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Adaptive self-healing electronic epineurium
for chronic bidirectional neural interfaces
Kang-Il Song 1,2,9, Hyunseon Seo1,3,9, Duhwan Seong4, Seunghoe Kim1, Ki Jun Yu5, Yu-Chan Kim1,

Jinseok Kim1, Seok Joon Kwon6,7, Hyung-Seop Han1, Inchan Youn1,8✉, Hyojin Lee1,8✉ & Donghee Son 4✉

Realizing a clinical-grade electronic medicine for peripheral nerve disorders is challenging

owing to the lack of rational material design that mimics the dynamic mechanical nature

of peripheral nerves. Electronic medicine should be soft and stretchable, to feasibly allow

autonomous mechanical nerve adaptation. Herein, we report a new type of neural interface

platform, an adaptive self-healing electronic epineurium (A-SEE), which can form compres-

sive stress-free and strain-insensitive electronics-nerve interfaces and enable facile biofluid-

resistant self-locking owing to dynamic stress relaxation and water-proof self-bonding

properties of intrinsically stretchable and self-healable insulating/conducting materials,

respectively. Specifically, the A-SEE does not need to be sutured or glued when implanted,

thereby significantly reducing complexity and the operation time of microneurosurgery.

In addition, the autonomous mechanical adaptability of the A-SEE to peripheral nerves

can significantly reduce the mechanical mismatch at electronics-nerve interfaces, which

minimizes nerve compression-induced immune responses and device failure. Though a small

amount of Ag leaked from the A-SEE is observed in vivo (17.03 ppm after 32 weeks

of implantation), we successfully achieved a bidirectional neural signal recording and

stimulation in a rat sciatic nerve model for 14 weeks. In view of our materials strategy and

in vivo feasibility, the mechanically adaptive self-healing neural interface would be considered

a new implantable platform for a wide range application of electronic medicine for neuro-

logical disorders in the human nervous system.
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A
peripheral nerve-electronics interface capable of restoring
bidirectional communication system in injured nerves can
enable reliable control of prosthetic robots and diagnosis

and therapy of neurological disorders1–8. The safest and most
reliable way to chronically interact with peripheral nerves may be
accomplished by combining the following: (i) matching the
mechanical moduli of the nerve tissue and electronics, (ii) ensuring
strain-insensitive ionic/electronic conductivity, (iii) using bio-
compatible interfacing materials, and (iv) using a low-invasiveness
procedure. As a promising candidate for treating injured nervous
systems, peripheral nerve cuff electrodes were developed for
neuroprosthetic applications in human studies7–14. Specifically,
spiral cuffs and flat interface nerve electrodes were shown their
effectiveness of nerve function restoration achieved by electrical
stimulation8–12. The recording of sensory compound action
potentials (CAPs) was also achieved by the spiral cuffs and utilized
to demonstrate foot drop correction13,14. However, a continuous
compressive force exerted to the peripheral nerves wrapped by the
cuffs may lead to the deformation of fascicles and blockage of
interfascicular blood vessels, which limits the effective recovery of
sensory and motor functions after the nerve repair15,16. Although
flexible cuff electrodes have shown their stability and effectiveness
in both preclinical17–20 and clinical9,11,12 applications by alleviating
nerve compression in the early stages of implantation, shear forces
originating from the mechanical modulus mismatch at the
electronics-nerve interface can cause severe immune responses that
are accompanied by fibrotic tissue formation. Critical issues may
then arise such as scar tissue aggravating the peripheral nerve
compression caused by the electronic material. This compression-
induced scar tissue leads to disconnected ionic pathways between
the fasciculus and electronic materials, resulting in measurement
malfunctions18.

Soft, stretchable electronic materials have attracted much atten-
tion as a promising neural platform owing to the following
advantages: (i) their mechanical modulus can be manipulated to
match that of the target nerve tissues to prevent undesirable com-
pressions, and (ii) their electronic performances can be maintained
over a wide range of compressive and tensile strains21–27. These
advantages have revolutionized intimate neural interface technolo-
gies that can be applied to diverse organs in the central and per-
ipheral nervous systems. However, achieving stable interfaces of the
bioelectronic devices with the peripheral nerves is still challenging
due to mechanically dynamic environment of peripheral nerves
induced by repetitive movement of joints and the surrounding
muscles1,16,28. Recently, Bao et al. reported the fabrication of an
intrinsically stretchable hydrogel-based conductor with low inter-
facial modulus and impedance for reliable neuromodulation, which
showed the importance of achieving a mechanical modulus
match29. This strategy is expected to improve the chronic neural
recording capabilities of nerve cuffs. However, it should be
accompanied by a complete understanding of how continuous
deformation and growth of peripheral nerves over long timescales
impact environments ranging from interstitial/extracellular to
epineurium–electronics interfaces. Although a recent report showed
that strain-induced stress relaxation of the extracellular matrix is
highly relevant to biochemical signaling at cellular levels30, study for
achieving the stress-free peripheral neural interfaces in vivo is still
insufficient.

