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Strategies for interface issues and challenges of
neural electrodest

Cuiyuan Liang, Yan Liu,* Weihong Lu, &2 Gongwei Tian, Qinyi Zhao, Dan Yang,
Jing Sun and Dianpeng Qi &

Neural electrodes, as a bridge for bidirectional communication between the body and external devices,
are crucial means for detecting and controlling nerve activity. The electrodes play a vital role in monitoring
the state of neural systems or influencing it to treat disease or restore functions. To achieve high-resolu-
tion, safe and long-term stable nerve recording and stimulation, a neural electrode with excellent electro-
chemical performance (e.g., impedance, charge storage capacity, charge injection limit), and good bio-
compatibility and stability is required. Here, the charge transfer process in the tissues, the electrode—
tissue interfaces and the electrode materials are discussed respectively. Subsequently, the latest research
methods and strategies for improving the electrochemical performance and biocompatibility of neural
electrodes are reviewed. Finally, the challenges in the development of neural electrodes are proposed. It
is expected that the development of neural electrodes will offer new opportunities for the evolution of
neural prosthesis, bioelectronic medicine, brain science, and so on.

1. Introduction

Since Luigi Galvani discovered bioelectricity,"* it has given us
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tronics.? Bioelectronics is an emerging subject constituted by
the mutual penetration of biology and electronic information
science. Almost every physiological process in the human body
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is related to bioelectricity. For instance, heart beats, muscle
contraction, brain activities, and so on.” The neural electrodes,
which help to exchange information between the biological
tissues and external electronic devices in a bidirectional way
(stimulus and recording),” have preeminent potential in the
treatment of various neurological diseases (e.g., depression,
nerve palsy, epilepsy, Alzheimer’s disease, blindness and
spinal cord injury) and the exploration of how the brain
works.® ™

The interface between the biological tissue and the elec-
trode is a major element that affects the performance of neural
electrodes.'” Therefore, building a dependable and efficient
nerve-electrode interface is crucial for the development of
neural electrodes."®'* To achieve a high performance nerve-
electrode interface, attention should be paid to the following
aspects: (i) the charge transfer mechanism of diverse electrode
materials needs to be clarified, since the electrical deviations
of neural interfaces bring about obstacles to signal trans-
mission and detection.”™"” (ii) An excellent electrochemical
performance of the neural electrode is highly desired,'®'®
including electrochemical impedance,”®*! charge storage
capacity (CSC),>*** charge injection limit (CIL, it is defined as
the maximum charge density that can be injected into the
tissue under the safe potential window measured by cyclic
voltammetry)>*?® and so on. Among them, a low impedance
favors monitoring the electrophysiological signal with more
details. A high charge storage capacity and charge injection
limit enhance the stimulating capability of the electrode
(Table S1t). In addition, the flexible stretchable/bendable®”*®
electrodes can withstand large mechanical deformations and
conformal well with soft dynamic biological tissues, which
improves the fidelity and stability of the signal transmission.
Simultaneously, high-density neural electrodes can achieve
multi-site acquisition of the same neuron activity,>*° so that
more waveform information can be used to distinguish neuron
signals from multiple sources to ensure the authenticity of the
information. (iii) Until now, the weak biocompatibility of the
neural electrodes is still a rigorous problem.*>*"** Although
helpful tissue adhesion and survival of nerve cells were
observed in vitro, diverse degrees of tissue reaction occurred
in vivo, which weakens the transmission of signals of the elec-
trodes. Deservedly, it is imperative to comprehend and resolve
the trouble of poor compatibility, which hinders the way for
long term and stable implantation of the neural electrodes.

To further promote efficacious and credible information
exchange between electronic devices and biological tissues, it
is necessary to summarize the works that focused on addres-
sing the above issues. Accordingly, in this review, we firstly dis-
cussed the feature of the neural electrode interface, the signal
transmission mechanism between biological tissue and the
neural electrode, and proposed countermeasures for the
design of the electrode-tissue interface. Subsequently, the
development of the neural electrodes is summarized and dis-
cussed according to the charge transfer mechanism of the
electrode materials, including (i) charge transfer by electrons,
(ii) charge transfer by ions, and (iii) charge transfer via a syner-
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getic effect of electrons and ions. Finally, we analyse and sum-
marize the challenges encountered in the practical application
of next-generation neural electrodes, hoping that this paper
will bring new insights for the seamless integration of biology
and electronics.

2. Neural electrode—tissue interfaces

At present, intelligent robots with mechanical bodies and
emulating human intelligence already exist. However, in order
to truly assist or even replace human beings to complete
dangerous, arduous and intricate work, and to serve human
life with high efficiency and perfect quality, one of the vital
issues that needs to be settled is conspicuous signal trans-
mission and mechanical control between brain and machine.
In this procedure, the interface between the machine and the
body is the most crucial part. Currently, flexible electronic
devices have become an innovative solution for the infor-
mation communication of the machine-body interface after
being tightly integrated with tissues.

The research of the neural interface is a multidisciplinary
investigation field, which relies on the combination of mul-
tiple disciplines, including materials science, mechanics, elec-
tronics, medicine and so on. The neural interface refers to the
interface between a biological tissue and an electrode con-
structed to detect physiological signals or emit electrical
stimulation to the skin or an inside organism.'”*** Markedly,
the execution of some functions of the interface (the trans-
mission of stimulation and recording signals) requires the
electrode to possess good biocompatibility, low electro-
chemical impedance, long term stability, excellent electrical
conductivity and so on.

Due to the different charge transfer behaviour of neural
electrodes and biological tissues/cells, where the charge trans-
fer in the electrode materials mainly relays on electrons and
the tissues/cells use ions to transfer charge, an effective and
stable information transfer of the neural interface is important
for the construction of neural electrodes (Fig. 1a).>*?*® The
optimization of mechanical interaction and understanding of
the charge transfer mechanism between the electrode and
tissues could favour the establishment of an effective neural
interface, so as to promote the development of neural electro-
des. Therefore, in the consequent part, we discussed the
mechanical interaction between the electrode and tissue.
Then, we further discussed the signal transmission mecha-
nism in electrode materials, tissues and electrode-tissue
interfaces.

2.1. Mechanical interaction of the electrode-tissue interface

Favorable biomechanical interactions require the electrode to
maintain splendid parameters (e.g., biocompatibility, stability,
electrochemical performance, etc.). The biomechanical inter-
actions of nerve electrodes are generally categorized into two
types: one is the noninvasive electrode with epidermal attach-
ment, and the other one is the invasive electrode with in vivo
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Fig.1 (a) Schematic of the gap between bioelectronic interfaces.
Reproduced with permission from ref. 37. Copyright 2016, the American
Chemical Society. (b) Illustration of the equivalent circuit between the
electrode—tissue interface, (c) effect of the neuroinflammatory response
(Zscar) On partial electrical impedance. Reproduced with permission from
ref. 20. Copyright 2017, American Association for the Advancement of
Science. (d) The process of glial encapsulation after electrode implan-
tation: illustration of (i) implanted nerve electrode, and (ii) acute and (iii)
chronic responses of the electrode. Adapted with permission from ref.
38. Copyright 2014, the Wiley-VCH. (e) The foreign body reaction in the
brain tissue of animals implanted with microelectrodes for 4 weeks may
be caused by the formation of inflammatory cells (ED1), astrocytes
(GFAP) and the increased distance (NeuN) of neurons from the recording
position. Reproduced with permission from ref. 39. Copyright 2005, the
Elsevier. (f) Schematic description of signal conversion between the
electrode and target cell interface in biological systems usually occurs at
10-100 pm. Reproduced with permission from ref. 21. Copyright 2019,
the Royal Society of Chemistry.

implantation. Epidermal electrodes universally trigger less
invasive biomechanical interactions when in conformal
contact with soft skin tissue (e.g., curving, stretching, com-
pression, etc.)."® However, more complex biomechanical inter-
actions (e.g., puncture wounds and destruction of the micro-
vascular system) occur with invasive electrodes, especially the
implantable nerve electrodes.*

The electrode is taken as an example for recording the elec-
troencephalogram (EEG). With the aggrandizement of time,
the blood-brain barrier will be destroyed and blood vessels
will be damaged, resulting in the death of a large number of
nerve cells around the electrode (Fig. 1d).** At this point, the
immune system of the body is activated. Microglia and macro-
phage cells (derived from blood) are activated and release
chemokines that attract astrocytes towards the electrode
surface to aggregate (Fig. 1e). Astrocytes secrete some neuro-
toxic factors and the extracellular matrix, which lead to the
death of neurons around the electrodes and the formation of
dense glial scars, respectively.”” The glial scar will fortify the
distance between the electrode and the target neuron, and at
the same time, the impedance of the neural interface will
increase dramatically. Equivalent circuit models can be
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employed to intuitively describe the impedance increase at the
electrode-tissue interface (Fig. 1b and c). Higher interface
impedance will seriously impede the acquisition of bioelectro-
nic stimulation and recording signals (Fig. 1f).%*”**** When
the glial scar becomes too bushy and the neurons around the
electrode die due to inflammation (acute and chronic),**® the
electrode loses its function. So far, methods for perfecting the
compatibility of bioelectrodes include: (i) surface coating;"” (ii)
doping;*® (iii) covalent grafting;*® and (iv) layer-by-layer self-
assembly technology based on electrostatic attraction.>

