View Article Online

View Journal

M) Checs tor updates

Journal of

Materials Chemistry B

Materials for biology and medicine

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: M. Z. Doan and C.
Bayram, J. Mater. Chem. B, 2025, DOI: 10.1039/D5TB01040C.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
Journal of accepted for publication.

!:’Iatgr@gt Chemistry B

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors
or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

o
-

ROYAL SOCIETY
OF CHEMISTRY

ROYAL SOCIETY rsc.li/materials-b
OF CHEMISTRY

(3


http://rsc.li/materials-b
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5tb01040c
https://rsc.66557.net/en/journals/journal/TB
http://crossmark.crossref.org/dialog/?doi=10.1039/D5TB01040C&domain=pdf&date_stamp=2025-08-06

Page 1 of 56 Journal of Materials Chemistry B

Graphene-Based Neural Electrodes: From Materials and Device Fabricatigritor o
Properties

Muhammed Zahid Dogan', Cem Bayram'-2

"Hacettepe University, Graduate School of Science and Engineering, Department of Nanotechnology
and Nanomedicine, Ankara, Turkiye

2Hacettepe University, Advanced Technologies Application and Research Centre, Ankara, Turkiye

Abstract

Neural electrodes serve as a conduit for the purpose of facilitating electrophysiological
communication between neurons and external electronic devices. These electrodes
are extensively utilized in both neuroscientific research and in the domains of neural
prosthetics and neuromodulation practices. Recently, graphene and its numerous
derivatives have emerged as a transformative material in bioelectronics and

electrochemical applications. Depending on the device fabrication process and

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

preferred graphene derivative, graphene-based neural electrodes can offer fatigue-

resistant flexibility, high electrical conductivity, excellent optical transparency (97.7%),
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increased specific surface area, superior electrochemical durability, composability, and

(cc)

advanced surface functionalization properties, which can make them an ideal choice
for their intended in vivo or in vitro applications. In this review, we comparatively
summarize the existing work on graphene and graphene related material-based
electrochemical neural electrodes through the key studies of diverse approaches to
provide an overview of the field, highlight the motivations behind the research, and

identify potential improvement strategies for future investigations.
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1. Introduction DOI: 10.1039/D5TB01040C

Neurons are electrical cells that can experience a modulation of their membrane
potential in response to chemical, mechanical, optical and electrical stimulations'. In
addition, neurons can transmit the information they receive through synaptic
communication with other cells by forming action potentials, which are initiated when
the neuron receives sufficient stimulation to create a potential difference that exceeds
the membrane threshold potential’2. Bridging bidirectional electrophysiological
communication between neurons and external electronics, neural electrodes are
indispensable tools for neuroscience studies, as well as for neural prostheses and
neuromodulation devices that offer significant practical benefits in the diagnosis and
treatment of hearing loss, visual impairment, epilepsy, and Parkinson's disease3.
Recent advancements in computational power and signal processing techniques have
rendered it possible to process large amounts of neural recording data and generate
independent multi-electrode stimulation patterns. Consequently, there is an increasing
momentum in neural electrode studies to develop high-performance interfaces for both
in vivo and in vitro applications*°. Multidisciplinary approaches are currently being
employed in the fields of materials science, electronics, and bioengineering to engineer
advanced electrodes that exhibit high spatial resolution and chronic stability. The
development of these electrodes necessitates the utilization of superior materials with
enhanced electrochemical performance. The objective is to facilitate the recording of
the complex dynamics of neural activity through weak electrophysiological signals,
while concurrently enabling effective manipulation of the neural system.6.”

