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Organic Neuroelectronics: From Neural Interfaces

to Neuroprosthetics

Gyeong-Tak Go, Yeongjun Lee, Dae-Gyo Seo, and Tae-Woo Lee*

Requirements and recent advances in research on organic neuroelectronics
are outlined herein. Neuroelectronics such as neural interfaces and neuro-
prosthetics provide a promising approach to diagnose and treat neurological
diseases. However, the current neural interfaces are rigid and not biocompat-
ible, so they induce an immune response and deterioration of neural signal
transmission. Organic materials are promising candidates for neural inter-
faces, due to their mechanical softness, excellent electrochemical properties,
and biocompatibility. Also, organic nervetronics, which mimics functional
properties of the biological nerve system, is being developed to overcome
the limitations of the complex and energy-consuming conventional neuro-
prosthetics that limit long-term implantation and daily-life usage. Examples
of organic materials for neural interfaces and neural signal recordings are
reviewed, recent advances of organic nervetronics that use organic artificial
synapses are highlighted, and then further requirements for neuropros-
thetics are discussed. Finally, the future challenges that must be overcome to
achieve ideal organic neuroelectronics for next-generation neuroprosthetics

signals transmit various information
from internal and external environments
of organisms to each organ. Neurolog-
ical diseases can impede transmission
of neural signals and can cause severe
symptoms. These diseases significantly
reduce the quality of life, and can also be
life-threatening. Neurological disease is a
leading cause of disability-adjusted life-
years (DALYs) which affected more than
276 million people globally in 2016.1 In
2010 in the US, DALYs of spinal cord inju-
ries were 445 911, which was higher than
those of human immunodeficiency virus
(HIV)/acquired immune deficiency syn-
drome (AIDS).!l Drugs and neurosurgery
are being developed to treat neurological
diseases, but due to complex patho-
physiology are not always effective.’! Cell

are discussed.

1. Introduction

Neuroelectronics has applications for diagnosis and treatment
of neurological diseases by transmitting physiological signals
between physically and electrically interfaced tissues. Neural

G.-T. Go, D.-G. Seo, T.-W. Lee

Department of Materials Science and Engineering

Seoul National University

1 Gwanak-ro, Gwanak-gu, Seoul 08826, Republic of Korea
E-mail: twlees@snu.ac.kr

Y. Lee

Department of Chemical Engineering

Stanford University

Stanford, CA 94305, USA

T.-W. Lee

Institute of Engineering Research

Research Institute of Advanced Materials

Soft Foundry

Seoul National University

1 Gwanak-ro, Gwanak-gu, Seoul 08826, Republic of Korea
T-W. Lee

School of Chemical and Biological Engineering

Seoul National University

1 Gwanak-ro, Gwanak-gu, Seoul 08826, Republic of Korea

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202201864.

DOI: 10.1002/adma.202201864

Adv. Mater. 2022, 34, 2201864

2201864 (10f32)

therapies repair the damaged tissues by
introducing new cells, and gene therapies
treat neurological disease by introducing
genes into the body. These therapies
enable fundamental treatment because they remove damaged
cells and defective genes that are the causes of the diseases,
but may cause severe or fatal side-effects such as immune
responses.[**l Therefore, new methods for general treatment of
neurological disease are being sought.

Electric therapy is a promising method to diagnose disease
by recording neural electronic signals and to treat disorders
by using electrical signals to stimulate tissues.[’! The electrical
stimulation has few side-effects, and is regarded as a possible
and safe method to treat intractable neurological disorders.!
For example, electrical stimulation has successfully recovered
the lost functions from spinal cord injury.®l However, despite
these advantages, the development of neuroelectronics is still
in its infancy; further research must be conducted to improve
its efficacy and stability and to ensure that it does not limit
daily life.

Neuroelectronics can be divided into two main categories:
neural interfaces that record or stimulate neural signals, and neu-
roprosthetics that replace damaged sensory and motor organs
and neural signal pathway. Among the diverse forms of neu-
roprosthetics, this review focuses on bioelectronic devices that
relay electrophysiological signals by bypassing damaged nerves.
Conventionally, metal electrodes have been developed as a neural
electrode for diagnosis and treatment due to their high electrical
conductivity, and ease of processing in high density arrays.>!
For example, use of metal electrodes for electroencephalography
(EEG) is a promising method to diagnose epilepsy.'!l Also, deep
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brain stimulation (DBS) using metallic intracranial electrodes
is an effective method to treat Parkinson’s disease.'> Flexible
metallic microelectrode arrays (MEAs) have been miniaturized
to subcellular feature size with tissue-level flexibility, and have
demonstrated long-term reliable neural integration by avoiding
the glial scar formation and neuronal degradation that can occur
when rigid metallic MEAs are used.>!] However, the metal
interfaces have disadvantages such as high stiffness, low elec-
trochemical capacity, and poor tissue interaction.”!® To replace
conventional metallic neural electrodes, novel materials and
device structure must be developed.

Conventionally neuroprosthetics use complementary metal—
oxide-semiconductor (CMOS) chips and circuits to process
neural signals recorded from the biological nervous systems.!’]
For example, the electrical implants record action potentials at
one location in the brain and deliver the electrical stimuli to
another location in the brain.*2%! As a result, a new synthetic
connection is established between two previously independent
sites; this modification has been achieved in the brains of
rodents and primates as well.1%:20]

Neuroprosthetics can also be used to predict subsequent
movement and to stimulate the appropriate site in the spinal
cord.[®21-221 This approach has been used clinically in a patient
who had a spinal cord injury.®! Previously recorded neural sig-
nals were decoded, then electrical stimulation was sent spati-
otemporally. However, to ensure that the stimulus coincided
with the patient’s intention, the 3D kinematics were con-
tinuously analyzed using 14 fixed cameras, and the signaling
requires decoding of electromyography (EMG) signals and
neural signals in advance.®l These neuroprosthetic systems
require various additional processing devices for decoding
and encoding of neural signals; these processes limit data-pro-
cessing speed and consume a large amount of energy, and the
devices have limited possibility of miniaturization.[®21-24

Neuroelectronics composed of organic materials have attrac-
tive material properties, good solution processability, and ease
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Figure 1. Schematics of organic neuroelectronics and its components.
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of molecular tuning. Organic materials can provide mechanical
softness that is similar to the texture of neural tissues, has good
stretchability and superior capacitance, and is biocompatible
with reduced tendency to stimulate an immune response.l2>-?/]
These characteristics are superior to those of conventional neu-
roelectronics, which use metal electrodes and CMOS proces-
sors and therefore have poor biocompatibility and high energy
cost. Neural interfaces that are composed of organic materials
and that can accurately read or stimulate various neural signals
have been developed and have improved biocompatibility com-
pared to conventional metallic neural interfaces.

Organic nervetronics is a kind of neuroprosthetics in which
electrophysiological signals are relayed by the artificial synapses
and neurons that mimic biological counterparts in biomimetic
way instead of damaged nerves.l?®2l These devices may provide
a core element for next-generation neuroprosthetics. A human
body includes =10'? neurons and =10" synapses. The neurons
communicate by propagating spatiotemporal information
through synapses by sending action potentials, which are voltage
spikes that convey physiological signals. A synapse has the trait
of plasticity, which is an adjustment of synaptic weight or trans-
mission efficacy in response to experience.’¥ By mimicking
biological processing that uses voltage spikes, and by emu-
lating synaptic plasticity, organic nervetronics enables efficient
data processing in simple devices, rather than the complex
data processing procedure that is necessary in conventional
systems, which use CMOS technology.’"3l Therefore, organic
nervetronics is appropriate for use in future neuroprosthetics
that require high efficacy, closed-loop operation, portability,
and stability upon long-term implantation.

Here, we review recent progress of organic neuroelectronics,
specifically neural interfacing devices that use soft electrodes
and nervetronics that use artificial synapses and neurons
(Figure 1). We introduce the material requirements of neural
interface, such as electrical properties, chemical stability,
mechanical properties, and biocompatibility. We present recent
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studies on organic materials and carbon allotropes which are
promising fillers for organic composites, for use in neural inter-
faces to meet these requirements, then introduce examples of
neural interfacing devices that use organic materials, including
various device types, including neural interfaces for brain,
heart, muscle signals, and optogenetics. We also present recent
research on nervetronics that use organic artificial synapses for
next-generation neuroprosthetics, and address the challenges
that must be overcome before neuroprosthetics are suitable for
clinical applications. Last, we suggest the future challenges and
outlooks for development of organic neuroelectronics.

2. Materials for Neural Interfaces

For neuroelectronic systems, neurological signals can be
recorded and triggered by electronic devices. For this pur-
pose, electronic devices should operate reliably in vivo. Espe-
cially, neural interfaces interface directly with neural tissues
and nerve cells, so materials for neural interfaces should be
biocompatible; that is, must not be toxic or induce immune
response, must be mechanically soft, chemically robust in
vivo, electrochemically stable, and capable of conformal contact
with cells.?*3° Also, the materials with ionic-electric mixed
conduction can equip high capacitance by being compatible
with electrolyte environment and ion conduction mechanism
of neural transmission by biological neurons. Some organic
materials and composites of organic materials and carbon
allotropes meet all of these requirements. In this section, we
introduce the material requirements for neural interfaces, and
review recent progress in development of organic materials
(conducting polymers and hydrogel materials) and carbon allo-
tropes, which are widely studied together with organic mate-
rials (e.g., blends, compounds, and multi-layer coatings) for
neural interfaces.

2.1. Material Requirements for Neural Interface

Neural interfaces record bioelectric signals from nerve cells,
and stimulate neural cells and tissues for medical diagnosis
and treatment purposes. To collect neural signals or stimulate
cells at high resolution and high accuracy, invasive or implant-
able bioelectronics systems are necessary. In this system, elec-
trode design depends on anatomical location and on target
therapeutic application.’¢37l Insertion of probe electrode and
multielectrode array have been widely used due to their high
spatial resolution and effectiveness to detect or stimulate sig-
nals in the deep brain region for neurological disorders such as
epilepsy, and Parkinson’s disease.’®*1 To be compatible with
long-term implantation, the materials that compose a neural
interface must not degrade, delaminate, or induce a foreign-
body response after implantation.[*243] They will be included in
a high-density multielectrode array to record signals with high
spatial resolution, so to ensure high accuracy and high signal-
to-noise ratio (SNR), they must also have low impedance and
high charge capacity. They must also be biocompatible, chemi-
cally stable, not susceptible to biofouling, and have mechanical
softness that matches those of biological tissues.
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2.1.1. Electrical Properties

The basic function of a neural electrode is to transmit electrical
charges between neural tissues and signal processing devices.
For this purpose, electrodes have been composed of materials
that have high electrical conductivity. Furthermore, charge is
transferred at the interface between neural tissues and elec-
trodes. The charge transfer can be divided into non-Faradaic
(capacitive) and Faradaic modes. In non-Faradaic mode, elec-
trode materials are electrochemically stable, and an electrical
double layer (EDL) forms a place for capacitive charging/dis-
charging. In Faradaic mode, electrochemical redox reactions
occur between electrode and electrolyte for charge transfer that
leads to a Faradaic reaction. By these charge-transfer processes,
electrical potential of neural signals can be transferred to the
electrode (recording) and electrical signals from a neural inter-
face can be transferred to neural tissues (stimulation).[**°]

Recording of neural signals in biological tissues is generally
performed with the electrode being a short distance from the
neural tissue. Electric potential such as extracellular potential
or local field potential (LFP) is generated by the action poten-
tial of a neuron. This potential can be easily disturbed by noise
(both biological and device noise), so the arrangement must
have high SNR to ensure that the recording electrode can
distinguish signal from background noise. Assuming that an
electrode is a perfect point, the recorded electric potential V..
can be described as (Figure 2a, left)

I 1
‘/rec = 2 — + jwce Ric (1)
4ror\ R,

where I,p is the transmembrane current during action poten-
tial firing, o is the conductivity of extracellular electrolyte, r is
the distance from the electrode, R. is the leakage resistance, j
is the imaginary unit, ® is the angular frequency of the action
potentials, C. is the capacitance of the electrode by capacitive
charge injection, and Ry is the interconnect resistance.?0#4l
To achieve high SNR, V... must be larger than the noise
level.3¢#748] Therefore, C, and R;. must be high and R, must
be low.

Stimulation of neural tissues by a neural interface induces
transmission of electric signals to neurons. Charge transfer
between electrode and electrolyte enables transmission of the
electric signal. During stimulation, charges are injected from
electrode to electrolyte, then an electrical potential is generated
on targeted tissues and neurons. Therefore, to stimulate the
electrode, the generation of electrical potential on neural tissue
must be accurate and efficient. Stimulation electrodes gener-
ally use non-Faradaic mode, because high-voltage stimulation
can induce undesired reactions in Faradaic mode.*! Electrical
potential V, of neural tissue can be calculated by considering an
equivalent circuit (Figure 2a, right)

-1

-1
%:wﬁ i+mq +Ry 2)
4ror |\ R,

where V; is stimulation voltage, and other variables are as in
the previous equation.[*3! According to the equation, effective
stimulation requires high C,, low R;., and low R..P*>1
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Figure 2. Requirements for neural interfaces. a) Equivalent circuit diagrams of electrode/neural tissue interface in the case of recording (left), and
stimulation (right). b) Immune response to probe electrode. c) Elastic modulus of various materials for neural interface and biological tissues.
b) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).146]

Copyright 2021, The Authors, published by Wiley-VCH.

