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The peripheral nervous and muscular system, a cornerstone of human physiology, plays a pivotal role in
ensuring the seamless functioning of the human body. This intricate network, comprising nerves and
muscles extending throughout the body, is essential for motor control, sensory feedback, and the regu-
lation of autonomic bodily functions. The qualified implantable peripheral interface can accurately
monitor the biopotential of the target tissue and conduct treatment with stimulation, enhancing the
human—machine interaction and new achievements in disease cure. Implantable electrodes have revolu-
tionized the field of neuromuscular interfaces, offering precise bidirectional communication between the
neuromuscular system and external devices. They enable natural control for individuals with limb loss,
bridging the gap between mind and machine and aiding neuromuscular rehabilitation. In research and
medical diagnostics, implantable electrodes provide invaluable tools for studying neuromuscular function
and the development of therapies. However, traditional rigid electrodes face challenges due to the
dynamic nature of the peripheral neuromuscular system. Flexible and stretchable devices show immense
promise in accommodating dynamic alterations, offering adaptability, and accurate monitoring of electro-
physiological signals. This review delves into the challenges associated with the peripheral interface, pri-
marily focusing on monitoring and stimulation. It then provides a summary of common materials and
structural design optimizations, discusses technologies for enhancing interface adhesion and surface
functionalization, and explores encapsulation methods for implanted devices. Recent advancements in
energy supply and the applications of implantable, flexible, and stretchable devices are also comprehen-
sively reviewed, with due consideration given to ethical concerns and signal analysis. The promising direc-
tions are finally presented to provide enlightenment for high-performance sensor—tissue interfaces in the
future, which will promote profound progress in clinical and human—-machine interaction research.
Flexible and stretchable devices are at the forefront of healthcare, with the potential to transform the
treatment of neuromuscular disorders and enhance human augmentation, blurring the lines between
natural and artificial limbs. They represent a promising avenue for the future, with exciting applications in
healthcare, science, and technology, promising to bring us closer to the seamless integration of human
and machine in the realm of neuromuscular interfaces.
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throughout the body, is essential for various aspects of daily
life. It facilitates motor control, allowing us to perform move-
ments ranging from the simplest tasks like walking to the
most complex actions such as playing musical instruments or
engaging in athletic endeavors. Furthermore, it serves as a
conduit for sensory feedback, relaying information on touch,
temperature, and pain, enabling us to interact with and
respond to our surrounding environment, thereby maintaining
our safety and comfort. Moreover, it exerts influence over the
autonomic nervous system, regulating automatic bodily func-
tions like heart rate, respiration, digestion, and circulation,
thus maintaining internal equilibrium and stability.
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Additionally, in cases of injury or neuromuscular disorders,
the system’s functionality can be enhanced through rehabilita-
tion and physical therapy, leading to improvements in recovery
and overall quality of life. Finally, as a subject of scientific
inquiry, research into the peripheral nervous and muscular
system is vital for advancing our understanding of neuromus-
cular diseases, kinesiology, biomechanics, and medicine.
Implantable electrodes offer a wealth of advantages and
hold immense significance when it comes to interfacing with
peripheral nerves and muscles."”” Their role in medical and
technological advancements cannot be overstated. One of the
primary benefits of implantable electrodes lies in their ability
to establish a direct and stable connection with peripheral
nerves and muscles.>* This connection is pivotal in the field
of neuromuscular interfaces, enabling a precise bidirectional
communication between the nervous system and external
devices. Excitable cells undergo continuous electric potential
changes during physiological activities. The placement of elec-
trodes on the designated interface facilitates the transfer of a
bipotential, which is subsequently detected through a rear
amplifier circuit.” Additionally, electrical stimulation triggers a
functional response by depolarizing cell membranes with
charge injection, facilitated by the flow of ionic current
between the electrodes, especially when one is in close proxi-
mity to the target tissue. When the charge injection is high
enough to activate voltage-gated ion channels by a single
square pulse, allowing the influx of sodium into the cell,® it
depolarizes the cell membrane, thereby eliciting an action
potential. The commonly followed criterion is to maintain the
electrode polarization within the water electrolysis window.”
For individuals with conditions such as limb loss, implantable
electrodes can be integrated into prosthetic limbs, offering the
potential for natural and intuitive control.*® These electrodes
can pick up neural signals, allowing users to regain mobility
and dexterity, effectively bridging the gap between mind and
machine. Moreover, implantable electrodes have also revolutio-
nized the field of neuromuscular rehabilitation. They play a

Hanfei Li is a doctoral student at
Shandong University. At present,
he s jointly trained in the
Neural Engineering Centre of the
Chinese Academy of Sciences,
Shenzhen Advanced Technology
Research Institute. His main
research direction is the develop-
ment and preparation of multi-
functional flexible stretchable
electrodes for biological inter-
faces.

Hanfei Li

This journal is © The Royal Society of Chemistry 2024

View Article Online

Minireview

crucial role in devices like functional electrical stimulation
systems, which help individuals with muscle weakness or
paralysis regain movement.”'® By stimulating the appropriate
muscles in response to neural signals, these electrodes can
restore functions and improve the quality of life for those with
neuromuscular disorders.'”'? In research and medical diag-
nostics, implantable electrodes provide invaluable tools for
studying neuromuscular function.'® They allow for the precise
measurement and modulation of neural activity, aiding in the
development of therapies for conditions ranging from chronic
pain to movement disorders. Furthermore, the integration of
implantable electrodes into prosthetics and orthotics has
opened up exciting possibilities for enhanced human augmen-
tation.® These devices enable not only control but also sensory
feedback, allowing users to perceive touch and pressure,
further blurring the lines between natural and artificial limbs.
While traditional rigid electrodes have their place in certain
applications, they often face challenges in real-time monitor-
ing and stimulation within the peripheral neuromuscular
system due to deformation and compatibility issues.'* The sig-
nificance of stretchable electrodes lies in their potential to
revolutionize the landscape of neurostimulation and recording
technologies. By accommodating the dynamic mechanical pro-
perties of biological tissues, these electrodes promise
improved longevity, reduced tissue damage, and enhanced
signal quality in comparison with their rigid counterparts.
Understanding the current state-of-the-art in stretchable elec-
trode technology is crucial for researchers and practitioners
working on next-generation medical devices and neuro-pros-
thetics. Unlike the brain, the peripheral neuromuscular system
is subject to constant motion and changes, underscoring the
need for devices that offer the required flexibility to accommo-
date such dynamic alterations. Alongside this, there are
growing demands for these devices to be not only accurate in
monitoring electrophysiological signals but also highly adapt-
able to the dynamic nature of the peripheral neuromuscular
system. The efficacy of implantable devices has been substan-
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tiated by numerous studies, underscoring the advantages of
stretchability and flexibility. Specifically, flexible devices, in
contrast to their rigid counterparts, have demonstrated a
reduction in neuroinflammatory responses.”> The incorpor-
ation of stretchability provides electrodes with greater adapta-
bility to the surrounding tissues.'® This brings to the forefront
the critical importance of flexibility and stretchability.
Whether for a better understanding of the workings of the
nervous system or the development of the next generation of
treatment modalities, these flexible and stretchable devices
show immense promise. By delving into their materials syn-
thesis, morphological design, and applications in monitoring
and stimulating, we can gain a deeper understanding of their
role in the peripheral neuromuscular system and their impact
on the future of healthcare.

The current stretchable neural electrodes face challenges in
achieving true synchronization with the irregular motion of
the tissues, thereby impacting the quality of monitored electro-
physiological signals. The mechanical mismatch between
neural electrodes and tissues, leading to continuous pressure
on the tissues and secondary damage, is explicitly acknowl-
edged. The critical importance of the morphological optimiz-
ation of electrodes in neural interfaces is underscored in this
review. Moreover, the transition from invasive implantation
methods, marked by tissue damage and application difficul-
ties, to more minimally invasive approaches is discussed.
Moving away from conventional large-window implantation
towards methods involving injections and sutures is high-
lighted as a promising direction. Furthermore, the adverse
effects of poor interface compatibility, including fibrous
encapsulation due to immune responses and the resulting
failure of long-term implanted devices, are discussed. This
review will focus on the significance of flexibility and stretch-
ability in implantable electrophysiological monitoring and
stimulation devices, especially in the context of the peripheral
neuromuscular system as shown in Fig. 1. We will explore how
these devices cope with the dynamic nature of the peripheral
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nervous system and their potential applications in addressing
neuromuscular-related disorders and conditions. We first
present an overview of emerging materials synthesis and mor-
phological design which significantly accelerate the progress
in flexible and stretchable implanted electrodes. Subsequently,
solutions targeting the interface adhesion and surface
functionalization for bio-interface fusion between the
implanted electrode and the organism are summarized.
Recent advancements in energy supply and the applications of
implantable, flexible, and stretchable devices are also compre-
hensively reviewed, with due consideration given to ethical
concerns and signal analysis. The promising directions are
finally presented to provide enlightenment for high-perform-
ance sensor-tissue interfaces in the future, which will promote
profound progress in clinical and human-machine interaction
research.

2. Design and technology
2.1. Electronic materials

2.1.1. Stretchable wires. Fig. 2 shows the materials of flex-
ible and stretchable electrodes for implantation: the establish-
ment of stretchable wires, the exposed part in contact with the
tissues, and the functional materials introduced. With the
advancement of stretchable electronics, various methods have
been introduced to enhance the design of implantable electro-
des. These include typical designs for stretchable substrates,
such as serpentines,® wavy structures,”** conductive
microcracks,'”** and liquid metals®>*** as shown in Fig. 2a-e.
Due to the irregular motion exhibited by the tissues, uniaxial
or biaxial stretchable electrodes face limitations in achieving
complete synchronization with the dynamic tissue movements,
thereby impacting the fidelity of the monitored electrophysio-
logical signals. In response to these challenges, design strat-
egies advocating for omnidirectional stretchability have been
posited. Minev et al.>® prepared microcracked chromium/gold
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Fig. 1 Overall diagram of the materials, technology and applications of electrodes for peripheral nerves and muscles. (a—c) Emerging materials and
technology in electrode preparation, shape design and interface functionalization. (a) Microcracked and self-adhesive SEBS—Au interface illustration
for stretchable electronics.’” This figure has been reproduced from ref. 17 with permission from Springer Nature; copyright: 2023. (b) Flexible and
biocompatible neural ribbon electrode with a unique spiral wrapping design.18 This figure has been reproduced from ref. 18 with permission from
WILEY-VCH Verlag GmbH & Co. KGaA; copyright: 2015. (c) Functionalization of the interface between electrode devices and biological individuals.*®
This figure has been reproduced from ref. 19 with permission from AMER CHEMICAL SOC; copyright: 2016. (d) Advanced bionic limb technologies
for muscle reinnervation with the mechanical and neural interfacing of bionic limbs with the body.® This figure has been reproduced from ref. 8 with
permission from Springer Nature; copyright: 2023. (e) Paralyzed monkey performing a robotic reach, grasp and pull task with the help of implanted
electrodes.® This figure has been reproduced from ref. 9 with permission from Springer Nature; copyright: 2022. (f) Bladder dysfunction curing by
bladder nerve stimulation.'® This figure has been reproduced from ref. 10 with permission from WILEY-VCH Verlag GmbH & Co. KGaA; copyright:

2017.