Here, we report a new material strategy for the fabrication of
an adaptive, self-healing electronic epineurium (A-SEE) for
chronic bidirectional neural interfaces. Our material contains a
dynamically crosslinked, tough self-healing polymer (SHP)
matrix that efficiently dissipates muscle contraction/relaxation
and/or nerve stretching/twisting induced strain energies, thereby
alleviating the irreversible damage caused by nerve compression
during implantation. Furthermore, water-proof self-bonding

properties of the materials enable biofluid-resistant self-locking,
which provides conformal nerve-electronics interfaces without
using any additional fixation tools31 and thereby facilitates effi-
cient and low risk implantation process. We successfully achieve
long-term peripheral neural recording and stimulation in awake
rats (for 7 weeks). Furthermore, we perform a demonstration of
peripheral nerve-to-nerve interfacing for showing high potential
of the A-SEE in neuroprosthetic applications. We implant two
self-healing neural devices on each of two sciatic nerves in an
anesthetized rat, and then transmit feedback neural signals
recorded from one side of the sciatic nerve to the other. Our new
material and its in vivo feasibility could lead to future clinical
electronic medicine for neurological disorders.

Results
A-SEE fabrication and its nerve tissue modulus adaptability. A-
SEE, composed of tough (SHP, polydimethylsiloxane (PDMS)-
4,4’-methylenebis(phenyl urea) (MPU)0.4-isophorone bisurea
units (IU)0.6)32 substrate/encapsulation layers and Ag flake-SHP
composite (here after referred to as “composite”) electrodes33,
was realized using self-bonding, a unique property of self-healing
materials, which allows individual substrates, electrodes/inter-
connects, and encapsulation layers to be homogeneously bonded
(Supplementary Fig. 1; see Methods for details). As a facile
biofluid-resistant self-locking process enabled by the water-proof
self-healability of the A-SEE32, the self-bonding assembly of the
A-SEE does not need additional fixation tools, such as suturing
and glue, or closing mechanisms during its implantation (Fig. 1a,
b and Supplementary Movie 1). The self-locked A-SEE can form
and maintain a conformal interface with the peripheral nerve,
which is key for chronic neural interfacing (Fig. 1b and Supple-
mentary Fig. 2).

In addition to its efficient assembly process, A-SEE exhibited
compressive stress-free and strain-insensitive performances at the
nerve-electronics interfaces such that the strain energy is
efficiently dissipated by a dynamically crosslinked SHP matrix
including multivalent bonding strengths and dynamic stress
relaxation (Fig. 1c, d, and Supplementary Figs. 3, 4)32,33. Dynamic
mechanical analysis (DMA) results confirm that the tensile stress
applied to the SHP, the composite, and the A-SEE can make them
extremely relaxed in comparison to PDMS, which was used as a
control material as it has a polymeric chain structure and
mechanical stiffness similar to those of SHP (Fig. 1c and
Supplementary Fig. 5)29. This relaxation performance was further
enhanced by increasing the temperature (Fig. 1d and Supple-
mentary Fig. 4). Moreover, ex vivo measurement of shear stress at
the SHP-nerve tissue interface supported the minimized mechan-
ical mismatches (Supplementary Fig. 6). Specifically, the adapt-
ability of the A-SEE to the nerve tissue modulus based on stress
relaxation is capable of significantly reducing the mechanical
modulus mismatch at the electronics-nerve interface, which
makes A-SEE more suitable for achieving chronic bidirectional
peripheral neural interfaces (Fig. 1e). A simplified three-
dimensional finite element analysis (FEA) model of PDMS- and
SHP-interfaced nerve tissues further confirmed the mechanical
adaptability of the A-SEE by demonstrating compressive stress-
free SHP-nerve tissue interfaces (Fig. 1f, g, Supplementary Fig. 7,
and Table 1).

The sciatic nerve of a rat interfaced with our SHP for 1 week
maintained its original structure as well as low immune responses
as revealed by low levels of activated macrophages (CD68)34,
while that interfaced with PDMS showed a compressive-stress
induced deformation of the nerve constructs (Fig. 1e and
Supplementary Figs. 8-10; see Methods). To further verify the
stress-free performance of the A-SEE at the tissue level, we used
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the connective tissue growth factor (CTGF) as an indicator of the
compressive stress applied to the nerve. Generally, CTGF is
overexpressed by hypertension and fibrotic disorders that may
accelerate extracellular matrix production, which leads to
apoptosis35. Notably, the pressure regulatory CTGF level of the
nerve tissue interfaced with SHP was significantly lower than that

interfaced with PDMS (Fig. 1h and Supplementary Figs. 9, 10).
The terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay results further supported that the
compressive stress-free interfaces achieved by SHP resulted in
less nerve tissue damage, compared with the PDMS control
(Fig. 1i and Supplementary Figs. 9, 10). Importantly, the adaptive
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mechanical modulus of SHP could significantly alleviate fibrotic
tissue formation for 6 weeks (Fig. 1j). This mechanically dynamic
property of the A-SEE led to a successful sensory neural signal
measurement with maintaining the signal-to-noise ratio (SNR) of
about 1.76 even after 6-weeks implantation in sciatic nerves in
rats (n= 5) (Fig. 1k), which means that the control of interfacial
fibrotic tissue growth is key in successful chronic applications.

Characterization of Au nanomembrane-transferred Ag flake-
SHP composite as the A-SEE. The fabrication of the A-SEE
consisted of the self-bonding assembly followed by drop-casting
an Ag flake-SHP composite in a chloroform solution onto an
Au nanomembrane (AuNM) and drying the solvent at room
temperature and releasing from the substrate through a weak
interaction between Au and silicon dioxide (Fig. 2a and Supple-
mentary Fig. 11). The AuNM-composite structure improves
biocompatibility by reducing the cellular toxicity induced by any
Ag ions that may have leaked from the composite36,37. To verify
this, we tested the viability using two different cell lines, immune