Unlike non-invasive electroencephalography (EEG) and patch-clamp electrodes that

interact with the cell membrane, electrocorticography (ECoG) electrodes placed over
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the cortex, as well as intracortical and deep brain stimulation electrodes plaged withir =
the cortex, communicate with targeted neurons through extracellular fluid
interactions.>® In conjunction with electrode arrays utilized in in vitro cell experiments,
these electrochemically interacting electrodes facilitate reduced external noise and the
capacity to electrically stimulate neural cells and tissues.®'" The mechanical and
chemical compatibility of these electrodes and their substrates with the surrounding
viscoelastic matrix is crucial for effective electrical connection to the target cells. Such
compatibility preserves the viability of neurons around the device while also preventing
the electrodes from being surrounded by electrically insulating astrocyte cells which
are formed as a result of wounding and neuroinflammatory responses.'0.1213 |n
addition to improvements in biocompatibility, scaling down the size of extracellular
electrodes to micro dimensions for high-precision recording and stimulation capabilities
remains a topic of great interest among researchers in the field. However, the

reduction in electrode size also leads to a significant increase in the electrochemical

interface impedance of the electrode, resulting in attenuation and elevated thermal

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

noise contribution in the acquired signals.#®> Moreover, the elevated impedance
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exhibited by microelectrodes imposes a substantial constraint on the maximum

(cc)

amplitude of current that can be safely applied by the electrode.*”

Conventional methodologies and materials employed in the fabrication of neural
microelectrodes, such as the deposition of noble metals or ceramic materials (e.g.,
platinum, gold, and titanium nitride [TiN]) on rigid silicon substrates utilizing standard
microfabrication techniques, are proving to be inadequate in meeting the current
demands and challenges.'3-'6¢ Consequently, there has been a surge in research

focusing on innovative designs and nanomaterials featuring decreased impedance per
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unit geometric surface area (GSA), alongside flexibility, biocompatibility, robustiess: s onie

and multimodal capabilities.®-'117.18 |n this sense the bending stiffness (Equation 1)
parameter is considered to be a critical factor.'®2% for ensuring the mechanical
compatibility of devices with the neural tissue which is characterized by a modulus of
linear elasticity in the range of 100 Pa to 10 kPa."® In the present literature, ultrathin
films of inert polymers suitable for photolithography such as polyimide (PI), parylene,
and polyethylene terephthalate are used as substrates to fabricate biocompatible and
low bending stiffness neural probes.®2'22 The utilization of transparent polymer
substrates facilitates the exploitation of multimodal capabilities, such as multiphoton
microscopy and optogenetic stimulation, in conjunction with electrophysiological
measurements?3. Coupled with the transparent substrates, the employment of optically
transparent materials within the electrode regions has been demonstrated to further
eliminate light-induced artefacts and therefore enable greater reliability and precision

in sophisticated measurement and manipulation operations.7.24.25

b E h3
121 — v?)

Equation 1. Flexural rigidity (bending stiffness (D)) of a thin plate, where E is the

elastic modulus of material, h is the thickness, and v is the Poisson’s ratio.

Since its discovery in 2004, intensive studies have revealed the unique properties and
alternative manufacturing methods of graphene, which is essentially a two-dimensional
honeycomb network of carbon. The employment of a range of production techniques
results in the generation of graphene in diverse forms, including mono/few-layer
graphene, graphene oxide (GO), reduced graphene oxide (rGO), graphene

4
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nanoplatelets (GNP), and laser-induced porous graphene (LIG). Collectively, . fhiegece orine

materials are categorized as "graphene-related materials (GRM). The selection of the
optimal form for the intended application results in the acquisition of graphene-based
neural electrodes, which possess a range of advantageous characteristics. These
include high electrical conductivity, high optical transparency (97.7%), outstanding MRI
compatibility, enhanced electrochemical surface area, improved mechanical strength,
electrochemical durability, composability, economic viability and enhanced surface
functionalization capabilities. In addition to these properties, electrodes made of
graphene with low electrode layer thickness (~0.3 nm to 3 nm) and GRM-based
materials consisting of micro-nano-sized particles offer flexible application possibilities
for free-standing and thin-flm coated neural electrodes. In this review, the
electrochemical evaluation methods of neural electrodes are first introduced in a
concise manner. In this review, we first provide a brief introduction to the
electrochemical evaluation methods of neural electrodes. Thereafter, a summary of
existing work on graphene and graphene-related material-based electrochemical
interfaces for neural electrodes is presented through key studies to provide an
overview of the field, highlight the motivation behind the studies, and identify potential

improvement strategies for future research.

