coated polyimide electrode with a razor blade and used
for four-point probe test according to the method described above.

In vivo biocompatibility. Before implantation, amine-functionalized gold-coated
polyimide electrodes with the e-bioadhesive interface were cut into rectangular
samples (1 cm X 1 cm). Gold-coated polyimide electrodes without the e-bioadhesive
interface were used as a control group. All samples were prepared in an aseptic
manner and were further disinfected under ultraviolet light for 3 h. Implantation

in the dorsal subcutaneous space was done as described above. Up to three
implants were placed per animal, ensuring no overlap between each subcutaneous
pocket created. Fourteen days after the implantation, the animals were killed by
CO, inhalation. Subcutaneous regions of interest were excised and fixed in 10%
formalin for 24 h for histological analyses (n=6).

In vivo ECG recording. To prepare bioadhesive electrodes, gold foils (20 pm thick,
Goodfellow) were first functionalized with primary amine groups and assembled
with the e-bioadhesive interface. The bioadhesive electrodes were then cut into

a rectangular strips (1.3 mm X 2mm) and a 1-mm-diameter sterile biopsy punch
(Dynarex) was used to cut a circular hole at the end of the electrode for connection
of a lead wire. Two bioadhesive electrodes were assembled with a non-conductive
e-bioadhesive interface (based on GO-PVA, 2.5mm X 12 mm). All samples were
prepared in an aseptic manner and were further disinfected under ultraviolet

light for 3h.

For implantation of the bioadhesive electrodes, animals were anaesthetized
with isoflurane (1-3% isoflurane in oxygen) in an anaesthetizing chamber. Chest
hair was removed. Endotracheal intubation was performed, and the animals were
connected to a mechanical ventilator (Model 683, Harvard Apparatus) and placed
supine over a heating pad for the duration of the surgery. The heart was exposed
via a thoratomy in the third or fourth left intercostal space and the pericardium
was removed with fine forceps. To record surface ECG, conventional needle
electrodes were used. Anodic and cathodic needle electrodes were inserted into
the skin of the right foreleg and the left hindleg of a rat, respectively. To record
epicardial ECG, a bioadhesive electrode (cathode) was placed close to the apex of
the heart and a second bioadhesive electrode (anode) was placed close to the right
atrium (n=4). A needle electrode was inserted into the skin of the left foreleg as
a shared ground for both surface and epicardial ECG recordings (Fig. 5a). ECG
signals were collected with a Powerlab and a Bio Amplifier (AD Instrument,
LabChart Pro 7). Following the ECG recording, the lead wires were removed and
the incisions were closed using interrupted sutures (4-0 Vicryl, Ethicon) and
3-6ml of saline was administered subcutaneously. The animal was ventilated
with 100% oxygen until autonomous breathing was regained, and the intubation
catheter was removed.

Fourteen days after implantation each animal was anaesthetized and connected
to a ventilator according to the procedure described above. The heart was exposed
via a sternotomy and lead wires connected to the bioadhesive electrodes to record
epicardial ECG signals according to the procedure described above. Following the
ECG recording, a sterile surgical gauze was placed on the surface of bioadhesive
electrodes and the triggering solution was applied to the gauze to trigger
detachment of the electrodes. Five minutes after applying the triggering solution,
the bioadhesive electrodes were gently removed from the heart with forceps. The
animals were then killed by CO, inhalation and the epicardial regions of interest
were excised and fixed in 10% formalin for 24 h for histological analyses.

In vivo sciatic nerve stimulation. To prepare bioadhesive electrodes for
stimulation, gold-coated polyimide films (50 pm thick) were used according

to the procedure described above. The bioadhesive electrodes were cut to
1.5mm in width and connected by silver paste to a copper wire. All samples were
prepared in an aseptic manner and were further disinfected under ultraviolet
light for 3 h. For sciatic nerve stimulation, animals were anaesthetized with
isoflurane (1-3% isoflurane in oxygen) in an anaesthetizing chamber.

After shaving, the vastus lateralis muscle and biceps femoris muscle were dissected
to expose the sciatic nerve. The bioadhesive electrodes were adhered on the
exposed sciatic nerve. Biphasic charge-balanced rectangular voltage pulses

(1Hz, 0.75-1.2V) were applied by a function generator (PCSGU250, Velleman).