Besides the reasons described above that cause the increase
of impedance, it is discovered that equipment/electrode degra-
dation induced by operation in a biological environment also
could result in an impedance increase. Therefore, improving
the electrochemical performance and enhancing the biocom-
patibility of the neural electrode are the most important
requirements for its practical applications. These requirements
could be satisfied to a certain extent by the following strat-
egies: (i) minimizing the gap of the neural interfaces;”" (ii)
improving the interface adhesion between the electrode and
the tissue;’* (iii) reducing the electrode thickness;** and (iv)
enabling the electrode with porous/3D structures.>

2.2. Signal transmission between the neural electrode and
tissue

It is an important parameter to evaluate the electrode-tissue
interface that whether the electrode can monitor the electro-
physiological signals from the nervous system and accurately
stimulate them.>* Hence, in this part, we would like to discuss
the charge transferring mechanism in the neurons, electrode—
tissue interface, and electrode materials, so that to provide
theoretical support and design guidelines for the precise fabri-
cation of neural electrodes. Notably, this article only focuses
on the electrical interface directly formed between the elec-
trode and the nerve tissue. The discussion of the chemical and
optical modes of the neural interface could be found in pre-
viously reported reviews.>>>

2.2.1. The transmission of electrophysiological signals
between neurons. The nervous system completes the trans-
mission of information through the interaction of electrical
carriers (ions) and chemical carriers (neurotransmitters).>® In
nerve cells (neurons), information is transmitted along the
nerve fibers in the form of electrical signals (Fig. 2). When the
nerve fibers are stimulated and become exciting, the mem-
brane potential transforms from internally negative and exter-
nally positive (K" external flow, both intracellular K" and extra-
cellular Na" are excessive in the resting state) to internally posi-
tive and externally negative (Na' internal flow), and thus the
potential difference is generated, leading to charge movement.
Finally, the excitement is transmitted in the form of a local
current signal. Consequently, the transmission of information
from one neuron to another neuron or target organ is realized
through chemical synapses.® The process begins with the
transmission of excitement to the axon and then to the synap-
tosome, where the synaptic vesicles move forward after being
stimulated. Depolarization occurs when the action potential
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Fig. 2 The progressively amplified communication diagram from a
neuron to a synapse to an ion channel. (a) neurons communicate
through chemical and electrical signals, (b) the presynaptic membrane
releases neurotransmitters, which then spread via the synaptic cleft and
integrate to receptor proteins on the postsynaptic membrane, (c) multi-
formity of neuronal membrane receptors included in neurotransmission.
Reproduced with permission from ref. 5. Copyright 2019, Springer
Nature.

reaches the presynaptic membrane (composition of the axon
membrane), and voltage-gated Ca®" channels at the presyn-
aptic terminal are opened to allow Ca>" to flow into the cell,
where intracellular calcium-mediated vesicles fuse with the
presynaptic membrane and release neurotransmitters.>”

This neurotransmitter reaches the postsynaptic membrane
(constituted by a dendritic membrane or cell body membrane)
by chemical diffusion and binds to a specific receptor mole-
cule on the membrane, causing the channel to be opened and
Na' to enter the postsynaptic cells. When the membrane
potential threshold exceeds the unit’s potential, the action
potential is triggered, and the neuron signal is transmitted
from the presynaptic membrane to the postsynaptic mem-
brane, which makes another neuron excited or inhibited.*®
Subsequently, the neurotransmitter is reabsorbed into the pre-
synaptic cells, which completes the transmission of synaptic
signals. In brief, the electrical communication between neuron
cells mainly depends on the flow of ions.

2.2.2. Charge transfer at the electrode-tissue interface. The
transmission of signals from the nervous system is achieved by
inducing ions to pass through the nerve cell membrane, which
will change the concentration of ions in the extracellular fluid.
These ions act as charge carriers in the extracellular fluid, and
their movement will facilitate a shift of the electric field.
Neural electrodes communicate with biological tissues in a
bidirectional mode, where one is to record the changes in the
electric field of the tissues, and the other is to deliver electri-
city to alter the electric field near the tissues to stimulate or
inhibit them.>*®® No matter which mode of communication is
adopted at the neural interface, it is important to hire electro-
active materials to guarantee the efficient cross-interface
charge transfer between ions and electrons, since the charge
in the nerve electrode is carried by the electrons in the conduc-
tor, while it is carried by ions in the tissues.’®”> Generally, the
diverse charge transfer processes at the electrode/tissue inter-
face can be categorized as two primary types, as demonstrated
in Fig. 3.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Schematic drawing of the capacitive charge injection mecha-
nism (electric double layer), (b) Faraday charge injection mechanism
(electrochemical process), and (c and d) their corresponding cyclic
response.

Electrochemical redox process
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In one way, the charge transfer depends on the charging
and discharging process of the electric double-layer capacitor
formed on the electrode surface (Fig. 3a and c). When the elec-
trode transmits an electric pulse, the concentration of electro-
static charge on the surface will change, accompanied by alter-
nate attraction and exclusion of the ions in the tissue fluid.
There is no electron transfer between the electrode and the
electrolyte during this process. More meaningfully, the elec-
trode adsorbs a layer of polarized water molecules on the
surface to act as a dielectric for the electric double layer capaci-
tor.°’ Notably, the capacitive charge transfer mechanism will
not produce or consume chemicals, so it is more appropriate
for the practical application of neural electrodes. Nevertheless,
the capability of charge transfer of the electrode depends on
the capacitance of the electric double layer capacitor, and the
capacitance is positively related to the electrode area. However,
normally, the electrode areas are too small to satisfy the
requirement of high-density charge injection. Enlarging the
surface area of the neural electrode will promote its develop-
ment and application in the neural interface.

In the other way, the charge transfer relies on the electro-
chemical reaction on the electrode surface, which is a Faraday
procedure (Fig. 3b and d). That is to say, when the electrode
transmits an electrical impulse, the electrode-tissue interface
will correspondingly undergo a redox reaction. The procedure
is accompanied by the oxidation or reduction of chemical sub-
stances, which manifests as electrons pass through the elec-
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trode-tissue interface. The Faraday charge transfer process is
divided into irreversible and reversible routes according to
whether new substances are eventually generated. In the irre-
versible Faraday process, an irreversible oxidation-reduction
reaction occurs, which will not only lead to electrode decay
and variation of the pH value in tissue fluid, but also generate
some harmful substances. Thus, it is better to avoid the
charge transfer engaging through an irreversible Faraday
pathway. In addition, for the reversible Faraday process,
although the new material is formed on the electrode surface,
when the opposite pulse current passes through the electrode,
new substances will be absolutely reduced to the initial state.
Therefore, the process does not import new materials to the
tissue or bulk solution. Hence, the charge transfer via a revers-
ible Faraday process is secure and feasible. It is vital that the
corresponding redox reaction appears when the charge is
injected in the Faraday reversible procedure, implying that the
electrode interface can accommodate more charges.
Consequently, the neural electrodes with a reversible Faraday
charge injection process are preferred compared with the one
with the irreversible Faraday process.

2.2.3. Charge transfer in the electrode materials. Effective
and stable information transmission of the neural interface is
challenging due to the mismatching of charge carriers at the
electrode-tissue interface. We have discussed the mechanism
of charge transfer among neurons (2.2.1) and at the electrode-
tissue interface (2.2.2). Subsequently, we will summarize and
discuss the charge transfer in the electrode materials. We cate-
gorized the charge transfer in the electrode materials into
three types (Fig. 4): (i) Charge transfer by electrons: traditional
neural electrode materials such as metal and carbon employ
free electrons as movable charge carriers to communicate with
biological tissues.’>®* Because of their outstanding electrical
conductivity and biological stability, they can be implanted
in vivo for a long time and have been extensively investigated;*®
(if) charge transfer by ions: hydrogels are essentially ionic con-
ductive materials, which reveal favorable promise in neural
interfaces due to their inherent biocompatibility, flexibility,

5 %o © . e o "o

Neural electrode

2 - - o o o © © - - - External device

Fig. 4 Schematic diagram of the charge transfer mechanism of neural
electrode materials: (i) charge transfer by electrons, (ii) charge transfer
by ions, and (iii) charge transfer by the synergetic effect of electrons and
ions.
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and compliance with nerve tissues;'"*"**"*® and (iii) charge
transfer via an electron-ion synergistic effect: the electrode
materials include not only conductive polymers with soft, flex-
ible and mechanically adjustable properties,®””®® but also the
composite materials which are constituted with both ion-con-
ductive and electron-conductive materials.

3. Current developing status of
neural electrodes

Considering the complicacy and diversity of the neural inter-
face, it is critical and challenging to select applicable materials
to enable neural electrodes with high resolution, perfect
electrochemical performance, excellent biocompatibility and
long-term stability. In the following parts, we discuss the
design schemes and performance evaluation of the reported
neural electrodes in terms of their charge transfer mechanisms
(Table S27).

