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Nanotechnology and Nanomaterials for Improving Neural

Interfaces

Mian Wang, Gujie Mi, Di Shi, Nicole Bassous, Daniel Hickey, and Thomas J. Webster*

A successful biomaterial-neural tissue interface should demonstrate bio-
compatibility, cytocompatibility, the ability to integrate properly within neural
tissues, and the prolonged maintenance of desired electrical properties.
Neural electrodes implanted in vivo often experience degradation of these
properties due to implant micromotion, mechanical mismatch, an extensive
foreign-body response, and the formation of glial scar tissue that interfere
with signal transmission. However, recent advances in nanotechnology and
nanomaterials show great promise to address these problems due to their
biologically inspired surface features and enhanced electrical properties. This
review will discuss how nanomaterials and nanotechnology are being used to
fabricate advanced neural electrodes that demonstrate greater bio-integration
properties, enhanced prolonged electrical properties, and an improved signal
specificity down to the single molecule range. First, an overview of current
biomaterial-neural tissue interface technology is provided, followed by an
examination of conventional and newly developed micro- and nano-fabrica-
tion methodologies. Nanomaterials that have shown the most promise for
neural interfacial applications are then discussed, including carbon nano-
materials, conductive polymers, and hybrid nanomaterials. The purpose of
this review is to describe recent advances in nanotechnology for improved
biomaterial-neural tissue interfaces, and identify their advantages and disad-

vantages from a researcher’s perspective.

1. Introduction

The human brain is characteristically actuated by billions of
neurons that interact to regulate mechanical or sensory beha-
viors. These behaviors are confined to wired activity of the
senses, muscular response catalysis, memory formation, and,
more generally, guided behavior. Extensive research has been
conducted to achieve a deeper understanding of inter-neural
interactions. For example, in 1875, using galvanometric
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analysis, Richard Caton first described
how current variations in the brain corre-
late to observable behaviors. Hans Berger
then developed the first electrocortico-
gram for monitoring the electrical activity
of the electrode-appended brain.'?l His
examination of electroencephalogram data
enabled him to define the sensitivity con-
straints prescribed by o and B brain wave
patterns.?) Subsequent efforts contributed
to the development of the neuroscience
field as we recognize it today.

Perhaps the most important advance
in the study and treatment of the brain is
the development of the neural interface.
Neural interfaces establish direct com-
munication between the central nervous
system (CNS) and a sovereign, man-made
digital system.B! Such interfaces promote
a neurophysiological understanding and
provide a clinical means for detecting
or treating neurological symptoms and
diseases. Neural interfaces, or brain-
machine interfaces (BMlIs), can preserve
the function of impaired neuronal tissues
by translating nervous system signals
into quantities that can be computation-
ally understood.! The comprehensive
BMI design principle is to augment or restore one or more of
the three interrelated biological complications that arise from
neural impairment: sensory malfunction, loss of motor control,
or disease-elicited intellectual changes.®! The success of such
a device relies on understanding the principles of bioelectrical
transduction, neural modulation through computational cali-
bration, and acclimating signal processing.

Three different classes of BMIs—sensory, motor, and cogni-
tive—were designed with exclusive parameters for sustaining
competent cerebral operation.’] Sensory BMIs demonstrate
the ability to deliver stimuli to domestic cortices for the cor-
rection of occipital, somatosensory, and/or auditory complica-
tions. Currently, the most common sensory neural interfaces
are cochlear implants, which correct processing complications
of the tonotopic space.’! These devices are assembled using
small-scale microphones and signal processors that translate
sound waves into neuronal responses, and thus enable hearing.
Alternatively, retinal prostheses are being developed to translate
external morphological content into sensory firings that could
be perceived by patients suffering from blindness.F!

Moreover, deficits associated with the limbic system could
potentially be repaired using cognitive BMIs. Cognitive BMIs
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for treating Alzheimer’s disease, for example, are designed to
restore communication among damaged or disparate neural
networks.[) Motor BMIs, on the other hand, are engineered to
reestablish communication between the CNS and the organs or
muscles of the peripheral nervous system that have lost func-
tional mobility. Such devices could be critical for patients suf-
fering from neurodegenerative disorders like cerebral palsy,
amyotrophic lateral sclerosis, stroke, or traumatic injury.’!
External motor BMIs ideally retrieve action-control commands
from the brain to electrically stimulate prosthetic implants or
native biological tissue.®! Ultimately, multidisciplinary efforts
in neurophysiology and engineering are necessary to estab-
lish systems that can mimic the sensory pathways of the brain
and process external or internal stimuli. This review will focus
on materials recently developed, specifically at the nanoscale,
that vastly enhance electrical properties, mechanical proper-
ties, location specificity, cytocompatibilty and biocompatibility
to advance our understanding of the CNS and enable greater
control over diseased/damaged states compared to current
technologies.

2. Current Status of the Biomaterial Neural Tissue
Interface

2.1. Conventional Biomaterial Neural Tissue Interface
Technologies

The development of biomaterial neural tissue interfaces has
been largely influenced by the use of electrophysiology to
extract electroencephalogram (EEG)® and electrocorticogram
(ECoG)!'¥ recordings, in addition to action potential spikes'!
and local field potential data.l'?l A comparison of the placement
and signal resolution between three classes of neural interfaces
is presented in Figure 1. The most basic, noninvasive method-
ology for collecting neuronal signals is the EEG, which has been
applied for diagnosing epilepsy, enhancing our understanding
of language perception, monitoring sleep, and measuring cog-
nitive indicator remittance.'>-1% Despite the many advances
in neurology made possible by EEG and other non-invasive
recording methods, there are several limitations to these tech-
nologies. For instance, traditional EEG devices suffer from low
transfer rates, on the order of 5-25 bit s™.[117.18] Additionally,
because EEG electrodes are simply affixed to the scalp, the
densely packed tissues of the brain, cranium, and skin act as
barriers that impede signal transduction to the external elec-
trode, thus limiting the spatial and temporal resolution of the
EEG results. Artifacts due to electrical stimulation, electromyo-
graphic activity, and mechanical disturbances further interfere
with EEG resolution.'!] Due to the poor resolution of EEG-
based systems, recent trends have examined the use of more
invasive neural interface technologies like the ECoG.

Relative to the EEG, ECoG is capable of recording higher fre-
quency data with greater accuracy and with diminished noise
interference. This is a direct result of implanting spatially
secure electrodes within the cortex, thereby reducing tissue
interference between the electrodes and the neurons.®! Due to
the spatial ambiguity and time lags often associated with ECoG
readings, a wide sampling of the cortex should be analyzed
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Figure 1. Electrophysiological and physical comparisons of neural recording systems.['”) A comparison of the major electrode-based systems that are
depicted, including EEG, ECoG, and microelectrode configurations, suggests a positive correlation between the degree of invasiveness of a device
and the signal resolution that is achieved. However, this tradeoff may not be as significant with the current trend towards electrode miniaturization.
Smaller probes can achieve cellular and subcellular resolutions while requiring less invasive implantation surgeries. Reproduced with permission.['”]

Copyright 2016, the authors.

over a fine temporal scale.?%) Alternatively, a more invasive
approach that targets neural assembly involves the measure-
ment of local field potentials (LFPs). LFP signals are normally
collected by microelectrodes that have higher impedance
values than the larger electrodes used to obtain EEG data.l’l By
virtue, impedance is a common metric that is used to measure
the performance of an electrode. The effective impedance of
a probe is calculated by taking the summation of the imped-
ances that result from 1) the resistance of an electrode mate-
rial, 2) the resistance of the electrolyte, and 3) the capacitance
and resistance at the electrode/electrolyte interface. Microelec-
trode design entails the optimization of several parameters,
including the impedance. In general, a lower impedance value
is associated with a higher recording quality. Despite the higher
impedance values of microelectrodes, however, structural
specificity, determined by relative neural placement, allows
LFPs to measure localized electrical field fluctuations without
requiring spatial averaging of bioelectrical activity (as is the
case with EEG and ECoG). Even more invasive is the applica-
tion of microelectrode arrays localized around the neuronal
cell body. A neural action potential elicits a pulse or spike from
the electrodes. These spike trains are characterized by extreme
specificity, measuring the excitability of a single neuron.*?!l
The drawback of this is an incoherent sampling of the complete
neural population. Brain complexity inevitably contributes to a
limited understanding of neural population dynamics. A prin-
cipled neuroscience and engineering approach that integrates
time-dependencies, quantification strategies, and materials
research becomes necessary to design a device that is biocom-
patible, minimally invasive, and functionally feasible.

Adv. Funct. Mater. 2017, 1700905
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2.2. Design Considerations

The electrical infrastructure of an interface must be designed
to process high signal-to-noise ratios (SNRs), while bypassing
cell damage and extending BMI durability.l’] Metal electrodes
are often associated with a relatively poor SNR due to the inci-
dence of thermal, or Johnson noise, that arises from electrode/
electrolyte impedance at the implant site.?>?3] Johnson noise
is the thermal agitation of electrons inside of a resistor, which
invokes random voltage fluctuations. This problem is associated
with the difficulty of translating the ionic signals sent by neu-
rons into electrical impulses within electrodes. Furthermore,
poor mechanical stability at the tissue/electrode interface often
leads to an observable discrepancy between the signals being
recorded Dby the electrodes and the charges being delivered for
neural stimulation. In principle, the charge injection capacity
(CIC) at the tissue/electrode interface quantifies the charge
being supplied by the electrodes to the neurons.?3! For stimula-
tion, it is desirable to apply small electrodes that can selectively
trigger a targeted neuronal population. However, the onset of
undesirable electrochemical reactions and inflammation can
occur as a consequence of concentrated currents on small elec-
trodes.[?>24 Therefore, it becomes necessary to improve the effi-
ciency of charge injection.

The biological response elicited by an implant material
must be carefully considered during electrode fabrication. Due
to the prolonged contact of invasive BMIs with neural tissue,
neural interfaces must be engineered to withstand the physio-
logical environment without posing any serious health risks to
the user.l’) Biological issues often arise due to the interruption

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of blood-brain barrier operations and the onset of inflamma-
tory and immune responses. Such reactions are associated
with the influx of microglial and innate immune cells to the
implant site, and consequential astrogliosis.}*>~?% Fibrous
capsule formation may additionally isolate the implant and
impair its function. In many cases, however, prolonged tissue—
device contact is not even practical due to the mechanical mis-
match disassociating rigid neural prosthetic device implants
and native soft neural tissue.?}l The most common metal- or
silicon-based implants are a source for tissue straining and
micromotion of electrodes within tissues. The effect of tissue
straining at the implant site is in many cases an inflamma-
tory response, with compromised stability at the metal/neural
interface. In this case, inflammation has been associated with
electrode failure that results because of the deposition of glial
scars that encase the electrode and prohibit the transfer of
neural signals.232]

To implement BMIs clinically, it is also necessary to con-
sider functional specifications pertaining to power dissipation,
scale, and computation. Ideally, differential amplifiers should
sustain common-mode rejection ratios that approach infinity,
in addition to high gains and nominal power dissipation.!
Minimizing power consumption prolongs the functionality of
the control loop battery and helps evade battery replacement
surgeries while sparing the neighboring biological tissue from
sustaining heat damage.’?% To provide a basis for compar-
ison, current neural probe amplifiers and wireless implantable
devices require 100 WW/channel and 2.5-5.0 mW, respectively.?!
Grid-computing is being examined as a viable approach for
engineering extended lifetime BMIs.BB] However, due to associ-
ated poor latency, or extended time-lapse intervals, that create
an insulation barrier between direct signaling and feedback,
real-time requirements pose an ancillary concern.

2.3. Current Trends in Biomaterial Neural Tissue
Interface Design

Researchers have proposed a variety of modifications to address
the challenges addressed above. For example, electrode coat-
ings have included ceramic or other nano-structured matrices,
conductive polymers, and/or drug eluting material conjuga-
tions.}*31 Organic-based bioelectronics are especially gaining
attention due to their biocompatibility potential.l?’l Materials
with lower Young’s moduli have also been investigated to
reduce mechanical mismatch. For example, parylene polymers
and flexible polyamides, with Young’s moduli of 2.8 GPa and
2.5 GPa, respectively, have been employed as substitutes for
silicon or metal electrodes, despite having moduli that are still
six orders of magnitude higher than that of brain tissue.?1-3!
More progressively, Capadona et al. have demonstrated that
hydrated PVA-coated tunable cellulose nanocrystal (tCNC)
composites, with a Young’s modulus of 12 MPa (still signifi-
cantly higher than the Young’s modulus of the brain and other
neural tissue), can be used to fabricate mechanically stable
electrodes.l3%l For comparison, different brain regions are typi-
cally associated with Young's moduli of about 3-15 kPa, and
individual cell types, including astrocytes and neurons, are
reported to have nominal moduli, within the range 1-100 Pa.l38l

Adv. Funct. Mater. 2017, 1700905

1700905 (4 of 28)

www.afm-journal.de

Although soft and flexible neural prosthetic devices are difficult
to insert surgically, PVA-coated tCNC is relatively stiff in the
unhydrated state. Compared to silicon-based electrodes, tCNC
electrodes demonstrate a 30-50% reduction in interfacial stress
upon hydration and a reduction in inflammation of the sur-
rounding tissue.3®!

