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The electrical signals between neurons are crucial in human perception, emotions, and behaviors.
Abnormal activities of these signals are associated with sensory organ disorders such as pain, visual and
auditory impairments, and neurological disorders including depression, paralysis, and epilepsy. The use
of implanted microelectrodes for detecting and intervening in neuronal activity plays a significant role in
diagnosing and treating diseases. Notably, as a key component of brain—computer interfaces (BCl), the
rapid advancement of BCI technology has expanded the application of implantable recording microelec-
trodes in treating brain dysfunction. The transition from metal to flexible electrodes has marked signifi-
cant advancements in materials and properties (biocompatibility, resolution and number of sites, stability,
and functional integration, etc.) as well as surface modifications. However, these advancements also pre-
sent challenges and shortcomings, particularly regarding the biocompatibility and electrochemical prop-
erties of electrodes. This paper reviews the development history of electrodes and common types,
addressing the biocompatibility and electrochemical performance issues and their advances and future
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development directions. This discussion aims to serve as a reference for further improvements in elec-
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1. Introduction

The human brain comprises hundreds of billions of neurons
connected through millions of synapses. The electrical signals
between neurons serve as a crucial pathway for information
transmission, significantly impacting human cognition and
behaviour. Electrode implantation can treat neurological dis-
eases such as depression” and epilepsy” as well as neurodegen-
erative diseases like Parkinson’s disease® and sensory organ
abnormalities.* Neural recording microelectrodes are vital in
diagnosing and treating neuropsychiatric disorders.
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According to the degree of invasion, neural recording elec-
trodes can be divided into non-invasive, semi-invasive, and
invasive electrodes” (Fig. 1A). Specifically, non-invasive electro-
des can record brain information through head-wearing devices
that do not cause any skull or brain injury. These methods have
low signal acquisition speeds and are only used for cursory
recording, because they are affected by multiple sources of
interference, such as the skull, scalp, cerebrospinal fluid, and

H
H
i

High

Fig. 1 Schematic diagrams and examples of three representative electro-
des and principles of extracellular recording with implantable recording
electrodes. (A) Schematic diagrams and examples of representative elec-
trodes for three levels of invasion are shown (EEG, ECoG, and microelec-
trode recorded signals, with increasing resolution in that order. Each of the
three example diagrams is reproduced with permission from ref. 12-14).
(B) Principles of extracellular recording with implantable neural recording
electrodes.
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strong tissue filtering, which can reduce the spatial resolution
and information content of the signal. Electroencephalography
(EEG)® is a typical non-invasive recording mode that can
acquire signals by recording the amplified signal of sponta-
neous excitation potentials in the brain from the scalp. In
contrast to methods, but
penetrating electrodes that record information from the intra-
cranial cortex are placed under the skull and on the cortex, to
directly record neural signals from the cortical surface,” such as
the electrocorticogram (ECoG).® Compared to non-invasive
electrodes, these are faster to acquire and provide a more
long-term stable signal. These penetrate deep into the brain
parenchyma, achieve signal recording through intracortical
recording interfaces, and record low-pass filter brain signals.’
Their main function is to record and transmit micro- to
millivolt-scale signals from small, localised neuronal popula-
tions in the brain which are generally used for short-term acute
signal recording in patients requiring brain surgery'® (e.g.,
epilepsy focal resection surgery).

Implanted in the cerebral cortex or deep nucleus, invasive
neural recording electrodes position the electrode tips close to
or even within neurons."* This approach causes more tissue
damage but achieves higher spatial resolution and a better
signal-to-noise ratio (SNR) than non-invasive methods. It holds
greater clinical application value and prospects. Implantable
neural recording electrodes can be used to record electrical
neural signals in two main ways: intracellular and extracellular.
Compared with intracellular recording, electrodes for extra-
cellular recording (Fig. 1B) can be inserted around the target
neuron, and do not necessarily penetrate the cell membrane,
which can keep cell function intact, record real neuronal
electrical activity, and enable longer recording times. There-
fore, it is the most used method for detecting neuronal activity
in awake and free-moving objects.

non-invasive invasive non-

2. Comment types and advances of
implantable neural recording
electrodes

Neural recording electrodes have evolved significantly since
Galvani’s discovery of bioelectricity in 1791, enriching neuroe-
lectrophysiology theory and advancing related technology. In
1929, Berger first recorded EEG signals in humans. In 1939,
Hodgkin and Huxley used microelectrodes to record action
potentials (AP) from within neurons for the first time using
the giant axons of squid. Michigan electrodes were introduced
in 1970," and in 1973, Vidal proposed the concept of brain-
computer interfaces. Entering the 21st century, electrodes have
seen rapid development not only in material optimization but
also in performance, aiming at biocompatibility, high density,
and multifunctionality. Fig. 2 illustrates the main advances in
neural recording electrodes. This section introduces the main
types of electrodes and the latest advances in electrode
development.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Major developments in neural recording electrodes.

2.1 Microwire electrode and microelectrode arrays

The first implantable electrodes to enable long-term recordings
in the brain were developed in the 1950s and were made of
tungsten wire, a microwire electrode that was insulated except
for at the tip.'®

Metal microwire electrodes are generally made of stainless
steel,’” tungsten, gold, platinum, iridium, and other metals and
alloys of these metals,'® which exhibit good corrosion resis-
tance and are simple. Commercial metal wires with diameters
of 20-50 pm are usually used as production materials. The
outer surface is wrapped with a thin insulating layer, and the
end forms a bare plane or conical tip. When these bare surfaces
touch the surfaces of neurons, their firing activities can be
recorded. They are generally used to record APs or local field
potentials (LFP) signals of neurons in animal brains. Microwire
electrodes have different designs, such as single-wire, tetrode,*®
and multi-wire electrodes®® (Fig. 3A-C). In 2003, Nicolelis
et al.”* implanted multiple 128-channel wire microelectrodes
into the brains of adult macaques and recorded neuronal
signals for up to 18 months, while recording 247 neurons
(Fig. 3D).