(Cr/Au) electrodes that sustain millions of mechanical stretch
cycles, electrical stimulation pulses, and chemical injections
in Fig. 2a. Li et al.>® subsequently enhanced the stretchability
by a biaxial pre-stretching strategy, and a monitoring resolu-
tion of 10 pm at cell-level is unprecedented, realized on the
stretchable electrode in Fig. 2b. In Fig. 2c, Ji et al.”® designed
stretchable parylene-C electrodes with delicate serpentine
structures. After 5000 repetitive stretching cycles, the electro-
chemical impedance of the microelectrodes remains in a
steady state. In Fig. 2d, Qi et al.”®
on the highly stretchable and mechanically stable conductive
polymer electrode. The prepared wavy polypyrrole (PPy) nano-
wire electrodes perform both high stretchability and good elec-
trode-substrate adhesion. In addition, a low Young’s modulus
of 450 kPa, excellent recycling stability of 10 000 cycles, and
high conductivity were also achieved in this electrode. In
Fig. 2e, Dong et al.>* fabricated a highly stretchable electrode

provided a new perspective

This journal is © The Royal Society of Chemistry 2024

array (SEA) based on the liquid metal-polymer conductor
(MPC), achieving high mechanical flexibility and good cyto-
compatibility for neural interfaces.

2.1.2. Conductive interfacing materials. Even though the
encapsulated stretchable wires are discussed, the parts facing the
tissues are requirements for biocompatibility and stability.
Biocompatibility and stability are crucial for success of transmission
between the neuromuscular surface and electrode during monitor-
ing and stimulating. Moreover, the stimulating stability can main-
tain a high current and voltage. A major challenge when designing
electrodes for peripheral tissues is the mechanical mismatch
between the tissues and the device, which can lead to non-confor-
mal contact,””?® tissue damage,'>'
to current leakage.”® With the advancement of flexible electronics,
noble metals, carbon materials, conductive polymers, and hydrogels
can all achieve performance matching with tissue interfaces
through chemical modification and structural control (Fig. 2f-h).

and inefficient stimulation due

Nanoscale, 2024, 16, 6402-6428 | 6405


https://doi.org/10.1039/d3nr05488h

Published on 29 February 2024. Downloaded on 2/16/2026 12:55:20 AM.

View Article Online

Minireview Nanoscale

a

elastomeric
subetisls drug delivery

interconnect ez

A =
ol — = —=
e

—Smm electrode

c d

Elastomer

f ‘\ CNT/PDMS nerve interface _— d
e e AP
= VA o

“{ Parylene-C

PEDOT:PSS

= Multifunctional bloelectromc device

Potential /¥

Tempefature Yo {?

J Month 0 \ Month 2T k d ) Morphing )
PLG A electronics &

Adolescent Grow
it T, J l development p(;::h’;gral l
_' nerve
‘ s =
Mo —= e X’ R
L p / ' \)\\ (’\ Plastic “

Soft state
LXe

SMP substrate

f
%Vj del lormation

Conformal interface

Fig. 2 Materials of flexible and stretchable electrodes for implantation. (a—e) Typical design for a stretchable substrate: (a) stretchable film electro-
des with microcrack Au.?® This figure has been reproduced from ref. 23 with permission from the American Association for the Advancement of
Science; copyright: 2015. (b) Stretchable electrodes by a biaxial pre-stretching strategy.?? This figure has been reproduced from ref. 22 with per-
mission from WILEY-VCH Verlag GmbH & Co. KGaA; copyright: 2023. (c) Serpentine-patterned stretchable electrodes.? This figure has been repro-
duced from ref. 20 with permission from Elsevier; copyright: 2020. (d) Wavy PPy electrode.?® This figure has been reproduced from ref. 26 with per-
mission from WILEY-VCH Verlag GmbH & Co. KGaA; copyright: 2017. (e) Stretchable electrode composed of liquid metal.?* This figure has been
reproduced from ref. 24 with permission from WILEY-VCH Verlag GmbH & Co. KGaA; copyright: 2021. (f—h) Surface-exposed part of the electrode:
(f) CNT/PDMS electrodes with 10 000 stretching cycles up to 20% strain.®® This figure has been reproduced from ref. 35 with permission from AMER
INST PHYSICS; copyright: 2020. (g) Conductive polymer.3® This figure has been reproduced from ref. 38 with permission from WILEY-VCH Verlag
GmbH & Co. KGaA; copyright: 2017. (h) Interfacing with a hydrogel.*” This figure has been reproduced from ref. 47 with permission from
WILEY-VCH Verlag GmbH & Co. KGaA; copyright: 2018. (i—k) Functional materials for special conditions: (i) flexible electrodes on shape-memory
substrates.>®* This figure has been reproduced from ref. 53 with permission from WILEY-VCH Verlag GmbH & Co. KGaA; copyright: 2023. (j)
Bioresorbable electrode.>®>” This figure has been reproduced from ref. 56 with permission from the American Association for the Advancement of
Science; copyright: 2022. This figure has been reproduced from ref. 57 with permission from WILEY-VCH Verlag GmbH & Co. KGaA; copyright:
2021. (k) Self-adaptive electrode which can grow with the tissues.>® This figure has been reproduced from ref. 58 with permission from Springer
Nature; copyright: 2020.

Noble metals and their oxides are used as electrode surface titanium (W:Ti),>* to understand how different material com-
materials for interfacing with tissues due to their excellent binations and electrode configurations influence neural stimu-
chemical inertness. Many studies also develop flexible electro- lation. Based on this, some studies have sought to enhance
des using these materials, such as polydimethylsiloxane the charge injection capacity by increasing the specific surface
(PDMS)/Au,*® parylene-C/IrOx*' and polyimide (PI)/tungsten: area of the electrode material. Ashok et al.** designed flexible

6406 | Nanoscale, 2024, 16, 6402-6428 This journal is © The Royal Society of Chemistry 2024
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and low-impedance mesoporous Au electrodes highly suitable
for biological sensing applications because the large surface
areas formed within the mesoporous network allow for a high
current density. Lienemann et al.** developed stretchable cuff
electrodes based on silicone rubber, Au nanowire conductors
and Pt-coated nanowire electrodes. Excellent stability for 50%
strain cycling and one million stimulation pulses were
achieved. These materials can exhibit excellent biocompatibil-
ity and demonstrate tremendous potential in the development
of flexible electrodes. Their characteristics include good
mechanical stability, flexibility, and stretchability, as well as
excellent electrode performance, such as low impedance and
high current density. These advantages make inert metals
valuable and widely applicable in neural stimulation and bio-
sensing applications.

Carbon nanotubes (CNTs) have been strategically incorpor-
ated into the design of neural interfaces to enhance their
mechanical and electrochemical properties. For instance,
Terkan et al.>® developed a nerve interface by embedding CNTs
in PDMS electrodes, as shown in Fig. 2f. They rigorously
assessed the mechanical and electrochemical stability of this
interface through extensive testing, which included subjecting
it to 10000 stretching cycles at up to 20% strain and more
than 4 million biphasic stimulation pulses. In another study,
Zhou et al.>® revealed the remarkable properties of CNTs in
promoting neural cell growth and axon organization. They
ingeniously integrated CNTs with biodegradable polycaprolac-
tone fumarate (PCLF). Their findings showed that electrical
stimulation not only enhanced cell proliferation and neurite
extension but also facilitated essential cellular processes, such
as migration and intracellular connections, crucial for nerve
regeneration. Furthermore, the incorporation of CNTs into
stretchable electrodes not only improved the film homogeneity
and packing density but also conferred a higher degree of
surface roughness. This adjustment not only enhanced the
biocompatibility by mitigating the immune responses but also
increased the effective surface area, thus improving charge
transfer at the electrode-tissue interface.'®

Conjugated polymers have been demonstrated to be an
ideal bioelectronic interface for the treatment of a wide range
of chronic diseases due to their outstanding mechanical flexi-
bility, mixed-conducting electrical properties, and remarkable
chemical tunability.>” Lee and colleagues introduced a stretch-
able neuromorphic implant based on poly(3,4-ethylenediox-
ythiophene):poly(styrenesulfonate) (PEDOT:PSS), which suc-
cessfully restores coordinated and fluid motions in the limbs
of mice afflicted with neurological motor disorders, enabling
them to engage in activities such as playing with a ball,
walking, or running. Additionally, as depicted in Fig. 2g, Ganji
and collaborators®® applied a coating of PEDOT:PSS to the
surface of microelectrode arrays, showcasing the safe and
high-fidelity intraoperative monitoring of electrophysiology.
PEDOT:PSS microelectrodes exhibited the capability to detect
significant differential neural modulation under a variety of
clinically relevant conditions. This highlights their potential
for bioelectronic applications in treating chronic diseases.

This journal is © The Royal Society of Chemistry 2024
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Hydrogels emerge as an excellent choice for interface
materials, given their soft mechanical properties that closely
match those of body tissues. This characteristic allows hydro-
gels to achieve conformal contact with tissues, thereby enhan-
cing signal transduction while minimizing the risk of an auto-
immune inflammatory response.*® However, there is a
common tradeoff between the modulus and fatigue resistance/
stretchability of these hydrogels.*® Supramolecular®’ and
double-network® hydrogels are developed be stretched to
10-100 times longer than their original length. Minimal signal
attenuation over an extended time was realized by utilizing
microgels as large crosslinking centers in hydrogel networks.*"
This is successfully demonstrated for use as long-term implan-
table sensory devices. Mechanically tough hydrogels with a
tissue-like modulus are also developed as outstanding bioad-
hesive hydrogel neural electrodes due to the assembly of a
highly conductive PEDOT:PSS network.***

When the electrode’s charge injection capacity is exceeded,
irreversible electrochemical processes occur, releasing toxic
byproducts directly into the nerves and muscles, leading to
biological tissue damage.*® Recent studies have found that the
hydrogel coating on the electrodes enhances the overall charge
injection limit and provides a mechanically flexible interface.*®
In Fig. 2h, Huang et al.’s"” in situ gelation of four-arm-poly-
ethylene glycol (PEG) grafted catechol hydrogels induced by
oxidation using Fe®" produces a conformal adhesive contact
with the underlying hydrogel-based multielectrode arrays
(MEAs), robust adhesion to electronic sub-structures, and the
rapid dissolution of the water-soluble sacrificial release layers.
MEAs are integrated on hydrogel-based substrates to produce
free-standing ultra-compliant neural probes, which are then
laminated to the surface of the dorsal root ganglia in feline
subjects to record single-unit neural activity. Zhao et al.*® use
salt/PEG aqueous two-phase systems to create customizable
hydrogel ionic circuits. These electronics offer properties such
as transparency, stretchability, a completely aqueous-based
interface, a distribution of ionic electrical signals between
engineered and biological systems, and the avoidance of tissue
damage from electrical stimulation. Moreover, many efforts
have involved composite preparations by combining hydrogels
with other functional materials to achieve superior biocompat-
ibility and improved tissue integration. For example, conduc-
tive materials, such as microgel*' and graphene oxide,*® were
incorporated with hydrogels to enhance the fatigue perform-
ance and provide a good chemomechanical match to the
tissues. Conductive materials, like CNT’® and silver nano-
wires,”" were blended with biocompatible hydrogel to enhance
the stimulating performance, minimizing signal dissipation
without causing an obvious inflammatory response. Induced
pluripotent stem cell (iPSC)-derived myocytes were grafted
onto a flexible fibrin hydrogel electrode array.> Enhanced
resolution and electrical recording were also demonstrated.