Alternatively, researchers have investigated microfluidic
methods for guiding inflammatory or glial cell responses.l>*
For instance, micro-immunohistochemistry has been applied
on 40-um-thick rat brain thin-sections to determine the expres-
sion of glial fibrillary acidic protein (GFAP) in the region of
implanted test electrodes.’Yl Other studies have sought to
improve neuronal recording quality and capacity via the produc-
tion of 3D electrode arrays.”! There are also efforts to limit heat
damage to adjacent tissue during the application of complex
and high-power assemblies by reducing the density of power
being generated, which should not exceed 0.8 mW mm™2"3"]
However, as previously mentioned, there are significant design
challenges associated with wireless and/or dense multichannel
electrode arrays which could limit the extent of circuit size
reduction or power dissipation attenuation. The next section
describes current fabrication technology in which nanotech-
nology is providing answers.

3. Technology for Electrode Fabrication

3.1. Micro-Fabrication Methods

A number of studies on the fabrication of microelectrodes have
demonstrated the advantages of smaller electrodes and their
benefits for neural applications.?**% The benefits of micro-
over macro-electrodes have been attributed to the rapid forma-
tion of radial diffusion fields and reduced Ohmic resistance,
resulting in increased mass transport rates, enhanced current
densities, and higher signal-to-noise ratios.*2l These effects
are suggested to be even more significant with the transition
from micro- to ultramicro- (submicro- or nano-) electrodes,
which will be discussed later.

3.1.1. Precision Fabrication

Precision mechanical fabrication has been a traditional method
in the development of vagal nerve and deep brain stimulators,
in addition to other electrode recording arrays that record cur-
rent changes.** Since most of the electrodes fabricated via
precision fabrication are composed of metal, with thicknesses
ranging from 10 pm to 100 pm, they typically have strong
resistance to corrosion since they are passivated before use.*’!
Thus, electrode arrays made using this technology tend to have
low corrosion rates and extended lifetimes in the biological
environment. Precision fabrication has become widespread in
the electrode fabrication industry due to low cost, commercial
availability, and high customizability.*) However, challenges
and limitations still exist with traditional precision fabrication.
For example, it does not allow for the production of multi-
layered devices containing insulation layers.*’ In other words,
the integration of an equal density substrate is required. In

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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addition, the manufacturing accuracy depends on the skills of
the manufacturing technician, which limits device complexity.
To overcome these drawbacks and achieve a better neural
interface, one research group developed a new corrugated
polyimide-based micro-electrode for use with intrafascicular
peripheral nerves via precision fabrication.*¥] This corrugated
design was achieved through tempering the polyimide sub-
strate within a moldform. This fabricated electrode exhibited
improved mechanical properties and load-displacement.

3.1.2. Laser Structuring

Laser structuring has been developed to overcome the draw-
backs associated with precision fabrication.**=! It allows for
the quick and customized fabrication of electrode arrays with
rationally designed shapes.? Generally, electrodes are first
designed by standard design software, such as AutoCAD. The
design can then be directly transferred to various medical
grade materials, including silicone rubber, alloys, and plat-
inum foil.”>>3 Contact pads and interconnect lines are usually
embedded into silicone rubber sheets to achieve mechanical
support and electrical insulation. The silicone rubber layer,
which can be as thin as 25 um, is fabricated by spin-coating
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n-heptane diluted silicone rubber.”* A laser is then used to
structure the silicone rubber-metal sheet-rubber sandwich
based on the AutoCAD design. The entire fabrication process
is shown and described in Figure 2A. Electrodes fabricated in
such a manner have high mechanical stability imparted by the
silicone rubber or by polymer foil coatings®! and sufficient
flexibility is achieved by creating intricate zigzag-shaped elec-
trodes.1*% The lasers used for this technology have advanced
considerably from nano- and picosecond lasers to the latest
femtosecond lasers, which achieve shorter pulses and thus
better resolution.

One of the conventionally used nanosecond Nd:YAG laser
systems, with a wavelength from 1064 nm to 532 nm and pulse
of 7-8 ns in duration, allows for the fabrication of microm-
eter-scale devices with feature sizes as low as 80-100 um.P%
However, when nanosecond or longer pulsed lasers are used
to structure materials, melting of the treated region can result
in unwanted recasting along material surfaces and edges. As a
result, the fine control that is critical in electrode fabrication is
hard to achieve. Recently, studies have shown that picosecond
laser systems allow for the fabrication of feature sizes at least
3 times smaller than those achieved via nanosecond laser struc-
turing,”” and femtosecond laser systems with shorter pulse
duration times offer even better resolution than picosecond

Grow and Pattern Thermal Oxide Mask;
Boron Diffuse to Form Substrate

i

Open Contact Vias; Deposit and
Liftoff Sites and Bond Pads

Deposit Lower Dielectrics; Deposit and Pattern

Etch Field Dielectrics;
Release Probes in EDP

Figure 2. A) Cross-section schematic of the laser structuring fabrication process. Reproduced with permission.2 Copyright 2005, IOP Publishing.
B) A medical stent micromachined from a biodegradable polymer using a femtosecond laser. Reproduced with permission.l5”) Copyright 2003, Scientific
Research. C) A simplified fabrication process for the Michigan electrode assay. D) The Utah Array structure.l E) Flexible polyimide-based electrode

array. C—E) Reproduced with permission.®l Copyright 2010, Springer.
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systems. Compared to nanosecond or picosecond laser sys-
tems, femtosecond lasers have relatively shorter pulse dura-
tions and higher repetition rates, which play an important role
in processing extremely high quality parts’! (Figure 2B). As
the pulse width decreases from nanoseconds to picoseconds
to femtoseconds, the interaction time between the laser pulse
and the substrate decreases, which allows for better resolu-
tion. An additional advantage of femtosecond lasers is their
ability to micromachine a wide variety of substrates, including
metals, glasses, diamonds, silica, polymers, and ceramics.>*-%%
However, results have demonstrated that femtosecond laser
structuring might lead to debris formation, which could affect
electrode precision. To avoid this issue, numerous studies
have implemented ultrasonic wave liquid-assisted hole drilling
processes. It was demonstrated that the incorporation of this
technique significantly reduced debris generation and led to the
formation of more precise edges.[1-63]

3.1.3. Silicon-Based Neural Electrode Fabrication

With the development of lithographical techniques, microelec-
trodes made of semiconductors, such as silicon, have been
introduced.l® Silicon-based electrodes with multiple electrode
contacts can be fabricated via planar photolithographic comple-
mentary metal-oxide-transistor (CMOS)-compatible techniques
on silicon wafers. Electrodes produced in such a way often have
highly precise tip structures.®®) One of the most common exam-
ples of silicon-based electrodes is the Michigan array, which
combines several microelectrode sites into one array with the
aim of achieving a higher density of sensors for implantation.
The fabrication method can generally be broken into a few
steps: first, patterned conductors are sandwiched by two layers
of dielectrics before being deposited on a deep boron diffusion-
defined probe shank. This is followed by a lift-off process that
exposes the titanium or iridium electrode sites. Finally, silicon
wafers are dissolved via isotropic wet etching and ethylene
diamine pyrocatechol (EDP) etching processes (Figure 2C).[%4
During the 1970s, new technologies, such as microelectro-
mechanical systems (MEMS), vapor deposition, and chemical
etching were developed and applied to refine the fabrication of
Michigan arrays.[°® Design changes in the fabrication process,
such as refined probe geometries and the integration of CMOS
electronics, then began to earn credibility. Meanwhile, discrete
insulated wires were replaced by flexible silicon ribbon cables,
which provide better connection and better stability for long-
term implantation.*”]

The next developmental aim was to advance electrode
arrays from 2D to 3D, which resemble freestanding high-
aspect ratio microneedle structures with the electrical con-
tacts located at the tip end.[%¥] The electrodes are then sealed
with rubber or glass, as shown in Figure 2E. The Utah array
is an example of a 3D microelectrode array applied to neural
interfaces. This 3D electrode array consists of 100 conductive
lance-shaped silicon needles. Each of the needles is isolated
and coated with platinum. The fabrication of the Utah arrays
involves a multi-step process in which a p+ doped silicon
wafer is subjected to molecular thermo-migration that yields
p+ silicon trails along the wafer. After electrical isolation of
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the p+ trails, the silicon wafer is micromachined to minimize
the n-type silicon surface coating, which engenders a p+ trail
sharpening. A thin layer of platinum is deposited on each tip,
and electrical contacts are enabled through the incorporation
of gold wires. These arrays have been successfully implanted
in the cat auditory cortex and have been used for recording
parietal cortex activity.

Many recent studies have also proposed the design of a fully
implantable Utah array that features wireless connectivity.®!
In these designs, miniature power supplies and telemetry sys-
tems are fabricated on the back of the electrode arrays, opening
the possibility for full systemic implantation onto the cortex.
Another study concerning a wireless electrode integrated a
100-channel Utah electrode array (UEA) (Figure 2D), a custom-
designed IC with data processing, RF transmitter, power
recovery, and SMD capacitors via UEA as a circuit board for the
electrical connections. The study showed that the integration
process they developed resulted in potentially good biocom-
patibility, well developed properties for advanced electrical and
mechanical integration, and off-body control.”% This wireless
UEA has the potential to be a platform technology for high-
density integration of implantable microdevices and microelec-
tronics with external control.

3.1.4. Other Micro-Fabrication Methods

Other microelectrode fabrication methods exist to meet the
requirements for processing different materials. For example,
one of the commonly used categories of materials in fabricating
neural electrodes are metals, which is commonly molded into
a stiff cone and embedded in glasses or polymers. In this case,
the metal tip is exposed at the end of the electrode and serves
as an electrode-tissue contact for recording current changes.
The choice of metal can include gold, platinum, titanium,
tungsten, or others, all of which exhibit high Young’s moduli.
Consequently, there is a huge mismatch in stiffness between
the native brain tissue and metal-based electrodes. Flexible
arrays have thus been developed to alleviate this issue and have
been widely used in neural recording and stimulation applica-
tions.[ These flexible arrays can be fabricated by embedding
one or more layers of a thin metal into polyimides that isolate
and support the metal electrodes (Figure 2E). Then, dry etch
processes are used to expose the contact points of the elec-
trodes, and finally, the flexible electrodes are isolated by dis-
solving the silicon substrate. The following section describes
how these now traditional methods can be improved through
the use of nanotechnology.

3.2. Nanofabrication Methods
3.2.1. Nanofabrication Methods
Nanoelectrodes can be defined as electrodes with a critical
dimension between 1 to 100 nm, where the critical dimension
is mainly controlled by nanofabrication methods. The primary

reason for the use of nanoelectrodes is the benefit obtained
from enhanced mass transport and the increased Faradaic to
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charging current ratio.l’!] As electrodes decrease in size from
micro to nano, radial diffusion becomes more dominant, which
can result in both faster and enhanced mass transport for
diffusion-controlled Faradaic currents. In addition, the use of
nanoelectrodes greatly improves the spatial resolution of neural
stimulation, which represents a huge improvement over micro-
electrodes that often suffer from limited resolution.[*? Lastly,
the miniaturization of the active regions makes it possible to
pack more nanoelectrodes with distinct functions into a mul-
tiplex device, which provides huge potential for the realization
of massively parallel measurements. Despite their benefits,
nanoelectrodes have not been as widely used as microelec-
trodes, primarily due to the lack of fabrication techniques for
electrode miniaturization. In this section, four main fabrication
methods, including electron-beam lithography, electrochemical
methods, and nanomaterial based electrode fabrication will be
discussed.

3.2.2. Electron-Beam Lithography (EBL)

Electron-beam lithography (EBL) involves the use of a finely
focused beam to produce well-defined nanoelectrodes.l’73!
As a short electron wavelength is typically used, which effec-
tively avoids issues associated with diffraction, EBL fabrication
has the potential to achieve extremely high resolution down to
the nanometer range.”¥ The main purpose of lithography is
to create a designed pattern in the resist layer, which can be
further transferred onto an underlying substrate. Compared
with electrochemical plating, shadow evaporation, and other
methods, which involve a series of complicated processes, EBL
technology offers the advantages of ultra-micro size, low cost,
reproducibility, and high reliability.”"! EBL can also be used
with a wide spectrum of materials.”!

Based on the different processes involved, EBL writing
techniques can be divided into two distinct schemes: direct
writing and projection printing.”® In direct writing, a designed
wafer is exposed to a focused narrow beam of electrons. Alter-
natively, in projection printing a large-sized e-beam pattern
is projected in parallel through a mask onto the photoresist
substrate, which results in an embossed nanoelectrode pat-
tern.”?l For both methods, the energy of the e-beam to which
the substrate is exposed plays an important role in the fab-
rication process. It was found that a better resolution can be
achieved when high energy electrons are directed onto the sub-
strate (between 50-100 keV).””) However, backscattered elec-
trons generated by high-energy electron beams will lead to the
exposure of neighboring areas to these rebounded electrons,
a phenomenon referred to as the proximity effect. The proxi-
mity effect is often associated with a loss of resolution. One
possible strategy to overcome this response is to operate EBL
at a low energy state (between 2-20 keV).””) While effectively
preventing the proximity effect, the penetration depth is limited
as most of electrons will use up their energy in the resist layer
before reaching the substrate. Thus, this approach achieves
high resolution at the expense of cost and productivity.”?! Alter-
natively, researchers have started to focus on improving resist
technology rather than manipulating e-beam energy. An ideal
resist material should have high contrast, high sensitivity, high
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plasma etching resistance for pattern transfer, and small mole-
cule size.’®”! Additionally, to achieve a high resolution while
minimizing the electron scattering, a thin resist layer is highly
preferred.