Although microwire electrodes are straightforward to pre-
pare, stable, inexpensive, and commonly utilized for deep brain
stimulation, they face limitations in physical properties such as
Young’s modulus and bending stiffness. The bending stiffness

Microwire
~(single shank)

Microwire
(four shank)

Fig. 3 Example of microwire and microelectrode arrays. (A) SEM image of
a fabricated soft wire tip. Reproduced with permission from ref. 24. (B) SEM
image of a tetrode. Reproduced with permission from ref. 25. (C) SEM
image of a multi-wire electrode. Reproduced with permission from ref. 21.
Copyright (2003) National Academy of Sciences, U.S.A. (D) SEM images of
the fabricated nanotip microwire arrays. Reproduced with permission from
ref. 23. (E) Schematic diagram of the generation design of microwires
(adapted from ref. 26). SEM, scanning electron microscopy.
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of metal microwires ranges between 10~* and 10> N m.
Flexible microwire electrodes lack sufficient rigidity and may
bend during implantation, reducing the accuracy of the target
site. To address this issue, some studies have suggested that
auxiliary devices can facilitate accurate placement. In addition,
the consistency of electrode performance cannot be guaran-
teed, because they are mainly prepared by means of manual
integration. After implantation, microelectrodes are anchored
through the skull into the tissue, leading to potential relative
movement between the electrodes and the skull, as well as
between the electrodes and brain tissue. This decreases the
accuracy of the position and aggravates the rejection reaction of
the brain tissue, leading to problems such as compression of
the bottom tissue, failure of the insulation material, and
spalling/corrosion of the metals. Furthermore, microwires have
high impedance and are susceptible to motion artifacts, limit-
ing their application.

Since microwires only record activity through the exposed
electrode tip, increasing the number of electrodes to enhance
recording sites results in larger electrode sizes and more
significant tissue damage. Microelectrode arrays are composed
of ordered or disordered integrations of multiple microelec-
trodes, and the diffusion layer between each electrode does not
overlap. The current intensity and detection sensitivity can be
improved. Thomas et al.>* reported the first microelectrode
array in 1972, which could record LFP signals but could not
obtain the electronic signal of a single neuron. With changes in
the electrode structure and development of technology, the APs
of cells can be recorded, and the recording time can be
extended. Meanwhile, nanomaterials have been applied to
measure the signals of individual cells/neurons. Kawano and
co-workers®® presented a three-dimensional nano-scale elec-
trode tip of a microelectrode array with a high aspect ratio.

2.2 Glass microcapillary

A glass microcapillary consists of a glass shell, metal lead, and a
tip made of a special material (usually platinum, silver, stain-
less steel, or tungsten) filled with an electrolyte solution. The
capillary glass tube is generally heated and stretched to produce
a tapered tip as fine as a few microns in size. It is then filled
with a conductive solution that allows good electrical conduc-
tivity between the tissue being recorded and the acquisition
device. When the tip touches the surface of the neuron, its
firing activity can be recorded. Glass microcapillaries are sim-
ple to prepare and their tip size is easy to control. These have
been widely used in neuroelectrophysiological experiments,
such as membrane clamping, but their physical and electrical
properties are poorly reproducible and unsuitable for long-
term use.

2.3 Silicon-based microelectrodes

The development of microelectromechanical systems and
microfabrication technologies has facilitated the development
of silicon-based microelectrodes.?” The integration of electro-
des can improve signal reliability, while the miniaturisation
and homogenisation of electrode size helps overcome the
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Fig. 4 Michigan and Utah electrodes and their schematics. (A) Michigan
electrode. Reproduced with permission from ref. 31. (B) Schematic repre-
sentations of an Utah electrode (adapted from ref. 26). (C) Utah electrode.
Reproduced with permission from ref. 32. (D) Schematic representations
of a Michigan electrode (adapted from ref. 26).

limitations of microwire electrodes. In addition, the production
of rigid materials on the wafer scale reduces electrode buckling.
Michigan and Utah silicon-based microelectrodes are the two
most commonly used types.

Michigan microelectrodes were first reported by Wise et a
in 1970 at the University of Michigan. They were designed using
an in-plane scheme, in which the microelectrode recording
sites, pads, and leads were located within a single face of the
microelectrode rod printed on a silicon substrate (Fig. 4A and
B). The exposed microelectrode recording sites are generally
squares with side lengths of several tens of micrometres. There
are multiple acquisition sites distributed on a silicon micro-
electrode, which are generally used for recording spikes or LFP
signals in an animal’s skull. Based on this, the electrodes have
undergone a series of improvements and processing and can be
fabricated into three-dimensional neural microelectrodes,
which can achieve up to 1024 channels of simultaneous
recording.”®

Another Utah silicon-based microelectrode, developed by
Normann, is structurally different from the Michigan micro-
electrode. It uses an out-of-plane design in which the recording
site is a raised needle-like tip, usually consisting of 25-100
small probes, each about 80 pm long and 1500 pm in diameter
(Fig. 4C and D). Utah microelectrodes are widely used to record
neurons in the animal brain. It is the only electrode that has
been implanted into the human brain. It was applied in clinic
and provided a significant advancement in neurotechnology to
enhance autonomy for individuals suffering from paralysis.>**°

Although microelectromechanical system technology has
greatly enhanced the performance of silicon-based microelec-
trodes, the large mismatch between the ultrahigh mechanical
modulus of silicon-based semiconductors and that of the soft

l'15
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tissue limits the performance of the electrodes. The Young’s
modulus of brain tissue is between 10° and 10*, whereas
silicon-based electrodes have a Young’s modulus ranging from
10" to 10", The bending stiffness of brain tissue is between
10~'* and 107", in contrast to silicon-based electrodes, which
range from 10™* to 107°.

2.4 Polymer electrodes

The mismatch between the mechanical properties of electrodes
made on rigid substrates, which are stiffer than biological
tissues (e.g., silicon), can trigger an inflammatory response
involving glial cells and the diffusion of cytokines during
chronic recording of the brain, leading to the formation of a
glial scar around the electrode.*® The inflammatory response
acts as an insulator at the border, leading to electrode failure.
To avoid this mechanical mismatch, polymer electrodes with
low Young’s moduli and good biocompatibility can be used.
Polyacetylene, polyparaphenylene, polyaniline,>* polypy-
rrole,® and polythiophene®® are five commonly used conduc-
tive polymers, SU-8%” is also a type of polymer (Fig. 5A). These
polymer materials exhibit good mechanical properties. As
active or composite materials, they can be used as promising
components of electrodes. The conductor part of the polymer
electrode is made of one or more thin metal layers (200-300 nm
thick), located between the polymer substrate and the encap-
sulation layer, thereby forming a ‘“‘sandwich” structure that
exposes the area of the site in contact with the brain tissue and
the area connected to the lead through laser opening or ion
reaction. In addition, as an organic conductor, the conductive