2.2. Functional polymer substrates

With the continuous advancement of medical science, the
requirements for implanted electrodes have also evolved. On

Nanoscale, 2024, 16, 6402-6428 | 6407
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the basis of the regular research on stretchability and chemical
stability during monitoring and stimulating, additional func-
tions are used to minimize the destruction during operation
and optimize the interface signal transmission. The inte-
gration of shape-memory,>® self-healing and adaptive
electrodes®*”° paves the way for responsive and customizable
neural interfaces. In parallel, the development of bioresorbable
devices®®” and growing electronics that harmonize with
growing tissues®® signify a transition towards more biocompa-
tible and sustainable neural interface technologies. As shown
in Fig. 2i, Jiao et al> employed a fast-responding shape-
memory polymer substrate to prepare a flexible bioelectronic
device with switchable rigidity and a reconfigurable shape,
achieving self-adaptive contact in the soft state at body temp-
erature. Shape reconfiguration allows the device to be
implanted through small incisions and recover in limited
spaces to envelop biological surfaces. In Fig. 2j, Lee et al.>®
reported a bioresorbable nerve stimulator that enabled the
local electrical stimulation of peripheral nerves without the
need for secondary removal after pain relief. Furthermore,
through material composition, design choices, and manufac-
turing methods, the device possesses thin, flexible form
factors and fully bioresorbable characteristics, thereby bypass-
ing many of the inherent disadvantages of previous techno-
logies in specific use cases, ensuring excellent biocompatibility
of the device. In Fig. 2k, Liu et al.>® design and fabricate multi-
layered morphing self-adaptive electronics, consisting of visco-
plastic electrodes and a strain sensor that eliminate the stress
at the interface between the electronics and growing tissue,
potentially avoiding additional surgeries for infants, children
and adolescents after they grow up. These diverse approaches
encompass an exciting landscape of innovation in peripheral
neuromuscular electrode design and hold the potential to
transform the field of neuro-prosthetics and disease
treatment.

2.3. Shape and morphology

Fig. 3 shows the flexible and stretchable implantable electro-
des with different shapes for peripheral neuromuscular elec-
trophysiological applications. In the realm of neural interfaces
and implantable electrodes, a diverse array of shape and mor-
phology configurations has been devised to enhance their
functionality and biocompatibility. The field of neural interfa-
cing has witnessed a remarkable evolution in electrode design
and implantation techniques. A diverse array of electrode
types, from stretchable film electrodes to self-folding cuff elec-
trodes, and even injectable conductive hydrogels, has emerged
to address various challenges associated with interfacing with
neural tissues. These innovations aim to improve signal
quality, reduce invasiveness, enhance long-term stability, and
ultimately broaden the scope of neural interface applications.
In this context, the development of novel electrode designs
and materials is paving the way for safer, more effective, and
less disruptive neural interventions.

Membranes have been commonly used to interface with the
muscle to monitor the electromyographic signals. Liu et al.>**°
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prepared a stretchable film electrode with an interlocking layer
between PDMS and Au. The electrodes were sewn to the
muscles for long-term implantation to monitor intramuscular
electric signals as shown in Fig. 3a. Moreover, Nguyen et al.®"
developed an ultra-thin, flexible electrode based on SiC/SiO,
biointegrated nanomembranes with semiconductor properties,
introducing thin-film electrode technology with the capability
to interact with the neural tissues while maintaining outstand-
ing stability in biofluid environments for several decades.
Steins et al.®® decorated a flexible thin-film electrode with a
three-dimensional (3D) protruding microelectrode array to
enhance the signal quality by transversely penetrating the
nerves and reducing the distance to the axons. Furthermore,
Yan et al.®* developed a flexible microneedle nerve array with
PDMS as the substrate, which was implanted into the rat pero-
neal nerve using a long-term, cuff-free, and suture-free fixation
method (Fig. 3b). In summary, thin-film electrodes possess
properties of flexibility, stretchability, and extreme thinness,
enabling excellent integration with muscle or neural tissues
for the long-term monitoring of electrical signals or inter-
action with neural tissues. Some thin-film electrodes also
exhibit semiconductor characteristics, allowing for stability in
biological fluid environments. Through improved design,
signal quality can be enhanced and interaction efficiency with
the neural tissues can be increased, offering wide-ranging pro-
spects for application.

Cuff electrodes offer a conventional yet effective design for
interfacing with peripheral nerves.®*** Recently, functional
materials and novel structures were explored to develop smart
cuff electrodes. A self-folding cuff electrode with soft and
stretchable printing resins as substrates and a microcracked
gold film as a conductive layer targeting small peripheral
nerves was developed.®® This folding is achieved by a highly
swelling sodium acrylate hydrogel. These electrodes can be
bent for ease of implantation when stretched (>20%).
Additionally, innovative approaches like the nanoclip design®®
and the microfluidic electrolyte gel cuff*® showcase the evol-
ution of this concept. Chen et al.'” applied a self-adhesive and
stretchable electrode to wrap around the tissue and nerves
without damage to the targeting tissues, as shown in Fig. 3c.
Sieve structures and their combination with cuffs, along with
needle-based approaches,®**”®® expand the toolkit for precise
neural access for further analyzing the cross-section signal
transmitting (Fig. 3d). Zhang et al® integrated stretchable
mesh serpentine PI wires onto a flexible shape-memory sub-
strate to fabricate a proposed 3D twining electrode. It can natu-
rally self-climb onto nerves, driven by 37 °C normal saline, and
form 3D flexible neural interfaces with minimal constraint on
the deforming nerves (Fig. 3e). The spring shape also shows
promise in muscle interfaces. Zhang et al.”® prepared a stretch-
able spring electrode with tremendous tensile strain (>1000%)
using a 3D direct-ink printing (Fig. 3f). These printed
materials formed asymmetric microribbons composed of
directionally self-assembled two-dimensional nanoflakes in a
polymeric matrix, and these microribbons could spon-
taneously transform into ultrastretchable springs with a con-

This journal is © The Royal Society of Chemistry 2024
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& Co. KGaA; copyright: 2019. (b) Implantation of a microneedle nerve array film in a rodent autonomic nerve.®? This figure has been reproduced
from ref. 62 with permission from WILEY-VCH Verlag GmbH & Co. KGaA; copyright: 2022. (c) Cuff-like stretchable electrode wrapping the tissues.?”
This figure has been reproduced from ref. 17 with permission from Springer Nature; copyright: 2023. (d) Sieve-like stretchable electrode placed on
the cross-section of the nerves.®® This figure has been reproduced from ref. 68 with permission from Elsevier SCI Ltd; copyright: 2021. (e) Plant-
inspired micro-ribbon.®® This figure has been reproduced from ref. 69 with permission from the American Association for the Advancement of
Science; copyright: 2019. (f) Spring-like flexible electrodes.”® This figure has been reproduced from ref. 70 with permission from the National
Academy of Sciences; copyright: 2020. (g) Injectable conductive elastomer electrode.”? This figure has been reproduced from ref. 72 with per-
mission from WILEY-VCH Verlag GmbH & Co. KGaA; copyright: 2019. (h) Injectable hydrogel electrode.”® This figure has been reproduced from ref.
73 with permission from WILEY-VCH Verlag GmbH & Co. KGaA; copyright: 2023.

trollable helical architecture upon stimulation. These springs
are compatible with soft and dynamic biological tissues,
making them suitable for use as neural electrodes.
Furthermore, in order to minimize the trauma during the
implantation, fiber-based implants’* and injectable forms of
flexible and stretchable electrodes are explored for the accurate
and safe targeting of deep-seated body organs. Trevathan
et al.”* developed a novel electrode called the Injectrode, based

This journal is © The Royal Society of Chemistry 2024

on a silicone-metal-particle composite material. In this
process, they injected an uncured, flowable prepolymer around
neuroanatomical targets and cured it in vivo. It can conform to
the target structures, forming an electrically conductive inter-
face that is much less stiff than traditional neuromodulation
electrodes, reducing the need for surgical manipulation
(Fig. 3g). J. Park et al.”® developed an injectable conductive
hydrogel that further imparts tunable degradability to the
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injectable electrode. The hydrolyzable and stable conductive
hydrogels maintained their shape for 3 days and 7 days,
respectively, after in vivo administration. Compared with
injected nonconductive hydrogel and epidermal electrodes,
this injectable conductive hydrogel electrode significantly
improved the quality of electromyography signals in rats
(Fig. 3h).

3. Interface adhesion
3.1. Structure enhanced adhesion

Structural design-based interfacial adhesion holds significant
value in the realm of flexible physiological electrodes.
Common structural configurations encompass mechanical
interlocking structures, curling and enveloping structures, as
well as stent-mounted structures (Stentrode).

Mechanical interlocking structures rely on the shape and
structural characteristics of a surface to facilitate an adhesion
between objects. This mechanism hinges on the interlocking
and fitting of microstructures, yielding robust adhesion
forces.”* For example, certain insects boast microstructures on
their foot appendages, enabling them to traverse both vertical
and inclined surfaces. This concept has further been embraced
for the development of biomimetic devices such as suction
cups, serpent-like robots, and insect-inspired robotic systems.
Inspired by the endoparasitic worm Pomphorhynchus laevis,
Professor Jeffrey M. Karp’s research team has developed a
biphasic microneedle array.”® By utilizing expandable micro-
needle tips that mechanically interlock with the tissue, this
novel approach enhances the adhesion strength by 3.5 times
compared with the conventional staples used in skin graft fix-
ation, resulting in a removal force of approximately 4.5 N cm >
from intestinal mucosal tissue. H. Lee and colleagues have
introduced a biologically inspired microneedle with enhanced
tissue adhesion,”® fabricated using digital light processing 3D
printing technology (Fig. 4a). The microneedles are designed
with barbs generated by the gradient in cross-linking density
within the photopolymer. Experimental evidence demonstrates
that microneedles with these barbs exhibit an 18-fold increase
in tissue adhesion capability compared with those without
barbs. Additionally, these barbed microneedles possess the
capability for sustained drug release. The ongoing develop-
ment of mechanical interlocking structures hints at their
immense potential within the domain of flexible bioelectronic
materials and devices.