3.1. Neural electrodes that transfer charge by electrons

Innovative breakthroughs have been made in materials, sizes,
shapes and textures of nerve electrodes to optimize their elec-
trical properties, biocompatibility and mechanical properties.
The neural electrodes made from metals or carbon materials,
employ free electrons as mobile charge carriers to communi-
cate with biological tissues.”>®*> Because of their outstanding
electrical conductivity (10°-10” S m™"),*® long-term longevity,
etc.,’® they are broadly used in deep brain stimulators, cardiac
pacemakers, retinas’® and so on. In this chapter, we chiefly
review the design strategies of neural electrodes that transfer
charge by electrons.

3.1.1. Metal electrode. To date, the most commonly
implemented neural electrodes are principally made of elec-
tron conductive materials, namely metals and metal compo-
sites (e.g., platinum,”” iridium,”” and platinum-iridium”?).
However, their application at the electrode-tissue interface is
hampered by poor electrical activity and biocompatibility. It
should be noted that the electrical activity of the neural inter-
face is represented by some electrochemical parameters (e.g.,
impedance, CSC, CIL), so the high electron conductivity of the
metal electrodes does not mean the electrode has good electri-
cal activity. For example, the conductive polymer has lower
conductivity than platinum, but higher electrical activity.”*”>
Therefore, a low conductivity material is not necessarily a low
electroactive material, and it is undeniable that the augment
in conductivity of the electrode may reinforce its electrical
activity.>® In the following part, we primarily focus on discuss-
ing how to improve the electrical activity and biocompatibility
of metal electrodes.

3.1.1.1. Nanometal electrode. Owing to the pressing need
for neural electrodes with a small size, large number of chan-
nels, and high electrode density, researchers have fabricated
plentiful representative electrodes such as metal microwire
electrodes (Fig. 5a).”® Nevertheless, this electrode still has
faced inevitable shortcomings: (i) the metal microwire may be

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) Diagram of the microwire electrode. Reproduced with per-
mission from ref. 76. Copyright 2014, Nature Publishing Group. (b) SEM
image of the metal-based electrode. Reproduced with permission from
ref. 77. Copyright 2004, IEEE. (c) Schematic illustration of the microp-
robe electrode array. Reproduced with permission from ref. 79.
Copyright 2003, IOP publishing. (d) Schematic of the tripod PDMS
bending structure and related strain distribution analysis using the finite
element method, (e) the change of the electrode resistance under
diverse deformations, (f) the image of the electrode array on the rat
brain (i), and ECoG signals recorded in normal (ii) and epileptic (iii) rats.
Reproduced with permission from ref. 80. Copyright 2015, Wiley-VCH.

partly bent during the implanting process, generating it in an
inconclusive position after implantation; (ii) this type of elec-
trode has rigid characteristics, after implantation, it will cause
glial activation to trigger tissue inflammation; and (iii) the
electrode exhibits low charge injection capability and relatively
high impedance, which lead to a decrease of performance in
electrophysiological recording and stimulation. Advances in
materials and micromachining technology have accelerated
the development of another type of metal-based electrode
(Fig. 5b),”” which is made of stainless steel/titanium. After the
stainless steel electrode had been chemically etched to smooth
the electrode surface, platinum was electro-deposited on its
tip, which promotes the charge transfer at the electrode-tissue
interface.”® The dominating disadvantage of these electrodes
is their incompatibility with integrated circuit fabricating
technology. As researchers continue to optimize the perform-
ance of neural electrodes, nanoporous metal electrodes have
been developed. Both in vivo and in vitro studies have found
that these electrodes had lower impedance and higher conduc-
tivity than their smooth counterparts. For example, a porous
silicon electrode implanted in the brain of a rat was not only
closer to neurons than smooth silicon, but also activated less
glial.®" In vitro porous platinum electrodes have lower impe-
dance than smooth platinum electrodes.®” Moreover, Aifantis
et al.®® implemented a nanoporous tungsten electrode for
signal recording in the cerebral cortex and hippocampus of
healthy rats. Compared with smooth electrodes, it was revealed
that nanoporous tungsten had superior consistency and less
signal attenuation within 4 months of implantation.

Recently, to further improve the electrode performances,
flexible substrates (e.g., polydimethylsiloxane (PDMS), polyi-
mide, polyurethane (PU), poly-p-xylene) have been introduced
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into the electrode, which represents the following advantages:
(i) the electrode provides conformal adhesion to fit on the
surface of brain/muscle to record stable signals and gain
stimulation; (ii) flexible electrodes can record a diversity of
neurological activities in a tenderly invasive manner with less
injury; and (iii) the electrode can effectively decrease the impe-
dance at the neural interface and reduce tissue injuries to
further advance its electrical performance. As monitored in
Fig. 5c, Fujita et al.”® successfully designed and manufactured
a three-dimensional flexible multi-channel microprobe elec-
trode array. This electrode was successful in monitoring neural
activity in disparate depth regions of the brain using poly-p-
xylene as the substrate material. The flexible electrode can be
well fitted on the brain surface and can shake synchronously
with the weak movement of the brain, which supplies a power-
ful safeguard to avoid tissue harm during brain micro-move-
ment. Afterwards, Qi et al. designed a high tensile gold nano-
ribbon flexible electrode with a sinusoidal structure using a
micro-tripod structured PDMS substrate (Fig. 5d).** The resis-
tance of the electrode did not increase under large defor-
mation (130% strain) (Fig. 5e), and the electrodes maintained
stable conductivity during 10 000 cycles of the stretching/relax-
ing process, which is enough to avoid the distortion of the
signal in the process of dynamic electrophysiological record-
ing. The as-prepared electrodes were successful in recording
and distinguishing the cortical electroencephalogram (ECoG)
in normal rats and epileptic rats (Fig. 5f).

3.1.1.2. Composite metal electrode. The traditional metal
electrodes have adverse effects to overcome for electrophysio-
logical monitoring and tissue stimulation, such as high impe-
dance and poor biocompatibility. Consequently, metal compo-
site materials are proposed to improve the long-term perform-
ance of metal based neural electrodes. According to the design
point of view, the generation of parasitic effects should be
evaded, so the combination of similar materials is more pre-
ferred. Normally, metal materials and their derivatives
(iridium oxide, gold, platinum) are selected as materials for
the fabrication of composite metal electrodes.

As discussed previously, a large surface area of the electrode
can reduce its impedance and enhance its charge injection
capability. For metal electrodes, nano-structured materials
with high porosity were used to improve the effective surface
area of the neural electrode, thereby facilitating its electro-
chemical performance. Presently, gold (Au) is considered to be
a hopeful material, which is normally employed for electrode
coating of metals by electrochemical deposition, sputtering,
thermal evaporation and so on. Kim et al. fabricated a multi-
electrode array (60 channels) by coating gold nanoparticles
(AuNPs) on the electrode using a bi-layer lift-off resist and
sputtering deposition (SiO,) process.®” They disclosed that the
impedance of the modified electrode was reduced by four
times compared with the original electrode. Subsequently, the
researchers found that using nano-structured templates to
prepare metal coatings is an excellent method to enlarge the
effective surface area and reduce impedance.®*>®” Additionally,
the good biocompatibility of AuNP coated electrodes has also
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been proven.®®®® Encouragingly, the electrode obtained by co-
deposition of Ag-Au alloy has higher porosity, whose impe-
dance was approximately 25 times lower than that of the pris-
tine electrode, and the CSC and CIL of the electrode were equi-
valent to the values of an electrode made of titanium nitrous
and carbon nanotubes, respectively.®®%°