During the charge-transfer process, charge-injection capacity
(CIC), charge-storage capacity (CSC), and impedance are gener-
ally evaluated to determine the efficiency of the electrode. CIC
represents stimulation efficacy of electrode, that is, the amount
of injected charge across the electrode—electrolyte interface per
unit surface area during the leading stimulation pulse.[*?
CSC is the amount of charge per unit surface area, that can be
stored in the electrode.*] CIC and CSC are closely related to
C. of the electrode, so high charge-transfer efficiency requires
high CSC and CIC.5*>* Also, the impedance of electrodes is
determined by R, and C., so low impedance is also desired.
However, undesired Faradaic reactions can occur, such as redox
reaction of water, corrosion of metal, or evolution of gas.*?
These undesired reactions can reduce charge transfer or even
damage the neural tissues.’® To mainly induce electrolyte—
electrode charge transfer, the charge-transfer capacity has a
maximum limitation. Also, irreversible electrochemical redox
reaction can induce metal/electrolyte interface vulnerabilities
including low signal accuracy caused by current fluctuations,
and noise signals caused by denaturation of electrodes or elec-
trolytes. The denaturation can be caused by redox reactions of
electrode materials such as reactive metals and organic mate-
rials.5®5! For example, a polypyrrole (PPy) backbone can be
oxidized irreversibly by nucleophilic attack on pyrrole rings by
OH~"l These undesired and irreversible Faradaic reactions
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lead to poor electrochemical stability of neural electrodes upon
repetition of charge injection/storage cycles. Therefore, design
of electrode materials must also consider electrochemical sta-
bility and this limitation.

However, high parasitic capacitance causes current leakage
to adjacent tissues. It is unavoidable if an insulation coating
layer is not used. Insulating layers generally have high dielec-
tric constant to block charge conduction from other tissues
or electrodes. The equivalent circuit of single neural electrode
can be described as a low-pass RC filter with cut-off frequency
f. and attenuated voltage V, that leaks out of electrode into
untargeted tissues:

1 1
c= T > Vou = 3
Je=orc’ "™ N+ 0?RC? ®

where o is the angular frequency of the signal waveform, R
is the resistance of the insulating layer, and C is its capaci-
tance.3%l Therefore, to reduce voltage attenuation, the mate-
rial used in the insulating layer must have high C. However,
to reduce cross-talk between adjacent electrodes, the insu-
lating layer must have both low C and high R.’8 Therefore,
insulating materials that have low dielectric constant such as
parylene and silicon oxide with appropriate thickness design
are widely used for the insulating layer. Considering the
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aforementioned properties, electrode and dielectric materials
can be developed to design reliable efficiency of the stimu-
lating neural electrode.

2.1.2. Chemical Stability

Implantable neural interfaces require materials that are stable
for a long time. Biological neurons are bathed in an electrolyte,
and in this environment, metals in the conductive layer (e.g.,
Au and Ir) and adhesion layer (e.g., Ti) of the implant can form
a galvanic cell; thus, corrosion occurs.>! Electrodeposition of
conductive polymers (CPs) onto electrode is an effective way
to reduce corrosion.®*® CPs such as poly(3,4-ethyelne dioxy-
thiophene) (PEDOT) and PPy are chemically stable and highly
conductive in water. Furthermore, oxidation of the polymer
precedes corrosion of the metal electrode, so the CP can poly-
merize and coat the metal electrode to protect it. However, the
anticorrosion CP can delaminate from the electrode. The adhe-
sion of CP coating can be increased by using additives and self-
assembled monolayers (e.g., organosilane moiety) to cross-link
adhesion.[62-6%]

Materials for neural interfaces must also promote or facili-
tate neuronal growth or adhesion. For this purpose, organic
materials have the advantage of that their surface properties
can be easily tuned by substituting their functional groups.
Especially, a positively charged group can promote adhesion of
the cell membrane, which is negatively charged. Thus, mate-
rials that bear positively charged groups, such as polyelec-
trolyte with aminosilane groups, are widely used as coating
materials to strengthen cell adhesion.®® However, biofouling,
which is undesired non-specific adsorption of proteins, must
be reduced; it occurs due to contact with biological fluids in
vivo. Biofouling can be reduced by surface functionalization
to increase hydrophilicity (e.g., functionalization with polyeth-
ylene glycol or poly(ethylene glycol) methacrylate (PEGMA)) or
by incorporation of anti-biofouling materials.[*’]

2.1.3. Biocompatibility

When an electrode is inserted into a neural tissue, it may
mount a foreign body response to resist the invasion. The
response can be acute or chronic. The introduction of elec-
trodes disrupts glial cells, which structurally support neurons
and conduct synaptic signals. The disrupted communication of
glia induces release of cytokines and increase in the number
of activated microglia and reactive astrocytes (Figure 2b).[*240]
Also, inflammatory responses (such as macrophages, mono-
cytes, and neutrophils) are induced. Especially, macrophages
lead to formation of fibrin deposits on the electrode, with con-
sequent tissue encapsulation.’’] This encapsulation blocks
charge transfer and transmission of neurotransmitters, so
adjacent tissue cannot react as normal brain tissue does.[°®!
Therefore, to ensure that the neural interface can communicate
effectively with neural tissues, the foreign-body response must
be minimized.

To reduce foreign-body response, the physical properties
of the electrode are important. First, reduction of device size
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can decrease the risk of damage to the tissue. Use of small
devices can reduce the volume of the damaged cell region and
the consequent inflammatory response and scarring.l’l How-
ever, reduction of device size can also reduce its CSC.*] Thus,
the device size should be chosen to balance the biological and
electrical properties. Second, use of soft materials for neural
electrode can reduce damage caused by chronic micromotions
of tissues during life activity. Neural cells and tissues typically
have an elastic modulus <10 kPa. However, conventional metal
electrodes have elastic modulus >1 GPa, so they have a large
mechanical mismatch with tissues; to reduce it, various flex-
ible and stretchable electrodes have been developed using soft
organic and carbon materials (Figure 2c).

However, the penetration electrode must have appropriate
stiffness to permit insertion into neural tissues. When soft elec-
trode materials are used, buckling failure can occur; when this
happens, the neural electrode cannot be properly inserted. The
buckling force Fy can be described as

2
e “

e
where I is the moment of inertia, E is elastic modulus of
materials, k. is the effective length factor, and L is the elec-
trode length.”% To increase Fg, E must be high, but to reduce
mechanical mismatch between neural interfaces and neuronal
tissues, E should be low. Therefore, several strategies have been
suggested to support insertion of soft electrodes that have low
elastic modulus.773 For example, the soft neural interface
is placed on a rigid SU-8 shuttle during insertion, and then
the soft electrode on a parylene film is delaminated from the
SU-8 shuttle, which is then physically removed. Because of
weak adhesion between parylene film and SU-8 shuttle, water
absorption from cerebrospinal fluid delaminates soft electrode
from the SU-8 shuttle without loss of electrical characteristic."l

Cytotoxicity and biocompatibility must also be considered.
For example, dissolution of metal ions can cause toxicity that
is inappropriate for long-term insertion.l*®! To fabricate an elec-
trode that has long-term stability, biocompatible materials such
as proteins have been developed for use as a coating layer or
an adhesion layer.”l These materials reduced the inflammatory
response and maintained high cell viability in vitro.

Fy

2.2. Emerging Organic Materials for Neural Interfaces

The traditional materials for neural interface are metal and
silicon materials, but they have been too rigid and have low
capacitance. To overcome these limitations, organic materials
have been developed to meet a wide range of material require-
ments (electrical properties, chemical stability, and biocompat-
ibility) for use in neural interfaces. In this section, we consider
CPs, carbon allotropes which can be used as conductive fillers
for the organic composites, and hydrogel composites.

2.2.1. Conductive Polymer
CPs have been widely evaluated as neural-interface materials

because of their ionic and electrical conductivity, and their
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tunable mechanical, electrical, and chemical properties. The
first discovered CP was polyacetylene, which has electrical con-
ductivity that is comparable with those of metals. The electrical
conductivity of CPs originates from r-orbital overlap that is pro-
vided by alternating repetition of single and double bonds in
the conjugated polymer backbone.’®l This high electrical con-
ductivity is suitable for applications in neural electrodes.

Ion-permeable CPs have porous and rough morphology that
allows ion migration and penetration toward bulk polymer. Ion
penetration into CPs enables high volumetric capacitance by
molecule-level formation of an EDL and rapid Faradaic reaction
between bulk CPs and penetrated ions.[¥ 7778 This trend causes
large decrease in electrochemical impedance and increase in
capacitance of the neural electrode; the capacitance increase
improves CSC and CIC, and increases the SNR.[?’]

Various kinds of CPs have been evaluated as coating mate-
rial for neural electrodes. Polyaniline (PANI) has high electrical
conductivity (100-200 S cm™) in its emeraldine electrochemical
state (half oxidized). However, PANI has poor cell adhesion,
poor biocompatibility, and poor processability, and its electrical
conductivity decreases at the pH of human body (pH = 74).]
PPy is widely used and has high electrical conductivity, bio-
compatibility, and chemical stability. The monomer has high
solubility in water, and is therefore compatible with solution
processing.®% PEDOT has high electrical conductivity with
superior chemical stability and in vivo biocompatibility.

These CPs are easily synthesized or coated by various
methods including chemical polymerization, electrochemical
polymerization, spin-coating, dip-coating, and chemical vapor
deposition. Electrochemical polymerization is generally pre-
ferred for implanted neural electrodes due to the stability of CPs
in the biological environment.”’”’! Especially, electrochemical
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polymerization of PPy and PEDOT is widely used to coat neural
electrodes, because this process provides electrodes with excel-
lent electrical properties. For example, a parylene-C neural
probe coated with PEDOT (by electrochemical polymeriza-
tion) shows higher SNR than an Au electrode (Figure 3a).’!
The PEDOT coating also increases electrode capacitance due
to nanostructured morphology that reduces noise. The electric
hum of a PEDOT-coated electrode at 50 Hz is a tenth that of an
electrode without a PEDOT layer. Also, cell viability after 168 h
is 40 times higher when the electrode is coated with PEDOT
than when it is not.

Negatively charged dopant ions neutralize the unstable oxi-
dized backbone. Therefore, chemical stability of CP is further
increased after dopant addition. Dopant introduced in CPs can
improve electrical conductivity by forming ionic complexes
such as polarons, bipolarons, or solitons. Various dopants are
studied in CP such as the large polymeric dopant poly(styrene
sulfonate) (PSS), and the small dopant paratoluene sulfonate
(pTS).[83‘84]

The properties of CPs are dependent on dopant types
(Figure 3b). When various types of dopant are added to PEDOT
film, the smoothest surface morphology was obtained using
PEDOT doped with PSS; that is, the largest dopant. PEDOT
films doped with small molecules such as ClO,, pTS, or ben-
zenesulfonate develop rougher morphology than PSS-doped
PEDOT. The surface morphology of a film affects its electro-
chemical property. CPs doped with small molecules and that
form rough films have large surface area, which imparts high
CSC. For example, initial CSC is 150.5 mC cm™2 for ClO,-doped
PEDOT has but only 100.0 mC cm™ for PSS-doped PEDOT.
However, the roughness of CP surface and the cytotoxicity of
dopants also affect the neural outgrowth and attachment for

Figure 3. Conductive polymers for neural interface. a) Improved SNR of electrochemically polymerized PEDOT-coated electrode compared with Au
electrode. Reproduced with permission.Bl Copyright 2015, Elsevier. b) Chemical structures of various dopants for conductive polymer. ¢) Schematic
illustrations and optical images of conductive polymer nanotube. PPy and PEDOT nanotubes are electrochemically deposited on electrospun PLLA
fibers, which are removed in the final stage. c) Reproduced with permission.[®2 Copyright 2010, Wiley-VCH.
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neural electrode.®! Therefore, dopant can be selected to engi-
neer mechanical and electrochemical properties.

CP nanotubes (NTs) have also been evaluated for their
ability to modify the surfaces and electrochemical properties
of CP films.’2%5 In a commercial Michigan neural electrode,
poly(L-lactic acid) (PLLA) nanofibers are electrospun to form an
NT, and then PPy and PEDOT are electrochemically deposited.
Then the PLLA templates are removed by dissolving them with
dichloromethane (Figure 3c).®?l The resulted NT composed of
PPy and PEDOT has very large surface area, and therefore low
electrical impedance (19.5 kQ for PPy and 2.5 kQ for PEDOT
at 1 kHz) and high charge capacity density (184 mC cm™2 for
PPy and 392 mC cm™ for PEDOT). Also, the adhesion between
cells and CP NTs is improved, so culture cells remain more
intact than when the NTs are not formed.

2.2.2. Carbon Allotropes

Conjugated carbon allotropes have been studied as conductive
nanomaterials that are coated, composited, or blended with
organic materials.”’#88 The conjugated carbon allotropes
have high electrical conductivity and large surface area due to
their low-dimensional structure which provides high CIC and
SNR for neural electrodes.[”#9 Also, the carbon allotropes can
have mechanical flexibility, biocompatibility, and chemical sta-
bility in a biological environment.[*3¢3% Research has mainly
focused on carbon fiber, graphene, and carbon nanotubes
(CNTS).

Carbon Fiber: Carbon fiber is mainly used for small-diameter
(4-10 um) microelectrodes that record extracellular and intra-
cellular neural signals. The small dimension of a carbon-fiber
electrode results in minimal invasive cross section and thereby
induces negligible immune response, and also provides high
spatial resolution.l”?l However, carbon fiber is relatively stiff, so
it does not match the pliability of biological tissues.’” Also, the
carbon fibers are insulated with fused-silica or glass fibers that
increase the size of the electrodes. These disadvantages limit
the use of the carbon fiber as implantable in vivo neural elec-
trodes. To solve these limitations by reducing the size of the
insulation (e.g., fused silica capillary), an insulating coating
layer of carbon fiber has been demonstrated.!