In contrast to conventional thin-film or needle electrodes,
the typical structure of flexible electrodes employing curling
and wrapping techniques achieves precise positioning through
its coiled configuration, ensuring a close fit to the target nerve
(Fig. 4b).°*77 This enables accurate localization, minimizing
mechanical distortions and wire failures, while significantly
reducing the impact on adjacent nerves and tissues during
stimulation of the target point.

The Stentrode, a compact stent-mounted electrode array
pioneered by Dr Opie and his team, allows the collection of
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intracranial electroencephalographic activity without the need
for invasive open-brain surgery (Fig. 4c).”® This groundbreak-
ing electrode design effectively mitigates the inflammation
and tissue responses typically associated with craniotomy and
has been validated across a spectrum of medical appli-
cations.”” Multiple electrodes are distributed along an
elongated stent, which expands within the target region upon
insertion into the patient’s brain via the vascular system. The
electrodes establish a robust attachment to the monitoring
sites through stent expansion, thus enhancing the electrode’s
adherence to the monitoring points while simultaneously
diminishing the interface impedance and elevating the quality
of the collected electrophysiological signals. Building upon the
advancements of Stentrode applications in the field of neuro-
science (Fig. 4c),®° we envision its potential for extensive devel-
opment in the electrophysiological monitoring and stimu-
lation of peripheral systems in the future.

3.2. Hydrogel material enhanced adhesion

Over the past few decades, hydrogel materials, composed of
substances with dynamic water-absorbing networks, have
attracted considerable attention due to their outstanding bio-
compatibility, high elasticity, and dynamic self-healing pro-
perties. Building upon the intrinsic wetting characteristics of
hydrogel materials, their adhesion to tissues can be signifi-
cantly augmented through modifications or surface
treatments.®’"®* This heightened adhesion not only effectively
mitigates the performance instability during the usage of
hydrogel materials, such as changes in interfacial impedance
and interface separation in the context of hydrogel electrodes,
but also helps prevent adverse consequences resulting from
detachment (Fig. 4d). This section summarizes the four main
methods currently used to enhance the adhesion of hydrogels.

3.2.1. Hydrogen bond adhesion. Hydrogen bonds, with a
binding energy of approximately 0.5 to 1.8 kcal mol™, are
weak non-covalent bonds. Through the interaction of hydrogen
bonds, adhesion, attachment, or bonding between interfaces
can be achieved (Fig. 4e). However, due to the low individual
bonding energy of a single hydrogen bond, the mechanical
performance of hydrogels cross-linked through hydrogen
bonds tends to be weak. For instance, Hou et al. designed an
environmentally friendly hydrogen-bond-crosslinked hydrogel
network,®® where the hydrogen bond interaction between
branched starch (Amy) molecular chains and water forms the
backbone of the hydrogel network. Simultaneously, Na' dis-
solved in the Amy/water network serve as carriers for transmit-
ting electrical signals, resulting in an injectable conductive
hydrogel. Due to the presence of dynamically repairing hydro-
gen bonds in the network, this hydrogel can rapidly heal
within 2 to 3 seconds at room temperature with a healing
efficiency of 98%. However, the weak bonding energy in the
Amy/water network leads to a low mechanical strength (800 Pa)
of the physically crosslinked hydrogel, limiting its practical
application. Dynamic and reversible hydrogen bonds provide
the hydrogen bond-crosslinked hydrogel with fast self-healing
properties.

This journal is © The Royal Society of Chemistry 2024
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When hydrogen bonds in a hydrogel network aggregate into
hydrogen bond clusters, strong physical interaction points,
namely multi-hydrogen bond crosslinking points, further
enhance the mechanical properties of the hydrogel. Chaoxia
Jin’s team proposed a novel strategy for preparing high-
strength double-crosslinked gels by introducing multiple
hydrogen bonds.®” This strategy involved utilizing the multiple
hydrogen bond interactions between polymers and the natural
polyphenolic compound tannic acid (TA). They introduced a
polymer/tannic acid crosslinked network into the existing
polymer gel network, resulting in a polymer/tannic acid
double-crosslinked hydrogel. Compared with the original
single-network gel, the polymer/tannic acid double-network
gel exhibited an order of magnitude increase in breaking
strength and a several-fold increase in breaking elongation.
Moreover, the dynamic nature of the hydrogen bonds endowed
the gel with a rapid self-repair capability. The polyphenolic

This journal is © The Royal Society of Chemistry 2024

structure of TA, similar to the catechol groups in polydopa-
mine (PDA), contributed to the high adhesion (100 kPa) of the
double-crosslinked hydrogel to substrates.®*~%®
However, the susceptibility of the phenolic hydroxyl groups in
catechol to oxidation into quinones resulted in a significant
decrease in adhesion strength.

It should be noted that hydrogels containing carboxyl
groups are affected by reliability under physiological saline
conditions because the dissociation of carboxyl hydrogen
bonds occurs at higher pH levels.** Under moist conditions,
dry tapes quickly form physical crosslinks with damp tissues
due to their rapid absorption of interfacial moisture, leading
to a significant reduction in their adhesion energy.”® To
enhance hydrogen bond adhesion in a moist environment, Cui
et al. developed a Janus hydrogel,”" where the distribution of
the polyelectrolyte complex gradually decreased from a com-
pletely neutralized carboxylic acid layer to a less neutralized

various

Nanoscale, 2024, 16, 6402-6428 | 6411


https://doi.org/10.1039/d3nr05488h

Published on 29 February 2024. Downloaded on 2/16/2026 12:55:20 AM.

Minireview

layer. Consequently, the highly neutralized layer lacks
adhesion, while the less neutralized carboxylic acid layer
retains adhesive properties. When attached to a moist surface,
this layer can maintain intimate contact with the tissue
without relying on interfacial moisture, owing to its inherent
hydrophobicity inherited from the polyelectrolyte complex.
Similarly, employing a hydrophobic strategy with self-adjusting
interfacial molecules imparts excellent underwater adhesion to
the hydrogel. After immersion in an Fe*" solution, the nega-
tively charged headgroups of dodecyl sulfate (SDS) rearrange
through electrostatic interactions, while the alkyl chains aggre-
gate through hydrophobic interactions. Subsequently, after
removing free SDS, the hydrophobic hydrogel surface repels
water molecules to ensure the direct formation of hydrogen
bonds between the adhesive ends.”?

3.2.2. Electrostatic interactions and topological adhesion.
Moreover, electrostatic interactions and topological adhesion
are common forms of physical adhesion (Fig. 4f). Since many
hydrogels and biological surfaces carry net negative charges,
they repel each other upon contact. To overcome this issue,
introducing both positive and negative charges into the hydro-
gel simultaneously can achieve non-specific adhesion.’® Under
the influence of an external electric field, the formation of ion
bonds and adhesion induced by polarization can increase the
adhesion forces.”»®> However, it is important to note that
merely increasing the ion monomer concentration of polyelec-
trolyte hydrogels does not always directly correlate with
improved interfacial adhesion.

Topological adhesion relies on the shape and structural fea-
tures of an object’s surface to achieve adhesion through the
special arrangement of the surface microstructures. Typically,
this adhesion involves the interlocking or mutual fitting of
microstructures, enabling objects to adhere firmly. For
instance, this form of adhesion can be used in the design of
biomimetic devices to achieve the adhesion and manipulation
of tiny devices or to study the surface modification of materials
to enhance their topological adhesion properties. In hydrogels,
the trigger causes the polymer chains to entwine with the
nearby adherent network, forming a closely bonded
interface.”®® Temperature, pH, iron ions, and organic sol-
vents are typically effective triggers. In topological adhesion,
this physically crosslinked wet adhesion also exhibits reversi-
bility as the trigger conditions change.’®%"%°

3.2.3. Covalent bond adhesion. The majority of hydrogels
contain a multitude of functional groups, such as hydroxyl,
ether, amino, carboxyl, or catechol groups, which enable the
hydrogel to ensure interfacial adhesion by forming covalent
bonds with the tissue surface. Two typical interfacial reac-
tions are the Schiff base reaction and the Michael addition
reaction. The Schiff base reaction is a condensation reaction
that occurs between amino groups and carbonyl compounds,
such as ketones or aldehydes.®>'%*'°* The Michael addition
is a versatile chemical reaction that involves a nucleophilic
reagent (usually an enamine or enamine) adding to
a,p-unsaturated ketone compounds.’®>'® Based on the
covalent bonding formed by aldehyde groups and amino
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groups, the adhesion strength at the interface can be signifi-
cantly enhanced. This is achieved by preparing hydrogels
containing aldehyde groups and allowing them to react with
amino groups present in the tissue. Additionally, the charac-
teristics of the interfacial surface morphology, mechanical
strength, and adhesion strength can be controlled by adjust-
ing the aldehyde/amine ratio. Photosensitive ortho-nitro-
benzene can be converted to ortho-nitrobenzaldehyde under
UV irradiation, and by reacting with the nitro groups on the
tissue surface, covalent bonds are formed between the hydro-
gel and the tissue interface, resulting in a significant
improvement in adhesion.'%*

3.2.4. Non-covalent bond adhesion. Non-covalent inter-
actions encompass a wide range of interactions, including the
mechanically interlocking structure, hydrogen bonding, and
electrostatic adsorption, as described earlier. These inter-
actions are generally considered forms of non-covalent inter-
action. Additionally, there are several other typical non-
covalent interactions, such as van der Waals interactions,
dipole-dipole attraction, and cation-rn interactions, among
others. These non-covalent interactions are typically weaker
and reversible. For instance, marine mussels adhere to various
substrates through multiple mechanisms, including electro-
static interactions, hydrogen bonds, and cation-r interactions
(Fig. 4g)."® Furthermore, in many scenarios, both covalent
and non-covalent interactions act simultaneously. For
example, tannic acid, used for modifying hydrogel adhesion,
can simultaneously form hydrogen bonds and covalent inter-
actions with the interfacing tissue.'°®'°” Moreover, in addition
to modifying the adhesion of conductive electrodes on flexible
biological interfaces, researchers have designed bio-adhesive
polymer semiconductor films (Fig. 4h).’*® These films feature
a dual-network structure formed by bio-adhesive brush-like
polymers and redox-active semiconductor polymers. This fully
bio-adhesive transistor sensor enables high-quality and stable
electrophysiological recording on isolated rat hearts and
in vivo rat muscles.