Fig. 5 Polymer electrodes and CNTf microelectrode. (A) Flexible SU-8-
based electrode. Reproduced with permission from ref. 53. (B) SEM image
of PEDOT:PSS electrode patterning. Reproduced with permission from ref.
54. (C) Flexible parylene sheath neural probe. Reproduced with permission
from ref. 55. (D) SEM image of two-channel CNTf microelectrodes; inset
shows CNTfs only at the electrode tip (scale bar: 200 um). Reproduced
with permission from ref. 42. (E) SEM images of graphene microfibers;
enlarged SEM image shows aligned characteristic features of graphene
microfibers. Reproduced with permission from ref. 56. (F) SEM image
of the porous surface of the graphene material (scale bar: 2 um). Repro-
duced with permission from ref. 57. CNTf, carbon nanotube fibre; CNT,
carbon nanotube; SEM, scanning electron microscopy; PEDOT, poly(3,4-
ethylenedioxythiophene); PSS, poly(styrene sulfonate).
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polymer poly(3,4-ethylenedioxythiophene):poly(styrene sulfo-
nate) (Fig. 5B) has high conductivity, stability, and transpar-
ency, and is also widely used in the preparation of electrodes.
Conductive polymers exhibit high conductivity, high specific
surface area, and good environmental stability. Moreover, the
characteristics of a conductive polymer vary significantly with
the doping material, and the electrical characteristics can be
adjusted from that of an insulator to that of a conductor. Owing
to their organic molecular structures, polymers can easily
combine with active molecules in human bodily fluids and
exhibit excellent biocompatibility (Fig. 5C).

However, the impedance and electrochemical stability
of conductive polymer coatings are important factors that
limit their service life. As the implantation time increases, the
dopant migration from the conductive polymer coating
degrades the electrochemical performance of the electrodes.
In addition, owing to the poor long-term stability of conductive
polymers, their electrical activity decreases linearly over time in
non-corrosive environments.*®

2.5 Carbon-based nerve electrodes

The good electrochemical stability, capacitive mechanism,*® as
well as, chemical inertness and biocompatibility of carbon
materials*® make them ideal neural materials. In addition,
their small size can significantly reduce immune reactions
between the electrodes and tissues.

Carbon-based nerve (CNT) fibres (Fig. 5D) have received
considerable attention for use at neural interfaces, because of
their good biocompatibility and excellent mechanical, electri-
cal, and chemical properties.*""** Meanwhile, they possess high
specific surface area (700-1000 m”> g~'),** ultra-high mechan-
ical strength (individual carbon tubes have an elastic modulus
of about 1 TPa).** Compared to conventional metal microwire
electrodes, CNT fibres exhibit less tissue immunoreactivity.
Fewer astrocytes and microglia were found around CNT elec-
trodes, as compared to those around platinum-iridium alloys,
indicating a smaller immune response in the tissues. CNTs
have also been widely used as coatings for nerve electrodes, to
enhance their conductivity and specific surface area. Despite
these advantages, the potential cytotoxicity of CNTs needs to be
further investigated,” especially in the field of human health-
care. Nanomaterials’ ability to penetrate the blood-brain bar-
rier can lead to irreversible neuronal damage.

Similar to CNT, graphene (Fig. 5E and F) has been exten-
sively studied because of its excellent mechanical properties
(elastic modulus ~ 1 TPa),* electrical properties (electrical con-
ductivity = 1 S m™ %), thermal conductivity (3000 W m™* K %),*’
and good chemical stability and biocompatibility. Graphene has a
higher specific surface area than CNT,***® indicating that it
exhibits lower cytotoxicity at high concentrations.*® Kim et al.>°
discussed the production of graphene through a revised version of
the Hummers’ method and its use in detecting dopamine through
electrochemical means. Additionally, graphene oxide and reduced
graphene oxide have been recognized as promising for inhibiting
microbial infections.> Another study®” highlighted that collagen
and graphene-based composites act as a flexible neurotrophic

Mater. Adv., 2024, 5, 4958-4973 | 4961
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platform, achieving a balance between biocompatibility and
physiologically relevant conductivity, while also offering strong
mechanical properties. Additionally, the low double-layer capaci-
tance of single-layered graphene can result in thermal noise and a
low SNR in neural recordings.

2.6 Flexible electrodes

In addition to the inflammatory response caused by the mis-
match of the Young’s modulus, rigid electrodes can also cause
mechanical damage and displacement, which cannot adapt to
the growth of brain tissue during long-term implantation and
limit its functional expansion. Therefore, there is a need to
develop flexible electrodes to overcome these limitations. Tang
et al.*® divided flexible electrodes into flexible, stretchable, and
low-modulus electrodes. Among them, the use of ultraflexible®”
(Fig. 6A), mesh-like®® (Fig. 6B), and fiber-like®" (Fig. 6C) electro-
des can better fit the characteristics of the brain tissue to
achieve a better match, reduce the immune response, and
enhance their stability to record the APs of single cells for a
long time. In addition, because of the dynamic developmental
process of brain tissue, especially volume changes, flexible
electrodes with extensibility can adapt to changes in the brain
tissue, which is mainly achieved by stretchable structures and
materials®>®* (Fig. 6D and E), such as hydrogel. Natural bio-
materials have an elastic modulus similar to that of the brain
tissue and are mostly porous in structure, thus making them
ideal materials for the preparation of flexible electrodes. A
research® reported the results of a neural interface using
hydrogel as an ionic conductor and elastomers as dielectrics

Fig. 6 Flexible electrodes. (A) Ultraflexible nanoelectronic probes, arrows
indicate the probes (scale bar: 100 pm). Reproduced with permission from
ref. 59. (B) Stretchable silicon membrane integrated on elastomeric sub-
strates and enlarged image. Reproduced with permission from ref. 60. (C)
Silicone-embedded carbon fibres in bend test. Reproduced with permis-
sion from ref. 61. (D) Viscoelastic array made of hydrogel (scale bar: 3 um).
Reproduced with permission from ref. 71. (E) A mesh electrode after being
released from its silicon wafer. Reproduced with permission from ref. 62.
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demonstrating that it induced a much smaller glial response
and damage to cerebral blood vessels compared to metal
electrodes. In addition to flexible electrodes, such as polymer-
and carbon-based electrodes, nanomaterials represented by
nanocellulose offer many advantages such as abundant
sources, high mechanical strength, high polymerisation, high
crystallinity, and good biocompatibility. Gao et al.®* presented
self-assembled arrays of electrode nanofilms had the capability
to establish close and interconnected connections with neural
tissue, facilitating consistent recording of neuronal activity. Seo
et al.® reported on a high-density, flexible neuroelectronic
array, with its signal recording accuracy verified through rat
experiments.