To overcome the rigid and brittle features of metal electro-
des, Choi et al.®" innovatively employed a gold shell layer to
coat silver nanowires, and then combined it with a rubber elas-
tomer (poly (styrene-butadiene-styrene)) to fabricate stretch-
able neural electrodes, and the as-prepared soft and highly
stretchable Ag-Au core-sheath nanocomposite material
achieved remarkable electrical conductivity (41850 S ecm™).
The biocompatibility of the electrode in cell culture medium,
human cells and mouse organs was much better than that of
silver fibers (Fig. 6a), which is attributed to the deposition of a
thick gold sheath on the surface of silver nanowires to prevent
silver oxidation and ion leaching. The Ag-Au nanocomposite
electrode not only minimizes the gap between the electrode and
the skin, but also has a lower impedance (Fig. 6d), resulting in
high-quality electrocardiogram (ECG) and electromyogram
(EMG) signal monitoring (Fig. 6b and c). In this study, the gold
core-shell structure was implemented to protect the silver fiber,
which cleverly solved the incompatibility between the silver
fiber and the biological environment. It provides a solution for
similar problems in other related research territories.
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Fig. 6 (a) The biocompatibility of Ag—Au nanocomposite electrodes
and silver fibers: the concentration of silver ions in the cell culture
medium (i), the effects of different cell viability (ii and iii) and various
organs in mice (iv), (b) electrode-recorded surface ECG and intracardiac
electrograms of the ischemic heart in the healthy and injured areas, (c)
photo of a cardiac mesh implanted on a pig heart, (d) the impedance of
diverse electrodes at the electrode—skin interface. Reproduced with
permission from ref. 91. Copyright 2018, Nature Publishing Group. (e)
Impedance diagram of the electrode, (f) Hematoxylin & eosin and
Masson staining results of the tissue surrounding the implanted SEA, (g)
schematic of the recording of the SEA in vivo, (h) ECoG signals recorded
by the SEA: (i) healthy, (ii) early and (iii) late epileptic rats. Reproduced
with permission from ref. 92. Copyright 2021, Wiley-VCH.
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Compared with the toxic silver nanowires,”°* liquid metal
(LM) has good biocompatibility, excellent electrical conduc-
tivity and mechanical flexibility. Therefore, the liquid metal is
constantly applied in the preparation of neural electrodes to
conquer the challenges and deficiencies of traditional electro-
des (e.g., microwire electrodes, silicon-based electrodes, metal-
based electrodes).”>?° For example, Liu and his collaborators
employed bismuth-indium-tin  (Bi-In-Sn) liquid alloy
materials to fabricate 3D microneedle electrodes via a micro-
injection molding method.”” After evaluating the electrical
impedance and polarization voltage of the electrode, it is
believed that the electrodes can meet the demands of practical
applications. In addition, the electrode made from EGaln
(eutectic gallium indium) LM can not only be used in vitro to
detect ECG physiological signals,”®°® but also be implanted
in vivo for neural activity monitoring. Recently, Dong et al.
applied the screen printing technology to fabricate a stretch-
able electrode array (SEA) with EGaln LM as the conductor and
PDMS as the substrate, with a resolution of ~50 pm.’* The
impedance of the electrode with Pt deposition is about 250 +
40 kQ at a frequency of 1 kHz in phosphate buffer solution
(PBS), which is much lower than that of the liquid metal elec-
trode (2.7 MQ + 150 kQ) (Fig. 6e). What is more noteworthy is
that one month after the SEA was implanted in the back of
rats, the surrounding tissues had been almost unaffected
(Fig. 6f), implying that the SEA has benign biocompatibility.
The SEA was also implanted in the brain of rats and success-
fully monitored the real-time data of the rats in disparate
states of epileptic seizures (Fig. 6g). The high-quality data
(Fig. 6h) demonstrate that the electrodes formed conformal
contact with the brain surface and the electrodes were compe-
tent for recording high-throughput ECoG signals. In parallel,
the LM gallium indium tin (GaInSn) alloy has been considered
as a promising material for restoring nerve function.’>'°%*!
Currently, the thorny problems of LM in practical applications
are as follows: (i) overcome the surface tension of LM, making
it an ideal shape for neural electrodes; (ii) destroy the oxide
layer of the LM particles inside the ink, so that the prepared
electrode path can be connected; (iii) the embrittlement of the
connection point between the LM and traditional conductive
metal materials (e.g., copper, gold, zinc) should be reduced,
which can effectively improve the stability of the neural elec-
trode; and (iv) the encapsulation of the LM electrode, which
can increase the stability and solve the problem of leakage.

3.1.2. Carbon-based flexible electrode. The selection of
materials has a great influence on the electrochemical per-
formance, biocompatibility and stability of neural electrodes.
Currently, carbon-based materials such as graphene and
carbon nanotubes (CNTs) are considered outstanding candi-
dates for the construction of flexible, miniaturized and multi-
functional neural electrodes due to their excellent electrical,
mechanical and chemical properties.

3.1.2.1. Graphene electrode. Graphene is a single-layer two-
dimensional honeycomb lattice structure material formed by
densely packed carbon atoms connected by sp” hybridization.
Recently, graphene has been seen as an executable material in
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the territory of neural interfaces. Its preeminent features
include the following: (i) it is one of the highest-strength
materials known, while still having good flexibility; (ii) it pos-
sesses attractive electronic conductivity (thin layer resistance:
100 Q sq~') with a carrier mobility of 15000 cm* V™' s7" at
room temperature (Fig. 7a);>>'** (iii) it has a large specific
surface area, which supplies a favorable environment for
charge transfer and cell attachment, thereby enhancing the
efficiency of stimulation and the sensitivity of recording; and
(iv) it exhibits fascinating biocompatibility, which is ascribed
to the functional groups modified on the graphene surface,
making them more suitable for research in the field of bioma-
terials (Fig. 7b). Furthermore, graphene can be functionalized
to produce graphene oxide, reduced graphene oxide and
chemically modified derivatives, which provide more choices
for its application as biological neural electrodes.'** '
Hence, the preparation of flexible graphene microelectrodes is
helpful to realize the tissue stimulation and neural activity

IS

104

o

3

Conductivity (S/m) &

0 150 300
Temperature (K)

2 | F-PLPC-20 (s report)
3 10
g SGF-PLPC-40 (this report)
58
§ | orovent SCNT-fbar
g &
§ @ PpyPSS.
PeooTe
g 4 ad SONT,aray
z oPpyiCl pEpOTICNTS | *IrOX
3 2 Prgrasse O NanoporausPt |
o Pire f
ER NanoporousTiN®.

Fd

g

e s A i
e it St A

A A st S
LV AN Al s

o1 1 10 100 1000 10000 100000 1234
Frequency (Hz)

| .

Impedance (0)

Fig. 7 (a) Conductivity of graphene fibers at diverse temperatures.
Reproduced with permission from ref. 25. Copyright 2020, Elsevier. (b)
Diagram of graphene neural electrode arrays. Reproduced with per-
mission from ref. 109. Copyright 2014, Nature Publishing Group. (c)
1543 single unit signals acquired by implanted electrodes, and the black
wire in the center of the waveform expressing the average value of
single unit signals, (d) plot of CIC, specific impedance, and geometric
area compared with other neural electrodes. Reproduced with per-
mission from ref. 110. Copyright 2019, Wiley-VCH. (e) Surface roughness
and porosity generated after laser treatment of fiber ends, (f) neural
activity recorded within 20 seconds of implantation into the visual
cortex of cats. Reproduced with permission from ref. 111. Copyright
2015, Wiley-VCH. (g) Comparison chart of the electrochemical impe-
dance of different materials, (h) spontaneous upward and downward
state signals recorded by 16 electrode arrays. Reproduced with per-
mission from ref. 112. Copyright 2016, Springer Nature.
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recording, owing to the high electrochemical performance of
graphene '%” For example, Yao et al.'®® prepared a flexible gra-
phene microelectrode and treated it with the vapor plasma
technology to form hydrophilic chemical bonds (e.g., C-OH,
C=0, OH-C=0) on the surface. This treatment promoted the
decline of the interfacial resistance from 7216 to 5424 Q mm™>
and the reinforcement of the specific capacitance from 0.7 x
107 to 1.4 x 10> mF cm™?, respectively. The electrode has
been successfully used for ECG monitoring in zebrafish.

The impedance of graphene fiber based neural electrodes
could be dramatically reduced by coating Pt on the electrode
surface."'® After Pt coating, the impedance of this electrode
was reduced by 5 times compared with the bare graphene elec-
trode, and 300 times lower than that of the bare Pt electrode.
Simultaneously, the charge injection capacity (CIC) of the elec-
trode was increased from 0.2 mC cm™> to 10.34 mC cm™ >
(Fig. 7d). This is due to the good porous structure of graphene
fibers prepared by the wet spinning method, which increases
the surface area of the composite material. At the same time,
the electrode successfully recorded the signal of a single
neuron’s activity at a depth of 1.5 mm below the motor cortex
of rats (Fig. 7c), indicating the advantages of the electrode for
in vivo neural recording. Accordingly, Garrett and his collabor-
ators also gained graphene oxide fibers by wet spinning, and
successfully made liquid crystal graphene oxide fibers by
annealing.""" Afterwards, the fiber end was disposed with a
laser to render the surface roughness and poriness (Fig. 7e),
and finally a neural electrode with high charge injection capa-
bility was fabricated. After implanting the electrode on the
cat’s visual cortex, the action potential of neural activity was
successfully recorded (Fig. 7f). Otherwise, graphene can be
used not only as a conductive layer, but also as a coating layer
on neural electrodes to enhance the biocompatibility and
electrochemical performance of the traditional neural
electrodes."™'"* The graphene coating layer can be pre-grown
on the substrate by a spraying method''® or a chemical vapor
deposition (CVD) strategy''® and then transferred to the target
electrode. However, a challenge is that the stability between
the coating graphene and the substrate is poor, leading to the
degradation of the electrode performance. To address this
challenge, Lyu’s group employed laser cracking techniques to
fabricate a porous graphene electrode array directly on a polyi-
mide substrate.''” The impedance of this electrode was about
two orders of magnitude smaller than that of gold at the same
size, which was due to the seamless contact between the sub-
strate and the three-dimensional porous graphene. After the
electrode was chemically doped with nitric acid, the impe-
dance reduced to 519 Q at 1 kHz (Fig. 7g) and the CIC
increased from 2 mC cm™ to 3.1 mC ecm™>. Furthermore, by
placing the electrode array on the cortex of a rat, the evoked
potential signals were successfully recorded (Fig. 7h).
Simultaneously, the electrode was also successful in inducing
the flexion of the ankle and knee joints by applying electrical
stimulation.