Other coating materials to improve electrochemical property
of carbon fibers have also been evaluated; examples include
CP such as PEDOT:PSS, iridium oxide, and carbon nanow-
alls.[79293] These coating materials can be applied sequentially
on carbon fibers. In one example, parylene-N was coated by
CVD onto carbon fiber as an insulator that has a frequency-
invariant property, then itself coated with functionalized
polymer, poly((p-xylylene-4-methyl-2-bromoisobutyrate)-co-(p-
xylylene)) by CVD polymerization (Figure 4a); then the polymer
was coated with a PEGMA layer by atom-transfer polymeriza-
tion to provide protein resistance and thereby improve bio-
compatibility.l”” This serially coated microthread electrode
had flexibility compliance of 220 um N7 in the axial direc-
tion whereas an Si probe had 4.04 um N7L. Thus, biofouling
and bleeding are extremely decreased due to the mechanical
property which is compliant with brain tissue. The foreign-
body response was also reduced. Also, a PEDOT:PSS-coated

Adv. Mater. 2022, 34, 2201864

2201864 (7 of 32)

www.advmat.de

neural probe fabricated by electrochemical polymerization
has improved electrochemical properties, and therefore an
increased SNR (bare carbon fiber: 4.71; coated carbon fiber: 12.7)
in vivo.

Graphene: Graphene is a 2D hexagonal array of sp’-bonded
carbon, and has a large effective surface area. Graphene has
many attractive properties for use in neural interfaces: mechan-
ical flexibility, non-toxic property, optical and magnetic trans-
parency (i.e., compatibility with magnetic resonance imaging
[MRI]), and strong resistance to corrosion or oxidation.[®%l
Especially, graphene has high neuronal affinity that improves
cell growth.””] Graphene is a sheet, so graphene and graphene-
derived materials have been coated on neural electrodes. A
monolayer graphene sheet can be fabricated by CVD on copper
foil, and then transferred to another substrate. A graphene
layer was deposited on a copper (Cu) microwire neural elec-
trode. Cu is toxic, so a Cu electrode is inappropriate for use as
neural electrode. The encapsulation by graphene significantly
increased cell viability after 48 h (=5% without graphene, >93%
with graphene) (Figure 4b).’¥l The graphene-encapsulated Cu
microwire neural electrode was compatible with MRI. Gra-
phene can be transferred to metal or metal oxide. The bio-
compatibility of a commercial Michigan-type neural probe
can be improved by coating it with graphene. When graphene
is transferred onto IrO,, detection efficiency of intracortical
signal was 50%, whereas it was 10% by an uncoated electrode
(Figure 4c).1%]

Carbon Nanotubes: CNTs are rolled-up graphite sheets that be
composed of single (single-walled CNT) or multiple-walled
sheets (multiwalled CNT: MWCNT). CNTs have also been
evaluated for use as neural interfacing materials due to their
large surface area (700-1000 m? g7}, high aspect ratio, high
mechanical strength, great electrical properties such as high
conductivity, and biocompatibility.®®! Therefore, CNT-coated
neural electrodes or CNT microfiber neural electrodes can
provide high charge-injection capacitance, low impedance,
and biostable property. For example, MWCNTs were coated
on indium-tin oxide (ITO) neural electrode by electrochem-
ical deposition using MWCNTs suspended in potassium—
gold cyanide aqueous solution.®”) CNT coating decreased the
impedance of ITO electrode from 748 to 32 kQ, and increased
charge transfer (indicated by parallel capacitance) by 45 times
(Figure 4d).

The CNT fiber electrode can be fabricated using a spin-
ning method. For instance, CNT solution with chlorosulfonic
acid can be extruded into coagulant through a spinneret.””]
Formed filaments are collected on a rotating drum to form
highly aligned CNT fibers. For neural fiber electrodes, CNTs
must be insulated by a polymer such as polystyrene—poly(1,4-
butadiene), (PS-b-PBD), so that only the tip is exposed to
contact the neural tissues. A CNT fiber electrode coated with
PS-b-PBD has superior electrical and electrochemical prop-
erties compared to the conventional metal electrode.®® CNT
fibers have large electrochemically active area, so a CNT-fiber
electrode has low impedance and high CSC. Compared to a
Ptlr wire of the same diameter, a CNT fiber has 1/15 the imped-
ance and 450 times the CSC (Figure 4e). Also, CNT fiber elec-
trode shows stable recording and low inflammatory response
upon long-term implantation.

© 2022 Wiley-VCH GmbH
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Figure 4. Carbon allotropes for neural interfaces. a) Schematic illustrations to fabricate microelectrode using on carbon fiber. Poly(ethylene glycol)
methacrylate was deposited on functionalized poly(p-xylylene)-coated carbon fiber for protein resistance, and PEDOT:PSS was electrochemically
deposited for active electrode area. Reproduced with permission.’”l Copyright 2012, Springer Nature. b) Normalized PC-12 Cell viability of graphene-
encapsulated copper microwire (G-Cu) and copper wire for various times. Reproduced with permission.[* Copyright 2012, American Chemical Society.
c) Optical images of graphene-transferred Michigan type probe. Reproduced with permission.®> Copyright 2019, Wiley-VCH. d) Impedance of CNT-coated
multielectrode array and gold-coated multielectrode array. Reproduced with permission.®l Copyright 2008, Springer Nature. e) Specific impedance
at 1 kHz of CNT fiber microelectrode and various electrode materials. Reproduced with permission.®®! Copyright 2015, American Chemical Society.

2.2.3. Hydrogel Composites

Hydrogels are cross-linked hydrophilic polymer networks.
They have been widely evaluated for use as neural interfacing
materials. The elastic modulus (1-100 kPa) of hydrogel is the
most similar to biological tissue among the previously reported
neural interfacing materials. This similarity between neural tis-
sues and electrode minimizes mechanical mismatch that can
cause tissue damage and induce a foreign-body response.l1%]
Hydrogels are water-permeable and ionically permeable; thus,
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electrolyte can penetrate into bulk hydrogel. Therefore, the
capacitance of the electrode is proportional to its volume; this
phenomenon is known as volumetric capacitance. It is much
larger than areal capacitance, which occurs in impermeable
electrodes, so hydrogel has better charge-transport characteris-
tics than metal or metal oxide electrodes.’] Because of these
attractive characteristics, hydrogel has been developed for
future neural interfacing materials.

In addition to mechanical softness and volumetric capaci-
tance that originated from ionic conductivity, high electrical

© 2022 Wiley-VCH GmbH
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conductivity of hydrogel is also required for neural interface.
However, most hydrogel materials (e.g., poly(acrylamide)
(PAAm), poly(vinyl alcohol), poly(acrylic acid) (PAA), and
poly(ethylene glycol)) have low electrical conductivity, so sev-
eral strategies have been evaluated to increase it. They can be
divided into two categories: 1) addition of electrically conductive
components to template hydrogel materials that have an insu-
lating property, and 2) developing conducting polymer hydrogel
by cross-linking with a CP.

Various electrically conductive materials can be added into
hydrogel materials including CPs, carbon allotropes, and
metal nanomaterials. The CPs include PEDOT:PSS, PANI,
and PPy, which are mixed with template hydrogel precur-
sors (e.g., PAAm and PAA).""19% For example, PEDOT:PSS,
cross-linker, and thermal initiator can be mixed with acryla-
mide monomer."™ The mixed solution can be coated on
gold substrate and thermally cured to make soft conductive
PAAm-PEDOT:PSS hydrogel (Figure 5a). Due to large volu-
metric capacitance of the hydrogel, the PAAm-PEDOT:PSS
hydrogel has CSC = 13.9 mC cm™, whereas PEDOT:PSS has
CSC = 11.1 mC cm™2. Furthermore, the elastic modulus of the
hydrogel can be tuned in the range of 10-100 kPa by adjusting
the mixing ratio.

Although use of additives to hydrogels can increase their
electrical properties, the strategy has the limitation that the
insulating template polymer composes most of the hydrogel.
To overcome this limitation, the conducting polymer itself
can be a hydrogel. To achieve a conducting-polymer hydrogel,
self-assembly and cross-linking approaches have been devel-
oped.'0910 A pure PEDOT:PSS hydrogel can be obtained by
mixing a large amount (up to 50 vol%) of volatile additive (dime-
thyl sulfoxide, DMSO) to PEDOT:PSS aqueous solution.!%’]
Without DMSO addition, PEDOT:PSS forms only microgel
fragments after a drying and swelling process. After addition of
DMSO, PEDOT:PSS aqueous solution can be recrystallized to
form PEDOT-rich nanofibrils, and chains can be rearranged by
dry-annealing (Figure 5b). The pure PEDOT:PSS hydrogel has
attractive characteristics for use as a neural interface, including
high electrical conductivity (=20 S m™ in phosphate-buffered
saline), high CSC (=60 mC cm™2), and low elastic modulus
(=2 MPa). To further improve electrical conductivity, 50 wt% of
ionic liquid, 4-(3-butyl-1-imidazolio)-1-butanesulfonic acid tri-
flate, is blended into PEDOT:PSS.[1% The blended ionic liquid
promotes aggregation of PEDOT and formation of intercon-
nected polymer networks. During the washing process, ionic
liquid (not biocompatible) and excess PSS (insulating species)
are washed out; the resulting hydrogel has better properties
than pure PEDOT:PSS hydrogel such as reasonable electrical
conductivity (=474 S cm™), high CSC (=164 mC cm™2), and low
elastic modulus (=32 kPa) (Figure 5c).

Conducting interpenetrating networks (c-IPNs) can be
achieved by in situ polymerization to further improve the
mechanical properties of PEDOT:PSS hydrogel.'"! First, loosely
packed PEDOT:PSS hydrogel is formed by mixing it with ionic
liquid. Then acrylic acid (monomer), chemical cross-linker, and
thermal initiator are mixed and infiltrated into the hydrogel.
Finally, polyacrylic acid c-IPNs are achieved by in situ polym-
erization of acrylic acid (Figure 5d). The process yields a very
low elastic modulus of 8-374 kPa which is similar to that of
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biological tissue (0.5-500 kPa) while retaining high elec-
trical conductivity (>10 S m™) due to the connectivity of the
PEDOT:PSS.

Carbon allotropes can also be added into hydrogel templates to
increase the conductivity of the hydrogel, due to their high elec-
trical conductivity and reliable chemical stability in vivo.!! Carbon
allotropes are easily functionalized chemically, and can be added
to various kinds of biocompatible hydrogels such as poly(ethylene
glycol), poly(vinyl alcohol), collagen, gelatin, and chitosan.” By
addition of CNT, electrical percolation networks can be formed in
hydrogel templates. These CNT-hydrogel nanocomposites have
excellent mechanical and electrical properties for use in neural
interfaces. Hydrogel-CNT composites that use supramolecular
Bpeptide have high electrical conductivity.®® The Speptide,
which self-assembles, was chosen as a molecular component to
construct a hierarchical complex with CNTs as axially assembled
nanofibers to increase biocompatibility of CNT (Figure Se).

Graphene derivatives have also been used in hydrogel to
improve conductivity and adhesion. Graphene oxide (GO)
is a functionalized 2D nanosheet that has high biocompat-
ibility and large surface area. The GO can be a template for
self-assembly in hydrogel. For example, GO can be modified
with sulfonated and catechol groups to form PDA-grafted gra-
phene oxide (PSGO).1% PEDOT can be assembled on PSGO to
form PSGO-templated PEDOT (PSGO-PEDOT) by interaction
between PEDOT and PSGO. The PSGO-PEDOT has high con-
ductivity of 829 S m™! because the sulfonated group acts as a
dopant for PEDOT. Also, catechol groups are redox-active and
this trait provides good surface adhesion. When PSGO-PEDOT
nanosheets are incorporated into a PAAm hydrogel network
(Figure 5f), the resulting complex hydrogel shows high elec-
trical conductivity (108 S m™), increased maximum tensile
strength (2000%), and high fracture energy (3750 ] m™).

3. Organic Neural Interfaces

Metal electrodes collected into MEAs can probe and stimulate
activity of multiple neurons at high spatiotemporal resolution.
Results obtained using MEAs have significantly contributed
to the understanding and development of neuroscience over
the past decades.'? Nevertheless, metal microelectrodes that
use electron conduction to transmit electrical signals, and that
interface with nerve cells that use ionic conduction to transmit
bioelectric signals, have the relatively low charge-capacitance of
noble metals (Au, Pt, and Ir, which have an areal capacitance)
compared to organic materials (which have a volumetric capaci-
tance and this low volumetric capacitance significantly decreases
the interfacial impedance).?>#1131¥ In addition, rigid metal elec-
trodes do not form conformal contact with soft cells, and there-
fore degrade the signal recording quality.'"® Also, MEAs can
induce an immune response that results in deposition of insu-
lating glial scar tissue, can undergo electrochemical reactions
that degrade the long-term stability, and can damage cells due
to the injection of a large current to overcome the low CIC.[?>116]
In contrast, organic materials have a similar molecular struc-
ture to biological cells, and therefore form conformal contact with
them, and provide high charge capacity and low impedance.[”1""
Therefore, organic materials are being evaluated as interface

© 2022 Wiley-VCH GmbH
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Figure 5. Hydrogel materials for neural interfaces. a) Schematic diagrams of conductive PAAm-PEDOT:PSS hydrogel coating. Reproduced with permis-
sion.%l Copyright 2020, American Chemical Society. b) Schematic illustrations of pure PEDOT:PSS hydrogel fabrication. Addition of DMSO stimulates
interconnection of PEDOT:PSS. Pure PEDOT:PSS hydrogel formed after dry-annealing and swelling process. Reproduced under the terms of the CC-BY
Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).1% Copyright 2019, The Authors, published
by Springer Nature. c) Schematic of preparation of highly conductive PEDOT:PSS hydrogel. After blending of ionic liquid, water exchange, drying and
hydration, excess PSS is removed and an interconnected PEDOT network has formed. Reproduced with permission.[%] Copyright 2019, The Authors,
published by Springer Nature. d) Schematic illustrations of c-IPN hydrogel. (i) PEDOT:PSS hydrogels are formed by ionic liquid addition. (i) Acrylic acid,
bisacrylamide, and an azo-initiator are added into PEDOT:PSS hydrogel. (iii) Polyacrylic acid network and resulted c-IPN has formed by cross-linking
of additives. d) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/
licenses/by/4.0).1%71 Copyright 2018, The Authors, published by Springer Nature. e) Schematic illustration of supramolecule peptide-CNT composite
electrodes. Reproduced with permission.® Copyright 2020, American Chemical Society. f) Schematics of PSGO-PEDOT-PAM hydrogel. Reproduced
with permission.l%®l Copyright 2020, Wiley-VCH.

materials that can circumvent the limitations of metal electrodes.
In the next subsection, we will review electrophysiological signal
detection using organic and hydrogel electrochemical electrodes
and organic electrochemical transistors (OECTS), and also review
organic optoelectronic nerve-stimulation interfaces.