In general, structurally enhanced adhesion typically relies
on the physical interaction between flexible materials and the
target. This method places higher demands on the structural
design of materials, requiring more precise manufacturing
techniques. In addition, hydrogels themselves possess excel-
lent elasticity and stretchability, and their adhesion to tissues
can be fine-tuned by altering functional groups within the gel.
Furthermore, hydrogels allow for adhesion and de-adhesion
transitions through external conditions such as light exposure
or heating. Similarly, hydrogels may have certain drawbacks in
specific application scenarios. For instance, their tendency to
swell upon contact with liquids can result in volume changes,
potentially leading to instability or inappropriate adhesive
forces. Besides, the relative softness of hydrogels may impact
the stability in high mechanical stress or friction environ-
ments. Thus, considering the distinct advantages and limit-
ations of both structurally enhanced adhesion and hydrogel-
based adhesive materials, appropriate choices can be made
based on specific needs.

This journal is © The Royal Society of Chemistry 2024
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4. Surface functionalization

Surface modifications of flexible bioelectrodes are of great sig-
nificance because they can significantly enhance the perform-
ance of bioelectrodes, especially at the interface with biological
organisms. These surface modifications include impedance
reduction, multifunctionality, amphiphilic modification, and
protein modification, all of which have a significant impact on
the application and effectiveness of bioelectrodes. This section
will primarily focus on recent advancements in these four
types of functional surface modification.

4.1. Surface modifications for enhanced electrical properties
and multi-functionalization abilities

Bioelectrodes are used for monitoring bioelectric signals or
establishing interfaces between biological organisms and elec-
tronic devices. However, at biological interfaces, high impe-
dance is often a challenge. This high impedance results in
decreased signal quality, reduced energy efficiency, and
decreased affinity between the electrode and the tissue.
Common methods to reduce interface impedance include
using highly conductive materials, increasing the surface area,
and surface modification of the electrode.'*® Surface modifi-
cation is a simple and effective method for this purpose.
Typical materials used for modifying bioelectrode surfaces
include carbon materials, gel materials, and emerging two-
dimensional materials. For example, platinum black (Fig. 5a)
and iridium oxide-modified flexible electrodes exhibit signifi-
cantly reduced impedance."'* When used as stimulation elec-
trodes, they show enhanced charge injection capacity and
charge storage capacity by orders of magnitude. Carbonization
titanium, zinc oxide, and others are also commonly used for
neural interface electrodes. In recent years, two-dimensional
materials like MXenes have gained significant development in
the field of neural interfaces. They combine the advantages of
a hydrophilic surface and metallic conductivity, offering excel-
lent mechanical, electrochemical (high conductivity and
capacitance), photothermal, and physical properties.
Researchers have developed high-throughput microfabrication
processes to create MXene-based neural electronic devices
(Fig. 5b).""* Compared with standard metal microelectrodes,
MXene-based neural electrodes show significantly lower impe-
dance. Moreover, they exhibit lower baseline noise, a higher
signal-to-noise ratio, and lower sensitivity to 60 Hz interference
during in vivo neural recordings. Through various surface
modifications, neural interface electronic materials not only
achieve a significant reduction in impedance but also improve
their interference resistance and biocompatibility. This
enhances the quality of detected biological signals and
expands the applications of bioelectrodes.

In the realm of implantable electrophysiological signal
recording and stimulation, the pursuit of multifunctionality
stands out as a crucial trend in future advancements. Beyond
the fundamental role of capturing physiological electrical
signals, researchers have successfully implemented electrode
functionalization, facilitating the detection of electrolyte ion

This journal is © The Royal Society of Chemistry 2024
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concentrations, pH levels, glucose levels, and various chemical
components within bodily fluids. The transformative potential
of these multifunctional bioelectrodes extends to revolutioniz-
ing disease diagnosis and prevention, and advancing personal-
ized medical research. For example, researchers have designed
fiber-like electrochemical sensors with a multi-level spiral
structure, mimicking the structure of biological muscles
(Fig. 5¢ and d).'*? In this device, polyaniline, as a controllable
acid-base-sensitive polymer, undergoes a balance shift
between its oxidized and reduced states under different pH
conditions. Its application on the surface of flexible electrodes
serves the function of monitoring changes in pH values. These
sensors have a lower bending internal stress compared with
traditional implant materials like Au wires or PDMS. By using
injection methods adapted to the one-dimensional structure
of the fibers, these sensors can be accurately implanted into
the target areas. These multi-level fiber sensors with axial or
radial structures enable the detection of the substance distri-
bution at different positions or the detection of different
chemical substances at the same site. They have been success-
fully used to monitor blood glucose and calcium levels in real-
time, showing results comparable to commercial methods. In
conclusion, research on electrode multi-functionalization is of
great significance for monitoring electrolyte balance, disease
diagnosis and prevention, and advancing medical research
towards comprehensive information and personalized
medicine.

4.2. Amphiphilic modification and protein modification

Amphiphilic modification involves introducing functional
groups on the electrode surface that possess both hydrophilic
and hydrophobic properties, thereby enhancing the electrode’s
interface adaptability.'™* For instance, San-Yuan Chen and col-
leagues developed a novel conductive nanogel neural interface
composed of amphiphilic chitosan-modified poly(3,4-ethylene-
dioxythiophene) (PMSDT)."*> This neural interface exhibits a
biomimetic structure/mechanical performance, as well as
ionic/electronic conductivity comparable to gold (Au).
Wenbing Wan’s team reported using nanoscale microtubules
(MTs) as a scaffold template and self-assembling amphiphilic
cell membrane fragments with hydrophobic multi-walled
carbon nanotubes (MWNTs)."'® This mixture was cross-linked
to form a conductive scaffold. Finally, polyaniline (PANI) was
added to the nanocomposite material to enhance its conduc-
tivity. As an electrode, the resulting cell-based conductive gel
increased the interface surface area and enhanced the
material’s conductivity. Amphiphilic modification can improve
the performance of electrodes within complex biological
systems. Since electrodes typically need to interact with
aqueous bodily fluids and biological tissues, amphiphilic-
modified electrodes can better adapt to these interfaces. This
helps reduce the instability between the electrode and the bio-
logical entity, ultimately improving the stability and affinity of
signal transmission.

Protein modification involves introducing specific pro-
teins or biomolecules onto the electrode surface to achieve
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specific interactions with biological entities. For example, a
brain-derived neuronal specific cell adhesion molecule, L1,
was covalently bound to the neural electrode array surface
by Prof. Xinyan Cui’s group."'” Reduced glial activation was
induced and higher neuronal density and axonal regener-
ation were promoted around the implants. The electrode-
tissue interface was maintained with high quality. Compared
with uncoated arrays, laminar electrode arrays coated with
brain-derived neuron-specific cell adhesion molecules
enhanced the overall visual-evoked single-unit (SU) yield and
SU amplitude within a 0-1500 pm depth in the mouse
brain, as well as the signal-to-noise ratio (SNR). The
improvement in recordings was most significant in the hip-
pocampal region, where the control group exhibited a severe
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reduction in recording yield one week after implantation,
while the coated implants maintained higher SU yields
throughout the entire 16 weeks. These results collectively
confirm the effectiveness of biomimetic coatings based on
brain-derived neuron-specific cell adhesion molecules in
reducing inflammatory tissue reactions and enhancing the
quality and longevity of neural recordings. Furthermore,
protein modification imparts electrodes with specific biologi-
cal recognition functions. By immobilizing enzymes or anti-
bodies, electrodes can be used for biosensing applications,
such as detecting glucose levels in blood glucose monitor-
ing. These protein-modified electrodes can achieve specific
biomolecule recognition, enabling highly targeted detection
and analysis.

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3nr05488h

Published on 29 February 2024. Downloaded on 2/16/2026 12:55:20 AM.

Nanoscale

5. Encapsulation strategies

Flexible and stretchable physiological electrodes represent a
revolutionary biomedical device that integrates the latest
advances in microelectronics, biology, and materials science.
They aim to achieve high-precision monitoring and interven-
tion in human physiological activities. These electrodes
provide innovative tools for scientific research and bring new
hopes and opportunities to the healthcare field, contributing
to the forefront of personalized medicine and medical techno-
logy. By combining flexibility, biocompatibility, and high-pre-
cision monitoring, flexible physiological electrodes have
become a remarkable technology in the biomedical field, pro-
foundly impacting the future of medical and biological
research.

Given the rapid development of flexible and stretchable
physiological electrodes in recent decades, their encapsulation
methods have garnered increasing attention.'**'** The
primary reason is that encapsulation failure can lead to
various issues, such as reduced device stability, leakage, short
circuits, device failures, and even damage to biological tissues.
Therefore, electrode encapsulation is crucial to ensure its per-
formance, stability, and biocompatibility. Carefully designing
and selecting appropriate encapsulation materials is a key
factor for the successful application and long-term reliability
of electrodes. Additionally, encapsulation needs to consider
the specific requirements of particular applications, such as
implantable medical devices, biosensors, or brain-machine
interfaces, to ensure that the electrodes can effectively operate
in various environments. Compared with the encapsulation of
wearable flexible electronics, implantable flexible electronics
impose higher demands on encapsulation materials in terms
of biocompatibility, flexibility, long-term stability, and water-
proofing. Therefore, this section primarily introduces the
advances in encapsulation for implantable and degradable
biodevices, along with methods for their stretchable
encapsulation.

5.1. Long-term encapsulation strategies

In the context of implantable devices, long-term implantable
biomedical devices are employed to monitor parameters
within the human body, providing real-time data to assist
doctors in adjusting treatment plans and enhancing patients’
quality of life. In long-term implantable biomedicine, encapsu-
lation is of paramount importance because it needs to ensure
that electronic devices remain stable in long-term contact with
biological fluids and can closely interface with soft, curved bio-
logical tissues. The development of this technology holds
potential for achieving semi-permanent biomedical appli-
cations within the human body, including sensing biological
signals, and stimulating tissues or organs for disease diagno-
sis and treatment.'?’