3.2.3. Electrochemical Methods

Ever since the early work on polypyrrole (PPy)/PSS coated
neural probes pioneered by Cui and co-workers,® electro-
chemical polymerization has been the preferred and most
common method of fabricating conducting polymer (CP) coat-
ings on neural electrodes, since it allows for direct formation
of thin-layer polymer coatings on the electrode site. These coat-
ings are typically characterized by low impedance and good
adhesion, and can have nanoscale dimensions. The amount of
material deposited (i.e., thickness of the film) and roughness
of the film can be precisely and reproducibly controlled by var-
ying the deposition time®!l or the total charge passing through
the system.[% Further studies have been conducted by several
researchers to use conductive polymers doped with carbon
nanotubes (CNT5) or graphene via electrochemical polymeri-
zation (Figure 3A,C).B2%] Electrochemical polymerization is
typically carried out using a three-electrode configuration in a
solution containing a monomer, solvent, and electrolytes (such
as dopants and biologically relevant molecules). Doping and
entrapment of molecules within the CP occur simultaneously,
thus eliminating the need for post-synthesis modification. For
instance, PEDOT and CNTs were electrochemically deposited
onto Pt microelectrodes by Luo et al. to create nanostructured
surfaces on microelectrodes (Figure 3B).B3) The PEDOT/CNT
film constituents were electrodeposited via a traditional three-
electrode configuration with Pt microelectrodes acting as the
working electrode, silver/silver chloride (Ag/AgCl) as the refer-
ence electrode, and a platinum wire as the counter electrode.
Further in vitro studies demonstrated that this PEDOT/CNT-
coated electrode had lower impedance. It was also found that
the electrode was nontoxic and could support the growth of
neurons.

In addition to CPs, metals or alloys are also widely used to
fabricate neural electrodes via electrochemical deposition. In
a recent study, Wang et al. elegantly demonstrated that ZnO/
CdTe core-shell nanocable arrays can be vertically aligned on
indium tin oxide (ITO) via an electrochemical deposition pro-
cess,® in which the CdTe layer was electrodeposited from an
aqueous solution of potassium tellurite and cadmium acetate
(Figure 3H,I). The resulting nanocable array was shown to
have promising photoelectrochemical properties, which can be
useful in light sensor or solar energy conversion. In another
study, copper was electrodeposited onto a CNT wafer to create
a multi-tiered current pathway, which was further shown to
exhibit relatively high ampacity compared to the pure metal.[®’]
In this fabrication scheme, shown in Figure 3E-G, CNT wafers
were lithographically patterned into specialized configurations,
and then copper was electrodeposited from an organic electro-
lyte solution into the pores of the CNT film. Finally, a nano-
structured surface was created on CNT-Cu composites, as show
in Figure 3G. In addition to providing better electrical conduc-
tivity, this technique improved thermal stability by more than
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Figure 3. A) Schematic illustration for the fabrication of CNT-CP composite electrodes. Reproduced with permission.®! Copyright 2010, Elsevier.
B) SEM images of CNT coated on an electrode surface. Reproduced with permission.®3l Copyright 2011, Elsevier. C) Schematic of the fabrication
procedures for a non-enzymatic glucose micro-sensor with nanoporous Pt on a silicon substrate. Reproduced with permission.9 Copyright 2008,
MDPI. D) Schematic of a fabrication to develop sub-micrometer features on the CNT-Cu composite. E,F) SEM images of a CNT-Cu composite.
G) SEM images of a fractured cross-sectional surface of the CNT-Cu composite. Reproduced with permission.®”] Copyright 2015, Royal Society of
Chemistry. H,l) ZnO/CdTe core-shell nanocable arrays can be vertically aligned on indium tin oxide (ITO) via an electrochemical deposition process. ¢l
Reproduced with permission.8¢l Copyright 2010, American Chemical Society. ],K) Gap narrowing by electrodeposition. Reproduced with permission.®4
Copyright 2008, American Chemical Society. L) Schematic of the etching time effect on penetration length.® M) TEM images of nanowires after dipping
them into a copper-citrate electrolyte and subsequently etching them in boric acid-citrate electrolyte for 1, 3, and 5 min. Reproduced with permission.?l

Copyright 2016, American Chemical Society.

10 times in comparison to pure copper, something which could
prove to be useful for the future development of efficient elec-
trical devices or implantable electrodes.

In some cases, the electrochemical method is not directly
used for the fabrication of electrodes, but rather as an impor-
tant assistance step.®¥81 One promising study was carried out
by Lee et al. who used electroplating to fabricate nanoporous
Pt electrodes on silicon substrates.®) This process was con-
ducted using a three-electrode system consisting of a Pt bar, an
Ag/AgCl electrode, and 3 mol L™! NaCl as the reference elec-
trode. The porous Pt electrode template was then dissolved and
cleaned, resulting in a nano-featured silicon electrode. Further
studies demonstrated that one class of sensitive electrodes
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can be achieved by narrowing the air gap separating the two
electrodes. Chemical narrowing,®” electromigration induced
break-junction,’®’l and template-assisted electrodeposition dis-
placement,>%3] are possible techniques for minimizing this
gap to the nanometer scale. For example, Shi et al. proposed a
novel mode of electrochemical nanofabrication that produced
a nanogap of around 100 nm via atom-scale junction forma-
tion.® More recent studies by Geng et al. demonstrated the
use of template-assisted electrodeposition of Fe-based alloy
nanowires to create a thin nanowire segment via electro-
displacement with noble ions like Cu(I1).°3! The displacement
layer was embedded between two Fe-No-Co layers, and the de-
alloyed penetration length was carefully controlled in order to
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form nanowire segments. A general Tafel model that relates
with etching time of the displacement reaction with copper
ions and the de-alloying corrosion reaction with protons was
developed and used to predict the effect of these parameters on
penetration length. It was found that a proton-to-copper ratio of
0.5 provided the longest etching time, which eventually led to
the smallest diameter (less than 30 nm) of nanowire segments
(Figure 3L,M). Nanowires prepared by electrochemical etching
can therefore be very promising in fabricating electrodes that
require higher sensitivity, such as those used for molecular
sensing applications.

3.2.4. Nanomaterial-Based Electrode Fabrication

One of the most commonly used nanomaterials for fabricating
nanoelectrodes are carbon-based materials.**%l To create
nanosurfaces on conventional electrodes, CNTs were coated on
different substances, such as stainless steel *®! tungsten wire, %!
glassy electrode,® and copper electrodes!!® via four different
methods: deposition from aqueous solution, chemical vapor
deposition (CVD),"U electrochemical deposition,”] and poly-
merization.®® Gabay et al. directly synthesized CNTs on p-type
silicon microelectrodes with a Ni catalyst layer via chemical
vapor deposition at 900°C.’”] Dense and intertwined CNT
meshes grown over the microelectrode surface resulted in a
large drop in impedance. Well-resolved spikes with exceptional
signal-to-noise characteristics were observed from rat cortical
neuron recordings.

Similarly, graphene was also used as a nanomaterial in
nanoelectrode fabrication. Hess et al. prepared graphene by
chemical vapor deposition (CVD) and transferred the material
onto sapphire substrates. This resulted in a graphene-based,
solution-gated field-effect transistor (G-SGFET).I'%2 This study
revealed that graphene-based transistors have low noise and
large transconductive sensitivity (Figure 4A,B). However, this
CVD manufacturing process has its limitations within a high
temperature environment, and Ni catalyst layer deposition can
be a challenging task.l'®l This is a significant issue since most
coating processes, including covalent bonding, electropolymeri-
zation, and electrochemical deposition are typically conducted
at room temperature.l'% The history of eletrochemical deposi-
tion can be traced back to as early as 1985, when Gross and
his co-workers tried electrochemical deposition of an aqueous
suspension of multi-walled CNTs (MWCNTs) on indium-tin
oxide multi-electrode array (MEA) electrodes!'®! (Figure 4C).
The CNT coatings displayed a rice-like morphology on the elec-
trode surfaces. Measurements showed that the impedance sig-
nificantly decreased and charge transfer increased more than
40-fold when compared with uncoated samples.

In order to distinguish these different fabrication methods,
Keefer et al. compared three coating methods (aqueous depo-
sition, electrochemical deposition, and electropolymerization)
with their effect on electrode—tissue interfaces both in vitro and
in vivo.”! CNTs were first deposited via direct deposition from
an aqueous solution (0.3-3 mg mL™) of MWNTs, which can be
flanked by a thin CNT surface layer; however, results were not
ideal because this method cannot form uniformly and strong
banded CNT layers.”® On the other hand, electrochemical
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deposition was used to covalently attach acid-chloride-function-
alized CNTs to amine-modified electrode surfaces under con-
stant voltage conditions, at 10 V for 70-90 min. In addition,
carboxyl-modified CNTs were polymerized onto conductive
polymers under a 0.75 V applied voltage. Both of these methods
were very efficient at depositing CNTs that would yield neural
electrodes with enhanced conductivities. In addition, He et al.
also deposited SWNTs on gold substances via photopolymeriza-
tion.l'%! A monolayer cys-PEGDA was synthesized on the gold
electrode surface, and then the functionalized SWNTs were
purified and carboxylated by sonication in a mixture of sulfuric
acid and nitric acid (3:1, v/v). Results of photopolymerization on
Au-Cys-PEGDA surfaces under UV light exposure (A = 365 nm)
(Figure 4D) indicated that the hybrid hydrogel possessed good
electrochemical performance. In particular, the charge transfer
was quasi-reversible and diffusion-controlled, and R dra-
matically decreased from 428 000 Q for pure hydrogels to
42, 70 Q for hybrid hydrogels. In addition, PC12 neural cells
adhered well to the coating, which implied that the covalently
bonded coating offered good biocompatibility to neural tissues.
More recent work reported by Nicolas et al. used electropoly-
merization to coat MWCNTs on folating microelectrode arrays
(FMAs).'] During this process, a potentiostat with a platinum
counter and Ag/AgCl reference electrodes were used to apply a
constant 1.3 V coating potential for 30 s. SEM images showed
an open CNT layer with nanofibrous morphology on the micro-
electrode surface (Figure 4E). This coated electrode decreased
impedance in vivo and showed no disturbance to neural activity
upon CV stimulation.

Another widely used material in nanoelectrode fabrication
is CP (Figure 4F). CPs can be fabricated by either chemical or
electrochemical polymerization, which each carry their own
set of advantages and disadvantages.'®1%] Although oxida-
tive chemical polymerization enables the synthesis of highly
ordered structures and the possibility of larger scale production
as well as post-covalent modifications, the synthesis is more
complicated, and the resulting polymers often suffer from
poor electrical conductivity. These polymers are often doped
post-synthesis.'1% Additionally, sophisticated patterning tech-
niques, such as nanoimprint lithography™!l and hierarchical
patterning,['?l are often required post-chemical polymerization
to incorporate large-area nanoscale patterns. In cases when a
biomolecule is used as the dopant to improve biocompatibility,
chemical polymerization is not a viable approach because many
of these biological molecules are not compatible with the redox
chemistry that is required for chemical synthesis.''>!*l In con-
trast, electrochemical polymerization has been preferred and is
a more common method for fabricating CP coatings on neural
electrodes as it allows for direct formation of thin-layer polymer
coatings on the electrode site down to the nanoscalel'”! with
low impedance and good adhesion.[''®l Doping and entrapment
of molecules within CPs via electrochemical polymerization is
happening simultaneously without the need for post-synthesis
processing.l''’] In addition, the physical and electrical proper-
ties of the resulting polymer can be manipulated in a simple
one-step process by altering the polymerization conditions,
including the pH, temperature, applied voltage and choice of
dopant, which would enable a superior device for neural inter-
facing applications.[18l
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Figure 4. A) Schematic view of a CVD graphene sheet with a cell on the gate area;['% B) Optical microscopy image showing eight transistors in the
central area of a CVD graphene sheet (Scale bar = 50 um). Reproduced with permission.'% Copyright 2011, Wiley; C) SEM images of MWCNTs on
indium-tin oxide multi-electrode array (MEA) electrodes. Reprinted with permission.?'l Copyright 2011, IOP Publishing. D) Fabrication of photo-
polymerization of a hybrid hydrogel coating on a gold electrode surface. Reproduced with permission.'%! Copyright 2011, Elsevier. E) SEM images of
a CNT layer with nanofibrous morphology on the microelectrode surface (Scale bar = 3 um). Reproduced with permission.'"’] Copyright 2008, MDPI.
F) Schematic illustration of CP nanotube fabrication on neural electrodes: deposit biodegradable polymer, such as PLLA onto the electrodes, coated with
CP via electrochemical deposition, and dissolve the core fiber, then CP nanotubes are formed. Reproduced with permission.?'8l Copyright 2010, Wiley.