3.1.2.2. Carbon nanotube electrode. CNTs can be regarded
as one-dimensional nanomaterials formed by curling gra-
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phene sheets with the following advantages for use in neural
electrodes: (i) it has high conductivity, which facilitates the
transfer of electrons from the interface to the electrode body;
(ii) the material has a high surface area to volume ratio, which
can promote the increase of the electrode charge injection
ability and the decrease of the interface impedance;'*”"**® and
(iii) the functional groups contained on the surface of CNTs
are easy to be modified by biomolecules, which enables the
neural electrode to be adjusted in multiple directions accord-
ing to the needs of practical applications."'*'** Moreover, it
also has perfect biocompatibility, flexibility, high mechanical
strength, and captivating nerve cell adhesion."*'"*** Based on
these ideal characteristics, CNTs have received more and more
attraction in the orientation of neural electrodes
(Fig. 83)'124—126

There is a trade-off between the impedance and the size of
the neural electrodes. Reducing the size of the neural electrode
always results in the increase of its impedance, however, the
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Fig. 8 (a) lllustration of the flexible CNT electrode array. Reproduced
with permission from ref. 128. Copyright 2018, American Chemical
Society. (b) SEM image demonstrating the cone-shaped silicon tip of the
CNT electrode. Reproduced with permission from ref. 127. Copyright
2010, Elsevier. (c) CNT electrode array mounted on the printed circuit
board holder connects the electrodes to the exterior magnifier.
Reproduced with permission from ref. 129. Copyright 2014, Springer. (d)
Fluorescence intensity distribution when the lateral distance x of the
electrode center line augments: (i) astrocytes, (ii) microglia and (iii) acti-
vated macrophages, (e) single neuron action potential data recorded on
the (i) CNT fiber and (ii) NiCr-Au channel. Reproduced with permission
from ref. 130. Copyright 2015, American Chemical Society. (f) Contrast
of tissue inflammation between the CNT fiber and platinum iridium (Ptlr)
electrode, (g) average waveforms of individual neurons at detection and
separation were recorded from day 1 to day 117. Reproduced with per-
mission from ref. 131. Copyright 2019, American Chemical Society.
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electrode with a small size and low impedance is highly
desired for neural activity recording with high resolutions. To
balance this trade-off, Yew et al.">’ demonstrated a rewarding
strategy for low impedance neural electrodes with a miniature
size (3.5-65 pm in diameter) by employing CNTs as the elec-
trode material. Firstly, CNTs were grown on cone-shaped
silicon by a CVD method (Fig. 8b), the cone-shaped silicon pre-
sents a larger surface area than the flat silicon, and the surface
area was further enlarged by the deposited CNT. Therefore, the
impedance (~64.5 Q mm™?) of the electrode was observably
descended and the specific capacitance (~2.5 mF cm™?) was
increased. The electrode has desired spatial resolution and
splendid electrochemical performance for crayfish monitoring.
The electrochemical properties of the electrode have been
further improved with the consecutive investigation of the
researchers,"*>"** but the flexibility has always been an emer-
gency need for the practical application of neural electrodes."??
Hanein and colleagues directly transferred the multi-walled
CNT pattern grown by CVD to a flexible polymer substrate to
fabricate a flexible full CNT electrode array.'*® After repeated
folding and winding for 30 cycles, the resistivity of the elec-
trode did not change too much. Moreover, the electrode was
successful in extracellular neuron recording and the stimu-
lation of the chicken retina (Fig. 8c). It manifests that the
electrochemical performance and flexibility of neural electro-
des with the assistance of CNTs can be signally strengthened.
Moreover, CNTs also play an important role in improving the
biocompatibility of the neural electrode. The CNT fiber elec-
trode manufactured by Pasquali’s team showed a lower impe-
dance, and higher CSC (372 + 56 mC cm ™) and CIL (6.52 mC
cm™?) compared with the PtIr based line-shaped electrode."*°
More importantly, the number of activated microglia and accu-
mulated astrocytes at the CNT fiber electrode was twice and
four times lower than that at the PtIr electrode after they were
embedded in rats for 6 weeks (Fig. 8d). TheCNT fiber electrode
was successful in recording single neuron action potentials for
at least 21 days after being implanted into the primary motor
cortex of cats (Fig. 8e). It demonstrates that the CNT fiber elec-
trode has better biocompatibility and stability. In addition,
Duan et al. have made microelectrodes with small-diameter
carbon nanotube fibers, which constituted a double electric
layer at the electrode-solution interface to control the electro-
chemical process.”" It delivered better CIL and CSC properties
compared with the Ptlr electrode. In addition, the CNT fiber
microelectrodes have more stable and gainful microenviron-
mental ability in the neural interface when compared with the
metal rigid electrode. Furthermore, the researchers
implemented an innovative shuttle-assisted means to precisely
position the CNT fiber electrode to the target brain region and
recorded individual neurons for up to 4 months (Fig. 8g).
Meaningfully, the electrode can be retracted controllably after
insertion owing to its good tensile strength.

In addition to serving as a conductive layer, CNTs can also
act as a modification material to improve the electrical activity
of the neural electrode.**'*¢ For instance, the impedance of
the commercial tungsten neural electrode could be reduced
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(from 940 kQ to 38 kQ) after modifying CNTs on its surface, at
the same time, the CSC of the electrode has enhanced approxi-
mately 40 times."?” Moreover, the amplitude of the electro-
physiological signal recorded by this electrode was larger and
its noise was lower compared with that recorded by the unmo-
dified electrode. Additionally, Vafaiee and his collaborators
prepared a gold multi-electrode array coated with CNTs, and
the impedance after CNT modification was reduced by 50%."*"
Not only that, the CNT coated electrode also was able to
monitor the electrophysiological activity in vitro."

3.2. Neural electrodes that transfer charge by ions

Signal transmission in human biological systems is dominated
by the transfer of ions and small molecules, rather than elec-
trons and holes in electronic devices."**'*® When ions act as
charge carriers in water-rich biological tissues, the tissues have
much higher electrical conductivity than using electrons and
holes as the charge carriers."*""'**> Consequently, ionically con-
ductive bioelectronic devices have been paid more and more
attention by scientific researchers.'**™'*> Currently, the appli-
cation of liquid-type ionic conductors (e.g., electrolyte solu-
tions and ionic liquids) is restrained due to the need for molds
to maintain their shape.'*® In contrast, solid ionic conductors
have attracted much more attention.'*”'*® Recently, owing to
the inherent remarkable biocompatibility, flexibility, biological
activity, and compliance with nerve tissue, hydrogels have
been widely used in the biological investigation including cell
culture,"** ™" drug delivery,"”**** tissue repair,"”***® recon-
struction, etc.'”*'®" Simultaneously, hydrogels have also been
employed in the manufacture of functional devices, such as
sensors,'®*7'%*  optics,'®>'%”  bioelectronics and so on.
Importantly, as candidate materials for flexible bioelectronics,
hydrogels have become a momentous part of neural
electrodes.'®*7°

3.2.1. Neural electrode made from hydrogels. Hydrogels
are not only a member of the soft substance family,'”* but also
a solid type ion conductor. Hydrogels are composed of cross-
linked polymer networks, in which the ions can freely move in
the absorbed water, thus facilitating ionic conduction.'*>*%*!
As highly biocompatible materials,'®® hydrogels have been
used in artificial muscles,"”” ionic skin,'”® artificial axon
devices and so on.'”* The functions of these devices were rea-
lized by ionic conduction. Ionic conduction mainly relies on a
non-Faraday process without substances or charges passing
through the interface, and it possesses the feature of transmit-
ting high-frequency electrical signals over long distances."”

To our delight, three dominating hydrogels have been
explored to be engaged in the electrode-tissue interface: (i) ion
conductive hydrogels; (ii) ion conductive organohydrogels; and
(iif) composite hydrogel materials. In the following part, the
advantages of hydrogels in boosting the electrical activity of
neural interfaces are discussed, which will furnish valuable
reference strategies for the electrochemical properties and
long-term stability of neural interfaces during the process of
electrophysiological signal recording and neural stimulation.
Here, we focus on hydrogels with ionic conductivity for neural
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electrodes. The hydrogels whose conductivity is contributed by
the synergistic effect of the electrons and ions will be dis-
cussed in 3.3.4.