These encapsulation layers are typically made from organic
or inorganic materials and involve different deposition tech-
niques and material types. Achieving ultralow water per-
meability (water vapor transmission rate (WVTR) < 107° g m™>
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day " at 25 °C) is essential to ensure multi-decade lifetimes
under physiological conditions of temperature and pH.'**
Polymer layers are usually cost-effective but require thicker
layers due to their high WVTR. Inorganic encapsulation layers
typically have higher quality but come at a higher cost.
However, their WVTR is very low, providing a better encapsula-
tion performance. Nonetheless, even with an acceptable encap-
sulation quality from ALD or CVD deposition, achieving
perfect encapsulation throughout the entire biomedicine
surface is nearly impossible due to limitations in the labora-
tory environment, contamination, or defects. Hence, research-
ers are exploring new defect-free materials and multilayer
encapsulation to achieve more perfect encapsulation. Research
results indicate that thermally grown silicon dioxide (t-SiO,)
exhibits excellent encapsulation quality,"**> leading to long-
term stability in biological fluids. For example, Roger’s
research group used t-SiO, for device encapsulation, achieving
25 days of intracranial pressure monitoring with implantable
devices. Other researchers using similar techniques have rea-
lized long-term implantable electrophysiological monitoring
lasting for several hundred days. It is worth noting that the
encapsulation layers need further improvement to delay ion
diffusion and extend the lifespan of the biological encapsula-
tion layer. By employing multilayer encapsulation techniques,
such as the additional deposition of aluminum oxide or
hafnium oxide, researchers have successfully reduced the ion
diffusion and extended the lifespan of the encapsulation
layers. Compared with t-SiO,, single-crystal silicon carbide is
an excellent long-term implantable encapsulation material due
to its extremely low water and ion permeability.

5.2. Bioresorbable encapsulation strategies

Conventional implantable electronic devices often require sec-
ondary surgeries for removal, imposing additional physical
burdens and health risks on patients. In contrast, bio-
degradable flexible bioelectrodes offer numerous advantages.
For example, they gradually degrade after fulfilling their
intended function, eliminating the need for secondary surgery
and reducing the patient’s burden. Additionally, biodegradable
electrodes typically exhibit good biocompatibility, reducing the
risk of infection or immune rejection. Their degradation rate
can also be adjusted through material selection and design to
meet the needs of different applications."*®

In this context, the biodegradability of the encapsulation
layer is also crucial for these devices. Common biodegradable
materials include inorganic materials, polymer materials, and
natural materials. Inorganic biodegradable materials used for
encapsulation layers include silicon dioxide, metal oxides,
silicon nitride, magnesium, and magnesium oxide. Silicon
dioxide layers are typically prepared using methods like chemi-
cal vapor deposition and provide excellent barrier properties,
forming an effective insulating layer between the device and
the complex external environment. Common biodegradable
polymer materials include polylactic acid, poly(lactic-co-glyco-
lic acid), and polycaprolactone."””**® Polylactic acid has a
longer degradation period, polycaprolactone has a slower
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degradation rate, and the degradation rate of poly(lactic-co-gly-
colic acid) can be adjusted by changing the composition ratio.
For example, Fig. 5e presents the design of a pressure sensor,
constructed entirely from biodegradable materials and based
on fringe-field capacitor technology, for measuring arterial
blood flow in both contact and non-contact modes. The sensor
is operated wirelessly through inductive coupling, demonstrat-
ing minimal hysteresis, rapid response times, excellent cycling
stability, and high robustness. It enables easy mounting and
eliminates the need for removal, thus reducing the risk of
vessel trauma. Compared with inorganic and polymer
materials, natural materials demonstrate superior perform-
ance. For instance, silk and spider silk-derived silk fibroin
exhibit good biocompatibility and tunable degradation rates.
However, further research is needed to control their mechani-
cal properties. Materials such as cellulose, starch, and chitosan
are also frequently employed for biodegradable natural
material encapsulation layers (Fig. 5f and g). Additionally, the
degradation of the encapsulation layer can also play a role in
releasing drugs for therapeutic purposes.’*’

Considering the degradation period, rate, and mechanical
properties of different biodegradable materials, in conjunction
with the application scenarios of flexible and stretchable elec-
tronic devices, selecting the appropriate biodegradable encap-
sulation layer not only reduces the patient’s burden but also
unlocks more possibilities for medical research and disease
treatment.

5.3. Stretchable encapsulation strategies

Numerous tissues and organs in the human body undergo per-
iodic deformations, including the rhythmic pulsation of the
heart, the cyclic expansion and contraction of the lungs during
respiration, and the stretching of the muscles. These physio-
logical movements present a significant challenge for
implanted electronic devices, as conventional rigid encapsula-
tion layers are ill-suited to accommodate such dynamic defor-
mations. This limitation can lead to damage and reduced per-
formance of the implanted devices. In response to this chal-
lenge, the development of stretchable encapsulation materials
has become paramount in the realm of flexible and stretchable
implantable bioelectronics. These materials offer the potential
to allow electronic devices to seamlessly integrate with the
body’s natural movements, thereby mitigating damage and
ensuring long-term device functionality.

Typically, flexible materials used for encapsulation employ
an elastic substrate, such as PDMS (Fig. 5h), Ecoflex, poly-
urethane, or SEBS (styrene ethylene butylene styrene). These
materials enable the fabrication of ultra-thin films through
various techniques, which are employed to encapsulate the
electronic components. This approach not only maintains the
structural integrity and electrical performance of the devices
but also permits their adaptation to dynamic physiological
changes.’*>*? In recent years, our research group has con-
ducted extensive investigations into base materials and encap-
sulation materials using SEBS, PDMS, and Ecoflex. Leveraging
methods such as air-liquid interfacial drop-casting, we have
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successfully developed ultra-thin SEBS films, known for their
remarkable self-adhesiveness, enabling the encapsulation of
flexible, stretchable bioelectronic devices based on SEBS sub-
strates (Fig. 5i and j)."”**! This unique encapsulation method
not only shields the device from external liquids, preserving its
performance, but also ensures the seamless adhesion of the
encapsulation layer to the device, preserving its overall struc-
tural integrity. Moreover, we have explored the use of spin-
coating to apply ultra-thin PDMS and Ecoflex films, providing
an effective encapsulation method. A diluted PDMS solution,
mixed with organic solvents, is applied to the substrate after
the electrodes have been prepared. Following curing, the
resulting ultra-thin encapsulation layer integrates seamlessly
with the device, encapsulating the conductive pathways while
preserving the electrical properties and robust performance of
the internal electrodes. This encapsulation strategy has been
found to maintain stable electrical characteristics while pro-
tecting the device from environmental factors such as tempera-
ture and humidity fluctuations. In addition to these
approaches, gel materials, as a class of wet-stretchable
materials, have found valuable applications in implantable
flexible bioelectronics. Their unique properties enable them to
accommodate dynamic physiological changes and environ-
mental influences effectively.

6. Energy supply method for
implantable flexible stretchable
equipment

The way the flexible stretchable device is powered is critical
because it directly affects the service life, performance and
feasibility of the device."**™*' In current methods, many
implantable devices use built-in lithium batteries or other
rechargeable batteries to provide power.'*>*® These batteries
usually have a long life and can provide a long-term energy
supply for the device.'*®"®® The patient or medical pro-
fessional can maintain the power to the device through exter-
nal wireless charging or periodic battery replacement. In
addition, some devices use wireless charging technology to
transfer power from an external charging device to a battery
inside the device. This method can extend the service life of
the device and reduce the need to replace the battery."””
Wireless charging can also improve the tightness of the device
and reduce the risk of infection."”® Finally, some implantable
devices use energy-harvesting techniques, such as heat,
mechanical vibration or light energy, to capture energy from
the surrounding environment to supply the device.'> These
technologies, while promising, are currently limited by their
limited energy-harvesting efficiency and often fail to provide
enough power to meet the needs of energy-intensive devices.
In the future, one trend may be the use of biofuel cells,
which convert biochemical reactions in living organisms into
electricity."®”*®" This approach is expected to provide a longer
service life and reduce the frequency of battery replacement.
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Second, advances in nanotechnology could be widely used in
implantable flexible devices, tiny devices that can generate
electrical energy through mechanical vibration or movement
in the body."®* This technology is expected to provide an auto-
matic way of supplying power without external
intervention."®*™'%® Bojing Shi et al. propose a body-integrated
self-powered system (BISS) that is a simple, efficient, and cost-
effective way to harvest energy from human movement
(Fig. 6a). Biomechanical energy for moving the human body
can be obtained through a piece of electrode attached to the
skin. The basic principle of BISS is inspired by the combined
effect of friction electrification between the sole and the floor
and electrification of the human body."®” A. J. Bandodkar et al.
reported a biocompatible sweat-activated battery technology
that can be embedded in a soft microfluidic platform (Fig. 6b).
The battery can be used in a detachable electronic module that
contains a wireless communication and power management
system and is capable of continuously recording physiological
signals on the skin.'®® Qiang Zheng et al. report on a bio-
degradable triboelectric nanogenerator (BD-TENG) for in vivo
biomechanical energy harvesting that can be degraded and
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reabsorbed in animals after completing its working cycle
without any adverse long-term effects (Fig. 6c)."®® The
BD-TENG, designed with a multilayer structure, demonstrates
remarkable electrical output power and converts in vivo biome-
chanical energy into electricity for use in implantable medical
devices. Philipp Gutruf et al. describe a highly miniaturized
wireless energy harvesting and digital communication elec-
tronic device for a thin, small pacemaker platform weighing
110 mg with a subcutaneous implantable capability and toler-
ance to more than 200000 multi-axial strain cycles without
compromising the electrical or optical performance
(Fig. 6d)."””° Yang et al. reported a stretchable TEG (S-TEG)
(more than 50% stretchability of the entire device) that is geo-
metrically suitable for a variety of complex and dynamic heat
source surfaces (Fig. 6e). The S-TEG consists of thermocouple
arrays of the thermocouple types p-(Sb,Te;) and n-(Bi,Te;) in
hot-pressed nanolayers, and utilizes a wavy serpentine inter-
connect to integrate all the units. The S-TEG collects energy
from the dynamic surface of human skin, offering a potential
energy solution for health monitoring in wearable devices."”*
In addition, future implantable flexible devices may be
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powered in smarter ways, such as drawing energy from a
remote power source. This may involve using an external
power source or wireless energy transfer with an outside device
to ensure that the device always has enough power.'”?

In short, the energy supply method of implantable flexible
stretchable devices is constantly evolving, and it is expected to
achieve more durable and intelligent energy supply methods
in the future to meet the needs of different application fields.
These new technologies will help improve the feasibility, per-
formance and portability of devices.