However, its application also faces many challenges. The
primary challenges with flexible electrodes for chronic record-
ing include their low bending stiffness and insertion difficul-
ties. To address these issues, adjustments to the electrode’s
surface coating were made to alter its stiffness. This modifica-
tion aimed to buffer electrode-tissue interactions by increasing
surface roughness, enhancing mechanical flexibility, and
improving information transmission accuracy. A research®*
demonstrated the use of ultrasoft microelectrodes, inserted
and removed with a polyethylene glycol (PEG) adhesive-
coated stainless steel shuttle. Lo et al®® reported that an
ultrafast degrading tyrosine-derived polycarbonate coating
could provide sufficient stiffness for electrode insertion. Kil and
colleagues®” developed dextran as a coating material to improve
the mechanical strength of flexible electrodes. Agorelius et al.®®
presented an implantable array of extremely thin electrodes,
encapsulated in a firm yet soluble gelatin-based material,
maintaining structure upon insertion. Sharafkhani et al.®
devised a method for creating a neural microprobe with binary
stiffness compliance, assessing its equivalent elastic moduli,
critical buckling force, and brain tissue strain due to micromo-
tions. Another research’ evaluated the use of a thin extra-
cellular matrix protein layer as a biodegradable coating to
temporarily reinforce delicate or highly flexible thin-film neural
implants for brain placement. Following the implantation
process, they softened and provided interfaces that could adapt
dynamically.

2.7 Optical probes and injectable optoelectronics

In addition to traditional electroneural recordings, probes
have also been designed ecogniise genetic tools for optical
neuromodulation.”” With the advent of optogenetics, it has
become possible to excite or inhibit geneticalecognizableble
cell types by expressing light-sensitive proteins (Fig. 7A). Opto-
genetic experiments typically require the implantation of multi-
functional devices for light stimulation, delivery of viral vectors
and drugs” (Fig. 7B), and simultaneous recording of electro-
physiological signals from specific cells within the nervous
system.

Here is a list of highly cited literature on materials, technol-
ogies, biocompatibility and surface modifications related to
neural implantable microelectrodes since 2010 (Table 1).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Optical probes and injectable optoelectronics. (A) High-
magnification images of the illuminated micro light-emitting diodes (scale
bar: 15 um). Reproduced with permission from ref. 74. (B) A multifunc-
tional, implantable optoelectronic device. Reproduced with permission
from ref. 75.

3. Current challenges in
biocompatibility and electrochemical
properties in electrodes

Despite advancements in signal resolution, signal density, and
biocompatibility, the development of implantable neurological
recording electrodes, especially rigid electrodes, encounters
numerous challenges. Notably, the discrepancy in the modulus
of elasticity between rigid metals (GPa) and soft brain tissue
(kpa) and the wvariability in electrode rigidity present
significant issues (Fig. 8). This mechanical mismatch between
electrodes and brain tissue can cause electrode rejection and
displacement, negatively impacting biocompatibility and the
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Fig. 8 Young's modulus and stiffness of different materials. (A) Young's
modulus of different materials. (B) Stiffness of different materials. PC:
parylene-C; PI: polyimide; PDMS: polydimethylsiloxane.

quality, with traditional metallic materials compromising sig-
nal integrity due to high impedance, low charge injection
capacity, and limited surface area. This section outlines the
current challenges regarding electrodes’ biocompatibility and
electrochemical attributes.

3.1 Biocompatibility

As a foreign body implanted in the brain tissue, electrodes are
in direct contact with the nervous system. Traditional electro-
des are mostly rigid electrodes made of metal materials whose
elastic modulus differs greatly from that of the brain tissue;
owing to which they cannot achieve better mechanical and
geometric adaptation with the brain tissue. There are risks of
infection and rejection as well involved with these, which easily
causes instability and displacement of the electrode, thus
making it difficult to achieve a safe and reliable connection

stability of long-term neural recordings.®>®® Moreover, the with the tissue. The biggest challenge faced by the nerve-
electrochemical properties of electrodes influence signal electrode interface is the biocompatibility of electrodes.®* >
Table 1 Highly cited literature related to neural implantable microelectrodes
Review Year Summary Citations
Hydrogel bioelectronics”® 2019 This review examines the fundamental mechanisms of interactions between tissue and elec- 647
trodes, the distinct advantages of hydrogels in interfacing with the human body, recent
advancements in hydrogel development for bioelectronics, and provides rational guidelines for
the design of future hydrogel bioelectronics.
Materials and technologies for 2016 The review underscore the significance of reducing the disparity in physical and mechanical 411
soft implantable properties between neural tissues and implantable interfaces, the potential material-based
neuroprostheses”” approaches for the development and production of neurointegrated prostheses, and delineate
their therapeutic promise.
A review of organic and inorganic 2014 This paper provides a review of cutting-edge microelectrode technologies. It examines the 407

biomaterials for neural
interfaces’®

progress made in electroactive nanomaterials and addresses the technical and scientific
obstacles related to biocompatibility, mechanical incongruity, and electrical properties that

these nanomaterials encounter in the pursuit of creating durable and effective neural interfaces.
Neural recording and modulation 2017 This review examines the design principles derived from the field of neural engineering, which 344

technologies®”

has been established. Furthermore, it emphasizes recent advancements in neural probes driven

by materials innovation and explores emerging directions influenced by the principles of neural

transduction.
Polymers for neural implants”®

2011 This study centers on the neuro-technical interface and provides an initial overview of its

336

essential characteristics. It offers a description of the prevalent polymer materials and their
properties. It concludes by outlining various applications and their distinct designs, along with
the associated manufacturing techniques.

Glial responses to implanted
electrodes in the brain®®

2017 The work proposes a shift in the conventional perception of glia as a static obstacle, and
examines their function as an influential factor in the results of device implantation. Further-

305

more, it explores the potential implications of this perspective on the advancement of bioe-

lectronic medical devices.

