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ABSTRACT

Closed-loop bioelectronics capable of monitoring real-time physiological data and delivering feedback modulation have utilized
wearable and implantable devices to achieve on-demand personalized healthcare. Despite these approaches, which aim to achieve
seamless and conformal contact with the human body, challenges remain due to the lack of material strategies for spontancous
mechanical and electrical recovery. In other words, the adoption of damage-vulnerable polymers has led to short-term
tissue-interfacing performance. In this review, we discuss recent developments in damage-resistant bioelectronics consisting of
tough, underwater self-healing polymers, solid/liquid conducting fillers, and tissue-adhesive materials. Furthermore, this
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bioelectronics are also discussed.

review particularly focuses on various material designs enabling intimate and robust adhesion of bioelectronics to a variety of
biological tissues. Additionally, recent developments and future prospects for emerging approaches that could further advance

Key Words: Self-healing polymer, Stretchable electrode, Soft-bioelectronics, Adhesive hydrogel, Liquid metal
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Fig. 1. Introduction of self-healing polymers and examples of their application to skin. (a) PDMS-based self-healing
polymer with dynamic hydrogen bonding. Adapted with permission form [12]. Copyright 2018, Wiley-VCH. (b)
Self-healing artificial electronic skin system integrated with strain sensors, ECG sensors, and displays. Adapted
with permission form [25]. Copyright 2018, Springer Nature. (c) Highly stretchable and self-healing silver flake
nanocomposite. Adapted with permission form [26]. Copyright 2019, American Chemical Society. (d) Conductive
self-healing polymer usable in water. Adapted with permission form [13]. Copyright 2019, Springer Nature. (e)
Modular wearable optoelectronic system using a photoactive nanomembrane. Adapted with permission form [27].
Copyright 2023, Elsevier. (f) EGaln liquid metal that can be patterned over a large area. Adapted with
permission form [28]. Copyright 2023, Elsevier.
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Fig. 2. Self-healing polymer composites and hydrogels applicable to muscles and nerves. (a) Bidirectional neural
electrode based on a self-healing polymer-silver flake composite. Adapted with permission form [29]. Copyright
2020, Springer Nature. (b) Neural prosthetic device based on gold-coated silver flakes. Adapted with per-
mission form [30]. Copyright 2021, Wiley-VCH. (c¢) Conductive hydrogel injectable into damaged tissue.
Adapted with permission form [31]. Copyright 2023, Springer Nature. (d) Strain-gradient artificial epineurium
patch. Adapted with permission form [32]. Copyright 2024, Wiley-VCH.
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PDMS: Polydimethylsiloxane

MPU: 4,4 -methylenebis(phenylurea)

IU: Isophorone bisurea

LED: Light emitting diode

LEC: Light emitting capacitor

RRAM: Resistive random-access memory

QLED: Quantum dot light-emitting diode
p-PVDF-co-HFP: Poly(vinylidene fluoride-co-hexafl-
uoropropylene)

CT: Computed tomography

SEM: Scanning electron microscopy

EMG: Electromyography

EGaln: Eutectic Gallium-Indium

DMSO: Dimethyl-sulfoxide

DMA: Dynamic mechanical analysis

FEA: Finite element analysis

DNN: Deep Neural Network

Alg-BA: Alginate conjugated with boronic acid
tFUS: Transcranial focused ultrasound

ECoG: Electrocorticography

Alg-CA: Alginate conjugated with catechol acid
MRI: Magnetic resonance imaging (MRI)
HATYR: Tyramine-conjugated hyaluronic acid
PEDOT: PSS: Poly(3,4-ethylenedioxythiophene)-poly
(styrenesulfonate)

SBS: Poly(styrene-butadiene-styrene)

ECG: Electrocardiogram

ACKNOWLEDGEMENTS

Author Contributions
JHP, KMK, DHS were involved in analysis and
discussion. JHP, KMK, DHS drafted the manuscript.

All authors read and approved the final manuscript.

Funding

This work was supported by the National Research
Foundation of Korea (NRF) grant by the Korea
government (MSIT) (No. 2020R1C1C1005567 and
2022M3ES5SE9018583).

Declarations of Competing Interests

The authors declare that they have no competing

interests.