3.2.2. Neural electrode made from ion conductive hydro-
gels. Ionic conductive hydrogels (ICHs) are a class of highly
hydrophilic gels with a three-dimensional network struc-
ture."’® Because free ions can move in a broadly hydrated
network, the hydrogels can acquire high ionic conductivity
(3.4-5.5 S m™")"”7'"® by permeating salts (including NaCl,
LiCl, FeCls, etc.), acids (including HCI, H3;PO,, etc.) or ionic
liquids.’”®"*® The ion conductive feature of the hydrogels is
similar to that of the biological tissues, so the hydrogel can
profitably exchange material information with the surrounding
tissues through ion diffusion,'®* and fundamentally evades
the transformation between electron and ion signals and the
derived problems."”>"®* Moreover, hydrogels are rich in a large
amount of water, so even if side effects occur, they can be
hired as a buffer medium to prevent adverse reactions from
affecting the tissues. Notably, most of the ICH are transparent,
adhesive and self-healing, these merits promote the appli-
cations of hydrogels in bioelectronics (e.g., wearable devices,
implantable electrodes and epidermal electrodes).'®* '

However, ICHs prepared by incorporating salts have low
stability and poor biocompatibility due to the diffusion of
added ions, which are not suitable for bioelectronic devices.
To solve this problem, Kaplan et al. developed a programmable
ICH containing phase separation salt/polyethylene glycol
(PEG) (Fig. 9a and b)."®® The advantage of this electrode is to
ensure that the ionic aqueous solution will not be diffused
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Fig. 9 (a) Schematic diagram of an ionic stimulator electrode with ionic
liquid encapsulated in a hydrogel, (b) photo of a salt/PEG hydrogel
stimulated electrode in rat muscle, and scale bars are 1 cm, (c) the
image of stimulating muscles to induce twitches using a 1 Hz pulse
signal under the contrast conditions of standard gold electrodes, (d)
using stainless steel, carbon and Alg-PAAm electrodes for current injec-
tion, the results reveal that Alg-PAAm electrodes can effectively lower
local heating caused by current injection, and indirectly protect tissue
damage, scale bars are 5 mm, (e) during the injection of high current,
the gold electrode caused damage to the muscle tissue and (f) the Alg-
PAAm ion electrode did not cause muscle injury, scale bars are 1 mm.
Reproduced with permission from ref. 162. Copyright 2018, Wiley-VCH.
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into the surrounding tissue media. Experiments show that the
ICH ion electrode can produce complete twitch forces at a
smaller stimulation voltage compared with the traditional
metal electrode, indicating that the ICH ion electrode shows
good performance for bioelectrical stimulation (Fig. 9c). As
illustrated in Fig. 9d-f,7 the ICH ion conductor is relatively
stable in a physiological environment, indicating that the elec-
trode can satisfy the long-term electrical stimulation of
muscles in the body. Additionally, it has been reported'®® that
implanted neural electrodes coated with polyethylene glycol
dimethacrylate (PEG-DMA) hydrogels have preeminent bio-
compatibility and can effectively decrease the injury of nerve
cells around the electrodes. Nevertheless, in monitoring,
unnecessary gaps are generated at the electrode-tissue inter-
face due to muscle contraction or skin bending (surface elec-
tromyography abbreviation SEMG), which leads to serious
noise/error in the detected signals, especially the signal from
low-level muscle contraction. These gaps could be eliminated
by introducing electrostatic interactions between the electrode
and tissues. For example, Chen and his collaborators reported
a compliant electrode based on alginate-polyacrylamide (Alg-
PAAm) (Fig. 10a).”" The electrode eliminated interfacial gaps
by forming extensive hydrogen bonds on the skin surface
(Fig. 10b and c). As a result, a low interfacial impedance
(about 20 kQ at 1 Hz versus approximately 500 kQ of the com-
mercial electrode) was achieved (Fig. 10d) and 2.1% of the
maximum autonomic contraction of the muscle was success-
fully monitored.
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Fig. 10 (a) Schematic of the electrode and skin used for EMG detec-
tion: describes the coupling process between ion flux (electrolyzed
tissue medium) and current (electrode); SEM pictures display the inter-
facial clearance between pigskin and (b) commercial electrode or (c)
Alg-PAAmM electrode, respectively, (d) the impedance diagram of the
electrode—-skin system from 1-10* Hz. Reproduced with permission
from ref. 51. Copyright 2020, Wiley-VCH.
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Although ICHs have been widely used in bioelectronics,
ICH based electrodes tend to lose flexibility, conductivity and
even change their morphology due to the characteristics of
rapid dehydration, which severely inhibits their practical appli-
cations."®” At present, the solutions to this problem include
adding dehydrating reagents,"**'®® mingling polymer-ionic
liquid gels,">"" attaching sealing materials,"*> and blending
deep eutectic solvents (DESs) Recently, Guo and his team syn-
thesized a transparent anti-drying PAAC-DES gel by polymeris-
ing monomer acrylic acid (PAAc) in a DES through ultraviolet
radiation.'®® The as-prepared gel showed high adhesion (~100
N m™") and desirable electrical conductivity (1.26 mS cm™"). In
addition, the PAAc-DES gel not merely exhibits captivating
compatibility to the skin after 8 hours of wearing, but also has
low impedance and records high-quality SEMG signals com-
pared with the commercial electrodes (Ag-AgCl electrode).

3.2.3. Neural electrode made from ion-conducting organo-
hydrogels. At present, dehydration is one of the biggest pro-
blems in practical applications of hydrogels. Recently, introdu-
cing appropriate organic solvents into hydrogels to obtain ion-
conducting organohydrogels (ICOHs) paves an effective way to
surmount this shortcoming. This is attributed to the fact that
organic solvents can replace part of the water in the hydrogels

to improve their dry immunity and maintain good ion conduc-
194

tivity. " To our delight, ICOHSs retain the distinct advantages
of hydrogels including biocompatibility,'*>'*® shape/structure
197 198,199

designability,””” soft mechanical properties and so on.
The methods of introducing organic solvents can be divided
into three types (Fig. 11a): (i) the desorbed hydrogel network is
injected with organogel precursors, and then is subjected to
in situ polymerization;*® (ii) solvent replacement;*** and (iii)
gelation in a binary solvent.>*> Generally, solvent displacement
is a convenient way to acquire ICOHs. However, the force
between the polymer network in the hydrogel and the replace-
ment solution is relatively weak, resulting in leakage of the
substitution fluid, thereby injuring human tissues.>** In con-
trast, ICOHs synthesized in situ by binary solvent has the
advantage of remarkable electrical conductivity. For example,
by using the binary solvent method, Liu et al.>®® explored an
ICOH of polyvinyl alcohol-tannic acid@talc (PVA-TA@talc)
(Fig. 11b), which had excellent mechanical properties, trans-
parency and good electrical conductivity. In particular, due to
the worthy strain sensitivity conferred by the ion transport
channel, the electronic device can be used as a bioelectrode to
collect important epidermal muscle signals (EMG). The elec-
trode showed comparable performance compared with the
commercial Ag/AgCl electrode in electrophysiological signal
recording (Fig. 11c and d).

Low electrochemical impedance and high tissue adhesion
are the requirements of ion-conducting materials for their
application in bioelectrodes for neural interfacing. Hou et al.
employed the hydrogen bonds between the chain of silk
fibroin (SF) and poly (acrylamide-co-acrylic acid) covalent
network to make SF uniformly dispersed to the hydrogel.>*®
Sodium chloride was added to form salting-out and accelerate
molecular chain entanglement of hydrogels to increase ionic
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Fig. 11 (a) Three synthetic methods of organohydrogels: (i) gelation in
binary solvents, (ii) organic solvent replacement and (iii) organohydro-
gels polymerizing in situ on dehydrated hydrogels. Reproduced with
permission from ref. 194. Copyright 2021, American Chemical Society.
(b) Schematic illustration of ion conduction in multiple solvents, (c)
monitor EMG signals under skin (i) relaxation and (ii) tension, (d)
PVA-TA@talc organohydrogel detected EMG signal data. Reproduced
with permission from ref. 203. Copyright 2019, the Royal Society of
Chemistry.

conductivity (Fig. 12a). As a result, a low impedance (27.8 Q)
was achieved with the SF organohydrogel. In addition, the free
catechol/pyrogallol groups of tannic acid permit the formation
of hydrogen bonds at the interface between the SF organohy-
drogel and the substrate, which enhanced the adhesion
between the SF organohydrogel and the epithelial tissue
(Fig. 12b). Hence, this electrode is a robust neural interface
tool for monitoring ECG, microvolt EEG (Fig. 12c) and EMG
signals (Fig. 12g). Incredibly, the electrode can be engaged for
the auditory brainstem response (ABR) (Fig. 12d-f) and can
obtain the same ABR detection signal waveform as the invasive
metal electrode (Fig. 12h), which is of great significance for
the diagnosis and treatment of patients with hearing impair-
ment. In the long term, ICOHs are still in their infancy as an
implantable nerve electrode, and the practical application of
this type of electrode needs to be improved.

3.3. Neural electrodes that transfer charge by the synergetic
effect of electrons and ions

Although the materials using electrons (metals, semi-
conductors) or ions (hydrogels, organohydrogels) as the charge
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Fig. 12 (a) Schematic diagram of the chemical structure of the SF orga-
nohydrogel, and the illustrations show the ionic conductivity and self-
adhesive properties of the electrodes, respectively, (b) the electrode
conglutination principle and low electrode—epidermis interface impe-
dance, (c) ECG, EMG and EEG signals detected by the SF organohydro-
gel electrode, and the following figure shows the equivalent circuit of
the tissue/hydrogel electrode/device electrode interface for bioelectro-
nic detection, (d) schematic of the SF organohydrogel interface and
invasive electrode in the way of acquiring signals, () schematic descrip-
tion of the generated and transmitted ABR signals, (f) schematic of the
SF organohydrogel interface and metal electrode measuring ABR
signals, (g) the EMG signal of the SF organohydrogel on the forearm
under diversiform clamping forces, (h) ABR signals collected by the SF
organohydrogel electrode and invasive metal electrode under 90 dB
stimulation conditions. Reproduced with permission from ref. 205.
Copyright 2022, Elsevier.

carrier have been explored for the construction of neural elec-
trodes, the ideal candidate materials should satisfy the require-
ments for effective charge transfer between the external device
(electrons as the charge carrier) and the tissue (ions as the
charge carrier). Therefore, the materials with an electron-ion
synergistic effect for charge transfer are more suitable for the
actual development of nerve electrodes. Recently, conducting
polymers have been widely used in neural electrodes because
of their unique ion-electron synergistic charge transfer behav-
ior. Moreover, composite materials have attracted much atten-
tion because they can integrate the advantages of each com-
ponent and conquer the disadvantages of a single
material.124,206,207