A protractor marker was placed under the leg to measure the change in the angle
of the ankle joint.

Histological processing. Fixed tissue samples were placed in 70% ethanol and
submitted for histological processing and haematoxylin and eosin staining at the
Hope Babette Tang (1983) Histology Facility in the Koch Institute for Integrative
Cancer Research at the Massachusetts Institute of Technology. Histological
assessment was performed by a blinded pathologist and representative images of
each group are shown in the corresponding figures.

Immunohistochemistry and immunofluoresence analysis. Gold electrodes with
and without the e-bioadhesive interface (1 =3 per group) were implanted into the
dorsal subcutaneous space of the rats as described in the in vivo biocompatibility
evaluation. The expression of targeted proteins (a-SMA, CD68, CD3,

collagen-I) was analysed after immunofluorescence and immunohistochemistry
staining at 14 days after implantation. Before the immunohistochemistry and
immunofluorescence analysis, the paraffin-embedded fixed tissues were sliced and
prepared into slides.

For immunohistochemistry analysis, the slides were deparaffinized and
rehydrated to deionized water. Antigen retrieval was performed using a steam
method during which the slides were steamed in IHC-Tek Epitope Retrieval
Solution (IW-1100) for 35 min and then cooled for 20 min. Then the slides were
washed in three changes of PBS for 5min per cycle and blocked with 3% H,0,.
After washing in three changes of PBS, the slides were incubated in primary
antibodies (1:200 mouse anti-a-SMA for fibroblast (ab7817, Abcam); 1:200
mouse anti-CD68 for macrophages (ab201340, Abcam); 1:100 rabbit anti-CD3
for T cells (ab5690, Abcam); 1:200 rabbit anti-collagen-I for collagen (ab21286,
Abcam)) diluted with IHC-Tek Antibody Diluent for 1h at room temperature.
The slides were then washed three times in PBS and incubated with biotinylated
goat anti-rabbit or horse anti-mouse secondary antibody (1:500, Vector Lab) for
30 min. The slides were washed in PBS and then incubated with HRP-Streptavidin
(1:500, Jackson Immunoresearch) for 30 min. The slides were incubated with DAB
Chromogen Substrate Solution (0.05% 3,3’-diaminobenzidine, IW-1600, IHC
World) for 5-10 min and then washed with PBS and counterstained with Mayer’s
haematoxylin.

For immunofluorescence analysis, the slides were deparaffinized and
rehydrated to deionized water. Antigen retrieval was performed using a steam
method during which the slides were steamed in IHC-Tek Epitope Retrieval
Solution (IW-1100) for 35min and then cooled for 20 min. Then the slides were
washed in three changes of PBS for 5min per cycle. After washing, the slides
were incubated in primary antibodies (1:200 mouse anti-a-SMA for fibroblast
(ab7817, Abcam); 1:200 mouse anti-CD68 for macrophages (ab201340, Abcam);
1:100 rabbit anti-CD3 for T cells (ab5690, Abcam); 1:200 rabbit anti-collagen-I
for collagen (ab21286, Abcam)) diluted with IHC-Tek Antibody Diluent for 1h at
room temperature. The slides were then washed three times in PBS and incubated
with Alexa Fluor 488 labelled anti-rabbit or anti-mouse secondary antibody
(1:200, Jackson Immunoresearch) for 30 min. The slides were washed in PBS and
then counterstained with propidium iodide solution for 20 min. A laser confocal
microscope (SP 8, Leica) was used for image acquisition. Image] was used to
quantify the fluorescence intensity of expressed antibodies. All the images
were transformed to 8-bit binary images, and the fluorescence intensity was
calculated by normalized analysis. All analyses were blinded with respect to the
experimental conditions.

Statistical analysis. MATLAB software was used to assess the statistical
significance of all comparison studies in this work. Data distribution was assumed
to be normal for all parametric tests, but this was not formally tested. In the
statistical analysis for comparison between multiple samples, one-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparison test were conducted
with thresholds of *P <0.05, **P<0.01, ***P<0.001 and ***P <0.0001. For the
statistical analysis between two data groups, the two-sample Student’s ¢-test was
used, and the significance thresholds were *P<0.05, **P<0.01, ***P <0.001 and
PP <0.0001.