cells (RAW 264.7) and myoblasts (C2C12), for a week as they
interacted with the electrode after implantation in a sciatic nerve
(Fig. 2b)38. The results show that both cell lines seeded on the
AuNM-composite showed excellent viability among the pre-
pared samples, which indicates that AuNM is capable of effec-
tively preventing the Ag-ion leakage. However, the repetitive
movement of the rat could induce the formation of micro cracks
in AuNM after implantation and the generated cracks may
increase the Ag-ion leakage due to the exposed composite sur-
faces. Therefore, we verified the effect of the micro cracks
of AuNM in the strained AuNM-composites (up to 100%
stretched) on the cells, and the result showed no cytotoxicity
(Supplementary Fig. 12). The amount of Ag-ion leakage in
physiological condition was measured directly by inductively
coupled plasma-mass spectrometry (ICP-MS), and the results
further supported the positive influence of the AuNM on
the biocompatibility of the A-SEE (Supplementary Fig. 13).
However, the AuNM could not completely prevent the Ag-ion
leakage from the composite. To further improve the bio-
compatibility to overcome the Ag-ion leakage issue, an

Fig. 1 A-SEE and its nerve tissue modulus adaptability. Schematic (a) and photograph (b) show the A-SEE interfaced with a rat sciatic nerve. c Time-

dependent normalized tensile stress relaxation of different materials at 30% strain. d Temperature dependence of stress relaxation in PDMS and A-SEE.

e Schematic and H&E stained image of rat sciatic nerve tissue showing the effect of tissue modulus-adaptability of A-SEE on the nerve. Representative

image from n= 3 biologically independent samples. FEA results showing the time-dependent distributions of compressive stress applied to the nerve

interfaced with PDMS (f) and SHP (g). Confocal fluorescence (h) and TUNEL staining (i) images of sciatic nerve cross-sections. Representative images

from n= 3 biologically independent samples. j, Thickness of fibrotic tissue formed around the nerve tissues interfaced without (week 0) and with PDMS or

SHP for 1 and 6 weeks. Statistical analysis was performed using one-way analysis of variance (ANOVA) with Tukey’s multiple comparison test (n= 3

independent samples for each group, P(Week 1)= 0.0097, P(Week 6)= 0.0104, *P < 0.05). Top inset shows H&E stained images showing the fibrotic

tissue formed around the nerve tissue. Representative images from n= 3 biologically independent samples. k SNR of sensory neural signals recorded by

the A-SEE for 6 weeks (n= 5 independent animals). In, j, k, all data are represented as mean ± S.D. Source data are provided as a Source Data file.
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Fig. 2 AuNM-Ag flake-SHP composite as a nerve interfacing electrode for the A-SEE. a Photograph of AuNM-Ag flake-SHP composite, a schematic

showing the transfer-printing of the AuNM onto the Ag flake-SHP composite, and an SEM image showing conformal interfaces between the transferred

AuNM and the Ag flake-SHP composite. Representative images from n= 5 independent samples. b Cell viability test after 7 days culture. Data are

represented as mean ± S.D. Statistical analysis was performed using one-way ANOVA with Tukey’s multiple comparison test (n= 104 cells/mL examined

over five independent experiments, P(C2C12)= 0.0001, P(Raw 264.7)= 0.0004, ***P < 0.001). c Resistance-strain characteristics of the A-SEE in pristine

and self-healed states. (Inset) Resistance changes in the A-SEE during a cyclic stretching test at 50% strain for 1000 cycles. d Resistance changes in the A-

SEE in bending tests that mimic nerve interfacing. (Inset) Photograph showing the A-SEE bent to a bending radius (0.5 mm) of a rat sciatic nerve. e

Impedance stability of the A-SEE immersed in PBS solution for 10 days. (Inset) Impedance-frequency characteristics of the A-SEE. f Strain-dependent

impedance of the A-SEE at different frequencies. g Cyclic voltammetry curves of the A-SEE at 0 and 100% strain (n= 20). Source data are provided as a

Source Data file.
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additional materials strategy of covering individual Ag flakes
with the Au shell can be adopted in the future37.

Interestingly, the AuNM-composite fabricated using our
unique transfer assembly showed better electrical and mechanical
characteristics than those of a directly deposited AuNM-
composite due to the high interfacial stability of the transferred
AuNM and thermal degradation of the deposited AuNM-
composite during the deposition process (Supplementary Figs. 14,
15)33. Resistance-strain characteristics of the AuNM-composite
showed that its electrical performance could be stably maintained
during stretching (Fig. 2c). This phenomenon could be explained
by the dynamic movement of conducting particles in the strained
SHP matrix33. Although the AuNM is not self-healing, excep-
tional stretching performance is exhibited in the self-healed
AuNM-composite conductor owing to the dynamic nature of
SHP, which is in good agreement with our previous reports
(Fig. 2c and Supplementary Fig. 16)33,39. The stretching cycle
endurance (1000 cycles) under a tensile strain of 50% was also
confirmed (Fig. 2c, inset). The mechanical durability of the
AuNM-composite contributed to the reliable electrical perfor-
mance of a folded A-SEE in a nerve-electronics mimicking model
(Fig. 2d and Supplementary Fig. 17). The AuNM-composite self-
bonded on the SHP substrate showed negligible changes
in resistance though it was repetitively bent to a bending radius
(0.5 mm) of a rat sciatic nerve.