3.3. Electrode Evaluation and Characterization

Two primary charge-injection mechanisms have been proposed
at the electrode-tissue interface, capacitive reaction or Faradaic
reaction. Capacitive reactions only involve the charging and dis-
charging of the electrode—electrolyte double layer and can be fur-
ther subcategorized into electrostatic or electrolytic reactions. On
the other hand, other than capacitive charge-injection in which
no electron is transferred between the electrode and electrolytes,
Faradaic charge-injection involves oxidization or reduction of
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chemical species on the surface of the electrode or in solution
and therefore has electron transfer between the electrodes and
electrolytes.''%120 Since products formed by Faradaic charge
injection cannot be recovered by reversing the current, chemical
species generated and/or consumed during the stimulation pulse
may result in irreversible, toxic interactions with the surrounding
tissue. As a consequence, a Faradaic reaction sometimes is less
desirable than a capacitive charge-injection process.!'?!]

There are certain criteria when selecting materials as
implanted electrodes and those standards are mainly based on
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the assessment of biocompatibility and tissue-electrode imped-
ance at 1 kHz, a biologically relevant frequency within the
range of neural cell communication frequencies.l'??! First and
foremost, materials used for fabricating electrodes must be bio-
compatible with limited toxic effects to the surrounding tissue,
and should minimize foreign body or immune responses.
In order to reduce a tissue response, such as encapsulation
of electrodes or necrosis, numerous studies have been car-
ried out by different groups. The overall results summarized
by Agnew and McCreery'?%l suggested that metals including
silver, copper, nickel, magnesium, zinc and cobalt would induce
severe toxicity and an allergic response to local tissue while alu-
minum, platinum, titanium and CPs (like PEDOT) have much
better biocompatibility towards surrounding tissues.!'241%7] In
addition to the materials themselves, it is required that chem-
ical species generated by Faradaic reactions during the electrical
stimulation should not be toxic to local tissue. Second, mate-
rials should be able to maintain their integrity during and after
the surgery if it is for a long-term usage. There should not be
any movement between the implanted device and surrounding
tissue after the surgery and the electrode needs to remain stable
within the intended duration of use.'?!l Finally, in order to elicit
action potentials from neuron cells, a sufficient magnitude
of charges needs to be delivered in a pulse paradigm by the
electrode. In the meantime, however, the charge per electrode
surface area has to be controlled below the maximum surface
charge density of a material to minimize any electrochemical
reactions occurring on the electrode surface. Therefore, in
addition to size reduction, decreasing electrode impedance
and enlarging charge-injection capacity are the top concerns to
improve the operational lifetime of implanted electrodes. 2812
Consisting of two components, resistance and reactance,
impedance is a general circuit parameter that highly depends
on the species, surface area and surface roughness of an elec-
trode—electrolyte interface.3% Since simply increasing surface
area by increasing geometric size would have a negative effect
on in vivo applications, manipulating material morphologies,
such as increasing surface roughness, becomes a great strategy
to increase effective surface area without changing electrode
size. Some recent studies demonstrated that by coating PEDOT
or CNTs onto electrode sites and forming fibrils or films, effec-
tive surface area of the electrode was significantly increased and
impedance was decreased as a corresponding result.l’!:127]

To characterize and assess neural electrode electrochemical
behavior, cyclic voltammetry (CV), impedance spectroscopy and
potential/voltage transient measurements have been applied
both in vivo and in vitro. CV is a type of potential-dynamic
electrochemical measurement that can identify the electro-
chemical properties of analytes and provide information on
the thermodynamics, kinetics, reversibility and stability of the
electrochemical reactions on the electrode. In cyclic voltam-
metry, three types of electrodes, a test/working electrode, a
counter/auxiliary electrode and a reference electrode, are used
to measure the potential. The working electrode is the electrode
that is under investigated. The counter electrode is employed as
a sink so that the current can flow from the external circuit to
the site. Reference electrodes, in many cases Ag/AgCl or Hg/
HgCl/KCl, are electrodes that are stable and have a well-meas-
ured electrode potential. Generally, a cyclic voltammogram is
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plotted by detecting the current from the working electrode
during the sweep. More importantly, as reported by Negi et al.,
the CV response changes with different sweep rates, electrode
surface area and roughness, regardless of whether that elec-
trochemical reaction remains stable.l'3! In a study, a sput-
tered iridium oxide film (SIROF) was compared with activated
iridium oxide film (AIROF) concerning aspects of surface mor-
phology, impedance and charge capacity, and results from CV
indicated that SIROF had significantly higher internal area than
AIROF, which resulted in higher charge storage capacity (CSC).

Another electrode characterization method being used is
impedance spectroscopy. With electrochemical impedance spec-
troscopy (EIS), impedance and phase angle are obtained by first
applying a small sinusoidal potential with a fixed frequency,
and then repeatedly measuring and computing the generated
impedance at each frequency which is usually between 1Hz to
10° Hz.''® Since information obtained from EIS is significantly
more than single frequency measurements, this technique can
not only be used to investigate the recording capabilities of
electrodes and electron transfer rate of reaction, but also can
be useful in estimating the influence of tissue conductivity to
the overall electrode impedance. The last approach for elec-
trode characterization is voltage/potential transient measure-
ments, which is frequently used to estimate the maximum
charge-injection capacity and maximum positive and negative
polarization under a controlled current/voltage. Similar to CV,
a noncurrent-carrying reference electrode can be employed in
this method as well. The resulting curve of voltage transients of
the working electrode vs reference electrode during long-term
pulsing will indicate whether the electrode is stable and safe
to use.''® Although the voltage transient measurement is one
of the commonly used approaches to detect charge-injection
thresholds, additional concerns and limitations appears as well.
For instance, as indicated by Cogan et al., current density has
to be measured as well since charge-injection capacity heavily
relies on it. In addition, the charge-injection capability can only
be an estimated value since the stimulating current is nonu-
niform and could cause an electrode potential to vary over the
electrode surface.132]

4. Nanomaterials Used for Neural Electrodes

4.1. Overview of Nanomaterials used for Neural Electrodes

The application of nanotechnology to neuroscience is of great
interest since signal processing of neurons always occurs below
the micrometer level. In recent years, progress has been made
with nanotechnology to form bioelectrical contact with live cells
in the nervous system.'®! Nanoelectrodes are electrodes with a
critical dimension in the nanometer range, and can be further
categorized into individual nanoelectrodes, nanoelectrode arrays
(NEAs), or nanoelectrode ensembles (NEEs).3%134 Generally,
nanoelectrodes are recognized by their length scale and critical
dimensions that control the electrochemical response. Similar
to microelectrodes, nanoscale electrodes are expected to reduce
the size to a greater extent. Compared to conventional electrodes
with a millimeter diameter range, the primary advantage of
developing nanoscale electrodes is the enhancement of the mass
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transport phenomenon with radial diffusion. This high speed
mass diffusion due to electrode size reduction can bring about
faster electrochemical reactions, since the electron transfer pro-
cess is no longer limited by mass transport.3>13¢] As a result,
nanoscale electrodes and interfaces offer unique benefits in
numerous neural interface applications, including improving the
sensitivity of neural interfaces, ability to execute single live-cell
studies and/or the development of highly efficient personalized
biosensors. In other electrochemical applications, the enhance-
ment of reaction rates and amplification of bio-signals have also
been demonstrated by different research groups.[t33134

However, critical technical challenges, such as the increase
of impedance and Johnson noise, also arise with the size reduc-
tion of conventional electrodes. Since the Johnson noise, also
known as thermal noise, is proportional to the square root of
the resistance of the electrodes, metal/alloy electrodes with
large impedance will have difficulty in obtaining relatively
weak extracellular potentials from baseline noise.'% Mean-
while, long term stability is another critical factor that has to
be considered in designing nanomaterials. As a consequence,
sufficient mechanical strength and toughness have to be
maintained after miniaturization without compromising the
ability to transfer electrical charge between the electrode and
the tissue.l'””] In this sense, classical metallic materials that
have been used to fabricate neural electrodes may not remain
applicable and new types of materials, such as conductive poly-
mers and hybrid organic-inorganic nanomaterials, have begun
to emerge as promising candidates for fabricating nanoelec-
trodes.[38 All properties of these nanomaterials pertinent for
neural applications can be found in Table 1.

4.2. Graphene
4.2.1. Overview of Graphene

To date, most implantable electrodes are composed of silicon
and/or noble metals. Although these rigid materials meet most
criteria and present good chemical stability, drawbacks such
as inducing “glial scar” on the electrodes!’? that eventually
weaken the intensity of the desired signal (signal-to-noise ratio)
impede their long-term biomedical applications. To address this
obstacle, several attempts have been made to discover potential
candidates that possess better electrical conductivity and sta-
bility in the biological environment. Among all proposed mate-
rials, carbon-based nanomaterials such as graphene and CNTs
are believed to be excellent candidates as neural electrodes
and have been intensively investigated owing to their unique
chemical and electrical properties.'*] Distinguished from the
3D structure of CNT, graphene is formed by a single 2D layer
of sp>-hybridized carbon atoms in a hexagonal arrangement,!'*!]
and this major structural difference leads to their improvement
in many aspects, such as electronic biosensing.['

4.2.2. Electrical Properties

Among all of graphene’s exceptional properties, including
exceptional surface area and mechanical strength,143-14]
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electrical (146]

147]

thermal and conductivity, and  high
carrier/electron mobility,! biomedical researchers have
focused on their electrochemical properties. As one of the
most promising candidates for neural engineering, gra-
phene has been used as a complement for silicon and metal
electrodes to develop novel neural interfaces and electrical
recording devices with higher conductivity and lower toxi-
city.1*31%4 In a study by Perez et al. in 2015, graphene suspen-
sions prepared by electrochemical exfoliation were combined
with iridium oxide nanoparticles (IrOx—eG) to improve charge
capacity and cell viability. Compared with pure IrOx coatings,
this graphene-based coating enhanced neural stimulation fre-
quencies without compromising cell compatibility and mate-
rial stability.'*® Another study reported by Chiu et al. also
pointed out that graphene modified silver electrodes had less
of a phase shift phenomenon in electrochemical impedance
spectroscopy (EIS), which indicated a pronounced improve-
ment in reducing electrode impedance.'*”] In addition,
Li et al. stated that compared with bare carbon paste electrodes
(CPE), graphene doped CPE exhibited a better performance
with respect to electrocatalytic activity, mostly owing to the
greater conductivity and larger surface area of graphene.['+’]

Apart from pure graphene, graphene derivatives, particularly
graphene oxide (GO) and reduced graphene oxide (rGO), have
also been applied in constructing neural interface composites.
GO has been employed in a variety of fields such as electronic
and imaging.">*131 For instance, a glassy carbon (GC) electrode
was coated with a monolayer of a GO sheet and electrodepos-
ited with Au nanoparticles, and the fabricated nanoelectrode
ensembles (NEEs) were applied as DNA detection probes. As
a result, the GO and Au modified NEE showed both higher
sensitivity and better stability, and were able to detect as low as
0.5 amol DNA in a 5 pL solution. Another study also reported
that wet-spun liquid crystal graphene oxide (LCGO) fiber brush
electrodes exhibited high charge injection capacity and the
ability to stimulate retinal ganglion cells.}47]

However, due to their electrically insulating properties,
other conducting materials such as conductive polymers and
metals are usually combined with GO to fabricate electrodes.
In addition, more recent studies have begun to raise concerns
on its cytotoxicity towards different types of cells,['*? mainly by
inducing reactive oxygen species (ROS)."*3 As a result, tGO
has emerged as a promising alternative for fabricating neural
electrodes. Since a single layer of defect-free graphene is dif-
ficult to produce, the synthesis of graphene oxide followed by
a chemical reduction of the oxygen group provides an alterna-
tive way to produce graphene-based nanomaterials with higher
hydrophilicity (Figure 5A,B).'>*l Synthesized rGO or chemically
converted graphene have been widely investigated by various
groups. To better understand its electrochemistry properties,
electron transfer studies on reduced graphene sheet films
(rGSFs) were conducted and the synthesized graphene was
examined with different redox species, including Ru(NH3) /2,
Fe(CN)g* /%, Fe3*/** and dopamine. By calculating electron-
transfer rate constants (k% from cyclic voltammetry (CV), Tang
et al. demonstrated that the exceptional electronic structure of
graphene enables faster electron transfer and therefore renders
a significantly higher k° value as compared to glassy carbon
electrodes.[>]
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Table 1. Nanomaterials and their properties used for electrode fabrication.
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Electrical properties

Mechanical properties

Biocompatibility References

Materials
Graphene Pristine Graphene
GO
rGO
Carbon SWCNT/PEGDA
Nanotubes
(CNTs)
PEDOT/MWCNT
Purified
MWCNTs
CPs PPy/SWCNT
CNT
multi-electrode
arrays
PEDOT nanotubes;
PPy nanotubes
Hybrid PPy/SWCNTS;
materials PEDOT/CNTs

PPy/SG; Graphic
foliates/MWCNTs;
GO/PEDOT

PVA/PAA;
PEG/PU

PPy/Alginate; PEDOT/
Algin-ate; PEDOT/
RGD-alginate; PNAI/
heparin-methacrylate

CNT/GelMA

Graphene/PDMAA

Improved charge capacity and
enhanced neural stimulation
frequencies were found in vitro;
reduced silver electrode impedance;
increased signal-to-noise ratio.

Electrically insulating, usually
combined with other metals to improve
electrode sensitivity and stability.

Enabled fast electron transfer; reduced
glassy carbon electrodes impedance;
reduced impedance values when
compared to SWCNT in vitro.