2. Electrochemical evaluation of graphene neural electrodes

In comparison to non-invasive techniques, neural electrodes that interact directly with

the extracellular matrix in intracranial, intracortical and in vitro approaches offer high-

quality recordings and precise stimulation due to the close contact with target cells.
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However, they also introduce new parameters and design constraints that muyst ecs orire

considered when developing electrodes. In order to establish an electrical connection
with neurons targeted by these electrodes, it is necessary to ensure that the solid-liquid
interface, where the electronic current is converted into an ionic current and vice versa,
is composed of biocompatible materials that are also resilient to mechanical failure
factors, such as corrosion, delamination and dissolution of electrode and the swelling

of hydrophilic based interfaces, for years and under a continuous electrical load.*

In addition to the invasive/non-invasive distinction, the literature further classifies the
invasive electrochemical neural electrodes into two groups with respect to their
geometric surface area (GSA). Neural electrodes that exhibit an advantage in terms of
size reduction and that establish close contact with neurons to enhance spatial
resolution (typically with an average GSA of less than 100,000 um?) are designated as
microelectrodes. Conversely, electrodes of a greater size are categorized as
macroelectrodes®. The voltage (V) produced by an current (1) in the electrolyte at a
distance “r” from the source is expressed as: V = I/4mor, where "¢" is representing the
conductivity of the medium (1-2 S/m)."® While the equation emphasizes the influence
of electrode distance on signal attenuation, experimental and theoretical studies have
shown that interface impedance plays a decisive role in electrode performance,
particularly for microelectrodes as demonstrated in Figure 1 45142627 The high
impedance of the interface reduces the potential received by the amplifier device in

recording applications, making the signal more susceptible to external noise and

additionally reduce the signal-to-noise ratio (SNR) by introducing thermal noise#14.28,
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Figure 1 Experimental demonstration of the sudden rise in the electrochemical
impedance of electrodes at microscale dimensions. Reproduced from reference 2’
with permission from Frontiers, Copyright 2009.

During stimulation applications, the delivery of current to the target region through a
high interface impedance result in an increased voltage drop across the electrode
interface. This, in turn, can induce irreversible chemical reactions. Reactions of this
kind are known to result in electrode degradation and the release of toxic reactive
species. Therefore, it is important to limit the peak stimulation current delivered by the
electrode to a range that does not exceed the safe interfacial voltage limits of the
material’. The conventional approach to determining the safe voltage range of neural
electrodes involves the ascertainment of the lower and upper boundary potentials. The
limits in question are defined as the boundaries that delineate the absence of reduction

or oxidation of water in an electrolyte exhibiting an ionic content analogous to that of

7
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neural media*28-30 (Figure 2a). The upper and lower limits of this range, also kngwn:e orine

as “the water window”, are usually determined by researchers through analysis of
cyclic voltammetry (CV) scans.5 In a typical procedure, multiple CV measurements are
taken by expanding the potential range of the scans in each iteration, and threshold
potentials are identified at the onset of water splitting reactions observed by prominent

current peaks.

Following the identification of the tolerable voltage range, an investigation of neural
stimulation capability of the electrode conducted either directly through the
measurement of the maximum transferable charge in the leading phase of the
"biphasic charge balanced signal" or indirectly through the calculation of the charge
storage capacity (CSC), which provides a practical way for prediction of electrode
stimulation capability based on CV measurements*’(Figure 2b). As the cathodic
phase is generally considered the optimal leading phase of stimulation due to
electrochemical safety reasons®, it is also a common practice to characterize
electrodes based on the area enclosed by the negative half cycle of the CV scan
(CSC.)°. On the other hand, the maximum leading phase charge, also known as the
charge injection capacity (CIC), has been identified as a robust and application-
oriented parameter that has been used in humerous comprehensive studies for the
characterization of neural electrodes?531-34. The quantification of the CIC necessitates
the employment of high-speed data acquisition systems for the analysis of the transient
voltage response with respect to the applied current, for the determination of electrode
potential excursions beyond the water window. In return, this fulfils a crucial role in
neural stimulation applications by defining the upper limit of safely injectable currents

for distinct phase durations (Figure 2c¢). It is therefore evident that the accuracy of CIC