Furthermore, the electrochemical impedance of the A-SEE at
1 kHz remained constant when immersed in a phosphate
buffered saline (PBS) solution for 10 days (Fig. 2e). In addition,
the A-SEE could be stretched to 100% strain while maintaining
stable electrochemical impedance values (Fig. 2f). Specifically,
the A-SEE with low impedance values ranging from 347.6Ω
under 0% strain to 526.5Ω under 100% strain at 1 kHz may
contribute to form stable bidirectional neural interfaces. For
confirming its neural stimulation capability, cyclic voltammetry
(CV) was performed under 100% strain, which showed the
electrochemical stability of the A-SEE (Fig. 2g and Supplemen-
tary Fig. 12d). Slight shift of the CV curves may result from the
change in surface coverage of the AuNM-composite electrode
due to the cracks generated in the AuNM and resultantly
exposed Ag flake-SHP composite (see Supplementary Fig. 12d
for details).

Chronic neural recording and stimulation. Realizing a chronic
stable recording and stimulation in peripheral or central nervous
systems is crucial to treating neurological disorders (Fig. 3a).
To understand the signaling complexity of such nervous systems,
we implanted the A-SEEs in sciatic nerves in rats (n= 5) to
measure the CAPs generated by strong (0.12 N/cm2) and weak
(0.03 N/cm2) mechanical stimuli (Fig. 3b and Supplementary
Fig. 18; see “Methods”). To mimic neurotransmission, we directly
recorded the neural signals induced by mechanoreceptors rather
than the measurements of specific waveforms evoked by electrical
stimulation using additional stimulation electrodes19,20. Although
the CAP amplitudes decreased in the early stage of implantation
(7 days), we could verify the strong or weak stimulation for
6 weeks owing to the stable mechanical and electrical function-
alities of the A-SEE (Figs. 1i, 3c, and Supplementary Figs. 19, 20).
The decrease in SNR after the first week (Figs. 1i and 3c) is
mainly because the immune responses occur undesirably dur-
ing the invasive implantation surgery18. However, such recor-
ded sensory neural signals can be further clarified by the
denoising process (Supplementary Fig. 21 and Supplementary
Table 2; see “Methods”). As shown in Supplementary Fig. 21, it
is evident that the present A-SEE exhibits stable and long-term
(i.e., 6 weeks) neural signal detection performance. The results

suggest that our A-SEE was able to minimize immune responses
by adapting its modulus to the nerve tissue and was thus sui-
table as a stable chronic neural interfacing system in vivo
(Supplementary Fig. 22).

Furthermore, the levels of CD68 and CTGF in the nerves
implanted with the A-SEE for 6 weeks were almost similar to the
protein level for 1 week, which supports such chronic reliable
performances (Supplementary Figs. 22, 23)40. Although the
protruding structures of the electrodes in the A-SEE resulted in
a small pointed fibrosis due to the physical height gap between
parts of the A-SEE and the nerve, we confirmed that the A-SEE
with the modified design having in-plane electrodes could also
achieve chronic stable neural signal recordings without showing
any fibrotic tissue formation (Supplementary Fig. 24). Neural
stimulation was also performed (Fig. 3d and Supplementary
Movie 2) by monitoring the quantitative force values induced by
applying various electrical stimulations to the rat sciatic nerve for
7 weeks (Fig. 3e). The result indicated that a large muscle force
was elicited by electrical stimulation at a high repeated frequency
in contrast with a low repeated frequency, and the tetanic and
twitch muscle forces were observed at high stimulation
frequencies (higher than 20 Hz) and low stimulation frequencies
(below 20 Hz,) respectively. These results almost matched with
those in the previous report41. Moreover, even after repetitive
electrical stimulations (over 100,000 pulses) were applied to the
A-SEE, the neural recording performance was stably maintained
due to robust adhesion between the AuNM and the composite
(Fig. 3f). ICP-MS analysis of biopsy samples obtained from rats
after the 6-week A-SEE implantation supported these results
(Supplementary Table 3).

Figure 3g depicts an example of neural signaling and joint
kinematics from a live rat during treadmill walking (Supplemen-
tary Fig. 25 and Supplementary Movie 3). The gait cycles were
divided into two phases: stance (red) and swing (blue). The stance
phase was defined as the part of the gait cycle from the initial
contact to the toe-off; the swing phase was defined as the part of
the gait cycle from toe-off to the next initial contact. The neural
signal could be classified synchronously with each phase from
joint kinematics. Interestingly, real-time analyses of joint
positions and knee/ankle angle changes showed that the gait
could be successfully modulated and controlled by applying a
specific stimulation (Fig. 3h, i). Furthermore, even after the
abovementioned repetitive electrical stimulation for neuromodu-
lation and joint kinematic analysis, the sensory neural signals
could be clearly recorded at 14 weeks of implantation
(Supplementary Fig. 26 and Supplementary Movie 4). Notably,
we also confirmed reliable performance of neural stimulations
using the A-SEE after 32 weeks of implantation (Supplementary
Fig. 27 and Supplementary Table 3). These results indicate that
A-SEE can stably interface with the nerve tissue without any
device failure and also maintain the health and functions of the
sciatic nerve for extended periods.

Peripheral nerve-to-nerve interfacing demonstration. Such
bidirectional neural recording and stimulation performance
enabled an interesting demonstration of peripheral nerve-to-
nerve interfacing for showing the potential of the A-SEE as a
neuroprosthetic device platform. (Fig. 4a and Supplementary
Movie 5; see “Methods”). We implanted an A-SEE in each sciatic
nerve of the anesthetized rat, and each A-SEE was linked with a
home-made controller system, which could transmit feedback
neural signals recorded from one side of the sciatic nerve to the
other (Fig. 4b; see “Methods”). Specifically, the evoked CAPs in
the ipsilateral nerve originate from the mechanical stimulation of
the limb using the brush. After analyzing the recorded signals
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from the system, we can induce movement of the contralateral
limb through the electrical stimulation.