Quasi-reversible, diffusion-controlled
charge transfer.
Charge transfer resistance
decreased by order of magnitude.

Significant decrease in TkHz
impedance at early times.
Increased charge storage capacity
(study conducted in vivo).

Increased synaptic currents and
action potentials measured by

current clamp recordings in vitro.

High safe charge injection limit,
low 1 kHz impedance,
good stability.

High surface and volume
specific capacitance. Low and
consistent impedance in range from
1 Hz to 20 kHz. High fidelity.

Impedance of neural electrode sites
decreased and charge storage capacity
increased compared to both bare
iridium and CP films.

Higher safe injection limit; 95%
reduction in impedance at 1 kHz;
improved electrochemical stability;
higher signal to noise ratio.

Improved both conductivity and
electrochemical stability.

Can suffer from a loss of electrical
properties (exemplified by an
increase in impedance and a

decrease in charge storage density).

Significantly lower impedance
at 1 kHz both in vitro and
in vivo; increased charge

storage capacity; improved
signal to noise ratio.

Excellent anisotropic
electrical conductivity.

Low impedance and
high conductivity.

High tensile strength
and high stiffness.

High tensile strength
and high stiffness.

High tensile strength
and high stiffness.

Soft hydrogel
reinforced
by addition

of SWCNTs.

Flexible and
durable.

Less susceptible to
delamination compared
to PEDOT or PPy films

Improved mechanical
stability.

Tunable mechanical
properties.

Have the potential to

decrease elasticity down to

the range of 1-10k Hz,

which can provide additional
mechanical buffer zone.

Elastic moduli of 1 mg/ml
CNT/GelMA was 23 kPa.

Compressive strength of the
graphene/PDMAA was around

2.62 MPa; self-healing.

Improved metal electrode [147,148,159,288]
biocompatibility in vitro; increased
ROS levels and cytotoxicity at

high concentrations in vitro.

Concentration dependent [140,152,153]

cytotoxicity.

Facilitated cell proliferation and
neurite outgrowth on PC 12 cells; limited
short-term toxic effect and non- significant

[155,156,163,171]

neurotoxicity up to 7 days in vivo.

Good attachment and growth
of PC12 cells in vitro.

[289]

Encapsulated within protein corona [107]
in vivo (rat visual cortex). Successful

signal recording up to 11 days.

Maintained cell adhesion and increased [194]
dendrite elongation of hippocampal

neurons in vitro.

Good attachment and neurite
outgrowth of PC12 cells in vitro.
Significantly lower glial fibrillary

[213]

acidic protein and higher neuronal
nuclei immunostaining in rat cortex.

Improved rat cortical cell [290]
attachment in vitro. Increased

extracellular signals recorded.

Cultured dorsal root ganglion [297]
explant remained more intact

and exhibited longer neurites.

Excellent biocompatibility and cell [292,293]
adhesion in vitro; decreased expression
of GFAP and higher neuronal density

in the vicinity of the implant in vivo.

Exhibited minimal cytotoxicity and [255,294,295]
supported neuron growth

with longer neurites.

Higher neuron density, enhanced [273,274]
production of neurite extensions,
significantly lowered GFAP levels and

attenuated glial scarring.

Non-cytotoxic to spiral [281,282,287,296]

ganglion neurons.

Preserved high cell viability and [285]
supported cell adhesion.
Good cellular attachment [286]

of PC-12 cells.
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Figure 5. A) Structural differences between graphene, graphene oxide, and reduced graphene oxide. B) Reaction steps of graphite to reduce graphene
oxide. Reproduced with permission.l'>l Copyright 2016, InTech. C) Schematic diagram of the CLEAR device. D) In vivo impedance value of CLEAR and
platinum micro-ECoG at 1 Hz. Data shown as mean + SD of impedance extracted from 16-channel measurement. Reproduced with permission.[15!
Copyright 2014, Nature Publishing Group. E) 5 days of cell culture. Scale bars = 100 pm and F) neuronal differentiation of PC12 cells on SWCNT-net
and rGO film. Scale bars = 50 pm. G) Confluence percentage of PC12 cells when cultured with SWCNT-net (black circles) and rGO (white circles) for
up to 5 days. Data are shown as mean £ SE. H) Cell viability assay (MTT) showing cell metabolic activities. PC 12 cells were cultured with SWCNT-net
or rGO film for 4 days. Data are shown as mean = SE, N = 3. 1) Left: PC12 cells differentiation percentage. Mean £ SE are from >1000 cells on three
samples and; Right: average neurite length treated with nerve growth factor (100 ng mL™) for 4 days. Data calculated from 90 cells on three samples.

Reproduced with permission.['%3 Copyright 2010, American Chemical Society.

In addition, according to a previous study conducted by
Zhou et al., rtGO modified glassy carbon (CR-GO/GC) elec-
trodes showed high electrochemical activity with a coefficient
of 0.092 cm? (compared to GC electrodes = 0.0706 cm? and
graphite/GC = 0.0560 cm?), as calculated from chronocoulo-
metric curves. In AC impedance experiments, CR-GO/GC also
exhibited minimum impedance (160.8 ) as compared to GC
(200.7 Q) and graphite/GC (407.6 Q) electrodes.['>]

However, there are drawbacks associated with the 2D struc-
ture of graphene. Due to its flat surface, charge transfer capacity
is largely limited and sheet resistance is relatively high17:158]
Consequently, the intensity and efficiency of electrostimulation
will be hindered. To address this problem, various electrocorti-
cography (ECoG)-based arrays have been developed by different
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groups to record and stimulate neural signals with minimum
invasion and improved signal quality.'>*'¢ For instance, Park
et al. developed a graphene-based, carbon-layered electrode
array (CLEAR) device that can be implanted onto the brain sur-
face to record high-resolution signals (Figure 5C). Apart from
conventional ECoG devices that contain either opaque conduc-
tive metals that are impossible to stimulate directly at the inter-
face, or transparent indium-tin oxide (ITO) composites that
are fragile and only show spectrum-dependent transparency,
CLEAR presented broad-spectrum transparency and mechan-
ical flexibility. Briefly, the CLEAR device was fabricated by
coating parylene C onto a silicon substrate via chemical vapor
deposition (CVD). Traces and pads were then patterned with
gold using electron beam evaporation. Four layers of graphene
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were subsequently coated onto the parylene surface by wet
transfer, and the device was removed from the silicon wafer.
In order to leverage the conductivity and the transparency of
the material, the sheet resistance and transmittance of different
graphene layers was measured. Results indicated that four
layers of graphene achieved the best balance with a decrease of
76 Ohms per square in resistance compared to one graphene
layer while retaining 90% transmittance.'*1¢1 In addition,
to assess the overall performance of CLEAR in vivo, imped-
ance, baseline signal and electrical-evoked potentials were
measured and compared with those of conventional platinum
micro-ECoG arrays in rodents (Figure 5D). The CLEAR device
presented similar capability with platinum ECoG in imped-
ance control and signal pick-up. Moreover, it exhibited better
performance in fluorescence and optical coherence tomography
(OCT) imaging owing to broader spectrum transparency.

Another study reported by Lu et al. proposed a porous gra-
phene-coated polyimide electrode fabricated by laser pyrolysis,
which can potentially eliminate the delamination phenomenon
generated during the coating procedure. This flexible ECoG
array succeeded in increasing the charge injection capacity
(CIC) of the neural electrode from as low as 0.15 mC cm™
in conventional platinum electrodes to 3.1 mC cm™ while
retaining high flexibility and low impedance.!%?] Results from
the in vivo study also proved that the device was able to record
even weak potentials with a high signal-to-noise ratio.’>’!

4.2.3. Mechanical Properties and Biocompatibility

As one of the thinnest yet strongest materials ever discovered,
graphene has an intrinsic tensile strength as high as 120 GPa
in situ and a stiffness (shown in Young’s modulus) of 1.02 *
0.03 TPa.l'%1 In comparison, the stiffness of SWCNT and
MWCNT range from 0.27 TPa to 1.47 TPa.l'®>1%0l Although
carbon-based nanomaterials like graphene and CNTs are histor-
ically significant in the field of electronics, these materials can
potentially be cytotoxic due to their role in generating reactive
oxygen species (ROS) in vivo.l'”l Therefore, biocompatibility,
in addition to mechanical flexibility and tissue compliance, of
the implanted electrodes remains a big challenge for graphene-
based neural interfaces. To address this, several studies on the
biocompatibility of graphene-based materials have been carried
out in vitro but the results vary. For example, by comparing the
mitochondrial activities and membrane integrity of PC 12 cells
between graphene and SWCNT using the 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and
lactase dehydrogenase (LDH) assay, Zhang et al. demonstrated
that graphene had better cytocompatibility at high concentra-
tions (=100 w g mL™!) over SWCNT but induced more cell
apoptosis at low concentrations (=10 w g mL™).l'®7] On the con-
trary, Yi et al. concluded that there was no obvious cytotoxicity
to PC 12 cells when the graphene concentration was below
20 ug mL™'. However, both studies shared the observation that
if the concentration increased from 20 to 100 pg mL!, ROS
levels would significantly increase and toxic effects towards
cells would begin to emerge.['®®! More recently, Fabbro et al.
conducted a series of experiments with graphene-based sub-
strates (GBSs), liquid phase exfoliation graphite (LPE-GBS)
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and ball milling graphite (BM-GBS), and evaluated their bio-
compatibility towards brain cells in vitro. A comparison of the
neural input resistance and cell capacitance values of LPE-GBS
and BM-GBS relative to peptide-free control substrates showed
that both LPE-GBS and BM-GBS had no negative impact on
neuronal cell growth. Biocompatibility was further evaluated
by measuring postsynaptic currents (PSCs) with different sub-
strates individually. The intact integrity of the neuronal synaptic
network demonstrated that the GBS acted as an inert interface
and had no effect on normal tissue behavior.[1%]

Although more data is required to have a clearer under-
standing concerning the minimum toxic dose of graphene,
there seems to be a better agreement on the biocompatibility
of rGO. In a study published in 2010, Agarwal et al. introduced
reduced graphene oxide (rGO) films and single-walled CNTs
network (SWCNT-net) to PC12 neural cells and osteoblasts,
and compared both their conductivity and biocompatibility in
vitro (Figure 5G-I). According to the results, the sheet resist-
ance of the rGO film (3 kQ sq7!) was significantly lower than
that of the SWCNT-net (100 kQ sq). Moreover, cell viability
and neurite-genesis of PC 12 cells indicated that the rGO out-
performed the SWCNT-net in facilitating cell proliferation as
well as in inducing more neurite outgrowth. In addition, unlike
CNT, graphene produced by chemical or thermal reduction
of graphite oxide (GO) did not contain any transition metals
(i-e., Fe or Ni) and therefore should enable higher purity for
electrocatalytic studies of carbon materials.'%3l A very recent
research published by Mendonga et al. further evaluated the
in vivo toxicity by administering rGO intravenously in rats. In
this study, neuron and astrocyte cytotoxicity, nephrotoxicity and
hepatotoxicity were assessed. Specifically, motor abnormali-
ties such as dyspnea and convulsions, were evaluated and rats
treated with rGO didn’t show any neurotoxic symptoms.['7% In
addition, neurotoxicity in tissues, such as the hippocampus,
was investigated. Histological stains of the hippocampus were
conducted to evaluate inflammation and necrosis. Neuronal
viability was also evaluated by measuring nuclear antigen pro-
tein (NeuN) levels. Results indicated that neurotoxicity slightly
increased at 15 min post-administration but returned to normal
level at 1, 3 h and 7 days post-administration. As a conclusion,
although a limited short-term toxic effect was recorded after
administration, rGO didn't induce any significant neurotoxicity
nor alter neuron morphology 7 days post administration.[”!]

In summary, the exceptional electrical and mechanical prop-
erties of graphene and graphene derivatives have been studied
by various groups, and promising in vitro results presented.
Admittedly, graphene-based materials have attracted wide-
spread attention due to their potential applications in neural
electrodes, biosensors, and drug delivery systems. However,
information quantifying their long-term toxicity and stability in
vivo require further input and investigation.'44

4.3. Carbon Nanotubes (CNTs)
4.3.1. Overview of Carbon Nanotubes (CNTs)

Carbon nanotubes (CNTs) are hollow cylinders formed by one
(single-walled CNTs, SWCNT5) or several (multi-walled CNTs,
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MWCNTs) layers of graphene (Figure 6A-C).'’Z As men-
tioned above, CNTs can be fabricated via a variety of methods,
including chemical vapor deposition (CVD) and arc-discharge,
and they have garnered high interest in a number of different
fields due to their unique mechanical, chemical, and electrical
properties.