3.1. Neural Interface for Brain Signals
An EEG is an electrophysiological measurement that records

the electrical activity of the brain. The process involves attaching
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a number of electrodes over a wide range on the scalp.M&1
Although the operation and function of various parts of the
brain can be checked in a non-invasive manner with high tem-
poral resolution, the spatial resolution is low due to the long
distance from the nerve cells and to the low signal transmission
through the skull, so the recording measures the overall activity
of a large number of synchronized nerve cells.'?l A stereo-
scopic electroencephalogram (sEEG) is a recording method that
uses an invasive electrode that penetrates the brain.l'?"122l The
distance between the electrode and the spiking neuron is small,
so sEEG is the most accurate method to measure the signal of a
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single neuron to high spatiotemporal resolution. However, cells
can be damaged by the invasive electrode.

Electrocorticography (ECoG) is widely used to monitor
neural activities of the cerebral cortex at the exposed surface
of the brain for clinical (e.g., for epilepsy and diagnosis of
brain tumors) and research (e.g., brain-machine interface)
purposes.'24124 ECoG uses a flexible and thin electrode grid
that interfaces with the brain surface in the subdural region,
then records neural activities with high spatiotemporal resolu-
tion and high SNR. ECoG is minimally invasive to implant a
neural interface under the skull, and less invasive than sEEG
in which thin wire electrodes penetrate the blood-brain barrier
and interface with tissues deep in the brain (e.g., for Parkin-
son’s disease).

www.advmat.de

3.1.1. Organic Electrochemical Electrodes

A neurogrid has been developed, composed of a photolitho-
graphically patterned conducting polymer PEDOT:PSS/Au
electrode array on 4 pum-thick parylene C film. The grid was
biocompatible and ultraconformable to the brain surface
(Figure 6a).12>120] These traits made it appropriate for use for
in vivo ECoG measurements. The PEDOT:PSS/Au electrode
layer was placed at the neutral mechanical plane in the parylene
C film, so mechanical stress was minimized under bending
strain. The neurogrid was attached to the somatosensory cortex
of a rat, and an sEEG silicon probe was also inserted into the
cortex near the neurogrid to compare the recorded neural
signals (Figure 6Db). The signal accuracy was higher for the
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Figure 6. Neural interfaces composed of organic electrochemical electrodes for brain-signal recording. a) Microscopy images of a photolithographic-
patterned conducting polymer PEDOT:PSS/Au electrode array on 4 um-thick parylene C film. A silicon probe was inserted through the hole in the
middle area. b) Digital image of the NeuroGrid on the surface of the rat somatosensory cortex. c) Time-frequency spectrogram and multichannel LFP
recording of NeuroGrid during intraoperative anesthesia (inset: recordings of spiking activity). a) Reproduced with permission.l'”l Copyright 2011,
Wiley-VCH. b,c) Reproduced with permission.'28l Copyright 2014, Springer Nature. d) Schematic of stretchable neural interface that uses PPy NW, with
high stretchability and strong substrate adhesion. e) Digital image of the stretchable neural interface that uses PPy NW, on the wrist before and after
25% stretching. f) Recorded ECoG signals from four-channel-PPy NW stretchable neural interface on the rat brain. d—f) Reproduced with permission.?]
Copyright 2017, Wiley-VCH. g) Digital images of conducting polymer tattoo electrode attached to a scalp. h) Time-frequency spectrogram of alpha
wave recordings with tattoo and conventional Ag/AgCl electrodes. g,h) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0
International license (https://creativecommons.org/licenses/by/4.0).[81 Copyright 2020, The Authors, published by Springer Nature.
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PEDOT:PSS/Au electrode array than for an Au-only electrode
array. The electrode with high resolution equivalent to the size
of a single neuron (10 x 10 um electrode surface area and
30-um interelectrode distance) measured the LFP and action
potentials of putative single neurons of epilepsy patients on the
human brain surface without invasive penetration by an elec-
trode (Figure 6c).

A stretchable neural interface that has low elastic modulus
can provide better contact with the brain and more-stable
mechanical properties than ultrathin and flexible neural inter-
faces, even though they can make conformal contact with the
brain surface. The stretchable CP nanowires (PPy-NWs) elec-
trode was fabricated using prestretching methods (Figure 6d);
it had a low elastic modulus of =450 kPa and high stretchability
(up to 100% strain) (Figure 6e).1%”) In addition, the structure
in which the NWs were embedded in the elastomer substrate
(poly(dimethylsiloxane); PDMS) had strengthened adhesion
between the electrode arrays and substrate (=1.9 MPa), so the
electrode did not peel off the substrate. The electrode showed
negligible resistance change even under 100% tensile strain
and after stretching 10000 times. A stretchable four-channel
MEA neural interface was implanted in the visual cortex of
epileptic mice and successfully measured brain signals in vivo
(Figure 6f).

On the skin, soft electrodes also obtain better electrophysio-
logical signals than conventional metal electrodes do. Ag/AgCl
wet electrodes that form low impedance with the scalp through
conductive gel and have outstanding SNR are typical non-
invasive electrodes used for EEG measurement.'?) However,
use of them for high-density EEG measurement is difficult
because gel leakage can form a short circuit between adjacent
electrodes™?® and because slow drying of the conductive gel
induces impedance change during measurement.3% Dry elec-
trodes that may overcome the shortages of wet electrodes have
been reported to measure electrophysiological signals on the skin
without conductive gel.® An ultrathin-film dry electrode
has better skin contact and lower skin/electrode impedance
than traditional dry electrodes, but when it is worn for a long
time, perspiration can reduce the reliability of skin contact and
change the impedance between electrode and skin.['3?

To solve this problem, ultrathin tattoo electrodes com-
posed of CP and fabricated by inkjet-printing have been sug-
gested.'8] They can form conformal and imperceptible con-
tact with the scalp, and impedance between electrode and
skin is constant because sweat does not begin to accumulate
for a long time (Figure 6g). The tattoo electrode successfully
measured changes in alpha waves on the scalp of the human
occipital lobe during resting and waking stages. Compared
with medical-grade Ag/AgCl electrodes, the tattoo electrode
showed similar time-frequency plots and power spectral
density, but higher sensitivity to neural noise (Figure 6h). In
addition, in EEG/magnetoencephalography recording, which
can precisely analyze brain activity with high temporal reso-
lution by simultaneously measuring changes in electric and
magnetic fields in the same neuron area, the metal electrodes
interfered with magnetic fields and generate artifacts, but
the metal-free tattoo electrode measured the signal without
interfering.
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3.1.2. Hydrogels

Biocompatible hydrogels have an elastic modulus similar to
that of soft tissue (=10 kPa), so intimate cellular integration
is possible.[¥] Alginate hydrogel was used as a buffer coating
to offset the mechanical mismatch between stiff invasive
neural electrodes and soft brain tissue (Figure 7a).'*l The
SNR were significantly lowered when the hydrogel was coated
on the metal electrode; this decrease may occur because
the hydration induced swelling of the hydrogel and thereby
increased the distance between the electrodes and neurons
(Figure 7b). In contrast, when the hydrogel was coated on
a metal electrode that had been coated with PEDOT, the
degradation of SNR was reduced because the low imped-
ance of PEDOT decreased the noise level of the neural signal
(Figure 7b).

PVA hydrogel has been used as a substrate with fully
embedded soft electrodes (PEDOT-modified carbon fabric
(PEDOT-CF)) (Figure 7c).3¥ PVA does not change in size
during gelation as the electrode is embedded, so strain mis-
match with the electrode is avoided; as a result, the substrate
was not deformed. In addition, the ion conductivity and oxygen
diffusivity of PVA are similar to those of saline solution. There-
fore, implanted PVA hydrogel can permit circulation of tissue
fluids containing oxygen and nutrients; this is an advantage
over ultrathin conformable electrodes that use plastic film,
which are impermeable to body fluids. The comparable stiff-
ness (=10 kPa) of the PVA hydrogel to that of living tissues,
adhesiveness to the brain surface, and hydrophilic nature made
the hydrogel electrode superior to commercially available ECoG
electrodes that use silicon, which slip on the wet surface due to
their hydrophobic nature and incomplete edge contact to the
curved brain surface (Figure 7d).

A PEDOT-CF/hydrogel electrode has a lower impedance
in the frequency region (<1 kHz) of brain signals and higher
capacitance (70 mF cm™2) than conventional metal electrodes
(0.15 mF ¢cm™2), and therefore have higher SNR than metal
electrodes in the power spectrum of in vivo rat brain epileptic
waves (Figure 7d).13¥ When stimulated by a radio-frequency
current, metal electrodes are affected by induction heating
and can increase in temperature to levels that can damage
brain tissue during simultaneous ECoG-fMRI measurement;
the totally organic soft electrodes do not have this problem.

Freestanding CP hydrogel composites with biocompatibility,
conformability, and stability have been used as electrodes for
transcranial electrical stimulation (TES) and recording of brain
activity.'®* An aloe vera hydrogel/PEDOT:PSS composite elec-
trode simultaneously induced focal seizures and acquired the
evoked neural activity on the rough surface of the skull of rat.
The freestanding TES CP hydrogel film attached to the skull
surface absorbed water at the interface and became hydrated
and softened, and therefore developed mechanically con-
formal contact with the rough and porous surface of the skull
(Figure 7e). The CP hydrogel film that showed lower in vivo
electrochemical impedance and higher charge capacity than
conventional metal TES electrodes (Figure 7f), stimulated
epileptic activity of neurons and recorded neurophysiological
signals (Figure 7g).
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Figure 7. Hydrogel neural interfaces for brain signal recordings. a) Schematics of brain-implanted electrodes with bare Au, Au coated with hydrogel (HG),
PEDOT, and HG + PEDOT. b) SNRs recorded at a 1.5 mm depth in the auditory cortex from electrodes, including an Au electrode without modification

(control) and after modification with HG, PEDOT, and HG + PEDOT. a,b)

Reproduced with permission.[* Copyright 2010, Elsevier. c) Schematic

of PVA hydrogel-PEDOT—carbon fiber (CF) composite subdural electrode. Digital image of hydrogel electrode placed on an extracted and rat brain.
d) Contact area of the hydrogel electrode and a conventional electrode on the curved surface. Inset: SNR of in vivo rat brain epileptic wave measurement.

¢,d) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0)

34

Copyright 2019, The Authors, published by Springer Nature. e) Optical microscopy and scanning microscopy images of aloe vera hydrogel/PEDOT:PSS
(AVCP) film conforming to a rat skull. f) In vivo cyclic voltammetry of Au and Au/AVCP films. g) Intraoperative epileptic seizure induced and recorded
by AVCP TES electrodes on a rat skull. e-g) Reproduced with permission.[* Copyright 2019, Wiley-VCH.

3.1.3. Organic Electrochemical Transistors

Although surface electrodes that use CP can read electrophysi-
ological signals, OECTs that use CPs as channels can pro-
vide high SNR by applying a built-in local pre-amplification
system.I3¢139 With a structure similar to a neurogrid, 17 OECT

array neural interfaces composed of PEDOT:PSS channels
and Au source drain electrodes between 2 pm-thick parylene
C films were formed by photolithography (Figure 8a). In addi-
tion, a PEDOT surface electrode was formed next to the OECT,
and an sEEG silicon probe with a linear array of Ir electrodes
was inserted into the hole at the center of the array to compare
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Figure 8. OECT neural interfaces for brain signal recordings. a) Microscopy and schematic images of the probe with OECT and organic electro-
chemical electrodes array (S: source, D: drain, E: electrode). b) Recorded signals from an OECT (pink), a PEDOT:PSS electrode (blue), and an
Ir-penetrating electrode (black). a,b) Reproduced with permission.[® Copyright 2013, The Authors, published by Springer Nature. c¢) Schematic
and microscopy images of OECT probe with and SU-8 shuttle. d) Schematic image of stimulating pyramidal neurons in intact hippocampal prepa-
rations with OECT probes and recorded action potential when section of CA3 was stimulated. c,d) Reproduced with permission.’ Copyright 2015,
Wiley-VCH. e) Schematic of dedoping of PEDOT:PSS caused by ion injection (a: average site distance). Reproduced with permission.l
Copyright 2016, Wiley-VCH. f) Volumetric capacitance of PEDOT:PSS. g) Fast Fourier transform analysis of EEG recordings (inset: transconductance
frequency response). f,g) Reproduced with permission."!l Copyright 2016, The Authors, published by AAAS. From ref. [141]. © The Authors, some
rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license http://creativecommons.org/licenses/by-nc/4.0/. Reprinted
with permission from AAAS. h) Temporal response of the drain current (Ip) with a symmetrical rise (dedoping, 1) and fall (doping, 2) in response
to pulsed gate voltage input. Asymmetric temporal response of I with longer doping time than dedoping time. i) Recordings and time-frequency
spectrogram of 4-EEG IGT. h,i) Reproduced with permission.[2l Copyright 2019, The Authors, published by AAAS. j) Time—frequency spectrogram
of chronic LFP recording from a cortical surface. k) High-pass filtered traces (250-2500 Hz) showing neural action potential recorded from four
e-IGTs in deep layers of rat cortex. Trigger averaging of waveforms with consistent action potential morphology. j,k) Reproduced with permission.
Copyright 2020, The Authors, published by Springer Nature.
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the measured signals recorded from three types of electrodes.
OECT obtained a higher SNR than the PEDOT surface electrode
during the measurement of the same signals from the same
neurons (Figure 8b). OECT also measured signals with supe-
rior SNR compared to penetrating silicon probes, even though
they measured signals from different depths (Figure 8b).