Using the nerve-to-nerve interface system based on A-SEE, we
demonstrated a behavior similar to the crossed extensor reflex.
Specifically, in the designed system, the functions of neural signal
amplifier, electrical stimulator, and nerve-to-nerve controller corre-
spond to sensory receptor, motor receptor, and inter connective
neuron in spinal cord, respectively. When the amplitude of tactile
sensory neural signals recorded from the ipsilateral nerve is above
threshold that we programmed, electrical stimulation of the
contralateral nerve is triggered and thereby inducing the movement
of the contralateral limb (right, Fig. 4b). Although this application did
not perfectly follow the biotic crossed extensor reflex pathway, it
performed a similar function, generated muscle contractions from
sensory stimuli, and linked sensory functions from the ipsilateral site
with motor functions in the contralateral site. The interactive
peripheral nerve-to-nerve interfacing technology would be helpful to
improve future clinical electronic medicine or neuroprosthetics42,43.

Discussion
Peripheral nerve cuff electrodes have proven their clinical efficacy
as a desirable implantable platform for neuroprosthetic applica-
tions. However, nerve compression unavoidably caused by
mechanical mismatch between nerve tissues and the implanted
electronics still remains as a critical issue that hampers further
progress in the cuff-type neural interfacing technology. To address
the issue, we present a new materials and device strategy for rea-
lizing soft, conformal, and compressive stress-free peripheral
nerve-electronics interfaces by utilizing SHP-based materials
design. Along with the softness and high stretchability, excellent
self-locking capability of the SHP allows to easily form soft, con-
formal interface without requiring any additional fixation process
and with avoiding irreversible damages on nerve. More impor-
tantly, efficient stress relaxation of SHP confers unique mechanical
adaptive property to the electronics that enables significant miti-
gation of compressive stress applied to the nerve. Owing to such
materials properties, we successfully designed A-SEE that achieves
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stable bidirectional neural recording and stimulation in a rat sciatic
nerve for 7 weeks. The demonstration shows a promising potential
to improve the clinical utility of peripheral neural interfaces. We
envision that the A-SEE would be pursued in clinic for chronical
treatment of neurological disorders.

Methods
Materials for adaptive self-healing electronic epineurium (A-SEE). Synthesis of
SHP and Ag flake-SHP composite followed our previous reports32,33. The Ag flake-
SHP composite with a weight ratio of 4:1 (Ag flake:SHP) was used in this study.
Two different methods were tried to introduce AuNM to the Ag flake-SHP com-
posite: (1) transfer and (2) direct deposition. AuNM of 60 nm thickness was first
deposited on a SiO2 wafer using an e-beam evaporator (ULVAC Co.). Then, a Ag
flake-SHP mixed chloroform solution with an appropriate viscosity33 was poured
onto the AuNM-deposited wafer and left to dry at room temperature for 12 h.
When the sample was dry, the AuNM-composite was easily detached from the
wafer. This process resulted in the conformal transfer of the AuNM from the SiO2

wafer due to the relatively strong Au–Ag and Au–polymer interactions compared
with the Au–SiO2 interaction. In the second method, the AuNM was directly
deposited to the top surface of the composite supported on an
octadecyltrimethoxysilane-treated silicon wafer. After comparing the mechanical
and electrical performances of the transferred AuNM-composite and those of the
directly deposited AuNM-composite, we used the transferred AuNM-composite
for further experimentation. The fabrication process of the A-SEE based on self-
bonding assembly using SHP and the AuNM-composite is explained in Supple-
mentary Fig. 1.

For the interconnection between A-SEE and neural signal recording amplifier, a
Au pad with a PI substrate was used. Each pad had a 1 mm width and a 4 mm
length with a hole for self-bonding between the AuNM-composite and the SHP
substrate (hole dimensions (w × l): 0.35 mm × 2mm), and was composed of a PI,
Ti, Cu, and Au layer of 80, 5, 30, and 10 nm thickness, respectively. After the self-
bonding of the Au pad with the AuNM-composite layer and SHP substrate layer, a
Teflon-coated wire was soldered onto the other end of the Au for connecting with
the neural signal recording amplifier. Silicone casting compound (Kwik-cast,
World precision instruments) was used for encapsulating the soldered wire.

Characterizations of A-SHE
SEM analysis. Field emission scanning electron microscopy (Inspect F50, FEI Co.)
was used to observe the interfaces between the composite and the transferred or
directly deposited AuNM. Each AuNM- composite film was cross-sectioned by
using a razor blade and coated by platinum before imaging.

Stress relaxation characterization. For DMA analysis, the 0.3 mm thick SHP film,
the 0.3 mm thick AuNM-composite film, the 0.9 mm thick encapsulated AuNM-
composite (A-SEE) film, and the 0.3 mm thick PDMS (Sylgard 184, 20:1 PDMS:
crosslinking agent weight ratio) film were each cut to have a length of 10 mm and a
width of 5 mm. We chose PDMS with a 20:1 ratio as the control material in all
experiments due to its value of Young’s modulus (131.8 ± 13.8 kPa), which is
comparable with that of SHP (163.3 ± 42.1 kPa) (Supplementary Fig. 5). Then, each
sample was stretched to a tensile strain of 30% with a stretching speed of 50% strain
per minute and the tensile stress at the strain was measured for 60 min by DMA
Q800 (TA Instruments). The stress relaxation properties of SHP, PDMS, compo-
site, and the A-SEE were measured at two different temperatures (25 °C and 37 °C)
to determine the temperature dependence.