01040C
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measurements, as well as the validity of data obtained by the aforementioned methods::« orine

is contingent upon the alignment of experimental parameters with the current
frequency of the desired neural application conditions®.

c) Biphasic Current Pulse
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Figure 2 The determination of water window and the CSC area by setting limits prior
O, (anodic) and H, (cathodic) evolution (a). Adapted from reference 3% , with
permission from Wiley, Copyright 2021. Alterations of CV profile based on the
dominating charge transfer characteristics of electrode (b). Reproduced from
reference 36, with permission from Wiley, Copyright 2021. Measurement of CIC via
biphasic current application and identification of potential drop on the electrode
interface (c). Reproduced from reference 37 , with permission from Frontiers,
Copyright 2015.

As a convenient and versatile tool, researchers also benefit from electrochemical
impedance spectroscopy (EIS) measurements and associated equivalent circuits.
These measurements and circuits are used for the practical evaluation of electrode
performance, charge transfer characteristics and the validation of CSC-CIC results
(Figure 3 and 4). In the context of EIS analysis, the impedance spectrum of the
system, encompassing the neural electrode, electrolyte, and counter electrode, is
derived through the magnitude and phase angle of the current generated between the
neural electrode and the counter electrode. This is achieved by application of
sinusoidal signals of varying frequencies individually to the neural electrodes, with
amplitudes ranging from 10 to 100 millivolts. These low signal levels are deliberately

chosen to ensure that there is no irreversible reaction occurring*.

9
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Figure 3 The EIS bode plot and corresponding Randles circuit including solution
resistance R,, double layer capacitance Cg, charge transfer resistance R and the
Warburg Z,, element to represent mass transfer limitations. Reproduced from
reference 38, with permission from American Chemical Society, Copyright 2023.

Reliable and accurate measurement of the neural electrode requires minimizing the
interference from electrolyte and counter electrode impedances that are connected in
series with the neural electrode and consequently contributing to the final impedance
of the system. In order to ascertain the electrolyte's share on total impedance,
researchers adopted a straightforward solution, namely to reduce the distance
between the electrodes. Keeping the size of the neural electrode significantly smaller
than the counter electrode is also considered as a good practice that increases the
contribution of neural electrode to the overall impedance of the system and ensures
that the measurement reflects the true characteristic of the neural electrode®. In a
similar way, keeping the surface roughness of the tested electrode the same as the
microelectrode in applications provides an accurate reflection of the neural electrode

surface by not changing the electrochemical surface area (ESA) per GSA.

10
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Figure 4. Change in the EIS profile as a result of increasing electrode capacitance,
with other parameters held constant. Reproduced from reference 38, with permission
from American Chemical Society, Copyright 2023.

The aforementioned electrochemical characterization methods have been also utilized
to assess the long-term stability of neural electrodes produced through various
manufacturing techniques, coatings, composites, chemical modifications, and flexibility
features that can significantly impact their durability under environmental and operating
conditions. While 1x phosphate-buffered saline (PBS) electrolyte is often used as a
reference of brain extracellular fluid 3%4° for simulation of environmental conditions, the
addition of H,0O, to solution, in conjunction with increased temperature, also been
adopted to accelerate aging process*'#2. These cell-free stability assays can be
carried out by performing compelling tasks such as prolonged electrolyte soaking,
multiple CV scans, or biphasic stimulations'53343-45 Researchers often evaluated the
electrode stability based on the percentage reduction in CSC value of CV scans or the
increase in impedance observed at the once broadly accepted but currently
controversial*?® 1 kHz perturbation signal. Beside the mentioned cell-free methods,

comprehensive studies also benefit from cell culture and animal assays that truly

11
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resembles the external factors of the application environment where pH,. pxygen: e

density and conductivity of medium are dynamically altering by the presence of
nutrients & metabolites, protein adsorption, electrode biofouling, tissue anisotropy, and
the immune system response*:6:29.46:47

Considering these reference points, identifying the electrochemical parameters of
neural electrodes—and examining how they vary under specific conditions—offers the
research community a convenient, comprehensive, and widely accepted approach for

evaluating electrodes across multiple dimensions.