Next-generation probes, particles, 2017 The review delineates the impact of advancements in the comprehension of neural signaling 301

and proteins for neural
interfacing®'

and material-tissue interactions on the diversification of available tools. Novel probe designs
and materials are extending the boundaries of recording and stimulation capabilities in terms of

longevity, localization, and specificity, thereby challenging the distinction between living tissue

and engineered instruments
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Fig. 9 Major pathological changes in the brain after electrode implanta-
tion. (A) Different stages of inflammatory response and main pathological
changes after electrode implantation (adapted from ref. 90). (B) Micro-
motion of the electrodes in the brain tissue after implantation. (C) Leakage
of the blood-brain barrier. Arrow indicates cell in the blood—brain barrier
squeezing through the endothelium into the central nervous system.
Reproduced with permission from ref. 91. (D) Schematic diagram of the
major rejection reactions after electrode implantation and immunofluor-
escence staining of the related cells. Reproduced with permission from ref.
26. (E) Glial scars formed by astrocytes at different time-periods after
electrode implantation. Reproduced with permission from ref. 89.

A series of rejection reactions, including acute and long-
term reactions, occur in the tissue after electrode implantation
(Fig. 9A). In addition, brain tissue damage can also occur due to
displacement of the electrodes in the brain tissue after implan-
tation (Fig. 9B). Acute reactions are mainly due to mechanical
damage caused by electrode implantation into the cortex and
the subsequent inflammatory reaction.®® Astrocytes and micro-
glia are the primary cells that elicit injury responses in the
brain. Early on, there is an increase in the number of astrocytes
and microglia around the electrode, and the inflammatory
molecules produced by the microglia cause neuronal cell death
and activate astrocytes,®”®® which change shape and engulf the
electrode. In contrast, on the other hand, blood-derived macro-
phages disrupt the BBB and enter the damaged vessels®
(Fig. 9C). When the electrode is implanted for a few weeks,
the acute foreign body reaction disappears, followed by a
chronic foreign body reaction mainly manifested by the appear-
ance of reactive astrocytes,* microglial activation (Fig. 9D), and
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glial scar formation® (Fig. 9E). During this time, astrocytes
surround the electrode around the tissue and grow on its
surface to form a tight protective sheath or fibrous encapsula-
tion that isolates the electrode from the tissue such that the two
cannot effectively contact each other. The glial scar, which
insulates the electrode from nearby neurons, while separating
the damaged tissue from the healthy tissue, to maintain the
BBB, prevent lymphocyte infiltration of the barrier, prevent
signal expansion, and increase impedance.

Electrode shape, size, and material all have an impact on
biocompatibility. The shape of the electrode tip may not only
affect the surrounding cellular response, but also affect its
stability after implantation. The specific shape design®® can
reduce the displacement between the probe and brain, reduce
the inflammatory response, and enhance the stability of
signal recording (Fig. 10A). Innovative shapes like flexible
filamentary probes,” sheet-like architectures®*®> and mesh-
like geometries®® have been developed to improve biocompat-
ibility. In addition, 3D structures are being employed for
electrodes.”””® On the other hand, when a foreign body is
implanted in the brain tissue, the electrode causes mechanical
damage to the brain tissue; the larger the electrode size, the
more damaging it will be. It also causes glial cell proliferation,
which in turns affects the quality of signal recording and
duration of signal acquisition. Implanting electrodes with
smaller cross-sectional areas can reduce tissue damage,

Top  Side Bottom I

l 11 AR

(O] I electrode
/ R

S

Ce—10m

200 um Quartz fiber

NeuN Merge 100 um
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Fig. 10 Intracerebral tissue changes induced by electrode structures of
different shapes and sizes. (A) Electrodes with anchor protrusions designed
to reduce displacement after insertion into the tissue. Reproduced with
permission from ref. 92. (B) Scanning electron microscopy images of
electrodes with different shapes and sizes, formed using different pre-
paration methods. Reproduced with permission from ref. 86. (C) Effect of
electrodes with different cross-sectional areas on astrocytes, at 1 week
after implantation. Reproduced with permission from ref. 86. (D) The effect
of electrodes made of different materials on neurons and astrocytes, after
implantation. Reproduced with permission from ref. 101.
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including harm to vascular and local neuronal environments
due to device insertion, and improve mechanical compliance
with brain tissue as well as the spatial resolution of the
electrode. Immunofluorescence staining of silicon probes of
different shapes one week after implantation into brain tissue
showed that 1 week after implantation, silicon probes with
larger cross-sectional areas displayed higher positive cell den-
sity and hypertrophy of astrocytes than smaller electrodes®®
(Fig. 10B and C).

In addition, the difference in stiffness between the brain
tissue and the implanted neural probes is a likely source of
tissue damage. The probes made of soft materials can mitigate
adverse damage and immune responses (Fig. 10D). In one
study, implantation of a flexible poly(polyparylene) probe
within 75 pm resulted in 12-17% neuronal loss around the
implantation site, whereas implantation of a rigid silicon probe
within 100 pm resulted in 40% neuronal loss after
implantation.”® Moreover, electrode arrangement spacing’®
also affects glial cell proliferation.

3.2 Electrochemical performance

Electrochemical reactions and double-layer charging make up
the electrode/electrolyte border for electrophysiological
recording.'?>'°® In terms of electrochemical performance, con-
ventional electrodes based on metal materials affect the quality
of their signals due to their high impedance, low charge
injection capability and low surface area.

The quality of the SNR is the main factor affecting signal
recording; the lower the SNR, the lower is the information on
the effective neurons of the signal. To increase the SNR, it is
necessary to reduce the noise amplitude while increasing the
signal strength.'®" The noise sources in neural signal recording
include three main aspects: the noise of the electrode itself,
background noise of the neuron, and noise in and around the
recording system, especially the 50/60 Hz power-line frequency
interference. The noise introduced by the electrode itself is
primarily thermal noise, which is the electronic noise gener-
ated upon thermal perturbation.’®® The magnitude of the
thermal noise is unrelated to the applied voltage, but is related
to the impedance. The thermal noise is directly related to the
square root of the resistance of the electrical double-layer
formed at the electrode/electrolyte interface. Biological back-
ground noise is the main source of noise in cortical recordings
and is the sum of APs outside other nerve cells in proximity.
The electrode impedance, density of surrounding neurons,
and frequency of neuronal discharges have a significant effect
on biological background noise. With respect to external
noise, 50/60 Hz power-line frequency interference is one of
the most serious disruptive factors in recording electrical
signals. There is also equipment noise, such as that from
amplifiers. The higher the power consumption and larger the
area of the amplifier, the higher the noise. The electromyogram
signal also affects extracellular APs, and the filter band needs to
be reasonably adjusted in this scenario. Moreover, the photo-
electric effect during light stimulation,'®® motion-induced
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signal artefacts, and immune response-induced electrode
insulation'®” influence electrical signals.