Electrical characterization. For resistance-strain characterization, each AuNM-
composite (3 mm length, 5 mm width, 0.3 mm thickness) self-bonded to the SHP
substrate (3 mm length, 7 mm width, 0.2 mm thickness) (A-SEE) was stretched by
using an automatic stretching machine with a stretching speed of 100% strain per
minute and the resistance was measured using a four-point probe method (Keithley
2400, Tektronix). For the cyclic stretching test, a strain of 50% was repeatedly
applied for 1000 cycles. For the nerve interfacing mimicking test, the AuNM-
composite with a length of 10 mm, a width of 5 mm, and a thickness of 0.3 mm was
repeatedly bent to reach a bending radius of 0.5 mm for 1000 cycles. For the self-
healing test, the sample was completely cut using a razor blade and then self-healed
by being heated at 60 °C for 1.5 h.

Electrochemical characterization. Electrochemical impedance and CV were measured
using a potentiostat (CHI 760 C, CH Instruments) in the PBS solution. The exposed
area of the samples was 7.5 mm2 and a platinum wire was used as the counter
electrode in both measurements. Potentiostatic electrochemical impedance spectro-
scopy was conducted with a frequency ranging from 1Hz to 1MHz and an amplitude
of 10mV. For the CV measurement, an Ag/AgCl electrode (BASiAg/AgCl/3M NaCl)
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was used as the reference electrode, and the curves were obtained from −0.65 V to
0.8 V at a scan rate of 100mV/s. The charge delivery capacity was calculated using the
following Eq. (1).

CDC ¼
1

vA

Z Ea

Ec

ij jdE C=cm2
� �

: ð1Þ

Here, v, A, Ea, Ec, i, and E are scan rate (V/s), geometrical surface area of the electrode
(cm2), anodic/cathodic potential limit (V), measured current, and electrode potential
(V vs Ag/AgCl), respectively.

Finite element analysis. A simplified three-dimensional model of PDMS- and
SHP-interfaced nerve tissues was created for FEA using ANSYS Workbench
(Release 16.1; ANSYS Inc. Canonsburg, PA). The simplified three-dimensional
model contained 23,216 nodes and 4530 elements and was assumed to be bonded
at contacting surfaces, homogeneous, isotropic, and linearly elastic. The mechanical
properties of the nerve tissue and the materials were determined and are listed in
Supplementary Table 1. The nerve tissue was assumed to be cylindrical with a 1
mm diameter and 10 mm height. The tested materials were also assumed to be
hollow cylinders with 1 mm inner diameter, 1.6 mm outer diameter, and 5 mm
height that were wrapped around the nerve tissue. The stress measured from the
DMA results at a specified time point, shown in Supplementary Fig. 3 and sum-
marized in Supplementary Table 1, was applied as pressure on the outer layer of the
tested material to determine the resulting stress distribution on the nerve tissue.
The two-dimensional cross-sectional distributions were obtained as a cross-section
of the center of the nerve tissue. The dotted circles indicate the original diameter of
the nerve tissue before it was interfaced with the materials.

In vitro biocompatibility test. RAW 264.7 and C2C12 cell lines were purchased
from American Type Culture Collection and were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) with 10% fetal bovine serum at 37 °C. For testing the
biocompatibility of the materials (SHP, composite, and AuNM-composite), the
cells were seeded in 96-well at a concentration of 1 × 104 cells/mL. After 7 days of
incubation of cells with the same size of each material, the cell viability was
measured using an MTS assay solution (G3585, Promega, Wisconsin, USA). The
absorbance of the reacted solution at a wavelength of 490 nm was recorded using a
96-well plate reader (Infinite 200 Pro, Tecan, Männedorf, Switzerland).

Sterilization and preparation for the animal study. The SHP, PDMS, and A-SEE
samples were immersed in 70% ethanol solution and washed twice with PBS
solution before implantation to prevent contamination and remove the PDMS
precursor (see Supplementary Fig. 8)44,45.

Animal preparation and implantation of A-SEE. All animal experiments were
performed and handled per the regulation of the Institutional Animal Care and Use
Committee of the Korea Institute of Science and Technology (Approval No. 2018-
067). The experimental procedure was performed according to the Guide for the
Care and Use of Laboratory Animals46. For the A-SEE implantation, a Sprague-
Dawley rat (male, 300 g) was anesthetized using an intraperitoneal injection of 50
mg/kg Zoletil and 10 mg/kg Xylazine mixture. After a deep level of anesthesia was
achieved, the skin incision was extended to the dorsal aspect of the paw to expose
the hind limb musculature. The lateralis and biceps femoris muscles were then
identified and retracted to expose the sciatic nerve. Then the A-SEE was wrapped
around the sciatic nerve after the surrounding tissue was removed. Self-locking
process for wrapping the nerve takes within a minute in general. During the
process, we just need to maintain contact between the folded SHP films (substrate
of A-SEE) by using surgical tweezers for a while. After completing the self-locking,
the self-bonded A-SEE is difficult to separate again unless it is amputated using
scalpel. However, since the contacted SHP films can be detached within few sec-
onds, careful adjustment of position or posture of the A-SEE is possible during the
implantation.

In vivo nerve compression comparison of SHP with PDMS. We prepared PDMS
and SHP cuff structures through a molding process. Both PDMS and SHP cuff
structures have an inner diameter of 1 mm (similar to the diameter of the sciatic
nerve) and a slit that allows them to be opened and applied to sciatic nerves and
then closed autonomously. These were implanted onto the two sciatic nerves to
confirm how their mechanical properties affect the nerves for a week. After
implanting the PDMS cuff structure to the nerve, it was locked using silicone
casting compound (Kwik-cast, World precision instruments). The SHP cuff
structure was locked by the self-bonding assembly. After 1 week of implantation,
each of the sciatic nerves were investigated using histological and immuno-
fluorescence analyses (see Supplementary Fig. 9).