Reporting Summary. Further information on the research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

All relevant data that support the findings of this study are available in the article
and its supplementary files. Source data of plots are provided with this paper.
Source data are provided with this paper.

Code availability

No custom code is used in this study.
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Extended Data Fig. 1| Rapid and robust adhesion of a device on wet tissue surface by the e-bioadhesive interface. a, Overall process of applying a device
with the e-bioadhesive interface to an ex vivo porcine heart. b, Robust integration of the device to the wet heart surface.
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Extended Data Fig. 2 | Amine coupling of the e-bioadhesive interface. a, Schematic illustration of covalent coupling of fluorescein with the e-bioadhesive
interface by reaction between NHS ester groups in the e-bioadhesive interface and the primary amine groups in 6-amino fluorescein. b, ¢, Fluorescence
microscopic images of the e-bioadhesive interface with (b) and without (¢) NHS ester. 3 independent experiments were conducted with similar results.
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Extended Data Fig. 3 | Surface amine functionalization of various device materials. a, Schematic illustration for primary amine functionalization of silicon
and PDMS. b, Schematic illustration for primary amine functionalization of gold. ¢, Schematic illustration for primary amine functionalization of polyimide.
d, Schematic illustration for primary amine functionalization of polycarbonate.
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Extended Data Fig. 4 | Schematic illustrations for the overall application process and mechanism of the e-bioadhesive interface. The e-bioadhesive
interface is assembled with bioelectronic devices to endow the ability to adhere to and electrically communicate with wet tissue surfaces. Upon contact
with the wet tissue surface, the e-bioadhesive interface quickly absorbs the interfacial water and dry the tissue surface. The carboxylic acid groups

in the e-bioadhesive interface form temporary physical crosslinks by hydrogen bonds and/or electrostatic interactions. The NHS ester groups in the
e-bioadhesive interface subsequently form covalent crosslinks with the primary amine groups on the tissue surface and provide stable long-term
tissue-device integration.
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Extended Data Fig. 5 | On-demand detachment of the e-bioadhesive interface. a, Schematic illustrations for on-demand detachment of the e-bioadhesive
interface by the triggering solution. b, Schematic illustrations for chemistry of the on-demand cleaving of hydrogen bonds between the e-bioadhesive
interface and the tissue surface. ¢, Schematic illustrations for the on-demand cleaving of covalent disulfide bonds between the e-bioadhesive interface and
the tissue surface.
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Extended Data Fig. 6 | Evaluation of compressive narrowing of carotid artery and sciatic nerve by the e-bioadhesive interface. a, Schematic illustrations
of a measurement setup for the potential compressive narrowing of tissues by the e-bioadhesive interface. b, Outer diameter of bare carotid artery,
carotid artery with the dry and fully swollen e-bioadhesive interfaces. ¢, Outer diameter of bare sciatic nerve, sciatic nerve with the dry and fully swollen
e-bioadhesive interfaces. Values in b,c represent the mean and the standard deviation (n=4 independent samples). Statistical significance and P values
are determined by two-sided Student t-test; ns, not significant.
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Extended Data Fig. 7 | Adhesion performance of device integration to wet tissues by physical attachment. a, Interfacial toughness between various
tissues and polyimide substrates adhered by the e-bioadhesive interface and physical attachment. b, Shear strength between various tissues and

polyimide substrates adhered by the e-bioadhesive interface and physical attachment. Values in a, b represent the mean and the standard deviation