3. Utilization of Graphene and Graphene Related Materials in Neural Electrodes

3.1. CVD Graphene

A considerable number of studies have been conducted over the past decade,
employing single and multilayer graphene obtained through the chemical vapor
deposition (CVD) method for research into neural electrodes'521.25.31.32.48-55  Dyring
this period, CVD graphene emerged a major branch for graphene based neural
electrode studies (Figure 5) as it offers the best of both worlds compared to existing
flat electrodes such as platinum, gold, and TiN, which have robust electrical and
electrochemical properties but are limited in terms of transparency and flexibility, and
novel electrodes made from indium tin oxide and conductive polymers, which are

limited in terms of either flexibility or optical transparency.

12
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Figure 5. Overview of major research branches in graphene-based neural electrodes

from the current literature.

The inherent nature of CVD graphene thus motivates researchers to use graphene
with varying numbers of layers and to explore novel surface modification strategies in
neural electrode studies. In particular, the balance between repeatable electrode
performance and higher optical transparency versus the potential severity of transfer
errors, increased sheet resistance, and reduced operational reliability are critical

considerations in minimizing the number of CVD graphene layers to be used as neural

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

electrodes.3'53 A further challenging aspect that emerges from the extant literature is

Open Access Article. Published on 06 August 2025. Downloaded on 8/8/2025 9:05:58 PM.

the reduction of the electrochemical impedance, which is considerably higher than that

(cc)

of metals and conductive polymers. The high impedance is mainly caused by two
factors, firstly the limited ESA/GSA ratio of flat graphene surfaces and secondly the
reduced faradaic reaction sites due to the high crystallinity of inert electrode*550.
Consequently, the researchers are also investigating ways to enhance the
electrochemical efficiency of the existing electrode surfaces of CVD graphene
electrodes.

In this regard, the research published by Kuzum et al. in 20145 holds a significant

importance, as it represents one of the earliest studies in the field and underscores the

13
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essential aspects. In the study, 50x50 pm? neural electrodes formed by wet transfer of < onine

CVD graphene onto 25 pm thick PI substrates and subsequent photolithographic
patterning, were used for simultaneous optical and electrophysiological recording of
neurons both in vitro and in vivo. Moreover, the authors indicate a reduction in the
electrochemical impedance values and an increase in the CSC of the electrodes
(Table 1) as a consequence of the p-type doping of graphene through electropositive
NO;- adsorption '® and/or, more likely, the formation of reactive sites by newly formed
defects resulting from acid treatment. This assumption is further corroborated by the
EIS phase angle results, which demonstrate that the EIS phase angles of the doped
graphene electrodes exhibit notable differences at specific scan rates in comparison
to the undoped graphene electrodes and the observed difference can be attributed to
the altering electrochemical reaction kinetics?6.

The study demonstrated that single cell recording can be achieved with graphene
electrodes as well as with gold electrodes measuring 500x500 pym?2, which were
created for control purposes. In addition, the researchers noted that the impedance of
the doped graphene electrodes exhibited comparable values to those of the gold
electrodes at 1 kHz however demonstrated a six times lower root-mean-square (RMS)
noise. Meanwhile, the undoped graphene electrodes exhibited considerably elevated
impedance and demonstrated noise in between the gold and doped graphene
electrodes. Whilst the present results lend support to the aforementioned 422 concerns
regarding the validity of the 1 kHz impedance, the authors have also indicated the
potential for a limited contribution of thermal noise in comparison to biological and other
noise factors. The study further demonstrated that the obtained electrophysiological

recordings during confocal and multiphoton microscopy using the graphene electrode

14
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arrays exhibited clear signals without the light-induced artefacts which were_ gvidgritfor: « orine
the metal electrodes as a consequence of the photoelectric effect.