Neural signal data acquisition. For neural signal recording, a nerve cuff electrode
system that was developed in our previous report47 was used (see Supplementary
Fig. 18). This electrode system was composed of a preamplifier and an external
module with a 39,601 gain and a −3 dB bandwidth from 425 to 5500 Hz. An A-
SEE interfaced with a rat sciatic nerve was connected to a preamplifier and the final

output of the external amplifier was digitized using an analog-to-digital converter
board (PXI-6733, National Instrument, USA) with a sampling frequency of 25 kHz.
Then, the acquired signals were processed using the LabVIEW software (National
Instruments, USA).

For neural signal recording in a moving animal, the preamplifier was implanted
in the subcutaneous layer of a rat’s back with a transcutaneous head connector. The
neural signal and the two-dimensional motion data were recorded synchronously.
The motion system was composed of a high speed digital camera (Marlin F033B,
AVT, Germany) and grabber board with a 640 × 480 pixel resolution. The digital
camera was positioned perpendicular to the walking trace and the images were
recorded at 60 frames/s. The anatomical landmarks were defined to the lateral side
of the hind limb at the knee, ankle, and fifth metatarsal joint41.

In vivo neural signal recording. The in vivo neural signal recording was per-
formed for 7 weeks with the right leg of five animals. The animals were anes-
thetized with 50 mg/kg Zoletil and 10 mg/kg Xylazine mixture by the
intraperitoneal injection. The glabrous skin of the right hind paw was
mechanically stimulated by using a pig hair brush, and the stimuli were induced
with two different pressure intensities. The stimuli were classified as strong and
weak, which correspond to 12.5 g/cm2 (220 g–16 cm2) at 0.05 s/cm and 3.1 g/cm2

(50 g–16 cm2) at 0.05 s/cm, respectively. Each stimulus was measured by a force
gauge (Mark-10, USA). Each mechanical stimulus lasted ~1 s and was repeated
approximately every 5 s. For each trial, the neural signal was recorded for 60 s,
and each trial included 10 stimuli. For quantification of the neural signals, the
SNR was defined as the ratio of the root mean voltage of the neural signals
during the stimulus-present period to that during the stimulus-absent period.
For each amplifier, the average SNR was calculated from five trials and each
amplifier was used in five rats.

Denoising process of the recorded neural signals. The recorded neural signals
were denoised using a 1D wavelet denoising algorithm48. To secure robustness in
wavelet transform, we applied a maximal overlap discrete wavelet transform
method. In Supplementary Fig. 21, raw, and denoised data were compared with
variance change behaviors of the signals as a function of time-window used in the
wavelet transform.

Calculation of SNR ratio between the recorded neural signals under stimu-

lation and at rest state. For time-dependent signal dataS tð Þ, which is a set of N
discrete signal points (S tð Þ ¼ s tið Þf g;wherei ¼ 1; 2; � � � ;N), the residual noise,
N tð Þ, can be expressed as

NðtÞ ¼ SðtÞ � SdðtÞ;

where SdðtÞ denotes the denoised time-dependent signal. Using N tð Þ, the SNR can
be expressed as

SNR ¼ 10 log10
S tð Þ2
� �

N tð Þ2
� �

 !

; f tð Þ2
� �

�
1

N

X

N

i¼1

s tið Þ2;

To compare SNR difference between two time-dependent signal data, Sstim tð Þ
and Srest tð Þ, where the subscripts stim and rest denote periods under stimulation
and of rest, respectively, we can calculate the relative SNR which can be expressed
as

SNRrel ¼ SNRstim � SNRrest :

Using SNRrel , we can quantitatively compare the deterioration dynamics of the
neural signal transduction affected by degradation of the flexible electrode.
A detailed procedure is provided in Supplementary Table 2.

In vivo electrical stimulation. An electrical stimulator (AM 2200, AM-system)
with a programmed pulse generator, which was developed in our previous report49,
was used to induce the biphasic current pulse on the sciatic nerve. The biphasic
pulse was set to a 0.25 ms pulse width and different repetition stimulation pulse
periods (5, 10, 20, 50, and 100 Hz). The stimulation period and current were set to
0.5 s and 1.14 μC/cm2, respectively. The amplitude of the stimulation pulse of 80
μA was chosen based on the minimum thresholds for joint movements. The muscle
force response from electrical stimulation was measured using a torque sensor
(QWFK-8M, Honeywell) with a shoe shaft. The torque data were digitalized using
an analog-to-digital converter board (PXI-6143, National instruments). The muscle
forces were normalized to the values at frequency 100 Hz.

Demonstration of nerve-to-nerve interfacing. The nerve-to-nerve interface
system was composed of neural signal amplifier, electrical stimulator and nerve-to-
nerve controller, which were modified from our previous work49. For nerve-to-
nerve interfacing demonstration, two A-SEEs were implanted to each ipsilateral
and contralateral sciatic nerve, respectively, and each A-SEE interfaced with the
ipsilateral and contralateral sciatic nerve performed the neural signal recording and
stimulation, respectively. The neural signal recording and electrical stimulation
were performed using the same experimental setup as in the in vivo neural signal
recording and in vivo electrical stimulation. The recorded neural signals from
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the ipsilateral sciatic nerve were converted to the stimulation parameter via a
nerve-to-nerve controller and the electrical stimulation pulses were applied to the
contralateral sciatic nerve. To verify the demonstration of mimicking crossed
extensor reflex, the ankle and knee joint position of the contralateral limb were
measured during strong and weak mechanical stimulation on the ipsilateral site
paw using the brush. The joint position measurement was performed using the
same experimental setup as in the in vivo neural signal recording in a moving
animal. The joint movements of the contralateral limb were triggered only when
the amplitude of sensory neural signals recorded from the ipsilateral nerve was
above the threshold that we programmed using a rectified bin integration
method49. The threshold, the neural signal amplitude of 9 μV, was converted to the
electrical stimulation amplitude of 50 μA. The overall system was processed by
using LabVIEW software (National Instruments, USA).