A fundamental requirement for an ideal implant is to
acquire as many neurodynamic signals as possible from the
target neuron, in the absence of background noise. In addition
to decreasing disturbances to the environment and equipment
by shortening the length of the recording electrode connection,
reducing the system size, shielding the circuit as much as
possible, and improving the performance of the electrodes
can serve as effective methods.

In terms of improving the stability of the electrode, achiev-
ing long-term stability of the signal requires not only needs the
stability of the electrode itself, but also that of its tissue-level
mechanical properties, which can resist long-term corrosion of
the physiological environment in the brain, in addition to
offering good electronic properties such as high conductivity,
resistance to the penetration of ions and water, overcoming the
influence of the internal environment, and maintaining stabi-
lity in the extracellular fluid environment. In addition, the
recording electrodes used for implantation rely on limited
equipment to achieve signal extraction and analysis, and over-
coming the wire connection in the collection and recording of
neural signals can greatly improve the ease and comfort of
operation.'°®

4. Progress and outlook

Although the performance of electrodes is constantly improv-
ing, there are still some obstacles and challenges in achieving
high-throughput, multi-mode, and multi-region recordings
of neurons while simultaneously minimising brain tissue
damage. The electrode should maintain good electrical,
chemical, and mechanical properties under the premise of
high biocompatibility, to achieve accurate and stable signal
recording. The performance of an electrode is affected by
various factors upon implantation into the neural tissue. It is
subject to the in vivo interaction of the above factors, thus
resulting in a complex relationship network. This increases the
challenge in improving the performance of neural electrodes.
Improving the overall electrode performance without affecting
other factors is an urgent issue that must be addressed, related
studies have made progress in this regard.

Traditional implantable probes encounter challenges due to
their stiffness not aligning with biological tissues and the
difficult balance between transparency and electron conductiv-
ity. Liang et al.'% reported conductive and transparent hydro-
gels using polypyrrole-decorated microgels as crosslinkers. In
harmonising the biocompatibility and conductivity of electro-
des, Kim and co-workers'® introduced a neural interface
composed of a supramolecular B-peptide-based hydrogel,
which is biocompatible, conductive, and biostable. This hydro-
gel facilitates signal amplification through close neural/hydro-
gel contact without inducing neuroinflammation. Zhang
et al."*" developed a reliable method for integrating traditional
electrodes with conducting hydrogel coatings, mirroring tissue
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properties, including favorable electrochemical performance.
Regarding the functional integration of electrodes, a versatile
multi-shank MEMS neural probe was developed, integrating an
optical waveguide for optical stimulation, microfluidic chan-
nels for drug delivery, and microelectrode arrays for recording
neural signals from various cellular regions."'> Lanzio et al.'*?
demonstrated the production of a multifunctional neural probe
with compact shank dimensions, high sensor density, and the
ability to focus light within deep brain tissue, Chen and co-
workers''* engineered electrode materials by incorporating
polypyrrole nanowires onto highly conductive polypyrrole elec-
trode arrays. This innovation allows for the creation of stretch-
able polymeric microelectrode arrays (MEAs) featuring high
stretchability, robust electrode-substrate adhesion, low Young’s
modulus, and high conductivity. In addition, Neurotassel'®
and Neural Matrix''® have provided support for achieving
flexibility, high resolution, and stability in electrode recording.
Based on a combination of electrode performance and brain
tissue environment, achieving the optimisation of the record-
ing signals, improvement of biocompatibility, accuracy of cell-
specific recording, functionalisation of electrode performance
are future directions for electrode modification (Fig. 11).

4.1 Optimisation of the recording signals - high quality, high
resolution, low noise, and long time range

Reducing the electrode size to the greatest possible extent is
important for reducing the rejection reaction and improving
the efficiency/stability of signal recording. However, with the
continuous updating of recording electrodes, more stringent
requirements have been proposed for high-throughput elec-
trode recording signals.

It has been reported that a neural interface of 3075 channels
composed of 192 fibres can achieve high density information
collection.’” The problem of increasing electrode size must be
overcome by increasing the electrode flux. The size of the
electrode can be controlled within a certain range using a
microelectromechanical system and complementary metal
oxide semiconductor. Further developments in miniaturised
integrated electrodes are now available, for example, the silicon
probes-neuropixels.'*® Each probe features 384 recording chan-
nels that can target 960 low-impedance TiN6 sites, compatible
with complementary metal-oxide-semiconductor processing.
Its compact size and integrated functionality allow for the

High-perfomance Implantable electrode-tissue interface

Optimisation of the
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High Quality Proper Mechanical : Cell-type Specificity Drug Delivery
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High Resolution Sensitivity t Optogenetic
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|
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Fig. 11 Properties of an ideal implantable electrode-tissue Interface.
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recording of vast neuron populations. Vomero et al."*° prepared
polyimide-based flexible intracortical devices capable of being
manufactured at dimensions smaller than a human hair.
Melosh and co-workers'*® developed an electrode connector
using a highly flexible thin-film electrode array, Flex2Chip,
which autonomously aligns with silicon microelectrode arrays,
enabling the integration of thousands of channels within
a millimeter-scale framework. It has been shown that 65536
channels can be integrated into a single microwire electrode."*'
However, when the size of the electrode increases to a certain
extent, the signal amplitude received by the electrode tends to
average; therefore, it can only reflect the LFP activity of the
neural population.’®* To achieve high-flux and -density record-
ing of the electrode, it is necessary to record a large number of
neurons and understand the interaction of neurons simulta-
neously to improve the resolution of individual neuron recog-
nition and detection.