Conductive polymers (CPs) are frequently used in the
research and development of neural electrodes due to the fol-
lowing characteristics: (i) CPs exhibit synergistic ionic and elec-
tronic conductivity,>®® and this characteristic can be used to
reduce the electrochemical impedance of neural electrodes; (ii)
their inherent adjustable mechanical properties render them
more applicable for acting as bridge materials of the elec-
trode-tissue interface; (iii) CPs have porous structures (nano-
particles or nanofibers), which can reinforce the specific
surface area of the neural electrodes, thereby facilitating ion
exchange between the recording site and the circumambient
tissues; and (iv) the material is effortless to combine with poly-
electrolytes (e.g., polyacrylic acid, polymethacrylic acid, poly-
styrene sulfonic acid) and bioactive molecules,>*® which
further improves the biocompatibility of the material.**°
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Thus, in this section, the neural electrodes based on intrin-
sic conductive polymers (e.g., poly(3,4-ethylene-dioxythio-
phene) (PEDOT), polypyrrole (PPy), polyaniline (PANI) and so
on) are discussed in detail (Fig. S1t for the conductive
mechanism).®”*® Then, we review the magnificent mission of
integrating two or more electroactive conductive materials
(examples include hydrogel composite and CP composite
materials) to achieve the signal transmission at the interface
between nerve electrodes and biological tissues. We hope that
it could provide a reference solution for the manufacture of
neural electrodes with excellent performance.

3.3.1. Neural electrodes made from polypyrrole. A large
number of studies have demonstrated that polypyrrole and
polythiophene derivatives, such as poly (3,4-ethylenedioxythio-
phene) doped poly(styrene sulfonate) (PEDOT:PSS) are
diffusely implemented in neural electrodes. PPy is one of the
CP materials most explored for the neural interface, which is
attributed to its biocompatibility, high conductivity, effortless
preparation and the properties of water solubility and low oxi-
dation potential of its monomers.*’"*'> For example,
Anderson’s team*"® developed a multi-electrode array based on
a PPy/polyol-borate composite membrane with PPy as the con-
ductor. Electrochemical impedance spectroscopy and cyclic
voltammetry disclosed that the electrode had low impedance
and admirable charge storage/injection ability. The electrode
was successfully hired for EMG, ECG, ECoG, EEG signal detec-
tion and the stimulation of the denervated skeletal muscle. An
ideal model of the CP based neural electrode is only using the
CP without adding other conductive materials (e.g., metals,
CNT) to build all polymeric bioelectrode arrays for neural
interfacing. To achieve this goal, the following issues should
be considered: (i) high adhesion between the electrode and
substrate material; (ii) conformal electrode-tissue interface;
and (iii) excellent electrochemical performance. After addres-
sing the above issues, Qi et al.>'* reported an all-polymeric
neural electrode array by employing PPy as the conductive
material. They prepared a nanowire modified PPy multielec-
trode array through an electropolymerization process. The
nanowires could introduce a transition layer between the elec-
trode and the substrate to enhance their adhesion (~1.9 MPa).
There was an inconspicuous resistance change during
10000 stretching/relaxation cycles, indicating that it had
favourable stability (Fig. 13a). In addition, the thin
compliant polymer electrode not merely supplied outstanding
conformality at the electrode-tissue interface, but also had a
lower impedance and higher CSC compared with gold electro-
des under identical conditions (Fig. 13b and c). Under the
premise of satisfying the mechanical and electrochemical pro-
perties, the electrode was successful in distinguishing the
ECoG signal from normal and epileptic state rats (Fig. 13d and
e), which is crucial for the clinical application of polymer
bioelectronics.

3.3.2 Neural electrodes made from poly(3,4-ethylenediox-
ythiophene) and its derivatives. Nevertheless, PPy is prone to
be irreversibly oxidized or easily interfered with under chemi-
cal conditions such as pH, which inhibits its evolution in
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Fig. 13 (a) Resistance changes of the microelectrode array after diverse
stretching/relaxation cycles, (b) electrical impedance spectra of PPy
membrane and Au membrane electrodes in phosphate buffer solution
with pH = 6.8, (c) CSC of the PPy electrode and Au electrode, (d) moni-
toring photos (i) and ECG signal (ii) of the PPy electrode application test
on epileptic rats, (e) electrode array-stimulated rat sciatic nerves (left)
and magnified images (right). Reproduced with permission from ref. 215.
Copyright 2017, Wiley-VCH. (f) Fluorescence image of the compatibility
of pure PU and optimized 15 wt% CE electrode materials on human
neural precursor cells after 7 days of culture, scale bar = 23.07 pm, the
red, green and blue in the picture represent neurons, astrocytes and
nuclei, respectively, (g) CIL comparison data of the CE electrode array
and Pt electrode, (h) CE organic flexible electrode array after laser abla-
tion. Reproduced with permission from ref. 216. Copyright 2019, the
Royal Society of Chemistry.

neural electrodes. Alternately, PEDOT is more favored than PPy
due to the following factors: (i) PEDOT has a narrow band
gap,””” which promotes the shift of charges in the polymer
chain; (ii) PEDOT has higher conductivity, which facilitates the
preparation of neural electrodes with better electrical
activity;>>°7?'® (iii) it has higher electrochemical stability,
which is essential for obtaining a stable signal;>'°~>*! and (iv)
PEDOT reveals better biocompatibility than PPy, which is an
indispensable requirement for practical applications.>**>*> By
adopting PEDOT:PSS as a conductive material, Blau et al.>*®
prepared an extendable and non-cytotoxic all-polymer elec-
trode array. This electrode showed good stability in capturing
muscle’s action potential in vivo. Although CPs have many
unique advantages in bioelectronics, their fragile, brittle and
stiff characteristics limit their application in neural electrodes.
To solve this problem, Green et al.>'® fabricated a conductive
elastomer based electrode by dispersing PEDOT:PSS into a soft
elastomer (polyurethane, PU). The conductive elastomer (CE)
electrode has better biocompatibility compared with pristine
PU as demonstrated by 7 days of continuous culture of human
neural precursor cells (ReNcell VM) (Fig. 13f). Moreover, the
use of the laser micromachining technology can convert a CE
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into a flexible organic electrode array (Fig. 13g), which has a
higher CIL compared with the Pt electrode (Fig. 13h).
Simultaneously, an all-polymer cuff electrode made of the CE
was successfully developed,?”” which demonstrated good stabi-
lity during manufacture, disinfection, cyclic tensile test, model
wearing in vitro and so on. These studies demonstrate that a
CE significantly improves the CIL performance of neural elec-
trodes compared with commercial Pt ones. The increase in CIL
promotes the preparation of miniaturized electrodes, which
provides hope for the development of high-density microelec-
trode arrays.

3.3.3. Neural electrodes made of materials composited
with conductive polymers. In addition to being hired as neural
electrodes, CPs can also serve as a coating layer to modify the
traditional metal electrodes. The performance of the decorated
electrode can be improved in the following aspects: (i) the
good electrochemical performance of CPs enables the modi-
fied metal electrode with a lower interface impedance; (ii) the
soft mechanical properties of CPs can improve the interface
contact between the electrode and tissue; and (iii) the good
biocompatibility of CPs can decrease the immune rejection
reaction of the tissues. For instance, Wang’s research group
synthesized a conductive PANI coating layer on the surface of
the platinum electrode by a dipping method.?*® The PANI film
was not damaged or fell off after sequential electrical stimu-
lation for 30 days, indicating the good stability of the PANI
coated platinum electrode. CPs can not only increase the stabi-
lity of the composite electrode, but also improve the electro-
chemical performance of the electrode by using their intrinsic
porosity. For example, the Abidian team discovered that the
impedance of the gold electrode modified with PPy and
PEDOT was descending by approximately 10-fold and
200-fold,>*® respectively. Furthermore, the impedance of
iridium electrodes modified by PPy and PEDOT nanotubes
decreased by about 24-fold and 187-fold, respectively.>*
Importantly, the charge storage capacity of the PEDOT modi-
fied electrode increased by approximately three orders of
magnitude.

Additionally, carbon nanotubes (CNTs) have good mechani-
cal strength and high conductivity (see section 3.1.2 for
details). The combination of CPs with CNTs could enhance
the conductivity of CPs and enlarge their surface areas. Hence,
this CP/CNT composite material is a good candidate for modi-
fying the metal bioelectrode. Thakor’s group proposed a
tunnel-like electrode coating layer made of PEDOT-CNTs for
highly sensitive neural activity recording.>** Compared with
the bare gold electrode, the impedance of the modified gold
electrode was reduced by 50-fold, and an increase (65-fold) of
the CSC about the modified electrode was achieved. This may
be due to the following reasons: (i) during the deposition
process, CNTs act as a dopant, resulting in a strong interaction
between PEDOT and CNTs (the adhesion of the PEDOT
coating is increased by about 1.5 times), which promotes the
rapid transmission of electrons within the composite material;
and (ii) the formation of three-dimensional structure and the
increase of the geometric area (approximately 1.8 times more
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than non-nano tunnel structures). In parallel, a similar result
was also achieved by Saunier et al.”°® They uncovered that the
electrodeposition of a composite material (PEDOT and carbon
nanofibers) on a gold microelectrode array could reduce the
electrical impedance and enhance the charge storage capa-
bility of the electrode.