158



QUQIMHRISESX|, 20243 128, M3H M2&, pp. 145-161
Journal of Flexible & Printed Electronics, December 2024, Vol. 3, Issue 2, pp. 145-161

-,
e %\\/

AUTHORS

HEH

20244 MSA|RINEIT AATHZ
StAL

SRl ey MANY | AR E

=

’ B} AADH
“ [+l F0f] Stretchable and self- healing
materials for long-term stable bio-

electronics

|on

kit

Okl
Jon

270l

20164 MSap|S0EHn
s} A}

2021: MR{CHEHT FAPH7| 25 A
At

SR M@ RN FAPE 7| ZEE 25}

. | :
Il_'- =] fAl-—l}.I‘l

[EHAE20F] Soft electronics materials devices for wearable

A7

2

g

and implantable bio-integrated systems

AES
o=
&« 2007'A: TACHSiW =2|Std} StAf
; = St &=
- |§ S

.- 20094: MELHEHD Lttt |48
|-I'| )\‘IA|—

Af

201641 ABMTECHSED SHSHTalT} A HY
201941 SEWST|EATY OIBoITA M1
SN MBBSD MANIHFETe 2us

[EAI20f] Soft bioelectronics

=]

REFERENCES

[1] Carnicer-Lombarte, A.; Boys, A. J.; Giiemes, A.;
Gurke, J.; Velasco-Bosom, S.; Hilton, S. et al.
Ultraconformable Cuff Implants for Long-Term
Bidirectional Interfacing of Peripheral Nerves at

Sub-Nerve Resolutions. Nat. Commun. 2024, 15

(7523), 1-14.

[2] Jiang, Z.; Chen, N.; Yi, Z.; Zhong, J.; Zhang, F;
Ji, S. et al. A 1.3-Micrometre-Thick Elastic Con-
ductor for Seamless On-Skin and Implantable Sen-
sors. Nat. Electron. 2022, 5 (11), 784-793.

[3] Soekadar, S. R.; Witkowski, M.; Gomez, C.; Opisso,

E.; Medina, J.; Cortese, M. et al. Hybrid EEG/

EOG-Based Brain/Neural Hand Exoskeleton Re-

stores Fully Independent Daily Living Activities af-

ter Quadriplegia. Sci. Robot. 2016, 1 (1), 1-8.

Song, H.; Hsieh, T. H.; Yeon, S. H.; Shu, T.;

Nawrot, M.; Landis, C. F. et al. Continuous

[4

[}

Neural Control of a Bionic Limb Restores Biomi-
metic Gait after Amputation. Nat. Med. 2024, 30,
2010-2019.

Sundaram, S.; Kellnhofer, P.; Li, Y.; Zhu, J. Y.;
Torralba, A.; Matusik, W. Learning the Signatures

[5

—_

of the Human Grasp Using a Scalable Tactile
Glove. Nature 2019, 569 (7758), 698-702.

[6] Polygerinos, P.; Wang, Z.; Galloway, K. C.; Wood,
R. J.; Walsh, C. J. Soft Robotic Glove for Com-
bined Assistance and At-Home Rehabilitation.
Robot. Auton. Syst. 2015, 73, 135-143.

[7] Gao, W.; Emaminejad, S.; Nyein, H. Y. Y.; Challa,
S.; Chen, K.; Peck, A. et al. Fully Integrated
Wearable Sensor Arrays for Multiplexed in Situ
Perspiration Analysis. Nature 2016, 529 (7587),
509-514.

[8] Zhao, J.; Zeng, J.; Chen, L.; Lin, Y.; Zhang, Z. B.;
Zhang, C. Intrinsically Stretchable and Self- Hea-
lable Tribotronic Transistor for Bioinspired E-
Skin. Mater. Today. Phys. 2022, 28, 100877.

[9] Zhao, H.; O’Brien, K.; Li, S.; Shepherd, R. F.
Optoelectronically Innervated Soft Prosthetic Hand

159



RUQUMTRIBIEX], 20243 128, HM3H H28, pp. 145-161
Journal of Flexible & Printed Electronics, December 2024, Vol. 3, Issue 2, pp. 145-161

via Stretchable Optical Waveguides. Sci. Robot.
2016, 1 (1), 1-10.