(n=3 independent samples). Statistical significance and P values are determined by two-sided Student t-test; *** p<0.007; **** p <0.0001.
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Extended Data Fig. 8 | Inmunohistochemistry analysis of CD3, CD68, Collagen-I, and «-SMA expression. Representative immunohistochemistry images
of CD3, CD68, Collagen-I, and a-SMA for gold electrode with and without the e-bioadhesive interface after rat subcutaneous implantation for 14 days,
respectively. 5 independent experiments were conducted with similar results.
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Extended Data Fig. 9 | Stability of in vivo performance. Conductivity, impedance, and interfacial toughness of two gold electrodes adhered by the
e-bioadhesive interface after 1day and 14 days of incubation in PBS, and 14 days of in vivo implantation in rat dorsal subcutaneous pockets. Values

represent the mean and the standard deviation (n=3 independent samples). Statistical significance and P values are determined by two-sided Student
t-test; ns, not significant.
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Extended Data Table 1| Comparison of various types of bioelectronic devices for wet tissues and organs

Integration Adhesion Long-term

Type Device Thickness Mechanism Energy Stability Tissue Damage Examples
Imperceptible Electronics <3 um Physical attachment (< é_?me'z) (acuteL?uv;I]ction) (surfaclzeozlontact) (12,47,48)
Conformable Electronics 5-30 ym Physical attachment (< 3|73Wm-2) (acuteL?uvr:ction) (surfacl_eogontact) (7,9,11,44,49,50)

Flexible Electronics >30 um Suture High High High (15,16,19,51,52)

(>500J m?) (>6days, heart) (tissue puncture)

Thickness Dry-crosslinking High High Low

independent mechanism (>450 J m?) (>14 days, heart) (surface contact) i e

E-bioadhesive Interface
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size In vivo experiments on rat were conducted to investigate in vivo biocompatibility based on histological assessment after implantation, in vivo
ECG recording, and in vivo sciatic nerve stimulation. The appropriate sample sizes (n=4-5) were selected based on the published literatures on
ECG recording and sciatic nerve stimulation.

Data exclusions  The following rats were also excluded: Animals that did not survive the surgery, animals that showed infection or opened the sutured incision,
and animals with defective samples.

Replication In vivo studies for biocompatibility were reliably reproduced based on comparable histological assessment for each case by the blinded
pathologist. In vivo studies for ECG recording and sciatic nerve stimulation were reliably reproduced based on comparable recorded signals
for different animals. All in vivo studies were independently performed with at least 1 day between surgeries.

Randomization  All the tests were performed with randomly allocated experimental groups.

Blinding All histological assessments were conducted by the blinded pathologist based on randomly mixed histological slides without informing type or
study group of samples.
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Mouse anti-CD68 for macrophages (ab201340, Abcam); Rabbit anti-CD 3 for T-cells (ab5690, Abcam).

Secondary antibodies: Alexa Fluor 488 labeled anti-rabbit or anti-mouse secondary antibody (315-545-003, Jackson
Immunoresearch).

Validation All antibodies are commercially available and have been tested by the manufacturer. Vendors and catalog numbers are listed
above and validation can be found there.

Mouse anti-aSMA (ab7817, Abcam): This monoclonal antibody recognizes aSMA. Manufacturer-validated to react with Mouse,
Rat, Rabbit, Human, Pig aSMA (https://www.abcam.com/alpha-smooth-muscle-actin-antibody-1a4-ab7817.html).

Rabbit anti-Collagen | (ab21286, Abcam): This polyclonal antibody recognizes to Collagen |. Manufacturer-validated to react with
Mouse, Rat Collagen | (https://www.abcam.com/collagen-i-antibody-ab21286.html).

Mouse anti-CD68 (ab201340, Abcam): This monoclonal antibody recognizes CD68. Manufacturer-validated to react with Mouse,
Rat, Human CD68 (https://www.abcam.com/cd68-antibody-c68684-ab201340.html).

Rabbit anti-CD3 (ab5690, Abcam): This polyclonal antibody recognizes to CD3. Manufacturer-validated to react with Mouse, Rat,
Human CD3 (https://www.abcam.com/cd3-antibody-ab5690.html).
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Authentication H9c2(2-1) cells from ATCC were authenticated by ATCC.
Mycoplasma contamination The cell line was not tested for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used.
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Laboratory animals Female Sprague Dawley rats (12 weeks, 225-275g weight), were purchased from Charles River Laboratories.

Wild animals This study does not involve wild animals.

Field-collected samples This study does not involve field-collected samples.

Ethics oversight Animal procedures were reviewed and approved by the Massachusetts Institute of Technology Committee on Animal Care.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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