To improve the SNR, it is necessary to adjust the interface
impedance so that the electrode can obtain a larger exposed
surface area within a limited size range. The application of
metal, metal nitride, and carbon composite materials'**™*** can
increase the electrode surface area, improve electrode conduc-
tivity, stability, and other electrochemical properties. The con-
ductive nanomaterials can improve the SNR by providing more
efficient surface area;'® the ultrathin flexible electrodes made
of polyimide electrodes (75 um) maintain a high SNR, with
great conformal contact of nearly all channels.”” Kim et al."*’
showed that 2.5 pm mesh electrodes exhibit an SNR that is 5.7-
fold that of polyimide electrodes. The use of electrodes made
with CNT*?® composite coatings and graphene electrode after
steam plasma processing’®® could improve the SNR; in other
words, an improvement in the material can improve the SNR.
On the other hand, the micromotion of the electrode influences
the SNR, Kipke et al.’*® reported that silicon-substrate micro-
electrodes with a printed circuit board on flexible polyimide
ribbon cables could provide high-quality neural signals with a
high SNR. In addition, surface modification of electrodes is an
important means of improving the electrochemical properties
of electrodes.

Electrochemical modification of electrodes mainly consists
of two types: one involves increasing the bilayer capacitance of
electrodes by roughening the electrode surface or using materi-
als with larger specific surface areas to increase the electro-
chemical surface area of electrodes, such as porous treatment
of electrodes or using materials such as CNTs/graphene.”*" In
this way, no electrochemical reaction occurs during charge
transfer, and the stability of the electrode in use can be
improved. However, this method has the disadvantage of a
small charge capacity. Another method involves modifying the
electrode by using materials with Faraday pseudocapacitance
properties such as iridium oxide™**'** conducting polymers.
However, the different methods for preparing iridium oxide
have different limitations, such as high cost and electrode
shape requirements. In addition, conductive polymers are more
commonly used for the modification of nerve electrodes. Pyr-
role and thiophene are commonly used conductive polymer
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materials for the modification of electrodes.***

Conductive poly-
mers can be realised by doping different ions into the body to
improve the electrode performance; doping polyphenylene sulfo-
nic acid sodium and tetraethylammonium perchlorate as counter
ions into the conductive polymer can reduce the impedance of the
electrode,'*>"'*° while doping bioactive molecules such as heparin,
nerve growth factor, and hyaluronic acid into the conductive
polymer can alleviate the inflammatory reaction caused by elec-
trode implantation and promote the adhesion and differentiation
of neurons on the electrode surface.”*”'*® PEDOT:PSS and iri-
dium oxide coatings can lower the interfacial impedances of gold
electrodes for electrophysiology across various sites.""”

Nanomaterial modifications play a crucial role in enhancing
the electrochemical properties of implantable electrodes. Nano-
particle deposition on electrodes can enhance the surface-area-
to-volume ratio, reducing impedance and minimizing noise
interference."*® Shi et al."*° presented composite films made of
uniform single-walled carbon nanotube/PEDOT with nanoscale
pores and microscale grooves, significantly increasing the inter-
face between the electrode and electrolyte. The microelectrode
modified with Au hierarchical nanostructure demonstrated a
significant enhancement of approximately 9.79 dB in SNR
compared to the bare electrode.'*' A research™* introduced a
neural probe design focusing on a polymer nanocomposite that
mechanically softens and is inspired by biology, exhibiting
stable electrochemical impedance spectra. Liu et al.'** reported
that nanozyme-based neural electrodes can perform multiscale
and ultrasensitive neural recording, with low resistance (26
times lower than conventional metals), high sensitivity (10
times higher than Ptlr electrodes for field potential recording),
and high SNR (14.7 dB for single-neuron recordings in rats).
Wang and colleagues'** introduced a duallayer platinum
black-PEDOT/PSS coating that enhances recording stability
and SNR, with particular effectiveness in reducing photoelectric
artifacts.

4.2 Improvement of biocompatibility

Currently, research on electrode development is focussed on
gradually achieving higher similarity with the nerve tissue, in
terms of mechanical properties, shape, and other aspects.

To improve biocompatibility, researchers are focusing on
optimising electrode materials, shapes, and surface modifica-
tion materials. With respect to materials, the electrode perfor-
mance is constantly optimised to better fit the biological state
of the brain tissue, reduce the immune response, and improve
the traditional rigid probe. On the one hand, materials with a
low Young’s modulus, as that of the electrode base, such as
polyaniline, polyimide,'****® parylene®® and other flexible and
conductive polymers, graphene'®” and other two-dimensional
carbon nanomaterials (with high electrical conductivity,
mechanical flexibility, and good biocompatibility in a single
atomic layer thickness), and SU-8, etc.’*®'*° can be used. The
Neuralink array''” has 3072 sensing sites that are spread across
96 distinct soft filaments. These filaments can move with brain
tissues during breathing and pulsatile blood flow, and reduce
neural damage and glial scar formation. A study'®® presented
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flexible microelectrode arrays characterized by enlarged surface
areas, a high density of electrodes, and distinctive self-
unfolding capabilities, which have been documented to facil-
itate minimally invasive implantation of visual prostheses. Gao
et al.™' developed highly flexible and stretchable MEAs by
utilizing free-standing carbon nanotube network embroidered
graphene films as recording microelectrode. The use of flexible
materials with an elastic modulus similar to that of the brain
tissue improves the overall design of the electrode; examples of
the same include micro-flexible electrodes, nerve tassel electro-
des, and syringe electrodes, which can not only reduce the
immune response during implantation but also change into a
substance with a Young’s modulus similar to that of the brain
tissue upon insertion. Hydrogels have viscosity, elasticity, and
other mechanical properties that are similar to those of the
brain; these properties aid in reducing rejection. Studies have
shown that human neural progenitor cells can be transformed
into various specific cell types by implanting hydrogels into
scaffolds, which can form a network of lattice-like structures
and differentiate into various cell types with specific character-
istics. Astrocytes and oligodendrocytes contribute to tissue
repair and electrode function with the goal of realising long-
term signal recording. Recent studies have reported™** a way of
fabricating electrodes in living tissues, which involves injecting
a gel into the organism through a series of biological reactions,
eventually forming a soft and conductive polymer gel that
greatly reduces tissue rejection. Conductive materials can also
be implanted into biological tissues. Thus, it is possible to
create neural electrodes that can be accepted by the brain tissue
and immune system.

Sheet and reticular structures have been developed to adapt
to the shape of the brain tissue. For example, biomimetic
design™® can be used to manufacture flexible electrodes with
a single-neuron structure and mechanical properties that can
maintain flexibility while providing a grid-like environment
closer to the survival of neurons. The electrical and mechanical
properties of the electrodes are further enhanced by surface
modification.