[10] Lee, S.; Inoue, Y.; Kim, D.; Reuveny, A.; Kuribara,
K.; Yokota, T. et al. Strain-Absorbing Design for
Tissue-Machine Interfaces Using a Tunable
Adhesive Gel. Nat. Commun. 2014, 5 (5898), 1-8.

[11] Kim, H.; Lee, J.; Heo, U.; Dhileep Kumar
Jayashankar; Agno, K. C.; Kim, Y. et al. Skin
Preparation-Free, Stretchable Microneedle Adhesive
Patches for Reliable Electrophysiological Sensing
and Exoskeleton Robot Control. Sci. adv. 2024,
10 (3), 1-13.

[12] Kang, J.; Son, D.; Wang, G. N.; Liu, Y.; Lopez,
J.; Kim, Y. et al. Tough and Water-Insensitive
Self'Healing Elastomer for Robust Electronic
Skin. Adv. Mater. 2018, 30 (13), 1706846.

[13] Cao, Y.; Tan, Y. J; Li, S.; Lee, W. W.; Guo, H,;
Cai, Y. et al. Self-Healing Electronic Skins for
Aquatic Environments. Nat. Electron. 2019, 2 (2),
75-82.

[14] Cao, Y.; Wu, H.; Allec, S. I.; Wong, B. M,;
Nguyen, D. S.; Wang, C. A Highly Stretchy,
Transparent Elastomer with the Capability to
Automatically Self-Heal Underwater. Adv. Mater.
2018, 30 (46), 1804602.

[15] Yan, X.; Liu, Z.; Zhang, Q.; Lopez, J.; Wang, H.
C.; Wu, S. et al. Quadruple H-Bonding Cross-
Linked Supramolecular Polymeric Materials as
Substrates for Stretchable, Antitearing, and Self-
Healable Thin Film Electrodes. J. Am. Chem.
Soc. 2018, 140 (15), 5280-5289.

[16] Wang, S.; Urban, M. W. Self-Healing Polymers.
Nat. Rev. Mater. 2020, 5, 562-583.

[17] Liu, F.; Yu, Y.; Yi, L.; Liu, J. Liquid Metal as

Reconnection Agent for Peripheral Nerve Injury.
Sci. Bull. 2016, 61, 939-947.

[18] Zhang, M.; Li, G.; Huang, L.; Ran, P.; Huang, J.;
Yu, M. et al. Versatile Fabrication of Liquid
Metal Nano-Ink Based Flexible Electronic Devices.
Appl. Mater. Today 2021, 22, 100903.

[19] Chen, J.; Zhang, J.; Luo, Z.; Zhang, J.; Li, L.; Su,
Y. et al. Superelastic, Sensitive, and Low Hysteresis
Flexible Strain Sensor Based on Wave-Patterned
Liquid Metal for Human Activity Monitoring.
ACS Appl. Mater. Interfaces 2020, 12 (19),
22200-22211.

[20] Yuk, H.; Varela, C. E.; Nabzdyk, C. S.; Mao, X,;
Padera, R. F.; Roche, E. T. et al. Dry Double-
Sided Tape for Adhesion of Wet Tissues and
Devices. Nature 2019, 575, 169-174.

[21] Hong, S. H.; Kim, S.; Park, J. P.; Shin, M.; Kim,
K.;; Ryu, J. H. et al. Dynamic Bonds between
Boronic Acid and Alginate: Hydrogels with Stre-
tchable, Self-Healing, Stimuli-Responsive, Remold-
able, and Adhesive Properties. Biomacromole-
cules 2018, 19 (6), 2053-2063.

[22] Li, J.; Celiz, A. D.; Yang, J.; Yang, Q.; Wamala,
I.; Whyte, W. et al. Tough Adhesives for Diverse
Wet Surfaces. Science 2017, 357 (6349), 378-
381.

[23] Yuk, H.; Lu, B.; Zhao, X. Hydrogel Bioelectronics.
Chem. Soc. Rev. 2019, 48 (6), 1642-1667.

[24] Yang, Y.; Urban, M. W. Self-Healing Polymeric
Materials. Chem. Soc. Rev. 2013, 42 (17), 7446-
7467.