In the subsequent years, the findings of this study were incorporated into another
investigation, and the impact of crack formation and organic residues which capable of
generating photovoltaic and photothermal currents was further mitigated by employing
a meticulous fabrication process. Advancements of this kind have paved the way for
the remarkable accomplishment of achieving crosstalk-free optogenetic excitation,
two-photon imaging, and electrical recording in a single experiment on CVD graphene
neural electrodes?*. The process was optimized through the implementation of several
techniques, including the utilization of bubble transfer®® for the peeling of graphene
from its growth metal without the necessity of etching, which could potentially result in
graphene contamination. Additionally, the conventional photoresist was substituted
with polymethyl glutarimide (PMGI) in the electrode patterning process, leading to a

reduced amount of residual material after removal. The authors further developed a 4-

step stripping/cleaning method (4SCM) that results in efficient removal of artifact-

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

inducing photoresists, combined with a significant reduction in electrochemical

Open Access Article. Published on 06 August 2025. Downloaded on 8/8/2025 9:05:58 PM.

impedance and minimization of inter-electrode impedance variation (Figure 6).

(cc)

Researchers also reported that the graphene electrodes achieved precise imaging to
a depth of 1200 ym using deep two-photon imaging on the surface of primary
somatosensory cortex without suffering from any electrode-induced obstacles. Taken
together, the findings of this study not only exemplify the high potential of bare CVD
graphene electrodes but also demonstrate the significant impact of optimizing

fabrication conditions on device performance.
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Figure 6. The general fabrication steps of graphene microelectrode array, where
4SCM is employed in the residue removal phase of the graphene patterning (5)
process (a). The uniform inter-channel impedance levels of the obtained electrode
array (b). Comparison of graphene electrodes with and without 4SCM process: left,
1kHz impedance levels of electrodes and right, the resulting illumination-induced
artifact potentials generated at 470 nm wavelength exposure (c). Reproduced from
reference 24, with permission from Nature, Copyright 2018.

Beside optoelectronic enhancements, studies are also aimed to improve the stability
and performance of electrophysiological recording and stimulation capabilities present
in CVD-based graphene electrodes. Lu et al.22 experimentally demonstrated that the
"quantum capacitance" phenomenon®’ resulting from the unique structure of graphene
in overcoming the high electrochemical impedance of these electrodes. The quantum
capacitance effect was studied using equivalent circuits obtained from impedance
measurements of pristine electrodes in 1x PBS electrolyte. In these measurements,

the calculated double layer capacitance (Cdl) was reported to be 7.07 yF cm2, and the
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quantum capacitance, modeled in the equivalent circuit as being in serieg, with, Cdlic« orine
was reported to be 2.45 yF cm2, both with low interelectrode standard deviations. The
authors emphasize the detrimental impact of the low quantum capacitance in series
with the double layer capacitance on the overall capacitive current path of the
electrode. Rather than the chemical doping of graphene, which shifts the Fermi level
away from the Dirac point with minimal effect®® and causes graphene to still exhibit a
significant quantum capacitance effect, an alternative redox pathway is considered,
involving the deposition of platinum nanoparticles (PtNP) onto the electrode surface to
reduce the overall impedance. Accordingly, different densities of PtNP
electrodeposition were explored on the electrode surfaces by varying the deposition
time, and up to 100-fold reduction in total impedance was achieved (Figure 7). The
modified electrodes were then subjected to two-photon in vivo calcium imaging, and
no adverse effects on the images were reported. Although this modification offers low

electrochemical impedance (Table 1) without affecting optical applications, it's also

important to consider the corrosion susceptibility of PINP and the stability of its bond

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

with the graphene surface®® especially for use in long-term applications.
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5sec 20 sec 50 sec View Article Online

Platinum Block

Graphene Block

Figure 7. The new equivalent circuit model of the graphene-PtNP hybrid surface after
the introduction of platinum NP (a). SEM images of 5, 20, 50 seconds of PtNP
deposition (b) and the optical effect of the deposition duration on the two photon
images (left) and optical ability demonstration of the most densely coated graphene
sample (A,B,C,D are 10, 50, 5 and 5 seconds respectively) (c). Reproduced from
reference 22 with permission from John Wiley and Sons, Copyright 2018.