A 4 um-thick penetrating probe with CP OECTs stimulated
individual neurons at specific locations inside the brain and
recorded neural signals (Figure 8c).”¥l Rigid thick probes that
use silicon may damage soft tissues, and the recording interface
may deteriorate due to foreign-body effects and inflammatory
reactions. The ultrathin organic neural probe can minimize
the side effects caused by mechanical mismatch. CP OECT
and surface electrodes embedded in a 4 um-thick parylene
C substrate were implanted into the brain by an SU-8 shuttle.
Unlike silicon probes, organic probes did not show side effects
such as glial scar formation even 1 month after implantation
into the cortex of mice. OECT electrodes implanted in a com-
pletely extracted and intact hippocampus evoked local network
and single cell response when monophasic current pulses
were applied to CA3 pyramidal neurons in the hippocampus
(Figure 8d).

The high charge capacity of CPs is a result of the volu-
metric capacitance induced by their uptake of ions in the elec-
trolyte (Figure 8e).*] The capacitance per unit volume of
C* =39.3 + 1.3 F cm™ varies linearly according to the volume
(length, width, and thickness) of the CP (Figure 8f). At a thick-
ness of about 130 nm, the capacitance per unit area of OECT
was calculated to be 500 UF cm™2, which is 100 times higher
than that from double-layer capacitance (5 uF cm~2) of the more-
traditional electrolyte-gated OFETs (EGFETs) structure that only
uses an EDL.M*" [n an OECT that had a low driving voltage,
in which ions penetrate from electrolyte to the CP without sig-
nificant ion accumulation at the surface of CP (i.e., negligible
ion injection barrier), the transconductance increased as the
volume of the CP increased. Therefore, an OECT that had a
thick channel in the same area had about twice the transcon-
ductance of a thin-channel OECT (with fixed channel width and
length, and different thickness 230 vs 870 nm), so EEG signal
detection improved (Figure 8g).

An internal ion-gated OECT (IGT) uses mobile ions
embedded inside a CP, and does not exchange ions with an
external electrolyte, so each transistor can be gated individu-
ally.?l Also, an IGT has high transconductance and high speed
because of its high volumetric capacitance and the short transit
time of mobile ions in a CP. p-Sorbitol, which is a biocompat-
ible hydrophilic sugar alcohol that uptakes water molecules,
was used with PEDOT:PSS. The addition of p-sorbitol forms an
ion reservoir to facilitate the movement of ions in the channel,
and elongates the PEDOT-rich domain to improve the conduc-
tivity of PEDOT:PSS. In addition, between the gate electrode
and the channel, chitosan, which selectively conducts ions but
not electrons, was formed as an ionic membrane. In the device,
internal ions moved to the external electrolyte when gate-source
voltage Vg pulse amplitude was high (0.9 V), but not under
normal driving conditions (e.g., Vs pulse amplitude = 0.4 V)
(Figure 8h). The doping/dedoping process of IGT is faster (time
constant = 32.30 us) than conventional EGFETs and OECTs.
IGT also has high transconductance (maximum 32.30 mS)
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as a result of the volumetric capacitance. The ultrasmall IGT
with a light weight and conformable structure could contact the
skin without additional chemicals, and did not induce redness
or irritation on the skin even after long-time use; these abili-
ties are superior to those of large rigid metal EEG electrodes
that require an ionic conducting gel and strong chemical adhe-
sive. In addition, even on the scalp, where EEG was measured,
the ultrasmall IGT (50 x 100 um channels in a 1.5 mm-wide
ribbon) was easily attached between hairs and showed excellent
mechanical and electrical stability. The attached IGT recorded
clearly the posterior dominant rhythm, an 8 to 12 Hz (alpha-
wave) oscillation following eye blinking (Figure 8i).

Most OECTs that use PEDOT:PSS operate in a depletion
mode that lowers the conductivity by reducing PEDOT:PSS to
PEDOT? with a positive voltage (normally ON), but most elec-
tronic devices operate in an enhancement mode, so to achieve
compatibility with the other electronic systems, an OECT that
works in enhancement mode is desirable. A poly(ethylene
imine) (PEI) layer was added to the depletion-mode IGT
(channel: PEDOT:PSS, ion reservoir: p-sorbitol, and ion mem-
brane: chitosan), to reduce PEDOT:PSS to PEDOT? and form
PEL:PSS ionic bonds by transferring electrons during the OFF
state.3] In the ON state, PEI* and PSS~ were released by appli-
cation of negative voltage; they formed PEDOT*:PSS~, so that
an enhancement-mode IGT (e-IGT) with increased conductivity
was fabricated. The e-IGT had a fast rise time of 2.9 us, and
therefore could record neural signals from the cortical sur-
face and deep cortical layers of freely moving rats. The e-IGT
array located on the cortical surface recorded high-quality LFP
signals during non-rapid eye movement sleep, rapid eye move-
ment sleep, and wakefulness (Figure 8j). In addition, e-IGT
electrodes inserted into deep cortical layers could record the
spiking activity of individual neurons in vivo (Figure 8k).

3.2. Neural Interfaces for Cardiac Signals

A beating heart moves continuously. Cardiac interface elec-
trodes are deformed by this movement, so mechanical stretch-
ability is important to enable stable detection of cardiac signals.
In addition, a high-resolution electrophysiological mapping
electrode array is required for accurate diagnosis and treatment
of cardiac diseases such as chronic arrhythmias. Conventional
catheters find causes of the arrhythmia inside the atrium, but
have a low spatial resolution and cannot map outside the heart.
A high-density cardiac interface electrode that uses hydrogel
and that is placed on the outer membrane of the heart can con-
duct in vivo electrophysiological mapping at the cellular level
in real-time. An intrinsically stretchable and tissue-level soft
Au/PEDOT:PSS conducting hydrogel electrode was encapsu-
lated by diacrylate-modified perfluoropolyether (PFPE-DMA)
insulating elastomer. The electrode was fabricated by photolith-
ographic microfabrication with sub-100 um resolution compa-
rable to the size of a single cardiomyocyte, then manufactured
in a large area (100 cm?) (Figure 9a). Electrodes formed robust
and intimate tissue coupling with cardiac cells of rabbits and
pigs during the cardiac cycle while stably maintaining chemical,
mechanical, and electrical properties. Pathological abnormali-
ties were identified with fine temporal resolution and cell-level
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Figure 9. Organic neural interfaces for cardiac signal recordings.
a) Digital image of intrinsically stretchable and tissue-level soft
Au/PEDOT:PSS conducting hydrogel electrode array. b) Digital images
of pig right atrium during a contraction—expansion cycle. c) Relative
positions of high-spatial-resolution epicardial elastro-electrode array
(EA) and endocardial basket electrodes. d) Isochronal maps of activa-
tion time from the epicardial elastro-EA (left) and endocardial basket
electrodes (right). a—d) Reproduced with permission.*l Copyright
2020, The Authors, published by National Academy of Sciences, USA.
e) Schematic images of stretchable OECT array on honeycomb grid sub-
strate. f) Recorded ECG by stretchable OECT array with PMC3A coating
for 30 min. e,f) Reproduced with permission.*l Copyright 2018, The
Authors, published by AAAS. From ref. [145]. © The Authors, some
rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC
4.0 license http://creativecommons.org/licenses/by-nc/4.0/. Reprinted
with permission from AAAS. g) Digital image of a fully rubbery-tran-
sistor active matrix on a porcine heart (TFT: thin film transistor).
h) Circuit diagram of the sensing system (R =100kQ). Signals recorded
from the electrode array with and without pacing. i) Spatiotemporal elec-
trophysiological signal mapping from 5 x 5 sensing nodes (upper) and
during pacing by the first two rows of the devices (lower). g-i) Repro-
duced with permission.[®l Copyright 2020, The Authors, published by
Springer Nature.
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spatial resolution in an animal model of chronic atrial fibrilla-
tion. The flexible but non-stretchable cardiac interface was torn
by the rabbit’s rapid heartbeat (120-150 min?), but the stretch-
able hydrogel electrode remained stable without changing its
position (Figure 9b). During simultaneous measurement of
commercial endocardial-mapping techniques and epicardial
recording, the hydrogel electrode had double the atrial-to-ven-
tricular signal ratio and more than 100 times finer spatial reso-
lution than the conventional catheter electrodes, and therefore
monitored fine patterns of localized electrical heterogeneity
that low-resolution electrodes cannot detect (Figure 9¢,d).

The active MEA that uses an OECT array can obtain ECG
signals with high SNR by exploiting local signal amplification.
Although the existing ultrathin high-resolution MEA built on
plastic film is flexible, it has only a limited ability to flex during
the dynamic movements of the heartbeat; as a result, platelets
can aggregate on the device and form blood clots. Therefore,
a 1.2 um-thick ultrathin flexible parylene film was processed
to form a stretchable honeycomb grid-structured substrate
(Figure 9¢).%] A 4 x 4 active OECT array cardiac interface
electrode was demonstrated on this substrate. In addition, a
100 nm-thick poly(3-methoxypropyl acrylate) (PMC3A) coating
inhibited the formation of a blood clot while maintaining ionic
conductivity. A 2.6 pm-thick OECT MEA measured ECG sig-
nals on the surface of the heart of rats with high SNR (51 dB)
and was not affected by artifact noise caused by heart motion.
The sensitivity was not degraded by blood clot formation even
after 30 min of measurement (Figure 9f). The spatiotemporal
distribution of ECGs on the cardiac surface was recorded using
a 4 x 4 active matrix OECT array as a cardiac interface that
covers the right and left ventricular regions.

An ion gel-based 5 x 5 stretchable active-matrix transistor
array, strain and temperature sensors, therapeutic devices (elec-
trical pacing and thermal ablation), and a mechanoelectrical
transducer form a 400 um-thick stretchable epicardial bioelec-
tronic patch (Figure 9g).0l It was transplanted into an in vivo
pig heart. AgNW-embedded PDMS (AgNWs/PDMS) electrodes,
poly(3-hexylthiophene-2,5-diyl) nanofibrils (P3HT-NFs)/PDMS
blended semiconductors, ion-gel dielectrics, and individual
sensing electrodes formed intrinsically stretchable ion-gel-gated
organic transistors for spatiotemporal ECG signal mapping
(Figure 9h,i).*] A strain sensor with high gauge factor (776)
constructed using AuNPs—AgNWs/PDMS and P3HT-NFs/PDMS
as the electrode and sensing material can detect the systolic and
diastolic strains of the heart at the epicardium for diagnosis of
cardiac disorders such as myocardial ischemia. A stretchable
temperature sensor composed of AgNWs/PDMS for detecting
arrhythmias had linear normalized thermoresistive characteris-
tics in the range of 27-45 °C. The sensing property was inde-
pendent of the mechanical stretching to 30% strain.

The thermoresistive device also has Joule heating character-
istics when a large DC current flows through it. The localized
Joule heating increased temperature to =68 °C when 3.5 V DC
bias was applied, so the device can be used for thermal abla-
tion to destroy tissues that are behaving abnormally. Mechano-
electrical transducers made of two thin AgNWs/PDMS elec-
trodes with a thin spacer generated electricity during motion
by exploiting the triboelectric effect. The open circuit voltage
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and short circuit current were under the normal sinus rhythm
(at =65 beat per min) 0.68 + 0.03 V and 8.01 + 1.17 nA, respectively.
After further optimization, they have the potential to harvest
energy from the heartbeat as a source of power for sustainable
operation of epicardial devices.

3.3. Neural Interfaces for Motor Signals

Interfaces with muscles or motor nerves require higher
mechanical stability and adhesion than interfaces with the heart,
because the limbs and muscles move irregularly and often con-
tract strongly and abruptly. Electrodes that use hydrogel can
meet mechanical requirements with tissue-like softness and
stretchability. Moreover, because an action potential in biology
is based on ion conduction, an ionic current is converted to an
electric current at the electrode/electrolyte interface, but the
conversion is greatly affected by the interface impedance. Ion-
conductive electrodes can exclude the conversion between the
electric current and the ionic current at the biological interface,
and therefore can avoid a large voltage drop caused by interfa-
cial impedance. In addition, the ion-conductive electrode is a
safe interface that prevents damage to cells that can be caused
by local heating, pH change, and electrode corrosion caused by
voltage drop and electrochemical reaction at the interface where
the conventional electronic conductive electrode directly con-
tacts the cell. An aqueous two-phase system was used to prepare
a programmable hydrogel ionic circuit in which a salt solution
(highly ion-conductive) is embedded in PEG hydrogel matrices
(weakly ion conductive), and then the circuit was applied as
a muscle interface (Figure 10a).'¥] The hydrogel ionic circuit
interfaces demonstrated in vivo electrical stimulation of skeletal
muscle tissue (Figure 10b). A pair of hydrogel ionic stimulator
electrodes was interfaced with a rat’s tibialis anterior muscle,
then the twitch and tetanic forces of muscles were stimulated
by hydrogel or conventional metal electrode and were meas-
ured. Twitch contraction was stimulated using a frequency of
1 Hz, and tetanic contraction was stimulated using a frequency
of 50 Hz. Generally, smaller amplitude of voltage pulses was
required to induce similar contraction force with hydrogel elec-
trodes than with metal electrodes (Figure 10c,d). The results
indicate that the hydrogel ionic stimulator is more efficient
than standard metal electrodes to transfer electrical signals to
skeletal muscle tissue and induce muscle contraction.