3.3.4. Neural electrodes made of materials composited
with hydrogels. Hydrogels can generate ion current via the
ions dissolved in water which have been absorbed in the
polymer network of the hydrogels. It has commendable advan-
tages in signal transmission at the electrode-tissue interface.
To further promote the application of hydrogels in electronics,
the key is to enable the hydrogels with the capability of trans-
ferring charge by electrons.**®>** Fortunately, the porous struc-
ture of hydrogels furnishes sufficient space for diversification
of conductive materials (e.g., metal, carbon-based materials,
CPs, etc.) to form conductive networks. Therefore, it is feasible
to enhance the electrochemical properties (lower interface
impedance and CIL) of hydrogels without sacrificing their
ideal biological characteristics.>*>?%¢

CPs are widely used to construct composite materials with
hydrogels for bioelectronics, owing to the following superiori-
ties of CPs: (i) CPs have good flexibility and compatibility
which benefits their hybridization with other polymer (hydro-
gel) systems; (ii) the unique organic and polymeric properties
of CPs make them easy to be modified; and (iii) some CPs
(e.g., PEDOT) present a hydrogel form in humid environments,
which are attributed to their hygroscopicity or swelling pro-
perties when exposed to water.”! For example, a soft conduc-
tive hydrogel with high electrical activity was synthesized using
PPy and alginate.”®” 1Its electrical conductivity increased by
more than ten times compared with the original hydrogel
without PPy. Moreover, the hydrogel compounded with PPy
has good biocompatibility as it can be implanted in the mice
for eight weeks without an obvious rejection reaction of the
tissues. In addition, PEDOT was also successful upon com-
pounding with hydrogels and enhancing its conductivity. For
instance, a conductive hydrogel with adjustable electrical and
physical (swelling, mechanical) properties was synthesized by
employing PEDOT:PSS and bio-derived polymers (gelatin
methacryloyl).*® In particular, the impedance of hydrogels
decreased from 449.0 kQ to 281.2 and 261.0 kQ after com-
pounding 0.1% (w/v) and 0.3% (w/v) PEDOT:PSS at 1 Hz fre-
quency, respectively.

Another way to enhance the conductivity of hydrogels is to
compound electron conductive nanomaterials (e.g., metal
nanowires, LM, CNT, graphene, etc.) with hydrogels. The
charge transfer in the resulting materials was contributed by
both the ions and electrons,"*®'”> which facilitates their appli-
cation in bioelectrodes for neural interfacing. Inspired by the
cytoadhesion structure, Cai et al successfully prepared a
locally coupled electromechanical interface based on a four-
layer ionotronic hybridization (called CoupOn).**' The
CoupOn is a combination of bimetallic nanofilm (Au/Ti) de-
posited PDMS and hydrogel (alginate/polyacrylamide)
(Fig. 14a). Fig. 14b shows that CoupOn has a lower impedance
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Fig. 14 (a) Schematic of the (i) coupled electromechanical interface of
the four-layer ionization hybrid (i.e., CoupOn), (ii) tough bonding, and
(iii) ionic/electronic coupling; (b) impedance curves of the CoupOn and
Vitrode electrode; and (c) sEMG of the CoupOn. Adapted with per-
mission from ref. 231. Copyright 2020, Nature Publishing Group. (d)
Illustration of the composition of the alginate hydrogel flexible electrode
array material, (e) data graph recording primary cortical astrocytes
inoculated on gels of disparate viscoelasticity (MVEG and LVEG) and
stiffness (soft and stiff) in contrast to control tissue culture plastics (TC)
after 120 h, where blue represents the nucleus, (f) CSC of viscoelastic
electrode arrays and commercial grids, (g) diagram of the viscoelastic
electrode array conforming to the mouse heart, (h) ECG of (i) mouse
heart record and (ii) the average value of all beats superimposed (light
blue displays a single cycle). Reproduced with permission from ref. 232.
Copyright 2021, Nature Publishing Group.

than commercial electrodes (i.e., Vitrode F150ML) in the entire
frequency range, which furnishes a beneficial guarantee for
SEMG signal monitoring (Fig. 14c). This strategy supplies a
new scheme for the conversion of electron and ion signals at
the electrode-tissue interface.

Besides, carbon-based materials have been one of the pre-
ferred materials for boosting the conductivity of ICH owing to
the following advantages: (i) good conductivity, (ii) high
surface area, and (iii) good stability in a wet environment. For
example, Tringides et al.>** successfully prepared electrode
arrays with ultra-soft viscoelasticity (Fig. 14d), using ion-con-
ductive sodium alginate and carbon nanomaterials (i.e., CNT
and graphene flakes) as a matrix and conductive additives,
respectively. The softer and more viscoelastic gel (MVEG) not
only has better biocompatibility than the harder and less
viscoelastic gel (LVEG) (Fig. 14e), but also has a higher CSC
compared to commercial grids (Fig. 14f). As monitored in
Fig. 14g, the fully viscoelastic flexible electrode array can
closely fit the surface of the heart and has appreciable ability
in recording physiological signals (Fig. 14h). In short, under
the premise of satisfying better electrochemical performance
(Table S3t) and biocompatibility, the neural electrode, made
from the materials transferring charge by ions and electrons,
shows better signal transmission between the tissue and the
external device.
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4. Conclusion and outlook

Neural electrodes are key interfacial tools for electrophysiological
communication between biological tissues and external elec-
tronic devices. Electrophysiological communication is a bidirec-
tional process. In one way, the signals transfer from tissues, cross
the electrode-tissue interfaces, deliver the electrode materials
and finally are recorded by external devices. In reverse, the electri-
cal signals transfer from the external devices to the tissues for
stimulation. Thus, a good understanding of the transmission be-
havior of electrical signals in the tissues, the electrode-tissue
interface and the electrode materials is helpful for building
effective and stable neural electrode interfaces. In the tissues, the
charge transfer was realized by ions, and the external electronic
devices use electrons as the charge carriers to achieve high elec-
trical conductivity. Therefore, neural electrodes with a synergistic
charge transfer mechanism have more advantages in bidirec-
tional information transfer. There are two ways to transmit elec-
trical signals in the electrode-tissue interface. In one way, the
signals cross the interface via electrical double layer capacitors.
In the other way, the signal transfer is realized by a Faraday
process. In brief, the signal transfer efficiency of the neural elec-
trode depends on the impedance, charge storage capability,
charge injection limitation and biocompatibility of the electrode.

On the one hand, the electrochemical performance of the
neural electrode is mainly determined by interface impedance,
CSC, CIL, etc. Too high impedance will cause resolution degra-
dation and signal distortion. The methods of reducing impe-
dance mainly include: (i) improving the conformal ability
between the neural interface; (ii) improving the adhesion
ability between the electrode and the tissue; and (iii) modify-
ing the microstructure on the electrode surface. In addition,
the low CSC and CIL will affect the charge transfer and lead to
the weakening of the signal strength, which can be solved by
enlarging the specific surface area of the electrode material.

On the other hand, biocompatibility is also a key factor
affecting the quality of signal transmission, which can reduce
the inflammatory reaction of the tissues and further hinder
the formation of tissue scars, so as to achieve a close contact
between the electrode and the tissue. The main methods to
enhance the biocompatibility of the neural electrode include
reducing the stiffness of the electrode materials, selecting bio-
compatible materials for the fabrication of neural electrodes,
and coating the electrode with biocompatible layers.

Although neural electrodes have made rapid progress in
body-machine communication in recent years, several chal-
lenges remain to be overcome before such electronic devices
can be seamlessly integrated into practical applications: (i) the
weak adhesion of the electrode-tissue interface limits the
signal transmission. This may be due to the high hydrophobi-
city and low bioaffinity of the material. Therefore, the prepa-
ration of conformal electrodes is urgently needed; (ii) the poor
compliance of the electrode-tissue interface is still a rigorous
problem. It not only requires the electrode to have good
stretchability/bending stiffness (reducing mechanical failure),
but also to have a lower elastic modulus (decreasing foreign
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body reaction), which ultimately avoids an increase in inter-
facial impedance and thus improves the electrode stimulation/
recording efficiency; and (iii) the long-term stability of the elec-
trode in the body still presents enormous challenges. This is
not only due to the degradation of the electrode material in
the body, but also due to mechanical delamination as a result
of friction between the electrode and the tissue, resulting in a
decrease in the electrical activity of the material.

In brief, neural electrodes are expected to achieve high
efficiency, and precise and long term stable communication
between the biological system and the external electronic
systems in an electrical way. To realize this goal, we have to
optimize the electrochemical performance and biocompatibil-
ity of neural electrodes by discovering new materials, design-
ing novel micro/nanostructures and so on. Simultaneously,
advanced microfabrication technology could promote the high
throughput and accurate production of neural electrodes. It is
believed that the development of neural electrodes could
promote the evolution of neural-prosthesis, bioelectronic
medicine, brain science, and so on.
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