The substrate is the main cause of inflammatory reactions in
electrodes; therefore, improving the biocompatibility of the
substrate is the main method to reduce rejection reactions.
These modifications are primarily performed via surface coat-
ing, doping, and layer-by-layer self-assembly techniques based
on electrostatic attraction and covalent grafting. Bahareh
et al.’® improved the biocompatibility of MEAs by coating
the electrodes’ surfaces with biocompatible polymers such as
PEG and parylene-C. Hydrogels are commonly utilized in tissue
engineering and drug delivery due to their ability to be custo-
mized to mimic biological tissue in terms of water content and
mechanical properties. Cullen et al."> developed “living elec-
trodes” by encasing living cortical neurons within soft hydrogel
cylinders to record and modulate brain activity. Electrode
arrays based on carbon fibers with silk supports were shown
to elicit reduced glial reactions."® Hydrogels eluted with neu-
rotrophic factors are used as coating materials for electrodes, to
increase the affinity between the neurons and electrodes.
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Spencer et al.*>” presented PEG hydrogels with tunable thick-
ness and elastic moduli applied to neural probes, effectively
reducing strain caused by micromotion around the implants. A
research showed'*® that encasing a silicon microelectrode array
with a thick hydrogel coating effectively reduced the long-term
foreign body response 16 weeks post-implantation. Addition-
ally, surface/neuron interfaces can be modified to control
neural cell type-specific responses.’®® A research'® presented
a self-dissolvable microelectrode array, underpinned by a bio-
compatible and soluble material known as PEG. Upon inser-
tion, the PEG dissolves in biological fluid, allowing the
electrodes to detach and move freely within neural tissue.
Doping bioactive absorbent molecules with biomaterials can
save time and solve the surface adhesion problem, while
modification using the layer-by-layer method can reduce the
impedance change'® and improve the biocompatibility of
nerve cells.'®® Grafting can significantly reduce the inflamma-
tory responses after electrode implantation.'®®

Nanomaterials have been widely used to mitigate adverse
biological reaction. Boehle et al'®* introduced a flexible
approach to fabricate nanostructured platinum coatings with
a large electrochemically active surface area, exhibiting favor-
able biocompatibility, low impedance, high charge injection
capacity, and excellent long-term stability. Seker and co-
workers'® demonstrated that nano-porous gold surface coat-
ings significantly reduce astrocyte coverage while maintaining
normal neuron coverage. A research®® indicated that implanted
microelectrodes coated with Si nanopillars enhanced neuron
survival compared to those with a microstructured surface.

4.3 Accuracy of cell-specific recording

Achieving specificity in electrode recordings, especially in terms of
recognition of cell types, is also an important aspect of improving
electrode performance. Photogenetic technology can achieve cell-
specific regulation with millisecond accuracy. Simultaneously, the
release of neurotransmitters can be controlled through the activa-
tion/inhibition of specific types of neurons (such as dopaminergic
neurons) through photogenetic stimulation,'®* while sensitivity to
the detection of neurotransmitter changes can be improved
through the modification of metal nanoparticles, enzymes, and
carbon-based materials. Lee et al.**® introduced a hydrochromic
sensor, suggesting its potential for visualizing implanted electro-
des to monitor neurotransmitters or inflammatory responses.
Currently, rigid electrodes are typically used to record neural
activity in brain regions composed of thousands of neurons,
whereas stretchable electrodes can record single cells for a long
time, with millisecond resolution. Since they have cell type
specificity, they can correlate the activity of specific neurons with
related behaviours/feelings and further provide a basis for eluci-
dating related neural coding mechanisms. Nevertheless, there is a
need for further recognition of neuronal subunits for directional
recording and modulation, through integration with multi-modal
and multi-functional methods, integration of behaviourally
defined cell types with molecularly defined cell types, and identifi-
cation of biomarkers associated with neurological diseases.
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4.4 Functionalisation of electrode performance

With progress in neuroscience research and emergence of new
materials and technologies, electrodes are being developed for
multiple functions, including simultaneously achieving drug
delivery, electrophysiological stimulation, and recording, and
can be combined with optogenetic manipulation'®” and other
operations at the cellular level, to detect and intervene in nervous
system activities, especially microfluidics technology.'®® Electro-
des are now being developed for wireless manipulation, as
adaptive probes to achieve long-term implantation, and for reg-
ulation of high spatial/temporal resolution of specific cells. Elec-
trodes integrating flexible materials, optogenetic techniques, and
drug delivery systems are already available.'®

Implantable recording electrodes have a broad range of
applications. Long-term stable connection and signal recording
between the electrode and nervous system play an important
role in neuroscience research and the diagnosis and treatment
of neurological diseases, which can expand information
sources, enrich treatment means, and improve treatment effi-
ciency. The development of ion pumps and electrophoretic
delivery devices has facilitated the development of electrodes
for drug delivery, the capillary organic electronic ion pump
(OEIP) facilitates the development of electrophoretic delivery
devices with probe-shaped configurations, which are well-
suited for transporting a range of ionic compounds.'”® Seitani-
dou et al.'”" reported the initial application of OEIP in mam-
malian cells or systems, illustrating the potential of this
technology for enhancing the transportation and administra-
tion of various therapeutic agents at minimal concentrations.

In recent years, with the development of BCI, the technique
has been used to treat seizures, reduce tremor in patients with
Parkinson’s disease, monitor the brain activity of patients with
neurological diseases, restore the vision of the blind, and help
patients with paralysis regain the feeling of limbs and even
control things with their mind, using equipment, to achieve
specific activities. With the development of computer perfor-
mance, artificial intelligence, and the miniaturisation of implant
devices, growing research on BCI has further improved its perfor-
mance. In addition, many new technologies have been developed
to achieve implant electrodes more safely and operably. In 2022,
Doctor Magidi used Synchron’s Strentrode™ to successfully per-
form a procedure to implant electrodes into blood vessels in the
brain, to treat dyskinesia in patients with amyotrophic lateral
sclerosis, with newer use of this technology significantly reducing
tissue damage. With continuous improvement and optimisation
of neural electrode performance, neural electrode implantation
into the brain will enter the test stage of general application, and
may even become a wearable neural technology for the diagnosis
and treatment of human refractory diseases.
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