A electrically conductive hydrogel composed of PEDOT:PSS
increased the low electrical conductivity of the pure ionic hydro-
gels, and showed high electrical conductivity (474 + 1.2 S cm™)
and low elastic modulus (=32 kPa).'%l The PEDOT:PSS hydrogel
was patterned to a size of 20 um by using photolithography,
then used as an interface with a sciatic nerve (Figure 10e). A UV-
crosslinked elastomer insulator composed of PFPE-DMA mono-
mers was coated as stretchable encapsulation (<30 kPa) to reduce
leakage current. In long-term in vivo implantation by wrapping
neural interfaces around sciatic nerves of mice, conventional flex-
ible plastic cuff electrodes had mechanical mismatch with the
tissue, and this mismatch significantly reduced the number of
neurofilaments and induced growth of inflammatory tissue at
wrapped regions, whereas micropatterned electrically conductive
hydrogel electrodes minimized such immune responses.
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A neural interface that uses PEDOT:PSS and in which the
electrodes and interconnects are composed of electrically con-
ductive hydrogel, has high electric-ionic mixed conductance
and lower interface impedance than the conventional neural
interfaces of the PEDOT:PSS-coated gold electrode, hydrogel-
coated gold electrode, platinum electrode, and a pure ionic con-
ductor (Dulbecco’s modified eagle’s medium [DMEM], which is
a widely used cell-culture medium).'%! In addition, the electri-
cally conductive hydrogel has a higher volumetric capacitance
(9800 uF cm™) than PEDOT:PSS (2200 uF cm™), and higher
current density (1359 mA cm™2) than DMEM (1 mA cm™),
platinum (48 mA cm~2), PEDOT:PSS (60mA cm™2), and PANI
(80 mA cm™2) under a bipolar pulsed voltage of 0.5 V at 50 Hz
(Figure 10f). Therefore, the conductive hydrogel electrode can
deliver a high current density of 10 mA cm™2 with a small
voltage of 50 mV to induce leg movement, whereas conven-
tional Pt electrodes require at least 500 mV. Therefore, the con-
ductive hydrogel electrode induced a larger leg movement at a
low voltage, than the Pt electrodes did (Figure 10g).

The growth of organs and nerves further exacerbates the
mechanical mismatch with rigid neural interfaces. Therefore,
implanted electronic devices must be replaced periodically.
However, growth-adaptive morphing electronic devices reduce
the mismatch at the interface between the electronic device and
the growing cell, and thereby reduce the occurrence of prob-
lems such as displacement of electrodes, weakening of adhe-
sion, and inhibition of cell growth due to mechanical pres-
sure (Figure 10h).8 Growth of the body proceeds very slowly,
compared to dynamic movements. Therefore, the morphing
electronic devices must have viscoplastic properties that can
adapt to slow growth, rather than the viscoelastic properties of
existing stretchable neural interfaces that maintain their abili-
ties during dynamic motion.

A viscoplastic PEDOT:PSS/glycerol conductor has 3.9 times
more elongation than pristine PEDOT:PSS at 100% strain
(Figure 10i).1% Also a selfhealable viscoplastic polymer, iso-
phorone bisurea (IU)-PDMS-4,4-methylenebis(phenyl urea)
(MPU) (PDMS-1U0.6-MPUO0.4) film underwent irreversible
plastic deformation at 100% elongation. PEDOT:PSS/glycerol/
viscoplastic polymer had viscoelastic properties at elongation
speed >5% s7!, but showed zero stress at elongation speed
<0.05% s, so this combination does not cause mechanical
mismatch as the nerve grows.

The self-healing properties of the substrate enable a biome-
chanically compatible, suture-free, and individually reconfigur-
able interface of the sciatic nerve with soft morphing electronics
(MorphE). MorphE wrapped around the sciatic nerve, made a
robust neural interface by simply attaching both sides to form
a soft enclosure (Figure 10j).*! The PEDOT:PSS/glycerol strain
sensor that constituted MorphE measured the increase in the
diameter of the sciatic nerve from 0 to 4 weeks post implantation,
and obtained results similar to the change in the actual nerve
diameter. MorphE showed stable neuromodulation, but a conven-
tional cuff electrode (platinum/PDMS) became partially detached
due to nerve growth 2 weeks after implantation, and therefore
ceased to evoke detectable compound action potential. Addition-
ally, conduction velocities were similar in MorphE-implanted mice
and nonimplanted mice from week 0 to 8 post-implantation
(Figure 10k). The implanted mice exhibited normal gait, sensory
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Figure 10. Organic neural interfaces for motor signal recordings. a) Schematic image of hydrogel ionic simulator circuit. b) Digital image of hydrogel
ionic simulator placed on rat tibialis anterior (TA) muscle. c,d) Force of TA muscle stimulated with 1 Hz (c) and 50 Hz (d) pulsed signals to induce
twitching and tetanus, respectively. a-d) Reproduced with permission.l"”l Copyright 2018, Wiley-VCH. e) Digital images of PEDOT:PSS micropatterned
electrically conductive hydrogel (MECH) electrode array. f) Current densities of MECH, platinum, and DMEM. g) The response of leg movement to
the full degree of movement (%) with different stimulation voltages for the MECH and platinum electrodes. e-g) Reproduced with permission.['%°]
Copyright 2019, The Authors, published by Springer Nature. h) Schematic images of adolescent development of the rat and the MorphE that conformally
adapts to sciatic nerve growth. i,j) Digital images of MorphE under 0% and 100% strain (i) and wrapped around the sciatic nerve (j). k) Conduction
velocity measured by MorphE, cuff electrodes, and nonimplanted nerve in growing rats (n.m., not measurable due to device failure). h—k) Reproduced
with permission.8 Copyright 2020, The Authors, published by Springer Nature.

function, motor responses, and minimal structural and histo-  muscle. OECTs that use PEDOT:PSS with high transconduct-
logical changes. These results indicate that MorphE adapts ance can read signals while in contact with the tissue surface,
adequately to nerve growth. and OFETs that use dinaphtho[2,3-b:2’,3"-f]thieno[3,2-b]thio-
phene (DNTT) can switch the OECT on and off with a high
on/off current ratio. The integrated OECT-OFET neural elec-
3.4. Neural Interface for Optogenetics trode had a cutoff frequency of 3 kHz, a transconductance of
>1 mS, an output sinusoidal signal of 50 uA, and a delay of only
Organic neural electrodes were applied to record neural sig- 48 us at an input of a sinusoidal signal of 3 kHz with an ampli-
nals that were artificially triggered by optical stimulation. tude of 50 mV (Figure 11b). Also, after crumpling, the OFET
Optogenetics is a biological technology that can use light to  showed only 1% change in “on” current and 5% change in “off”
control ion channels of nerves in living cells.™0 A light-  current, and no change in transconductance of OECT. Because
sensitive gene (e.g., channelrhodopsin [ChR]) implanted in  of a fast response rate, the EMG signal evoked by the rat’s gra-
the target cell can be exploited to control neural activities of  cilis muscle surface of the leg moved by light was recorded
the cell with high spatiotemporal accuracy. In mice genetically ~ with high temporal resolution of milliseconds (Figure 11c). The
modified with ChR for the motor nerves and their terminals 2 X 2 neural electrode array mapped the spatial distribution of
in the hind limbs, the muscle was activated by a laser beam  signals; these electrical and mechanical properties support the
with a wavelength of 473 nm, and EMG signals were evoked  suitability of such arrays as bioelectrodes.
(Figure 11a).0 To record the EMG signal, a 2 pm-thick, Transparent nerve electrodes can increase the efficiency of
5 x 5 array of active matrix neural electrodes integrated with  nerve cell stimulation by light. For electronic materials that
OECTs and OFETs was laminated on the surface of the gracilis  have electrical signals that can be changed by photoexcitation,
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Figure 11. Organic neural interfaces with optogenetics. a) Microscopy and schematic images of a sensing pixel integrated with OFET and OECT.
b) I4—time curve of 3-kHz oscillation with V,; =50 mV when the OFET was ON and OFF. c) Action potential evoked by a laser flash (inset: I—time curve
with 2, 3 or, 5 Hz stimulation). a—c) Reproduced with permission.['"!l Copyright 2016, Wiley-VCH. d) Schematic images of transparent electrophysiology
OECTs array. e,f) Digital image (e) and spatial mapping of the brain signal (f) of 3 x 5 transparent electrophysiology array on the cortical surface of
optogenetic mice with blue laser stimulation. d—f) Reproduced with permission.[2 Copyright 2017, The Authors, published by National Academy of
Sciences, USA. g—i) Schematic (g) and digital images of ultraflexible OLED device under bending (h) and placed on gracilis muscle (i). j) EMG evoked
by ultraflexible OLED device. g—j) Reproduced with permission.[>3l Copyright 2020, The Authors, published by National Academy of Sciences, USA.

illumination artifacts can cause problems in measurement
accuracy, so conductive materials that are not photosensi-
tive are required. A 3 um-thick 3 x 5 transparent neural elec-
trode composed of OECT that uses PEDOT:PSS and Au grid
electrode was conformal and transparent on the surface of a
rabbit brain (Figure 11d)."? The optimized Au grid electrode
patterned with a line width of 3 um and an interval of 18 pm
had a transmittance of 69% and a sheet resistance of 3 Q sq".
When transferred to the 100% pre-strained substrate, Au grid
electrode had a sheet resistance of 7 Q sq~! even at 50% com-
pressive strain. On the surface of the rat brain that had been
modified to express ChR, at light intensity of 40 mW, OECT
neural electrodes with transparent Au grid electrodes had twice
the amplitude (700 uV) of light-evoked ECoG signals compared
to non-transparent OECT neural electrodes that use Au film
electrode. In addition, a 3 x 5 array of transparent OECTs with
1 mm? spatial resolution mapped light-evoked ECoG signals on
the surface of a rat brain (Figure 1le,f).
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Nerve-conformal flexible organic light emitting diodes (OLEDs)
have also been used as optogenetic stimulators (Figure 11g,h).['>3!
Flexible OLEDs achieve conformal contact, so they enable
optical stimulation of tissues without causing damage, and
can emit light over a larger area than point-type light sources
(optical-fiber-coupled lasers or inorganic light emitting diodes
(LEDs)), enabling the activation of multiple neurons. Although
the OLED emits relatively weaker light (0.5 mW mm™) than
inorganic LEDs, it is sufficient to exceed the threshold of nerve
excitation (=0.3 mW mm™). To stimulate the rat brain and
peripheral nerves (genetically modified with ChR (sensitive
to light of wavelength A = 470 nm)), the OLED emits light of
400 < 1 <580 nm (peak intensity at 455 nm). Three OLEDs with
thickness 2 pum showed mechanical stability even at a bending
radius of 50 um. The genetically modified gracilis muscle or sci-
atic nerve was stimulated using a conformal flexible OLED light
source to contract the gracilis muscle or gastrocnemius muscle,
and EMG was measured in each muscle (Figure 11i,j).
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The evoked potential was measured in the primary soma-
tosensory cortex (S1) by stimulating sensory nerves in the hind
legs by using flexible OLEDs attached to the soles of the feet.
A flexible optogenetic stimulator that uses OLEDs could stimu-
late cells with mechanical stability even during leg movement,
and did not damage cells, whereas a 5 mm-long rigid-cuff
optical emitter cover around the sciatic nerve damaged the
myelin sheaths due to repetitive mechanical stress, by 10 days
after implantation.

In addition, the ultrathin OLED made of non-magnetic mate-
rial proves MRI compatibility by not interfering with the mag-
netic field and RF field of MRI, whereas an inorganic (GaN) LED
has high electrical conductivity and high magnetic permeability,
and therefore creates artifacts during MRI measurement.

4. Nervetronics for Neuroprosthetics

Neuroprosthetics are being developed to treat injured nervous
systems.[8223L15158] Various kinds of neuroprosthetics stimu-
late the nerves mechanically (pressure, vibration) or electri-
cally (DBS, functional stimulation). Electrical stimulation has
advantage that it can directly activate neurons. Electrical neu-
romodulation has increased the diversity of strategies to treat
neurological disorders. For example, DBS directly changes the
brain activity by administering electrical impulses from a pulse
generator. DBS is a common treatment for Parkinson’s disease,
essential tremor, and dystonia.l?*161 Also, spinal cord stimula-
tors are widely used to alleviate chronic neuropathic pain.[62163]
These neurostimulation strategies provide new ways to improve
the quality of life for patients who have neurological disorders.
However, these methods have limited abilities to treat patients
who have serious problems, such as spinal cord disorder,
amputated limbs, and sensorimotor disorders. Therefore, new
approaches are needed in neuroprosthetics research to rehabili-
tate patients who have neural disorders.

Nervetronics are electronic artificial nerves that mimic biolog-
ical nerves and related neuronal connection. Biomimetic organic
bioelectronics may provide next-generation neuroprosthetic
applications that exploit neurologically inspired electronics by
emulating the biological peripheral nervous system.[1158164173]
Especially, use of organic soft nervetronics that can emulate
neural signal transmission mechanisms and synaptic plasticity
would enable development of next-generation neuroprosthetics
that do not use conventional rigid digital computing systems,
which consume a large amount of power. In this chapter, we
review the principle and achievements in organic nervetronics
for neuroprosthetics. We also address the challenges that remain
before the neurostimulation strategies can be used clinically.