7. Application of flexible and
stretchable implantable devices in
monitoring and electrical stimulation
7.1. Application in monitoring

Implantable flexible stretchable devices have potential appli-
cations in the electrophysiological monitoring of peripheral
muscles and nerves, especially in rehabilitation therapy
monitoring.'®?*?%2¢1737178 [y terms of device types, implanta-
ble flexible stretchable devices typically include flexible elec-
trode arrays, biocompatible packages, micro-electronics, and
data transmission systems. Rongyu Tang et al. developed a
fluidic cuff electrode using a gallium-based liquid metal (LM)
conductor as a prototype artificial peripheral nerve (Fig. 7a).
After being implanted and connected to the sciatic nerve, the
LM electrodes within the freely moving rats’ bodies survive
repeated body stretching and retain their long-term effective-
ness in transmitting sciatic nerve signals with a high signal-to-
noise ratio during two-week experiments. They demonstrated
that the LM electrodes meet the requirements of peripheral
nerve signal recording and stimulation for long-term implan-
tation, and have the potential to become a new generation of
artificial peripheral nerve devices to interface with, sup-
plement, or even enhance and replace the real peripheral
nerve.”®> Sanghoon Lee et al. argue that a reliable neural inter-
face between peripheral nerves and implantable devices is
central to advanced neural repair and bioelectronic medicine
(Fig. 7b). They studied the effect of a flexible split-ring elec-
trode on the selective recording and stimulation of the sciatic
nerve. This design makes implanting active electrodes on the
sciatic nerve simple and reliable, with minimal pressure on
the nerve, but still providing good electrical contact with the
nerve. In addition, partial induced neural signals from the
nerves were also recorded using the transverse differential
bipolar configuration, demonstrating differential recording
capabilities. In addition, they found that in terms of signal-to-
noise ratio (SNR), the quality of neural signals recorded by the
split-ring electrode was higher than that recorded by the com-
mercial cuff electrode.'”® Sahar Elyahoodayan et al. have
suggested that the outer nerve sleeves are one of the least inva-
sive peripheral nerve interfaces because they are located
outside the nerve. They developed an electrode that can
improve selectivity and sensitivity while maintaining the sleeve
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shape (Fig. 7c). They focus on demonstrating the in vivo func-
tion of microfluidics and microelectrodes in acute prep-
arations, where they assess the ability to locally remove con-
nective tissue and record and stimulate neural activity in rat
sciatic nerves with microchannel-embedded microelectrodes.
In vivo electrical evaluation showed that microelectrodes
placed in microfluidic channels could successfully stimulate
and record the compound action potentials of rat sciatic nerve.
They proved that it is feasible to use an integrated microelec-
trode and microfluidic cuff to stimulate, record and administer
the localized dissolution of the epineural layer.'®® Mei Yu et al.
proposed a self-closing stretchable cuff electrode, which is
able to self-close onto the bundles of tissues after dropping
water onto it. For in vivo testing, both sciatic nerve stimulation
to drive the muscles and electromyographic signal monitoring
around a rat’s extensor digitorum longus for 1 month prove
that their proposed electrode conforms well to the curved
surface of biological tissue (Fig. 7d).*® Amy E. Rochford et al.
reported the long-term survival and functional integration of a
biohybrid device carrying human iPSC-derived cells with the
forearm nerve bundle of freely moving rats, following 4 weeks
of implantation. By improving the tissue-electronics interface
with an intermediate cell layer, they demonstrated enhanced
resolution and electrical recording in vivo as a first step toward
restorative  therapies wusing regenerative bioelectronics
(Fig. 7e)."®" These devices are typically designed to fit tightly
into muscle tissue for effective electrophysiological monitor-
ing. In terms of implant location, these devices can be
implanted into muscle tissue, usually located near the muscu-
lar area of interest, such as the thigh, abdomen, back, arms,
etc. In terms of electrophysiological monitoring functions,
these devices are able to record the electrical activity of
muscles, including electromyography (EMG), which provides
information on muscle activity patterns, strength, fatigue and
coordination.'® This is important for rehabilitation, sports
science, evaluation of athlete performance, and diagnosis and
treatment of neuromuscular diseases.'®>'®* In terms of flexi-
bility and stretchability, muscle tissue can stretch and deform
during exercise, so these devices must be flexible and stretchy
to adapt to the biomechanical properties of the muscle while
avoiding discomfort or damage to the muscle tissue.'®® In
terms of data transmission, these devices are usually equipped
with built-in data transmission systems that can transmit elec-
trophysiological data to external devices, such as computers or
monitoring devices, for real-time analysis.'®® In summary,
implantable flexible stretchable devices have many potential
applications in the electrophysiological monitoring of muscles
and nerves throughout the body, providing critical information
about muscle function and performance.

7.2. Application in electrical stimulation

Implantable flexible stretchable devices play a key role in neu-
roregulatory electrical stimulation therapy. These devices are
used to mimic or tune the electrical activity of neurons to treat
a variety of neurological diseases or symptoms.'*$7%'%7 1n
terms of implantation location, these devices can be
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Fig. 7 Application of flexible and stretchable implantable devices in monitoring. (a) Characterization of the implanted LM cuff electrode and EEG
electrode array: a photographic image of the LM cuff electrode attached to the sciatic nerve during the surgical procedure, a sketch showing the
positions of the LM cuff electrode and EEG electrode array inside the rat body, a photographic image of the assembled electrode connector on a
rat’s head after surgery, and the CT images showing the positions of the implanted LM cuff electrode and EEG electrode array when the rat bends its
body or straightens up, with insets showing the LM cuff electrode outlined in blue.?®> This figure has been reproduced from ref. 25 with permission
from Elsevier Advanced Technology; copyright: 2022. (b) Schematic diagram of the experimental setup. Schematic diagram of the implanted flexible
split ring electrode on the sciatic nerve for stimulation and recording. Schematic diagram of an intra-muscular loop—hook bipolar electrode
implanted in either the tibialis anterior or gastrocnemius muscle. Schematic diagram of subdermal electrical stimulation of the hind limb using a
needle electrode. Picture of the implanted flexible split ring electrode and commercial cuff electrode (Microprobe Inc., Gaithersburg, MD, USA) on
the sciatic nerve in rats.?’® This figure has been reproduced from ref. 179 with permission from SAGE Publications INC; copyright: 2017. (c) A lyse-
and-attract cuff electrode (LACE) locked around the sciatic nerve.'® This figure has been reproduced from ref. 180 with permission from Elsevier;
copyright: 2020. (d) /n vivo recording animal experiments with the self-closing stretchable cuff electrode. On the left is the experimental setup for
the self-closing electrode wrapped around a rat extensor digitorum longus for long-term EMG monitoring. On the right are the EMG signals
detected by the self-closing cuff electrode at the 24th day after implantation.®® This figure has been reproduced from ref. 63 with permission from
the American Chemical Society; copyright: 2023. (e) This is an in vivo biohybrid device design customized for the peripheral nervous system.
Experimental timeline showing the fabrication and implantation of the biohybrid device from an in vitro cell culture step into an animal model. Cells
are seeded onto the flexible biohybrid devices at day 0. After 48 hours (day 2), the differentiation process is initiated. At day 8, the myotubes are
mature; therefore, between days 8 and 10 is the optimal timing for the implantation of the biohybrid devices into a peripheral nerve rat model. The
devices are then implanted for a period of 4 weeks.*®! This figure has been reproduced from ref. 181 with permission from the American Association
for the Advancement of Science; copyright: 2023.
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implanted near peripheral nerve tissue to provide electrical
stimulation when needed.'®® The location of the implant
depends on the specific purpose of the treatment, and may
include the brain, spinal cord, nerve roots or deep nerves in
addition to the peripheral nerves.>*'®**°! In terms of the
therapeutic function of electrical stimulation, implantable
devices can be used to control the excitation or inhibition of
neurons by transmitting electrical stimulation signals, so as to
reduce pain, improve motor control, manage epilepsy, treat
Parkinson’s disease, reduce depression symptoms, etc. In
terms of the electrical stimulation parameters, the effective-
ness of treatment depends on the parameters of electrical
stimulation, such as frequency, amplitude, pulse width, etc.
Doctors can adjust these according to the needs and reactions
of patients. In terms of data transmission, these devices often
have built-in data transmission systems that can monitor the
patient’s status and record the effects of treatment. The data
help doctors make personalized adjustments. In terms of data
analysis, the success of treatment often requires monitoring
and analyzing large amounts of data to ensure the effective-
ness and safety of electrical stimulation. Jiahui Wang et al
reported a muscle electrical stimulation device, which is
powered directly by stacked layer triboelectric nanogenerators
(TENG) via flexible multi-channel intramuscular electrodes.
This multi-channel intramuscular electrode can map sparsely
distributed motor neurons in muscle tissue, enabling efficient
muscle stimulation by the TENG (Fig. 8a)."*> Their work vali-
dates the possibility of direct TENG muscle stimulation. In
addition, the involvement of the multiple-channel intramuscu-
lar electrode provides guidance for practical applications of
using this self-powered system, as it allows stimulation
efficiency optimization. With the recent development of
TENGS, we believe this self-powered system can be used for
electrical muscle stimulation to treat muscle function loss.
Yeongjun Lee et al. reported a stretchable neuromorphic
implant that restores coordinated and smooth motions in the
legs of mice with neurological motor disorders, enabling the
animals to kick a ball, walk or run (Fig. 8b). The neuromorphic
implant acts as an artificial efferent nerve by generating elec-
trophysiological signals from excitatory post-synaptic signals
and by providing proprioceptive feedback. The device operates
at low power (~1/150 that of a typical microprocessor system),
and consists of hydrogel electrodes connected to a stretchable
transistor incorporating an organic semiconducting nanowire
(acting as an artificial synapse), connected via an ion gel to an
artificial proprioceptor incorporating a carbon nanotube strain
sensor (acting as an artificial muscle spindle).®> This work
shows that advanced functions of coordinated and complex
leg motions can be elicited in living mammals via soft neural
interfaces and stretchable electronic systems. This is a step
towards a future artificial nerve system that could serve as a
low-power neuromorphic prosthetic device that enables limb
movement via motor-cortex-driven signals. In the future,
simple systems such as the SNEN that use the principle of neu-
roplasticity may represent a promising bioengineering techno-
logy for the generation of voluntary motion in animals with
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motor disorders, obviating the need for heavy and complicated
electronic devices. Sanghoon Lee et al. proposed a novel flex-
ible neural clip (FNC) that can be used to interface with a
variety of different peripheral nerves (Fig. 8c). To illustrate the
flexibility of the design, this study stimulates the pelvic nerve,
the vagus nerve, and branches of the sciatic nerve and evalu-
ates the feasibility of the design in modulating the function of
each of these nerves. It is found that this FNC allows a fine-
tuning of physiological processes such as micturition, heart
rate, and muscle contractions. Furthermore, this study also
tests the ability of the wirelessly powered FNC to enable the
remote modulation of visceral pelvic nerves located deep in
the body. These results show that the FNC can be used with a
range of different nerves, providing one of the critical pieces in
the field of bioelectronics medicines."® This interface does not
only provide sciatic nerves interfacing in a paradigm-shift
manner, but also paves the way for doing neural modulation
for bioelectronic medicine that requires a reliable modulation
of small peripheral somatic and visceral nerves, thus advan-
cing implantable bioelectronics toward an untapped potential
of neuromodulation. Rui Guo et al. presented and fabricated a
flexible neural microelectrode array system based on a liquid
metal Ga-In alloy (75.5% Ga and 24.5% In weight). The alloy
has a unique low melting point (10.35 °C), excellent electrical
conductivity and high compliance, which is conducive to
being used as an implantable flexible neural electrode. In con-
ceptual experiments with electrical stimulation of the sciatic
nerve in animals, dead bullfrogs implanted with a flexible
neural microelectrode array were even able to rhythmically
contract and move their lower limbs when electrically stimu-
lated by the implant (Fig. 8d). This demonstrates a highly
efficient method for rapidly restoring biological neural func-
tion. In addition, a series of biological experiments have
proved that liquid metal materials have good biocompatibility.
A liquid metal electrode has lower resistance properties com-
pared with a platinum electrode, its resistance value range is
far less than the range of the platinum electrode and the elec-
trodes are conducive to the protection of the electrodes and
tissues, and thus increased the cathode electric charge storage
capacity. The experiments of biocompatibility and bullfrog
sciatic nerve electrical stimulation showed that liquid metal
electrode has no significant destructive effect on cells and has
similar effects to platinum electrodes. In the future, this liquid
metal mode for nerve stimulation is expected to play an impor-
tant role as a bioelectrode to overcome the fundamental mis-
match between the mechanics of biological tissues and elec-
tronic devices.'®® Ai-Ping Yu et al. investigated the effect of
implantation of electrodes at different contact points on the
regeneration of the sciatic nerve after resection (Fig. 8e). The
models of sciatic nerve resection and microsurgical repair were
randomly divided into four groups (point contact, 1/4 circle
contact; the whole circle touches; no electrodes as a control).
Electrical stimulation, electrophysiology, morphology, and his-
tology were performed to examine the sciatic nerve and muscle
at 4 and 10 weeks after implantation, respectively. The ischiatic
functional index, compound muscle action potential ampli-