4.3.2. Mechanical and Electrical Properties

The electronic properties of CNTs depend on their geometric
construction. SWCNTs can exhibit either semiconducting or
metallic conductivity depending on their chirality (i.e., the angle
at which the graphene sheet is rolled),!”3] whereas MWCNTs
show only metallic behavior.”#175l While eatly synthesis

www.afm-journal.de

procedures were only capable of producing mixtures of metallic
and semiconducting SWCNTs, Chen and colleagues designed
a process to simultaneously assemble and separate the two
classes of SWCNTs via a dielectrophoretic mechanism.['7%! In all
of their forms, CNTs exhibit a wide electrochemical window,[””]
and the magnitude of currents that can be achieved, typically
scale with the area of exposed CNTs.['78]

In combination with their high conductivity, the dimen-
sions of CNTs make them well-suited for applications within
neural electrodes. CNTs morphologies resemble neurites!'”’]
and their structural features share similarities with those of
the neural machinery (ion channels, signaling proteins, ele-
ments of the neuronal cytoskeleton, and others).'8 In gen-
eral, smaller electrode sizes are desired in order to gain
improved spatial resolution of electrical signals within neural

: VIS
[
o2e02e20%0 % A
copere SOSe a0 IsLes { Bxn%
928 220 %

etERcataecH

NS

D electrode surface

MWCNT-Ppy surface
MWCNT-Ppy

metal tip coated metal tip

) -«

H

50 um 50 um 2 um

E impedance G - ~

16 g [ 87 -]

b pr;tlm ze ! ‘é‘-"} N

H 159

g £, (87 FET7
= ! 10/ i
S g £ |

10 -4 i

mwinT-Ppy I Mlseealll KM ]
10° 10' 10° 10° 10° 10° control CNTs control CNTs
Frequency (kHz) 100 10? 102 103 104 105
Frequency (Hz)

Figure 6. A) Single-walled carbon nanotubes (SWCNTs) can be created by rolling up a monolayer of graphene.[?1% B) Rolling the graphene sheet along
different vectors results in CNTs with different structures.['% C) Scanning tunneling microscopy image of a semiconducting SWCNT.?'% Reproduced
with permission.2'% Copyright 2013, Elsevier. D) SEM images show an uncoated electrode tip (left), a tip coated with MWCNT-PPy (middle), and
a high magnification image of the MWCNT-PPy coated tip (right).?'] E) Impedance spectroscopy showed a significant decrease in the impedance
modulus. Reproduced with permission.2'l Copyright 2011, IOP Publishing. F) SEM images showing neurons grown for 3 d on unmodified control
nanotubes (upper) and nanotubes coated with 4-hydroxynonenal (lower). G) The right panels show portions of the left panels at higher magnifica-
tion. Scale bars: left panels, 5 um; right panels, 100 nm.?'2 Reproduced with permission.['2 Copyright 2000, Springer. H) Hippocampal neurons
grown on CNT substrates exhibited significantly increased spontaneous postsynaptic currents (PSCs) and action potentials (APs). **P < 0.0001 and
*P < 0.05.1% Reproduced with permission.l'*!l Copyright 2005, American Chemical Society. H) The frequency dependent diffusion impedance (ZD)
of electrodeposited PPy/Cl (top curve), PPy, PPS (middle curve), and PPy/SWCNT (bottom curve) are plotted against frequency.?' Reproduced with
permission.[?'®l Copyright 2010, Elsevier.
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tissue. However, one of the major drawbacks to conventional
metal electrodes is the increase in impedance that accom-
panies a decrease in size.l'%17] This increase in impedance
makes the detection of small extracellular potentials very
difficult. To overcome this, commonly used electrodes have
been modified with CNTs to increase the tip surface area,
thus decreasing the microelectrode impedance without sig-
nificantly affecting the geometrical tip size (Figure 6D,E).¢!
For instance, Keefer et al. coated conventional tungsten and
stainless steel electrodes with CNTs.['®1l The CNTs coating
enhanced both recording and electrical stimulation of neu-
rons in culture, rats, and monkeys by decreasing the elec-
trode impedance and increasing charge transfer. Chen et al.
demonstrated that carbon fiber nanoelectrodes modified with
SWCNTs were capable of detecting electrically active analytes
from single cells.[182]

To stimulate a neural response, a minimum charge magni-
tude must be delivered. However, to avoid irreversible chemical
reactions, this value should not exceed the maximum charge
injection density of the electrode material.'% Additionally, it is
important to avoid faradic reactions at the electrode interface
that may result in damage to the surrounding tissues.[!83184 For
example, activated iridium oxide provides a high charge injec-
tion limit via a reversible faradic reaction,'®”! but it has been
reported to delaminate under high current pulses to deposit
particles in the surrounding tissue.'®® In contrast, CNTs
deliver current primarily through charging and discharging
their interfacial double layer, instead of through faradic reac-
tions.'% Thus, via this capacitive mechanism, no chemical
change occurs to either the tissue or the electrode during stim-
ulation of neural tissue. Additionally, the maximum charge
density for CNT-coated electrodes has been reported to be twice
that of similarly sized iridium oxide electrodes.'8”]

4.3.3. Biocompatibility

For interfacing with biological tissues, CNTs can be easily
functionalized to improve their solubility in a variety of sol-
vents and to reduce their cytotoxicity.'3-1°1 While CNTs
undoubtedly possess excellent mechanical and electrical
properties, their application for neural interfaces requires
that they should not elicit negative biological reactions that
could dampen electronic communication (i.e., resulting
from inflammation or glial scar formation) or more impor-
tantly, damage neurons. Unmodified (pristine) CNTs are
often considered non-biocompatible, or toxic towards bio-
logical tissues.['80192193] However, CNTs can be easily modi-
fied to improve their biocompatibility. For example, Mattson
et al. reported that neurons grown on unmodified CNTs did
not spread out appreciably, whereas neurons grown on CNTs
coated with the bioactive molecule 4-hydroxynonenal extended
multiple neurites with extensive branching (Figure 6F).[%2
After unsuccessful attempts at preparing a substrate of
unmodified CNTs, Lovat et al. functionalized the CNTs with
pyrrolidine to increase their solubility in organic solvents,
which allowed a lawn of CNTs to be coated onto glass. The
organics and functional groups were subsequently heated
away, and single-cell patch-clamp recordings indicated that
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hippocampal neurons grown on CNTs exhibited significantly
higher electrical network activity compared to neurons grown
on glass control substrates (Figure 6G).[1%4

Functionalization of CNTs can be accomplished by either
covalent or non-covalent interactions.'® Non-covalent func-
tionalization allows the preservation of the aromatic structure
of CNTs without damaging their electronic characteristics, '8
and can be achieved by combining the CNTs with surfactants,
polymers, peptides, or single-stranded DNA.['%>-1%I It has
been suggested that SWCNTs offer more precise function-
alization strategies compared to MWCNTs.[1992001 Using a
streptavidin/biotin system, Shim et al. demonstrated that
high specificity can be achieved via SWCNT functionaliza-
tion.2l SWCNTs functionalized by co-adsorption of a sur-
factant and poly(ethylene glycol) were capable of resisting
nonspecific adsorption of streptavidin, whereas SWCNTs
co-functionalized with biotin and protein-resistant polymers
encouraged the specific binding of streptavidin onto the
SWCNTs.

CNTs can be utilized for neural electrodes in a variety of
ways, either as part of a composite electrode or by using an
individual CNT as the electrode tip. Chen et al. fabricated
nanoelectrodes from single CNTs that were connected to tung-
sten or carbon fiber probes and coated them with an insulating
material except at the CNTs apex.?92l They reported similar
electrochemical behavior to the commonly used carbon fiber
probes, but noted that the significantly reduced electrode
area provided much higher spatial resolution and signal-to-
noise ratio. Heller et al. fabricated a similar assembly and
demonstrated that the unique geometry of the SWCNT nano-
electrodes allowed them to resolve the kinetics of super-fast
electrode reactions.[?03]

Alternatively, several research groups have implemented
CNTs within composite electrode designs to achieve desired
macro-scale shapes or functions while taking advantage of
the geometric and electronic properties of CNTs. He and col-
leagues noted that SWCNTs provided conductive properties
and mechanical reinforcement to soft, non-conductive hydro-
gels (PEGDA).1%l Moreover, by encapsulating the SWCNTs
within the hydrogel, the cytotoxicity of CNTs was not a con-
cern. Lu et al. electrochemically co-deposited polypyrrole/
SWCNT (PPy/SWCNT) films that exhibited a high safe
charge injection limit and low electrode impedance at 1 kHz
(Figure 6H).2% When implanted into the cortex of rats, the
electrodes induced significantly lower glial fibrillary acidic
protein (GFAP) and higher neuron density in the proximity
of the implant. CNTs are highly conductive and can be easily
implemented for neural electrodes in a variety of ways,
including within microelectrode arrays (MEAs),2% or as verti-
cally aligned carbon nanofibers (VACNFs) that assemble into
conical shapes to easily interface with cells.?%l CNTs have
been used for electrochemical applications requiring ultra-low
detection limits,?”] and have shown promise in vivo for both
neural recording!'®”! and stimulation.?%! For chronic appli-
cations, CNTs have even shown promise for directing stem
cell differentiation towards the neuronal lineage.?% Ulti-
mately, the electronic properties and physical dimensions of
CNTs could have a significant impact on the future of neural
interfaces.
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4.4. Conducting Polymers (CPs)
4.4.1. Overview of CPs

CPs are a class of unique polymers that present alternating
single and double bonds along the backbone, a conjugated
system that confers semiconductive properties to the polymer
by allowing charge mobility along the polymer backbone
and between adjacent chains?'¥ (Figure 7A). When neutral-
ized and stabilized with appropriately charged dopants via
chemical or electrochemical oxidation or reduction during
fabrication, CPs can possess metal-like high conductivity.l'*3!
As an electrical potential is applied, the dopants will act as the
charge carriers and move in and out of the polymer, creating
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a continuous pathway that allows charge to pass through.?!

CPs are gaining significant attention for the development
of neural interfaces due to their capacities to leverage elec-
trical, mechanical and biological properties. In general, most
CPs present a number of unique advantages in the context
of neural interfacing, including high charge storage capacity
(CSC), low impedance and high injection limit compared to
bare metal electrodes.l?#?1% In addition, they have the ability
to alleviate the mechanical mismatch between electrodes and
neural tissues and to entrap and controllably release biological
molecules that help enhance biocompatibility and improve
tissue integration (i.e., reduced inflammation and enhanced
neuron regeneration). Thus, modification of a neural electrode
with CPs has long been suggested to be a promising approach
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Figure 7. A) Chemical structures of various CPs. Reproduced with permission.?!l Copyright 2007, Elsevier; B) Endothelial cells cultured for 4 h on
FN-PPy in either its native oxidized state, or C) after reduction by the application of —0.5 V for 4 h, indicating that electrical controls can be achieved
by switching the redox state of CPs (x 700). Reproduced with permission.?*2 Copyright 1994, National Academy of Sciences; D) FRET ratios on the
pixel device as a function of applied bias and position, color of the surface indicates local FN conformation and the corresponding schematics of
conformation are shown above the surface. The inset shows the device configuration; E) Relative number of adherent 3T3-L1 mouse fibroblasts on
fully oxidized (+1 V) and reduced (-1 V) pixels, for varying doses of a 3 1 function-blocking antibody. Reproduced with permission.?38 Copyright 2012,
Wiley; F) Schematic representation of the approach leading to the design of the target conductive polymer, mimicking the interactions between a cell
membrane and the ECM; G) Schematic representation of the device used for cell growth with applied electrical stimulation; H) Median neurite length
of PC12 cells on PEDOT and biomimetic PEDOT in the absence and presence of an applied pulsed electrical stimulation at amplitudes of 20, 40 and
60 mV; ) NGF secretion from primary Schwann cells cultured on biomimetic PEDOTs (prepared from 3 mm EDOT-MI and 7 mm EDOT-PC, conjugation
with RGD) in the absence and presence of an applied pulsed electrical stimulation at amplitudes of 20, 40 and 60 mV. Reproduced with permission.2#?l
Copyright 2014, Nature Publishing Group.
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in developing stable long-term neural implants with improved
performance.

4.4.2. Electrical Properties

One of the important reasons that CPs can be used to establish
a stable and effective communication link between biotic and
abiotic systems are their excellent electrical properties, like
high charge storage capacity (CSC), high injection limit and
low impedance.?Yl One of the benefits of CP coatings lies in
lowering the electrode impedance, and hence a decrease in the
voltage needed to achieve a stimulation effect similar to that
of a conventional metal electrode. This can potentially reduce
harmful electrochemical side reactions. In neural recording
applications, a decrease in impedance can lead to better
recording with a high signal-to-noise ratio (SNR).’® Cui et al.
reported that CP coatings can significantly reduce the imped-
ance of metal electrodes by up to two orders of magnitude at
1 kHz.['22l CSC improvement is another advantage of applying
CP coatings. Green and co-workers demonstrated that PEDOT-
coated Pt electrodes possessed a CSC of up to 130 mC cm2,
whereas Pt alone has values of around 6 mC cm?.?4 Simul-
taneously, it was discovered that the charge injection limit
of PEDOT was 30 times larger on average than that of Pt
which is beneficial for applications in which a high voltage is
required.

Although CP coatings have the potential to provide
enhanced electrical performance, there is the prevailing con-
cern that factors like repeating cycling cause a loss in electro-
activity over time. One of the examples can be found in the
case of a PPy/PPS film, in which a 95% loss in conductivity
was observed after 16 hours of polarization at 400 mV.7]
This was largely attributed to the loss of dopant molecules that
occurred during stimulation. Several strategies for improving
electrochemical stability have been proposed, including lay-
ering of a polymer?'® with complementary properties and
more commonly, the incorporation of CNTs.[83204219] Results
thus far demonstrate that improved stability, enhanced cell
adhesion and neurite outgrowth, and lower tissue responses
are possible.