4.1. Artificial Synapse

Artificial synapses can emulate biological synaptic plasticity
(Figure 12a), so they are essential elements for nervetronics.
The principle, signal transmission, and synaptic plasticity
of biological synapse have been widely studied in organic
artificial synapses that have two-terminal+8] or three-ter-
minall1>8160171-173,186-203] g¢ryyctures and various working mech-
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Figure 12. Schematics of the nervetronics and artificial synapses.
a) Nervetronics connections with the biological system. b,c) lon move-
ment of short-term potentiation (STP) (b) and long-term potentiation
(LTP) (c). d) Biological synapse and cross section of electrolyte gated
transistor-based artificial synapses. e,f) Time verses excited post-synaptic
current of STP (e) and LTP (f).

anisms such as charge trapping,”*®! conductive filament
formation,”>"8 ferroelectric tunnel junction,®21%l jon migra-
tion,[®3 and electrochemical reaction.[173189.190,193,194,198,200,201]
Especially, organic artificial synapses that use electrolyte-gated
transistors (EGTs), which exploit ion migration and electro-
chemical reaction, are most-widely adapted as a main part of
nervetronics, because decoupled “write” and “read” terminals
in the transistor structure can offer more reliable, versatile, and
functional operations than two-terminal devices. Moreover, an
EGT can form an EDL (10 pF cm™2)2042%8 and can have high
volumetric capacitance (up to 900 F cm™) due to ion migra-
tion, so adequate charges for operation can be induced by low-
voltage inputs.1209-2121 The jon migration toward the channel
also can yield synaptic properties (Figure 12b,c).[169191200] Thig
phenomenon is analogous to the biological synaptic mecha-
nism, in which neurotransmitters diffuse through the synaptic
cleft in a biological nervous system (Figure 12d). Numerous
ion-permeable polymers have been used for state-of-art artificial
synapses; examples include conducting polymers such as PED
OT:PSS,[181188-190193-195197198] * and  semiconducting polymers
that include thiophene-based semicrystalline polymers such as
P3HT,[67170191.196.200.202] - p6]y(2-(3,3"-bis(2-(2-(2-methoxyethoxy)
ethoxy)ethoxy)-[2,2"-bithiophen]-5-yl)thieno[3,2-b]thio-
phene) (p(g2T-TT)),™® poly[[4,8-bis[5-(2-ethylhexyl)-2-thienyl]
benzo[1,2-b:4,5-b’|dithiophene-2,6-diyl][2-(2-ethyl-1-oxohexyl)
thieno[3,4-b]thiophenediyl]] (PBDTTT-C-T),l”l and donor-
acceptor polymers such as poly(thienoisoindigo-naphthalene)
(PTIIG-NP),l®  and  poly[(3,7-bis(heptadecyl)thieno[3,2-b]
thieno[2’,3":4,5]thieno[2,3-d]thiophene-5,5"-diyl)(2,5-bis(8-
octyloctadecyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione-5,5"-diyl)] (FT4-DPP).31158241
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When a positive or negative voltage spike is applied to the
gate electrode of the organic synaptic transistor, ions of the
same charge as the spike move toward the channel and form
an EDL.I281 [t induces charge carriers in the channel of the
transistor, so they are maintained during the EDL formation;
this maintenance is the source of short-term synaptic proper-
ties (Figure 12b,e). Further, when the ions penetrate the active
layer (channel), they contribute to the volumetric capacitance
and induce additional charge carriers.'*21%212] When the ions
penetrate the active layer and become trapped in it, the charge
carriers can be still induced, even after the transistor is in the
OFF state; this trapping is the source of the long-term synaptic
properties of artificial synapses (Figure 12c,f).[169:191.200]

For instance, artificial synapses with P3HT-polyethylene
oxide (PEO) core—sheath organic nanowire (ONW) showed syn-
aptic responses by the above mechanism. An ion-gel gated
synaptic transistor was demonstrated using a 300 x 300 nm
ONW channel and an ion gel composed of poly(styrene-block-
methyl methacrylate-block-styrene triblock copolymer and
1-ethyl-3-methylimidazolium  bis(trifluoromethyl  sulfonyl)
imide ([EMIM][TFSI]). Before the voltage spike (pre-synaptic
spike) is applied, the anion ([TFSI7]) and cation ((EMIMY]) are
distributed randomly in the ion-gel medium. During appli-
cation of a negative pre-synaptic spike, anions accumulate
near the ONW channel. They form the EDL, which induces
generation of holes in the ONW. Some anions penetrate the
PEO:P3HT and induce additional charge carriers in the ONW.
After the pre-synaptic spike ends, the penetrated ions gradually
drift back to the ion-gel medium. This release of trapped anions
reduces the number of induced charge carriers in the ONW,
and results in the synaptic-decay response.

Artificial synapses have been widely studied for use to mod-
ulate the diverse functions of the biological nervous system.
Biological nerves have properties that are suited for numerous
uses (learning and memory, sensing, neural-signal integration),
so fields of study of artificial synapses have been developed
to fit their performance to each situation. For instance, artifi-
cial synapses with conductive PEDOT:PSS have emulated the
ability of brain to learn and memorize data.¥%] Learning and
memorizing are mostly influenced by long-term potentiation
(LTP) of the biological synapse, so emulating these functions
of biological nerves is an important ability.?'#?° Therefore, rel-
evant fields have focused on brain-inspired neuromorphic com-
puting, which aims to emulate the learning functionality of a
biological brain.

However, nervetronics have a very different function than
learning. Application of artificial synapses in nervetronics and
neuroprosthetics requires emulation of the short-term plasticity
(STP), rapid signal transmission, and fast responses of biological
peripheral nerves.[*216-218] Unlike the brain system which is the
core system for learning and memorizing, the peripheral nerves
are more likely to be operated in the mechanism of STP. Non-
volatile electrochemical artificial synapses have a relatively slow
decay response, so they may not be appropriate for nervetronics.

A preferable strategy is to adopt organic artificial synapses
that can implement both STP and LTP.[%-200] Moreover, spike-
dependent plasticity of artificial synapses gives them the ability
to emulate biological synaptic functions. For example, the spike
information can be distinguished by rate, number, and duration.
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This distinction enables recognition of sensory intensity, or
control of movement intensity with nervetronics that use arti-
ficial synapses.’'1581991 These natural mimicry properties of
artificial synapses enable event-driven activity and can be the
key properties for the biomimetic operation of neuroprosthetics
by analog signals.?'l Although application of nervetronics that
include artificial synapse for neuroprosthetics is currently in
early stages, these promising advantages of nervetronics would
fulfill the requirements of next-generation neuroprosthetics.

4.2. Requirements for Neuroprosthetics

Neuroprosthetic devices that use complex CMOS processing
units may not be suitable for patients to wear in daily life,
because the units are rigid, consume considerable energy, and
can decrease the user’s satisfaction in life.?2022 Furthermore,
as form of output signals from the CMOS processing units are
simple compared to biological nervous signals, which can be
incompatible with signaling to a living body,#22-224 signals can be
modified to have gradual and biomimicking spike form. But this
approach would require additional electrical parts and encoding/
decoding of signals, and thus increase the system’s complexity
and power requirement.?2>?2%1 Consequently, considering the
necessity to emulate the natural signal patterns of biological
nerves, the complexity of the conventional neuroprosthetics will
increase greatly as the number of functions of the nervetronics
increase, so this complexification is impractical. So far, studies
related to the neuroprosthetics have recovered only very limited
motions and senses of limbs such as swing control of the knee
joint,#22 force control of fingers,>*15¢] pressure recognition
from limbs,??/ and angle/speed recognition of limbs.?¥l
Currently, methods to map the signals from non-biomimetic
neuroprosthetics are inadequate and not intuitive, even to adapt
to non-biomimetic neuroprosthetics that undergo only simple
motions (e.g., single swing and force control).'>*1>% However,
the human body can control motions such as flexion—exten-
sion, abduction-adduction, internal-external rotation, plantar
flexion—dorsiflexion, and eversion—inversion??”! and feel stimuli
such as pressure, stretch, velocity, vibration, and acceleration in
countless ways. Apparently, as the complexity of recovered func-
tions increases, the brain and nervous system may have diffi-
culty in processing signals from the current non-biomimetic
CMOS-driven neuroprosthetics.[?3% Although the conventional
non-biomimetic neuroprosthetics might still work as their com-
plexity of sensorimotor functionality increases, the processes of
learning the massive and complex information in each degree
of freedom of movement and sensory functions may constitute
an overwhelming task for amputees and SCI patients. Thus,
biomimetic signals that are natural and intuitive can reduce the
processing complexity of the learning and mapping processes.
Therefore, neuromorphic electronic devices that operate
with biomimetic signals and provide biological neural actions
with synaptic plasticity can provide a breakthrough in the field
of neuroprosthetics. To achieve such natural and intuitive
neuroprosthetics for everyday use, several requirements must
be overcome without degrading the user’s quality of life. For
example, exoskeletons are currently the most likely candidates
to compensate for motor disorders such as amyotrophic lateral
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sclerosis, Parkinson’s disease, and SCI. However, the suits are
bulk and uncomfortable, so they cause injuries such as ankle
swelling and chafing (e.g., partial thickness skin loss).[?2!l These
effects can degrade the quality of life of patients. The ideal neu-
roprosthetics for neurological disease should: 1) emulate the
biological neural signal patterns and plasticity, 2) be portable
and consume low energy, and 3) be wearable or implantable.

4.2.1. Emulating Biological Nervous Properties

Damage to a component of a neurological path in a biological
nervous system can lead to disastrous results because the con-
nection of the path is important. For instance, the premotor
cortex (PM) is interconnected with the primary motor cortex
(M1), and the M1 has important connections with the primary
somatosensory cortex (S1).2312321 Therefore, damage to the
M1 can lead to impaired motor function and limb immobiliza-
tion by disrupting corticocortical communication among M1, S1,
and PM. This disruption results in the disjunction of the corti-
cospinal communication from PM to M1. One attempt to solve
this problem is to bypass of M1 by directly connecting PM to S1.

To link distant locations in the cortex, a rigid CMOS-driven
Neurochip has been used (Figure 13a). It recorded and stimu-
lated the cortical signals of freely moving primates.!! It cre-
ates artificial connections between two sites of the cortex by
recording action potentials in one site and triggering electrical
stimulation in another site. The Neurochip was programmed
to deliver a single stimulus pulse to the stimulation electrode
5 ms after every action potential was detected at the recording
electrode. By connecting two distant sites, the Neurochip can
create a relationship between them and induce synaptic plas-
ticity mediated by basic synaptic-plasticity mechanism of the
biological nervous system (Figure 13b). This artificial connec-
tion can replace damaged pathways of the cortex by assisting in
formation of connections between two regions.

Similarly, organic nervetronics can couple disconnected
nerve cells, but without programming of stimulation sig-
nals."! Three-terminal artificial synapses with PANI as an
active layer and PEO-LiClO, as a solid electrolyte have been
used to couple two completely irrelevant neuron cells. Origi-
nally two neuron cells from L5/6 neocortical pyramidal cell in
rat brain slice were not coupled, so the activation of Cell 1 did
not affected Cell 2 (Figure 13c,d). After the cells were connected
to an artificial synapse by using a patch clamp, the action
potential from Cell 1 gradually activated Cell 2 (Figure 13e).
This gradual rather than immediate activation of Cell 2 is a
consequence of the activity-dependent synaptic property of the
artificial synapses. Similarly, even though suprathreshold depo-
larizing step induced an action potential in Cell 1, the artificial
synapse that had initial low conductivity evoked subthreshold
voltages in Cell 2 (“Before coupling” in Figure 13e). However,
as the action potentials from Cell 1 continued, the conduc-
tivity of the artificial synapses increased and thereby gradually
increased output voltage of artificial synapses and resulted in
depolarization of Cell 2 when the voltage reached the action
potential threshold (“After coupling” in Figure 13e). Begin-
ning at the 113th spike, Cell 2 started to fire action potentials.
Furthermore, as the delivery of spikes continued, the probability
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of Cell 2 emitting a spike increased, and the delay in release
of an action potential from Cell 2 decreased. This activity-
dependent coupling between neurons is the first step in circum-
venting the injured part of the nervous system.

Organic artificial synapses intrinsically have spike-dependent
plasticity, which is very profitable to achieve activity-dependent
characteristics.311581692001 Without the emulation of the syn-
aptic plasticity it needs filters, offset-nulling circuits, analog-to-
digital converters, discriminators, and microprocessors that run
spike-discrimination algorithms.[?2% Although this system can
also couple distant neuron cells, the stimulation is only trig-
gered when the neural signal meets the detection criterion, and
the pulse is stimulated by the fixed pre-programmed algorithm.
However, by emulating biological synaptic plasticity, such com-
plex systems and procedures can be minimized. The artificial
synapse alone can implement activity-dependent behaviors,
such as “controlling depolarization probability” and “controlling
depolarization delay,”"] so the signals can be applied directly
to post-injury nerves to simulate the pre-injury nervous activity.
For this reason, artificial synapses that can emulate biological
action-potential patterns and plasticity are promising candi-
dates for core systems in next-generation neuroprosthetics.

4.2.2. Low Energy Consumption and Portability

Low energy consumption by neuroprosthetics is an important
property to ensure that patients can use them in daily life. Con-
ventional CMOS-driven neuroprosthetics demand excessive
energy. Organic artificial synapses that consume energy as low
as =1.23 f] per spike event have been reported.l*] Furthermore,
activity-dependent behaviors of artificial synapse are more
compatible with low energy consumption than conventional
CMOS-driven systems. Organic neuroprosthetics consume
energy only during input events, and therefore have higher
energy efficiency than CMOS-driven systems, which expend
standby power to periodically read every pixel. For example,
organic systems operate by only using 1/100 of energy when 1%
of pixels unlike silicon circuits (Figure 14a). Furthermore, the
integrated nervetronic system (pressure sensor, ring oscillator,
and artificial synapse) only consume =8-=24 uW, calculated
using the duty cycle (Figure 14b), due to inherently low energy
consuming artificial synapses which only use 0.6 nW-1.2 uW.
Use of low-power systems as a component of the neuropros-
thetics reduce their power usage.l*!