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Application of flexible and stretchable implantable devices in electrical stimulation. (a) /n vivo mapping of a stacked-layer TENG stimulation
efficiency. Schematic of the testing setup with force measurement. In vivo testing setup. Force profile measured when the TENG directly powers
muscle stimulation.'®2 This figure has been reproduced from ref. 192 with permission from the American Chemical Society; copyright: 2019. (b) Bipedal
walking locomotion. Schematic of a paralysed mouse afflicted by SCI or MND (left) and a mouse that had recovered voluntary motor function by using
SNEN (right). Practical locomotion is demonstrated with coordinated stimulation of the muscles by post-synaptic signals of the SNEN and patterned
pre-synaptic Ap inputs. Configuration of the mouse for bipedal walking locomotion.® This figure has been reproduced from ref. 3 with permission from
Springer Nature; copyright: 2022. (c) Schematic diagram of peripheral nerves and modulated functions using a wireless FNC. Schematic diagram of
different applications of a wireless FNC interface for the wireless modulation of nerves to achieve different organ or tissue outputs. (i) Vagus nerve
stimulation (VNS), (i) bladder nerve stimulation, and (iii) stimulation of sciatic nerve branches for the modulation of (iv) heart rate (HR), (v) bladder dys-
function, and (vi) leg muscles, respectively.'® This figure has been reproduced from ref. 10 with permission from WILEY-VCH Verlag GmbH & Co. KGaA;
copyright: 2017. (d) The schematic diagram of the liquid metal nerve electrodes in vivo. A silicone tube was used to fix the electrodes on the nerve. The
pictures of the liquid metal nerve electrodes.'®* This figure has been reproduced from ref. 193 with permission from IOP PUBLISHING Ltd; copyright:
2017. (e) The design and contact patterns of the point electrode, 1/4 circle electrode and whole circle electrode used as an implanted flexible electrode.
The dissected sciatic nerve was repaired as a control. Point contact electrode implantation. 1/4 circle contact electrode implantation. Whole-circle
contact electrode implantation. Schematic illustration of the animal procedures: a nickel—-titanium alloy wire was placed into the proximal and distal
nerve segments with three contact patterns of the electrodes and buried behind the neck through the subcutaneous tunnel, respectively.*®* This figure
has been reproduced from ref. 194 with permission from Elsevier IRELAND Ltd; copyright: 2019.
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tude and motor nerve conduction velocity in the point and 1/4
circle contact groups were significantly higher than those in
the contact group at 4 weeks and 10 weeks after implantation.
The point and 1/4 circle contact pattern promoted sciatic nerve
regeneration, reduced muscle contraction, and lessened
mechanical injury. Changes in the nerve trunk were observed
at weeks 4 and 10 when compared with the full circle contact
group. Electrodes with point contacts and 1/4 round contacts
represent an effective alternative to portable electrical stimu-
lation for the regeneration of the injured sciatic nerve and the
reduction of subsequent muscle atrophy, which may provide a
promising approach for the treatment of peripheral nerve inju-
ries.’”* The use of implantable flexible stretchable devices has
made significant progress in neuroregulatory therapy, but
further research and clinical validation are still needed to
ensure safety and efficacy.

8. Ethics, signal analysis and
processing

In the field of implantable flexible stretchable devices for elec-
trophysiological signal monitoring and electrical stimulation,
issues related to biosafety, ethics, laws and regulations, and
signal analysis and processing are crucial. These factors
directly relate to the safety, privacy, and legality of future
patients, and are worthy of attention and attention.

At the ethical and moral level, as implantable devices can
monitor patients’ physiological signals and other sensitive
data in real-time, maintaining patients’ privacy is crucial.
Device manufacturers and medical professionals must take
measures to ensure data security, such as encryption, authenti-
cation, and access control. Patients should be informed about
how their data are used and whether they are shared with
other institutions. There are autonomous decision-making
and informed consent issues: before implanting a device,
patients should fully understand the risks and benefits of
implanting the device so that they can make informed consent
decisions. Medical professionals need to provide detailed
information to help patients understand the potential benefits
of implantable devices, but they also need to honestly intro-
duce the potential risks and complications. Patients have the
right to decide whether to accept implanted devices to ensure
that their autonomy and dignity are respected.

For signal analysis and processing, current practices
include the use of various algorithms and techniques to
analyze physiological signal data collected from devices. These
methods aim to detect abnormalities, monitor physiological
parameters, and provide real-time feedback to support medical
decision-making. Future trends include more advanced signal
analysis and processing methods, such as artificial intelligence
and machine learning. These technologies are expected to
improve the interpretability, accuracy, and predictability of the
data. At the same time, the data cloud connection of implanta-
ble devices will also accelerate the development of remote
monitoring and remote medical services.
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Overall, the development of implantable electrophysiologi-
cal signal monitoring and electrical stimulation flexible
stretchable devices is continuously driving the forefront of bio-
medical engineering. Future development will benefit from
innovative technologies and interdisciplinary cooperation to
achieve safer and more efficient implantable device
applications.

9. Conclusions and outlook

Implantable electrodes are at the forefront of advancing our
ability to interface with peripheral nerves and muscles. Their
precision, stability, and therapeutic potential have far-reaching
implications, promising improved mobility, function, and
quality of life for individuals with neuromuscular challenges.
Additionally, they are propelling innovation in the fields of
rehabilitation, assistive technology, and neuromuscular
research, offering a brighter future for those in need of these
technologies.

Looking ahead to the future, implantable electrodes show
enormous potential. The advancement of technology is
expected to redefine the field of prosthetics and rehabilitation,
making it more natural and intuitive. These electrodes not
only provide better control over biomimetic limbs, but also
provide sensory feedback, thereby promoting closer interaction
with prosthetics. This development direction is expected to
promote the realization of fully functional and realistic pros-
thetic devices, bringing new possibilities to the field of neuro-
logical rehabilitation.

Although significant progress has been made in the devel-
opment of implantable and stretchable electrophysiological
electrodes, there are still some challenges. One of the main
issues is to extend the biocompatibility and stability of these
electrodes in physiological environments to ensure their long-
term effective operation. It is crucial to achieve a seamless
interface between electrodes and biological tissues, as
mechanical mismatches can lead to non-conformal contact,
tissue damage, and inefficient stimulation. In this regard,
material selection and the development of packaging techno-
logy play a crucial role. Addressing potential issues such as
packaging failures, leakage, and short circuits remains a major
challenge. In addition, improving the stretchability of electro-
des to adapt to the dynamic deformation of body tissues is
also a continuous challenge that requires innovative materials
and packaging strategies. Realizing precise and selective stimu-
lation or recording specific physiological signals remains a key
obstacle, and further improvements in electrode design and
signal processing algorithms are needed.

Addressing these challenges is crucial for the sustained pro-
gress and successful clinical translation of implantable and
stretchable electrophysiological electrodes. To overcome these
obstacles, interdisciplinary collaboration is particularly impor-
tant, covering materials science, engineering, biology, and
clinical expertise. The ongoing research aims to improve the
performance and safety of implantable electrophysiological
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electrodes for applications in neurorecording, neuroregulation,
and other bioelectronic therapies. A promising direction for
future research is to develop intelligent and adaptive materials
that can dynamically respond to changes in physiological
environments. The integration of reactive polymers is a poten-
tial research direction that can alter mechanical properties
based on specific biological cues, achieving alignment with
natural tissue movement. Combining advanced sensors for the
continuous monitoring of biochemical markers can provide
valuable insights into complex physiological processes. This
multimodal sensing combined with adaptive stimulation capa-
bility is expected to completely change the way treatment inter-
ventions are carried out, achieving personalized and precise
control. Meanwhile, striving to improve the energy efficiency of
equipment and exploring innovative power sources or energy-
harvesting mechanisms can help reduce the need for frequent
replacement or charging. Overall, these directions have paved
the way for the development of the next generation of implan-
table electrophysiological electrodes, making it possible to
seamlessly integrate their functions with the human body.

It is worth noting that currently, active electrodes, in con-
junction with synthetic biology, are rapidly evolving. The
primary distinction between active electrodes and traditional
ones is their controllable electrode activity. Traditional elec-
tronic devices are designed and assembled based on non-
living materials (inorganic/organic), with well-defined working
physical mechanisms. Their inherent drawbacks include static
behavior and limited adaptability to the environment. In con-
trast, devices based on active materials, such as DNA, RNA,
proteins, lipids, and cells, inspired by the activity of living
organisms, possess potential characteristics such as self-
repair, self-replication, self-renewal, dynamic adjustability,
self-sustainability, and environmental adaptability after
implantation. Therefore, the development of flexible implanta-
ble devices based on active materials will facilitate seamless
integration with dynamic living organisms. The in-depth
advancement of these active electronic devices will lead to a
profound fusion of human-machine interfaces, advance
research in artificial intelligence neural networks, and enable
the replication of neural networks in living cell networks.

This represents the cutting edge of neural engineering,
poised to drive progress in the field of neuroscience, deepen-
ing our comprehension of the nervous system and its dis-
orders. Through ongoing research and development, we can
envision a future where these technologies offer enhanced pre-
cision, extended lifespans, and broader applications. They
hold the potential to improve the lives of countless individ-
uals, offering newfound hope and opportunities for those
facing neuromuscular challenges, while also providing more
personalized treatment options.
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