4.4.3. Mechanical Properties

Traditional electrodes fabricated with pure metallic materials
are mechanically hard with a modulus of 50-500 GPa, and
in their conventional form, they are fairly inelastic and have
limited flexibility in 3D.[2%) A mismatch in mechanical proper-
ties and structural rigidity can lead to shear, which results in
chronic inflammation of the surrounding tissue and ultimately
isolation of the electrode.?'¥l Isolation of the electrode leads to
a reduction in effective signal transfer, which is purported to
cause a decrease in electrode performance. Developing alter-
native, soft materials with biomimetic mechanical properties
is therefore of key importance to overcoming these challenges.
Since CPs generally have a low modulus of around 1MPa to
5GPa, using CP coatings has been explored as a strategy for
improving the mechanical properties of the electrodes and
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providing a conformable and adaptable interface.l'*$220] Sparse
data produced from microtensile tests showed that a PPy/pTS
film can have a Young’'s Modulus from anywhere between 1.2
to 3.6 GPa, depending on the electrolyte used as well as the
voltage applied.??!l More recent studies further demonstrated
that the modulus of PEDOT-based CP films falls in the range
of 1-3 GPa,*22223] however, when hydrated, the Young's mod-
ulus of PEDOT/PSS can be as low as 40 MPa. Admittedly,
although this is at least three orders of magnitude higher than
that of neural tissues (=1 kPa),??¥l it still represents a sub-
stantial leap from the metallic electrode. Additionally, since
the conductivity of CPs is not as high as one would want it
to be, they must be patterned on more rigid substrates, such
as metals and silicon, which still dominate the overall stiff-
ness of the electrode shank. The conductive polymer coatings,
however, do dampen or mediate the mechanical differences/
mismatch at the immediate interface between the electrode
and the tissue. It is also worth noting that mechanical proper-
ties of the material in contact with the cells also have tremen-
dous effects on their biological behavior as evidence has shown
that cells can sense local matrix stiffness, which in turn are
likely to have important implications for the cell development
and differentiation.l?®! In this sense, although the same issue
of mechanical mismatch is still present, the addition of a con-
ductive polymer coating does provide an opportunity in medi-
ating interfacial mechanical mismatch and modulating cell
behaviors. Additionally, the problem of mechanical mismatch
can be further alleviated by the incorporation of a hydrogel as
described in section 4.5.

Although evidence suggests the potential of CPs to reduce
mechanical mismatch, many studies so far have been limited to
in vitro and sub-chronic in vivo assessment. In an experiment
carried out by Ouyang et al., PEDOT polymerized in vivo in a
living rat hippocampus showed an optimal decrease in imped-
ance within 3—4 weeks without causing significant deficits in
performance of a delayed alternation task.?2l However, more
in vivo evidence under chronic implant conditions has to be
presented to fully characterize the benefit of applying CPs to a
neural electrode.??”] Even if CP films may theoretically be able
to alleviate the mechanical mismatch at the electrode-neural
interface, mechanical stability remains a great concern for
chronic applications. One such concern that stands in the way
is the delamination of CP coatings in vivo, which can be further
accelerated by repeated volume changes at the interface driven
by the expulsion of dopants or incorporation of ions from the
electrolytel?’® during electrical stimulation. In response to
the high interest in developing stable CP coatings for chronic
applications, several improvement strategies have been pro-
posed. For example, laser roughening of the underlying metal
substrate has been shown to significantly improve adhesion of
PEDOT based systems without affecting the charge injection
limit of the coated material.?28 Other techniques to increase
the bonding strength between metal substrate and CPs include
the use of a “fuzzy gold” layer as an adhesion promoter for
PPy coatings,?”! the adoption of chemisorbed EDOT-acid as
an adhesion enhancer between PEDOT and indium thin oxide
(ITO),3% and the inclusion of dopamine as a bio-inspired
adhesive molecule during electrochemical polymerization of
PPy onto 1TO.[231]
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4.4.4. Biocompatibility

Although the immediate interface has been electronically and
mechanically improved in recent years, continued develop-
ment is pivotal in translating current CP coating technologies
into the clinic. However, there is a need to develop long-term
implants that circumvent a foreign body response and inte-
grate well with surrounding tissue. Towards this end, a lot of
effort has been given to investigate CP-cell interactions. The
first ever use of a CP inside a biological environment was led
by Langer and co-workers. Inspired by the reversible charge
density and wettability through electrical stimulation, they were
able to illustrate that reducing fibronectin-coated-PPy to its
neutral state by electrical stimulation inhibited aortic endothe-
lial cell spreading and DNA synthesis (Figure 7B,C).2*2 The
same group later applied similar principles on neuronal cells
(PC-12 cells) and demonstrated that cells electrically stimu-
lated by a PPy substrate resulted in almost a two-fold increase
in neurite outgrowth.?33l Subsequent studies indicated that the
enhanced neurite extension might be due to the increase in
adsorption of serum proteins, especially fibronectin, upon elec-
trical stimulation.?**l They further proved that electrical stimu-
lation is only effective when immediately applied, while in
delayed stimulation, in which fibronectin was allowed to adsorb
for 2 h, no significant difference was observed between stimu-
lated and unstimulated groups. This was possibly due to high
protein adsorption within the first 2 hours of exposure. How-
ever, more recent experiments indicated that protein adsorption
might not be the only factor responsible for cell adhesion and
growth. In a study done by Salté et al., better adhesion and pro-
liferation of neural stem cells were found on the oxidized side,
while interestingly, stronger and denser protein binding were
found on the reduced side.?*! Similar results were obtained
during an effort to electrically control cell density along a redox
gradient of PEDOT.?* Maximum cell adhesion was achieved
at either extreme but rather somewhere in between. Similar
principles have been applied to control epithelial cell-density
gradients along an electrochemical transistor;>”! however, the
underlying mechanism still remains elusive. It was not until
2012 that Wan and co-workers ascertained the importance of
fibronectin conformational changes on cell adhesion during
electrical stimulation of CPs. Significantly higher cell adhesion
was found on the oxidized site where fibronectin compactly
folded (Figure 7D,E).238 Only by understanding these under-
lying mechanisms can we rationally design proper CP coatings
that promote tissue electrode integration.

In addition to being electronically active, CP coatings, unlike
conventional metallic or inorganic semiconductor electrodes,
can be appended by functional molecules, such as extracel-
lular matrix (ECM) molecules or anti-inflammatory molecules.
These can be easily incorporated via simple adsorption, entrap-
ment, covalent binding or doping®’® to encourage neural
attachment and to reduce the likelihood of an inflammatory
response. One of the most heavily investigated molecules to
improve the biological responses of CP coatings is ECM or
ECM protein derived molecules due to their well-known role in
regulating cell attachment, proliferation, differentiation, migra-
tion and apoptosis.?*% It has been demonstrated that scaffolds
containing small, degradable polymer beads that release nerve
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growth factors (NGF) to mimic the chemical microenviron-
ment of developing tissue, improve the viability of fetal neural
cells transplanted into rat brains.?*% Incorporation of ECM
molecules and mediating their activated release has been one
of the leading strategies for improving the biological responses
of CP coatings. For example, oligopeptides like RGDIZ241242
and YIGSRI'?8 have been introduced into PPy and PEDOT
coatings, leading to increased cell adhesion in vitro, stronger
connections with the neuronal structure, and improved record-
ings at coated sites. A recent study carried out by Zhu et al.?*3!
developed a cell membrane-mimicking CP with oligopeptide
modification and was shown to resist nonspecific cell binding
and recognize neural cells specifically to allow intimate elec-
trical communication (Figure 7F,G). Both enhanced neurite
outgrowth and increased secretion of proteins from primary
Schwann cells under electrical stimulation were also demon-
strated (Figure 7H,I). Similarly, fibrillar collagen,>*4 nerve
growth factors,**>24% and neurotrophic proteins?*’! have been
immobilized into CP coatings and have been shown to pro-
mote cell survival, attachment, extension and differentiation.
However, concerns over foreign body responses limit their
application in chronic neural interfaces. In one study, although
improvements in neural attachment and neural recordings
were observed at an early stage, fibrotic tissue formation ulti-
mately isolated the electrodes from the target tissue, rendering
the electrode ineffective.l'?®l Toward this end, anti-inflammatory
molecules have been proposed for mitigating the initial inflam-
matory reaction as well as the ongoing presence of fibrotic reac-
tions at the neural interface.?*! The switchable redox state of
the CPs theoretically provides a unique opportunity to create
stimuli responsive drug delivery systems that can release drug
molecules on-demand through electroactivation. As a proof of
concept, an anti-inflammatory drug, dexamethasone, has been
successfully incorporated into PEDOT nanotubes'®! and PPy
films,?#250 and the release of the drug can be precisely con-
trolled through external stimulation with minimal toxicity to
neuronal cells. CP-coated electrodes hold significant benefits
over the conventional metallic electrodes by addressing some of
the limitations associated with mechanical mismatch and for-
eign body response and providing superior electrical, mechan-
ical and biological properties. However, designing an optimized
scaffold for neural interfacing requires a tradeoff between these
properties. Furthermore, despite the enhanced performance of
CP coated electrodes, concerns remain for mechanical stability
and chronic inflammation reactions. More in vivo evidence still
needs to be presented in the future to fully assess their benefits
under chronic implant conditions.

4.5. Hybrid Nanomaterials

While the electroactive materials discussed above individually
offer some aspects of chemical, mechanical, or biological sta-
bility compared to conventional metallic electrodes, none pos-
sess a complete set of properties necessary to maintain optimal
performance at neural interfaces for long periods of time in
vivo. For example, although CPs provide enhanced electrical
properties and alleviate some of the limitations associated with
mechanical mismatch between electrodes and brain tissues,
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inadequate mechanical stability (i.e., delamination under
mechanical stresses and wet conditions) as well as fibrous cap-
sule formation remain that prevent them from maintaining
optimal performance in biological environments. Recall that
CNTs possess remarkable electrical properties, however, CNTs
are extremely stiff materials with a Young’s modulus in the
range of TPa,?? and the significant mechanical mismatch
can lead to chronic inflammation at neural interfaces. Fur-
thermore, CNTs do not simply adhere to the electrode surface.
They require additional processing, such as chemical modifi-
cation or incorporation within a polymer matrix.24l Tt is also
worth noting that the biocompatibility of CNTs is still a subject

ww.afm-journal.de

of large debate, the results of which depend mostly on their
purity.[?>3]

Efforts have been devoted towards developing composite
scaffolds that combine complementary properties of electro-
active materials (i.e., CPs, CNTs or graphene).[140:204254-257]
Although enhanced electroactivity, mechanical stability, and
biocompatibility have been illustrated, not enough evidence has
been obtained to demonstrate the benefits of these materials in
a chronic implant environment. Mechanical mismatch as well
as the resulting inflammation due to micromotion are also a
challenge.?'*l For example, co-deposition of PPy and SWCNT
onto Pt microelectrodes (Figure 8A) was shown to increase the
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Figure 8. A) SEM images of electrodeposited PPy/Cl (1), PPy/PSS (3) and PPy/SWCNT (5) film electrodes under optimal conditions and morpho-
logical changes after electrical stimulation (2, 4, 6) (scale bar is 50 um); B) A quantitative comparison between the control and deposited implants
was made via GFAP intensity profiles as a function of distance from the implant interface; C) Quantitative evaluation of the survival of neurons around
the implanted site using NeuN staining. Reproduced with permission.?4 Copyright 2010, Elsevier; D) Drug loading into and release from the GO/PPy
nanocomposite in response to electrical stimulation; E) Cumulative release profile of the GO/PPy-DEX nanocomposite in response to milder release
stimulation (-0.5 V for 5 s, followed by 0.5 V for 5 s) and in the absence of electrical stimulation (passive diffusion); F) Effect of voltage stimulus
modulation on amount of DEX released from nanocomposite films. Bars labeled with nonmatching letters indicate a significant difference between
groups (p <0.01, n=3). Reproduced with permission.[2®"l Copyright 2014, American Chemical Society; G) Schematic diagram of the fabrication process
for multifunctional polymer coatings on the neural microelectrodes, PEDOT was electrochemically polymerized around the DEX-loaded electrospun
biodegradable nanofibers within the hydrogel scaffold; H) Percentage cumulative mass release profiles of DEX-loaded PLDLA nanofibers, PLDL74G25A
nanofibers, and alginate hydrogel-coated PLDL74G25A nanofibers, over 1000 h, and (l) a zoom window of (H) for PLDL74G25A nanofibers, and
alginate hydrogel-coated PLDL74G25A nanofibers, over the first 20 h. Reproduced with permission.l'?’] Copyright 2009, Wiley; ]) Synthetic scheme of
biologically derived soft conducting hydrogels using heparin-doped polymer networks and K) the corresponding Young's modulus at varying heparin
concentrations. Reproduced with permission.[?#”] Copyright 2014, American Chemical Society.
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safe charge injection limit dramatically to =7.5 mC cm™, to

decrease impedance at 1 kHz (reduced by 95%), and to improve
mechanical and electrochemical stabilities as compared to pure
CP films. Histological analysis revealed a decreased expres-
sion of glial fibrillary acid protein (GFAP), which is a specific
marker of astrocytes, as well as higher neuronal density in the
vicinity of the implant (within =100 um) (Figure 8B,C).2**l More
recently, graphene-based composite materials in combination
with either CPs or CNTs were also explored to take advantage of
their exceptional electrical and physical properties, such as high
electrical conductivity®® and great mechanical strength.1% Tn
one case, sulfonated graphene (SG) sheets were used as con-
ductive dopants for the CP PPy, and the introduction of SG
sheets into the nanocomposite film improved both conductivity
and electrochemical stability compared to PPy films. Results
showed that they exhibited a mass specific capacitance as high
as 285 F g1 at a discharge rate of 0.5 A g~! and maintained 92%
of capacitance after 800 charging/discharging cycles.?>* Simi-
larly, in another study carried out by Parker et al., graphitic foli-
ates were grown along the length of aligned MWCNTs, which
resulted in over a 500% increase in weight specific capaci-
tance.l”>”l With advancements in the ability to bio-functionalize
graphene-based materials with biomolecules, such as DNA,
proteins and peptides, these materials have started to receive
enormous attention in biomedical applications.!?”!