A flexible artificial nervous system that uses organic materials
is more favorable for use in portable and low power neuropro-
sthetics than is a rigid system that uses silicon-based CMOS.
An artificial nervous system composed of organic artificial
synapses and organic artificial neurons with a 256-pixel resis-
tive pressure sensor array consumes an estimated 6.5 mW
(Figure 14b,c). In contrast, a silicon system with 16 x 16 1T-1R
sensor arrays, which consists of decoder, analog multiplexer,
current-to-voltage converter, analog-to-digital converter, digital-
to-analog converter, and control chip, consumes an estimated
928 mW. This amount is about 143 times larger than that of
artificial nervous system.[31:233]

To further increase the portability of the artificial nervous
system, an artificial mechanoreceptor was integrated with an
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Figure 13. Schematics of artificial connection of neurochips in primate primary motor cortex. a,b) The conditioning protocol of artificial connection (a)
and the mechanism of the artificial connection (b). The strengthening of the connection between Nrec and Nstim during the conditioning results in
the horizontal projection of activation to Nstim. a,b) Reproduced with permission.” Copyright 2006, Springer Nature. c) Microphotography of neo-
cortical cells in a rat brain slice. d) Circuit scheme of artificial synapses connecting two separate neuron cells. e) Electrophysiological recording form
Cell 1 (blue) and Cell 2 (red). Dashed box: before and after coupling through artificial synapses shown on expanded time scale. The horizontal dashed
line indicates the spike threshold of Cell 2. c—e) Reproduced with permission.?'¥] Copyright 2019, Wiley-VCH.

artificial synaptic transistor to form a simplified single device. By
patterning the ion-gel dielectric of the artificial synaptic transis-
tors in a pyramid pattern, the two parts of the artificial nervous
system (pressure sensor and artificial synapse) were integrated
into a single device.'™! Also, an organic synaptic transistor
with ferroelectric polymer dielectric (poly(vinylidene fluoride-
trifluoroethylene)) and barium titanate nanoparticles can mimic
the slow-adaptive type-I mechanoreceptors in a single device.!'8¢!
The low energy consumption of nervetronics, and the ongoing
development of strategies to increase portability, will eventually
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make organic nervetronics suitable for use by neural-disorder
patients without degrading their quality of life.

4.2.3. Wearable and Implantable

Although wearable and implantable systems to treat neurolog-
ical disorders have been commercialized, the systems are rigid
and uncomfortable, so they are not suitable for daily usage.
Organic soft materials have outstanding mechanical flexibility,
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Figure 14. a) Energy efficiency of nervetronics of each part and total system as a function of duty cycle. Reproduced with permission.’!l Copyright
2018, The Authors, published by AAAS. b) Comparison of energy efficiency of silicon circuits (black), nervetronics with pseudo-CMOS ring oscillators
(red), and nervetronics with CMOS ring oscillators (blue). Reproduced with permission.233 Copyright 2021, Elsevier. c) Circuit diagram of the sensory
nervetronics with ring oscillator and pressure sensor. In the diagram, the nervetronic circuit has its own output line for each pixel of pressure sensor.
d) Schematics stretchable nanowire artificial synapses. e) Digital image of artificial muscle actuator according to 0-100 spikes with 0% strain and 100%
strain. c—e) Reproduced with permission.®l Copyright 2018, The Authors, published by AAAS. From ref. [158]. © The Authors, some rights reserved;
exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license http://creativecommons.org/licenses/by-nc/4.0/. Reprinted with permission from
AAAS. f) Photography of intrinsically stretchable artificial synapse. Reproduced with permission.[7% Copyright 2019, The Authors, published by AAAS.
From ref. [170]. © The Authors, some rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license http://creativecommons.org/
licenses/by-nc/4.0/. Reprinted with permission from AAAS.

stretchability, and biocompatibility, so organic nervetronics noticeable degradation upon 100% strain (Figure 14d).582#]

are promising for next generation wearable and implantable  The single electrospun ONW was transferred onto 100% pre-
neuroprosthetics. strained styrene—ethylene-butylene—styrene rubbery substrate.

Artificial synapses with wavy ONW semiconductors have  The spike-dependent synaptic properties did not show notice-
been developed to have stable synaptic characteristics without  able change upon strain; therefore, this artificial nervous
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system is reliable. Further, the ONW artificial synapse was inte-
grated with a polymer actuator and the combination showed
confirmed applicability as a neuroprosthesis. The biomimetic
synaptic responses of the artificial synapse controlled the
actuator in a biomimetic way without any need for a complex
circuit such as a discriminator or microprocessor (Figure 14e).
This ability cannot be achieved using conventional single
FETS, which usually execute binary outputs (ON, OFF) without
multistate short-term or long-term memory response. Due to
synaptic potentiation response, the polymer actuator was con-
trolled by input spikes. This activity-dependent behavior of the
nervetronics resulted in biomimetic movement of the actuator.

Stretchable artificial synapses have been fabricated using
polymer semiconductor nanofibrils in a stretchable polymer
matrix (Figure 14f).7% Fully rubbery synaptic transistors made
of poly(3-hexylthiphene) nanofibrils (P3HT-NF) in PDMS, and
elastic ion-gel gate dielectric, showed synaptic characteristics
upon mechanical stretching by 50%. Due to the stretchability
and softness of the device, this fully rubbery transistor array
had a low elastic modulus close to that of biological tissue.

The stretchability and softness of the organic materials will
enable next-generation wearable and implantable neuropro-
sthetics without mechanical mismatch with soft tissues. This
strategy can realize daily use of neuroprosthetics.

4.3. Progress of Organic Nervetronics for Neuroprosthetics

Ideally, neuroprosthetics should emulate natural patterns of neu-
ronal activity, so that stimulation can be natural and intuitive.?*"]

NN

Mechanoreceptoi

7 (i) Volage
E 3 changes

(i) Pressures

Organic ing oscillator

Transimpedance circuit

d Light signals
‘ ”U”, J"/\
-
Photodetector
(exteroception) ’} -~

Synaptic transistor (signal processing)

www.advmat.de

Unlike the conventional neuroprosthetics that do not use a
principle of neuroplasticity,®20-22154156228]  organic nervetro-
nics emulate the neural plasticity of biological nervous system
and accomplish low-power, wearable, and implantable neuro-
prosthetics. Recently, numerous organic artificial afferent and
efferent nerves have been demonstrated by integrating artifi-
cial neurons and synapses with artificial sensory receptors and
artificial muscles.?219816+173] Eyrthermore, nervetronics have
been integrated with living animals.3"?*l Such approaches
may facilitate use of organic nervetronics as a core element of
neuroprosthetics.

Artificial synapses can emulate biological synaptic functions,
so nervetronics can be used to substitute for abnormal biological
sensorimotor functions. Nervetronics can implement sensory
and motor function of biological counterparts with sensors and
actuators by connecting them with artificial synapses and neurons
(Figure 15a).1371°824] Similar to the biological sensory-reception
mechanism, the nervetronic system receives sensory informa-
tion via bioinspired sensory receptors (Figure 15b).BL1#4216] The
artificial synapses are spike-dependently activated, so pre-syn-
aptic signals encoded as series of spikes from artificial receptors
would be preferred, otherwise signal-converting units would be
necessary to transform signals.

A nervetronic device that responds to acoustic signals has
been demonstrated by combining artificial synaptic transistors
with a triboelectric nanogenerator.'”) Instead of LTP properties
that could induce overlap and interfere with high-frequency
acoustic signals, STP properties in which the synaptic weight
decays within a few milliseconds were demonstrated. This rapid
decay reduces temporal overlap of information while retaining

C
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Figure 15. a—c) Schematics of biological afferent nerves (a), nervetronic artificial afferent nerves (b), and hybrid reflex arch (c) demonstrated through
connection of biological organ and nervetronics. a—c) Reproduced with permission.?" Copyright 2018, The Authors, published by AAAS. d) Configu-
ration of artificial efferent nerves attained by integrating nervetronics integrated with an artificial muscle actuator. Reproduced with permission.*®l
Copyright 2018, The Authors, published by AAAS. From ref. [158]. © The Authors, some rights reserved; exclusive licensee AAAS. Distributed under a
CC BY-NC 4.0 license http://creativecommons.org/licenses/by-nc/4.0/. Reprinted with permission from AAAS.
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potentiation of the signals. To achieve STP-dominant properties
of the artificial synaptic transistors, the microstructure of the
organic semiconducting (OSC) film was controlled.

Artificial synapses composed of polymer semiconductor film
have longer retention time in highly crystalline film than in
weakly crystalline film.2% Control of the crystallinity of PTIIG-
NP in artificial synapses could adjust their synaptic properties
gradually from STP-dominant to LTP-dominant. In EGT-based
artificial synapses, the ions penetrate into the polymer semicon-
ducting film when pre-synaptic spikes are applied to the gate
electrode.V2112131 The penetrated ions are more strongly bound
in crystalline regions of the OSC thin films than in their amor-
phous regions.2% Consequently, the weakly crystalline film
shows STP-dominant synaptic properties and is more suited
than highly crystalline film to be used to integrate sensors
such as triboelectric nanogenerator for acoustic-signal-responsive
nervetronics.!6’)

An artificial mechanosensory nerve was developed using
artificial synapses composed of diketopyrrolopyrrole (DPP),
combined with a pyramidal resistive pressure sensor and arti-
ficial neuron.’! The decay time of these artificial synapses was
2-3 ms, which is comparable to that of biological mechanosen-
sory (slow adaptive-I) nerves (1.5-5 ms).?""?8 The pressure
sensor was designed to detect pressure range from 0 to 100 kPa,
which is similar to the detection range of the biological mecha-
noreceptor.2*!l The artificial neuron converted continuous sig-
nals from the pressure sensor to spike signals. The frequency
and the peak voltage of the spike signals were dependent on the
input pressure strength. Moreover, signals from multiple pres-
sure sensors were integrated by artificial synapses. The discrete
pressure information from six individual pressure sensors was
integrated in the artificial synapse, in a manner that is similar
to the work of a neuron soma. Finally, the artificial afferent
nerves were connected to the leg of an insect to form a hybrid
reflex arc (Figure 15c). The leg extended depending on the
pressure input; this result demonstrates the feasibility of the
nervetronics as neuroprosthetics.

Moreover, artificial efferent nerves that can control muscle
movement have been attained using nervetronics (Figure 15d).01>%!
A conventional functional electrical stimulator (FES) gener-
ally uses a constant amplitude of stimulation (up to 120 mA),
which can drastically contract the muscle and might cause dis-
comfort.222l Also, precisely predicting the movement and force
of the patient’s limbs is challenging.222-224226] So, the strategy
of ramping the stimulation amplitude during onset and deac-
tivation is commonly used in neuromuscular electrical stimu-
lations to prevent pain or tissue stretch, but this requires an
additional procedure for the FES. This additional procedure
increases the energy consumption of neuroprosthetics, so
patients can be reluctant to use them in daily life. In contrast,
the artificial efferent nerves can control the muscle movements
precisely because artificial synapses inherently present ramping
stimulation as a consequence of the synaptic potentiation
responses.[”®2*] By connecting not only artificial muscle['*®l
but also biological muscle?*!l with the artificial efferent nerves,
the movement of the artificial muscles was controlled in a
biomimetic way. This approach can be applied to both arms
and legs of amputees and SCI patients and may yield natural
and comfortable neuroprosthetics.
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5. Conclusion and Outlook

We have considered organic neuroelectronics, including neural
interfaces and nervetronics. Organic neuroelectronics are
mechanically and electrically compatible with soft biological
tissues, so organic neural interfaces and biological nerves can
seamlessly exchange electrophysiological signals. The stretch-
ability and non-toxic biocompatibility of organic materials make
their neuroelectronic applications wearable and implantable;
these traits are difficult to achieve using conventional rigid neu-
roelectronic devices. Furthermore, the high energy efficiency
of organic neuroelectronics would enable them to be highly
portable and to operate for long durations. Organic neuroelec-
tronics present a promising approach to future neural inter-
faces and neuroprosthetics.

Organic materials (CPs, hydrogel composites) and compos-
ites of organic materials and carbon allotropes meet a wide
range of requirements (e.g., non-toxicity, high capacitance with
ionic-electric mixed conduction, mechanical softness, chemical
robustness, electrochemical stability, and conformal contact
with cells) for use of future in vivo neural interfaces. Espe-
cially, soft organic neural interfaces have high charge capacity
and tissue-like low elastic modulus that make them appro-
priate for long-term implantable neuroelectrodes. Therefore,
various approaches such as adding dopants and physical/chem-
ical treatments of the surface have been evaluated as ways to
improve these properties.[®38384 However, challenges remain,
such as finding ways to increase mechanical and chemical sta-
bility, and to prevent adsorption of proteins and biofouling of
organic neural interfaces.”’]

CPs that have mechanical conformal contact with tissues
and high volumetric capacitance advance the electrophysi-
ological signal recording in EEG, ECoG, ECG, and EMG over
the conventional metal electrodes, without causing side effects
such as foreign-body effect and glial-cell formation.”'"] The
low impedance and high charge capacity of electrochemical
electrodes, permit biological-signal recording with high SNR.
Moreover, the OECTs and IGTs have a localized amplification,
so they can detect signals with enhanced SNR.[136-139.142-15] The
high current density of organic neural interfaces can efficiently
deliver stimulation signals to biological tissues and trigger large
movement of limbs with use of a low voltage.'®*] A high-
density organic neural interface array patterned on a large area
can map the spatiotemporal propagation of signals at single-cell
resolution, ™ and this ability can contribute to increasing the
precision of the analysis of neural activities and facilitate diag-
nosis of neural diseases.

Neuroprosthetics with organic neuromorphic synaptic devices
(i-e., nervetronics) would enable the functional replacement of
damaged biosystems.BM1816924] Important progress of organic
nervetronics involves artificial afferent and efferent nerves
to replace damaged peripheral nerves and be used in bionic
applications. These efforts will accelerate the development of
next-generation neuroprosthetics that can be portable, energy-
efficient, and implantable. Neuronal closed-loop feedback, which
is one of the challenging neuromorphic functions for nervetro-
nics, would enable a real-time feedback loop to autonomously
regulate neural interfacing activities of neuroprosthetics by
sensing the state of the patient and environment.?0:15423%]
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Combination of soft organic neural interfaces, energy-effi-
cient artificial synapses, and analog circuits can accomplish
biomimetic neuroprosthetics that operate with analog-like sig-
nals and can minimize the need for energy-inefficient and rigid
digital circuits that use CMOS. Also, artificial synapses can be
further customized to have synaptic responses that completely
match the electrophysiological signals of neuron cells. More-
over, spike-rate-dependent and spike-amplitude-dependent
responses of artificial synapses can provide bandpass and noise
filtering of neural signals;186236-2401 this ability would further
simplify circuit configuration and reduce the power require-
ment. Therefore, organic neuroelectronics are a possible solu-
tion to enable next-generation organic biomedical electronics
and neuroprosthetics that are portable, energy-efficient, stretch-
able, and implantable.
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