[25] Son, D.; Kang, J.; Vardoulis, O.; Kim, Y;
Matsuhisa, N.; Oh, J. Y. et al. An Integrated
Self-Healable Electronic Skin System Fabricated

160



RUQUMTRIBIEX], 20243 128, HM3H H28, pp. 145-161
Journal of Flexible & Printed Electronics, December 2024, Vol. 3, Issue 2, pp. 145-161

via Dynamic Reconstruction of a Nanostructured
Conducting Network. Nat. Nanotechnol. 2018,
13 (11), 1057-1065.

[26] Kim, S.; Seo, H.; Kang, J.; Hong, J.; Seong, D.;
Kim, H. et al. An Ultrastretchable and Self-
Healable Nanocomposite Conductor Enabled by
Autonomously Percolative Electrical Pathways.
ACS Nano 2019, 13 (6), 6531-6539.

[27] Kang, K.; Kwon, H.; Song, O.; Yang. T.; Kang,
J.; Kim. L. et al. Modular Wearable Optoelectronic
System Using Photoactive Nanomembranes. Nano
Energy 2023, 111, 108446.

[28] Lee, G. H.; Kim, H.; Lee, J.; Bae, J. Y.; Yang,
C.; Kim, H. et al. Large-Area Photo-Patterning of
Initially Conductive EGaln Particle-Assembled
Film for Soft Electronics. Mater. Today 2023, 67,
84-94.

[29] Song, K. L.; Seo, H.; Seong, D.; Kim, S.; Yu, K.
J; Kim, Y. C. et al. Adaptive Self-Healing
Electronic Epineurium for Chronic Bidirectional
Neural Interfaces. Nat. Commun. 2020, 11
(4195), 1-10.

[30] Seo, H.; Han, S. I.; Song, K.; Seong, D.; Lee, K.;
Kim, S. H. et al. Durable and Fatigue-Resistant
Soft Peripheral Neuroprosthetics for in vivo
Bidirectional Signaling. Adv. Mater. 2021, 33
(20), 2007346.

[31] Jin, S.; Choi, H.; Seong, D.; You, C. L.; Kang,
J. S.; Rho, S. et al. Injectable Tissue Prosthesis
for Instantaneous Closed-Loop Rehabilitation.
Nature 2023, 623 (7985), 58-65.

[32] Seong, D.; Choi, Y.; Choi, I. C.; Lee, J.; Choi,
J. H.; Park, J. H. et al. Sticky and Strain-Gradient

Artificial Epineurium for Sutureless Nerve Repair
in Rodents and Nonhuman Primates. Adv. Mater.
2024, 36 (16), 2307810.

[33] Lee, S.; Kum, J.; Kim, S.; Jung, H.; An, S.; Soon
Jin Choi. et al. A Shape-Morphing Cortex-
Adhesive Sensor for Closed-Loop Transcranial
Ultrasound Neurostimulation. Nat. Electron. 2024,
7 (9), 800-814.

[34] Kim, S. D.; Park, K.; Lee, S.; Kum, J.; Kim, Y.;
An, S. et al. Injectable and Tissue-Conformable
Conductive Hydrogel for MRI-Compatible Brain-
Interfacing Electrodes. Soft Science 2023, 3 (2),
18.

[35] Choi, S.; Han, S. L; Jung, D.; Hwang, H. J.; Lim,
C.; Bae, S. et al. Highly Conductive, Stretchable
and Biocompatible Ag-Au Core-Sheath Nanowire
Composite for Wearable and Implantable Bio-
electronics. Nat. Nanotechnol. 2018, 13 (11),
1048-1056.

[36] Choi, H.; Kim, Y.; Kim, S.; Jung, H.; Lee, S.;
Kim, K. et al. Adhesive Bioelectronics for Sutu-
reless Epicardial Interfacing. Nat. Electron. 2023,
6 (10), 779-789.

[37] Kim, Y. N.; Jo, J. Y.; Park, J.; Lee, J.; Kim, J;
Jeon, D. Y. et al. Challenge for Trade-Off Rela-
tionship between the Mechanical Property and
Healing Efficiency of Self-Healable Polyimide.
ACS Appl. Mater. Interfaces 2023, 15 (47),
54923-54932.

[38] Kim, S. H.; Baek, G. W.; Yoon, J.; Seo, S.; Park,
J.; Hahm, D. et al. A Bioinspired Stretchable Sensory-
Neuromorphic System. Adv. Mater. 2021, 33
(39), 2104690.

161