One such area is to use functional graphene-based nano-
composites as a substrate to interface with cells. As exemplified
in a study by Luo et al.,?%) partially embedded graphene oxide
(GO) sheets in a GO/PEDOT nanocomposite were bioconju-
gated to a laminin derived p20 peptide, which was designed to
promote neurite outgrowth. Results confirmed that the nano-
composites were indeed able to permit the enhanced growth
of rat primary neurons while possessing low impedance and
good biocompatibility characteristics necessary for neural inter-
facing. In another study, GO/PPy nanocomposites demon-
strated their advantages over a control PPy film in its higher
drug loading capacity (over a two-fold increase) and its highly
controllable and tunable drug release profilel?®!l (Figure 8D). By
incorporating an anti-inflammatory drug (dexamethasone) and
electrically controlling its subsequent release (Figure 8E,F), it
was demonstrated that these materials could interrupt astrocyte
proliferation while having minimal toxicity on neurons. In spite
of the superior electrical, mechanical, and biological proper-
ties of these composite materials, none of them fully address
the issues with chronic inflammation partly due to mechanical
mismatch between implanted materials and native tissues,
which accounts for implant inconsistency or failure in the long
term. Additionally, the toxicological profiles of both CNTs and
graphene-based nanomaterials are still far from being fully
elucidated.[262263]

In this sense, there is an urgent need for more biocompat-
ible materials that can bring together the advantageous elec-
trical properties of individual materials while minimizing
mechanical mismatch and instability. Besides, recent evidence
suggests that neuronal viability, although necessary, might not
be sufficient for favorable performance in chronic applications.
Persistent inflammation at the implantation site can lead to a
neurodegenerative state,?°* which can disrupt the normal net-
work connectivity between the electrode and neuronal cells
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required for satisfactory sensitivity. Consequently, researchers
are seeking softer interfacing materials that encourage and
guide neuronal survival, migration, and growth. One such
promising material that is actively being pursued for improving
neural interfacing is the hydrogel. Hydrogels are three-dimen-
sional cross-linked networks of hydrophilic polymers derived
from natural or synthetic sources?® that are similar to bio-
logical tissues and can have extremely high water content of
up to 99.7%.12¢ They have been extensively investigated for the
purpose of tissue engineering and smart drug delivery systems
due to their highly tunable biological and physical attributesl?¢’]
and their excellent diffusion, or sustained release, of incorpo-
rated molecules.?®l In the area of neural tissue engineering,
hydrogels have been considered as one of the most promising
platforms since they can be rationally designed to: 1) have the
proper modulus to promote cell survival?%®l and optimize neu-
rite branching and extension;2%! 2) adopt the preferable archi-
tecture, such as overall shape and pore sizes, to allow for cell
growth and extension;?’%?”1] and 3) possess favorable degrada-
tion kinetics that contribute to the temporally controlled release
of incorporated molecules and to the prevention of immune
responses often associated with implanted devices.?”?

Due to above stated reasons, hydrogels as coating mate-
rials have gained considerable interest for improving long-
term performance of neural electrodes. In a design by Lu
et al., poly(vinyl alcohol)/poly(acrylic acid) hydrogel (PVA/
PAA hydrogel) coatings were developed due their excellent
biocompatibility, tunable mechanical properties, and good
film forming properties.?’3l It was reported that PC12 cells
were more cytocompatible on such coated surfaces, achieving
much higher densities and promoting neurite extensions.
Immunohistological assays 6 weeks after implantation found
that GFAP levels were significantly lower in coated groups
near the electrode surface (=150 um). In a follow-up study
by the same group, a polyethylene glycol (PEG) containing a
polyurethane (PU) hydrogel was also identified as a favorable
electrode coating material.?’# It was demonstrated that the
PEG/PU coating was able to attenuate glial scarring and
reduce neuronal cell loss around implants. This was hypoth-
esized to result from a reduction in protein absorption (=93%)
on the electrodes. The idea of incorporating neurotrophin/?”!
or an anti-inflammatory agent?’®l into hydrogel coatings
was also actively pursued and was shown to hold promise in
bringing neurons closer to the surface as well as in reducing
the inflammation and the formation of the low-conductive gli-
otic layers, which contributed to maintaining in vivo imped-
ance of implanted electrodes for over 2 weeks. Although
results showed the minimization of a tissue response and
the generation of neurite extensions, pure hydrogel coat-
ings can suffer from a loss of electrical properties in many
cases due to the inability of polymers to conduct electrons
efficiently.”’”l For example, impedance of the microelec-
trodes increased from 3.3 kQ to 5.5 kQ and 6.3 kQ for PVA/
PPA and PEG/PU coatings, respectively. CSC also decreased
slightly from 55 mC cm™ to =48 mC cm™ in the case of the
PVA/PAA hydrogel. Fortunately, recent research suggests
that the decrease in electrical performance could be reverted
by blending hydrogels with electroactive materials, such as
CPs,[127278-284] CN'Ts,[106255] and graphene. 5]
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One of the first attempts to incorporate CPs into hydrogel
scaffolds was conducted by Kim and his colleagues.l?®1 PPy/
PPS was successfully vertically grown through the alginate
hydrogel deposited on the surface of the microfabricated neural
prosthetic probes. The addition of PPy was shown to reduce the
impedance of the coating drastically by more than two orders of
magnitude to around 7 kQ at 1 kHz and to increase the charge
storage density significantly to 560 uC cm™ (compared to
6 mc cm™? for platinum and 61 mC cm™2 for activated iridium).
Although no direct evidence on biocompatibility was presented,
it was hypothesized that the presence of a hydrogel layer would
presumably allow the incorporation of growth factors or anti-
inflammatory drugs with little or no change in impedance. The
reduction in impedance would promote more efficient signal
transport with neurons. Since then, combing CPs with hydro-
gels has become one of the mostly widely investigated strategies
in developing robust and reliable chronic neural implants. In
the following study, another CP, PEDOT, was also successfully
incorporated into an alginate hydrogel and evaluated for its role
in improving the recording functionality of the hydrogel-coated
electrodes.?®) It was demonstrated that these CP/hydrogel
coatings were able to improve SNR of coated electrodes signifi-
cantly from 3.91 to 4.17, indicating their potential to facilitate
more efficient signal transmission.

To fully realize the potential of hydrogel-based nano-
composite in reducing inflammation and encouraging neuronal
growth, anti-inflammatory drugs!'?”! or biologically relevant
molecules, such as arginine-glycine-aspartic acid (RGD) pep-
tides,?82 have been incorporated. Abidian et al. proposed a 3D
alginate hydrogel scaffold that contains dexamethasone encap-
sulated PLGA fibers deposited with PEDOT!'?”] (Figure 8G).
The alginate coating was shown to not only slow down the
release of dexamethasone in a period of 5 weeks but also reduce
the burst release effect by about 40% without compromising
its superior electrical properties (Figure 8H,I). To improve the
function of cochlear implants, Chikar and co-workers proposed
the integration of a brain-derived neurotrophic factor (BDNF),
RGD-functionalized alginate hydrogel, and PEDOT, with the
hypothesis that RGD-functionalized hydrogels can act as artifi-
cial ECMs that support neuronal and tissue growth.?82 It was
reported that the PEDOT coating reduced electrode impedance
at all frequencies measured in vitro. The reductions in imped-
ance were a function of coating thickness. When incorporated
into a hydrogel via direct soaking, BDNF was released from
the hydrogel into the cochlear at a biologically significant level,
28.13 ng mL™}, 1 week post-implantation, and 13.91 ng mL™ at
2 weeks post-implantation. This indicated its potential to modu-
late biological behavior via growth factor encapsulation.

Additionally, it was found that impedance in vivo, although
increasing immediately after implantation, was maintained at
its initial value thereafter for the coated electrode, suggesting
its great potential to be used as a biocompatible coating for
chronic neural electrodes. Other recent advances in CP/
hydrogel nanocomposite technology investigated the reduc-
tion of elasticity down to the range of 1-10 kPa to better mimic
the mechanical properties of native brain tissue while pre-
serving excellent electrical properties. In work done by Ding
et al., polyaniline (PANI) was incorporated into photo-cross-
linkable heparin-methacrylate hydrogels via in situ oxidative
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polymerization (Figure 8]).2%”] The resulting polymer network
exhibited impedance as low as 4.17 Q and elastic moduli of
around 1 kPa (Figure 8K). Other hydrogel-based nanocompo-
sites, such as CNTI'%028] or graphene-based**°! hydrogel mate-
rials, although less frequently studied, represent important
alternatives towards creating ideal neural interfaces. Although
progress has been made, evaluations are still limited to in
vitro or sub-chronic settings. Optimization of hydrogel-based
composite materials still requires studies that examine the
long-term performance of coated electrodes in a stimulated bio-
logical environment.

5. Conclusions and Future Perspectives

As highlighted in this review, applications of nanotechnology
and nanomaterials in neural interfacing have the ability to pro-
duce stable long-term implants with improved electrical and
mechanical properties. It is evident that the development of
innovative diagnostic and therapeutic solutions to problems
in neural medicine relies on improving neural electrodes and
interfaces. For example, the ideal recording electrodes should
be designed to have a small volume to minimize damage to
the tissue, while maintaining high sensitivity, i.e., high SNR.
However, it is nearly impossible to satisfy these competing
requirements with conventional microfabrication methods and
materials. It is believed that the nanotechnology fabrication
methods discussed in this review could potentially overcome
these limitations by producing electrodes with an extremely
high surface to volume ratio, i.e., more probe units within the
same volume, resulting in unprecedented specificity. Moreover,
this review discussed how the development of specific nano-
materials is advancing neural interface engineering. Incorpora-
tion of the aforementioned carbon-based materials, CPs, and/
or hybrid materials will lead to promising improvements in
the performance of current neural electrodes based on their
exceptional electronic, mechanical, and chemical properties.
Bioelectronic transistors and electrodes such as CPs or hybrid
materials have been further shown to improve long-term elec-
trode viability and to reduce mechanical mismatches between
natural neural tissue and neural implants as compared to plain
metal electrodes,[98.110-112,114,117,251,297,298]

Looking forward, several strategies could prove promising
for the development of improved neural interfaces. First, the
optimization of electrode geometrical properties, including
size, volume, geometry, and surface morphology, have been
shown to influence, in one way or another, biocompatibility and
electrical properties of electrodes. These improvements could
be achieved by adopting more advanced nanofabrication tech-
niques and surface modification methods capable of producing
electrodes deemed far less biologically invasive. Second, the
development and employment of novel nanomaterials such as
carbon-based materials, conducting polymers, hydrogels, and
hybrid materials that possess superior physical properties and
biocompatibility have the ability to overcome the limitations
that conventional metallic and semimetal materials are facing,
i.e., great mechanical mismatch and gliosis. Third, the delivery
of pharmaceutical agents (such as anti-inflammatory drugs)
and/or the incorporation of bioactive coatings that encourage
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active neuron ingrowth may reduce reactive tissue responses
and promote implant-tissue integration. In addition, chief
among these trends is the development of wireless electrodes
that enable prolonged recording and stimulation activities in
the absence of bulky wires and attachments. Such technology
could significantly improve our understanding of the brain
by allowing continuous monitoring of neural signals during
activities in which conventional wired electrodes would be pro-
hibitive. Wireless electrodes could also enable the continuous
stimulation of damaged or diseased brains to possibly restore
functions of the CNS to people in need.

Additionally, researchers are incorporating natural materials
within newly developed micro- and nanoelectrodes to improve
biocompatibility for prolonged applications. For example,
neural electrodes coated with extracellular matrix (ECM) pro-
teins were shown to attenuate the foreign body response in
the brain and to inhibit the inflammatory response. It is sug-
gested that the incorporation of ECM proteins within electrodes
can enhance cellular adhesion to the electrodes, enable effi-
cient interfacial integration, and modulate organic activity.!'°!
Experimental work is underway to address the challenges of
low organic semiconductor carrier mobility, a shortage of data
describing noise interference in organic transistors, and the
lack of long-term in vivo studies characterizing the interfacial
implant region.?*®! It is anticipated that advancements in these
areas will lead to an improved ability to monitor, stimulate, and
record neurophysiological signals. This in turn may enable a
paradigm shift in the way that people with disorders of the CNS
are diagnosed and treated.
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