Western blot. After scarification, nerve tissue samples were immersed in tissue
protein extraction reagent (T-PERTM, #78510, Thermo Fisher Scientific) at a
ratio of 1:20 (w/v) for blotting. The samples were sonicated for 5 min in ice and
centrifuged at 13572 g and 4 °C for 15 min. We collected the supernatant and
then determined total protein concentration using the PierceTM BCA Protein
assay kit (#23225, Thermo Fisher Scientific, #23225) according to the manu-
facturer’s instructions. Next, 15 µg protein from each sample was loaded on an
SDS-PAGE gel (Biorad) and subjected to electrophoresis in a 1X Tris-Glycine
SDS buffer (T8053-101, GenDepot) at 130 V for 60 min. The separated proteins
were transferred to a nitrocellulose membrane, 0.45 μm (#1620145, Biorad) in
1X Tris-Glycine Native buffer (HT2028, Biosesang) with 10% methanol at 4 °C.
To detect the target protein, the membrane was incubated with specific primary
antibodies; GAPDH (ab9485, Abcam, 1:2500), CD68 (ab53444, Abcam, 1:1000)
and CTGF (ab6992, Abcam, 1:1000). Two types of horse-radish-peroxidase
(HRP)-conjugated antibodies, anti-rabbit (ab6721, Abcam, 1:5000) and anti-rat
(SC-2006, SantaCruz, 1:5000), were used as a secondary antibody. After a 1-h
incubation with 2nd antibodies, the membrane was washed with PBS solution
and then was treated with a detection agent (WSE-7120L, ATTO corporation).
Finally, the desired bands were imaged by an ImageQuant LAS 4000 mini
(GE Healthcare).

Histology and immunofluorescence analysis. The nerve tissues were fixed in a
4% paraformaldehyde solution (P2031, Biosesang) and embedded in paraffin
blocks. The blocks were sliced into 5 μm thick sections with Microtome
(RM2255, Leica Biosystem). The paraffin sections were deparaffinized with
Xylene (#8587-4400, Daejung) and hydrated with decreasing concentration of
alcohol. For tissue histology imaging, the sections were stained with hematoxylin
and eosin and terminal deoxynucleotidyl TUNEL assay using standard proto-
cols. The images were monitored using an optical microscope (LAS X Widefield,
Leica). For immunostaining, hydrated paraffin sections were blocked with 0.3%
H2O2 for 30 min and soaked in 0.01 M citrate (C0759, Sigma-Aldrich) buffer pH
6.0 at 95 °C for 20 min. The sections were blocked with 3% BSA in PBS solution
(#10010023, Gibco) for 1 h and were incubated overnight at 4 °C with the pri-
mary antibodies, CD68 (ab53444, Abcam, 1:500) and CTGF (ab6992, Abcam,
1:500). The samples were incubated with the secondary antibodies, a Donkey
Anti-Rat IgG Alexa Fluor® 647 (ab150155, Abcam, 1:5000) and Alexa FluorTM
488 goat anti-rabbit IgG (A-11008, Invitrogen, 1:5000), for 1 h at room tem-
perature. The slides were mounted with Vectashield mounting medium with
DAPI (H-1200, Vector Laboratories) and were observed using a confocal
microscope (LSM 700, Carl Zeiss). For quantification of the obtained immu-
nostaining and TUNEL staining images, the cross-section nerve tissue images
were obtained with the same size (1069 × 1069 pixels for immunostaining images
and 5184 × 3456 pixels for TUNEL stained images) at the same exposure time
and were selected randomly (n= 3). Then, the fluorescence intensity of the
images was measured using the ImageJ program, and the brightness intensities
of the black and white threshold color-inverted TUNEL stained images were
quantified. For the relative fluorescence intensity, a mean value of CD68 and
CTGF divided by the value of DAPI was used.

Quantification of Au and Ag-ion leakage. For the in vitro Ag-ion leakage
measurement, the composite and the AuNM-composite were incubated in cell
culture medium (DMEM, Dulbecco’s Modified Eagle’s Medium) for 7 days,
respectively. Then, we collected the culture media to measure the amount of Ag
ions and determine the potential Ag-induced toxicity of the composites in phy-
siological conditions. For in vivo quantification, the nerve tissues interfaced with an
A-SEE for 6 weeks were digested in an acid mixture containing 30% HCl (Sigma-
Aldrich) and 70% HNO3 (Sigma-Aldrich) at 75 °C. After the complete digestion of
the material, the solution was diluted with Millipore water. The Au and Ag con-
tents were measured using ICP-MS.

Statistical analysis. The statistical analysis was performed using Origin
2020 software.

Reporting summary. Further information on experimental design is available in

the Nature Research Reporting Summary linked to this paper.

Data availability
The data that support the findings of this study are available from the corresponding

author upon reasonable request. Source data are provided as a Source Data file. Source

data are provided with this paper.
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