Table 1. Summary of electrochemical characterizations reported in CVD graphene
studies.
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The evaluation of multilayer CVD graphene neural electrodes for the improvement of

electrophysiological measurements has also been explored in studies?'2531, The

employment of multilayer graphene functions as an auxiliary safety measure, the

purpose of which is to avert the repercussions of defects on the fragile monolayer

graphene surface. These defects have the potential to result in channel loss or

substantial inter-electrode impedance variations. On the other hand multilayered

graphene can also reduce the sheet resistance and electrochemical impedance of the

electrodes?>3'. In the papers published in 2014 and 2018, Park et al. conducted

detailed investigations of the devices fabricated by stacking four individual single-layer
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graphene sheets based on the carbon-layer electrode array (CLEAR) profocol s orie

developed by the research group?'2560, The implementation of 4-layer graphene
resulted in a significant reduction of the electrode sheet resistance with a decrease
from 152 Q to 76 Q per square while maintaining 90% transmittance over the infrared
to ultraviolet spectrum. However, light-induced artifacts in optogenetic applications
have been reported to be observed with an amplitude comparable to that of the
platinum electrodes. The CIC measurement of CLEAR electrodes performed in
accordance with the literature determined a charge density of 57.13 uC/cm? as the
stimulation limit and in addition, authors stated that safe stimulation can be performed
using a charge density up to 116.07 uC/cm? under the so-called "Failure benchmark
test," which refers to the interpretation of whether failure occurs at the applied current
by analyzing the change in electrode’s electrochemical impedance?>.

In the article published in 2022, Babaroud et al. developed a multilayer graphene
electrode fabrication process that circumvents the challenges associated with manual
graphene transfer and facilitates wafer-scale device fabrication (Figure 8)3'. The
process is initiated by the CVD growth of graphene on a 50 nm-thick molybdenum
template that has been previously deposited and patterned as an electrode array on a
SiO, substrate. In the subsequent stage, the graphene-coated electrode array is to be
covered by a new polymer substrate, with the deposition of parylene C and the
patterning of the electrode sites on the polymer. Finally, the etching of the molybdenum
template is performed on the reverse side, and the graphene layer is sandwiched by a
second deposition of parylene C. The study reported that no light-induced artefacts
were observed in any of the multilayer graphene (MLG) of different thicknesses as a
result of the fabrication of MLG electrodes without contamination of transfer polymer

and the absence of transfer-induced defects. However, the fabrication method used in
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this study requires the formation of holes without graphene on the electrode stirfages -
(Figure 8b), which compromises the device's electrochemical performance per unit

area (Table 1).

In a recent study, Ramezani et al. employed a combination of double-layered graphene
(DLG), chemical doping, and high-density NP deposition to fabricate the smallest (20
um diameter) and the lowest per unit area impedance (0.78 Q.cm?) transparent neural
electrode interface to date%s. The researchers followed the strategy of using the optical
transmittance of the entire array except the PtNP deposited electrode regions (0.23%),
and substituted the gold wires on the field of view with graphene wires. In order to
avoid open circuits due to pinhole defects on thin graphene wires and reduce the high
sheet resistance of single layer graphene (SLG) (1908 Q.sq"), researchers stacked
two SLG graphene layers while immersing the first layer in HNO3 solution for charge
carrier doping of the interlayer. With this procedure the obtained interlayer doped

double layer graphene (id-DLG) exhibited a sheet resistance of only 276 Q.sq". The

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

optical and electrochemical characterizations revealed the complete surface coverage
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of electrode regions by PtNP deposition increased the CSC by a factor of 7.5 and
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suppressed quantum capacitance effect of graphene electrodes.
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Figure 8. Transfer-free fabrication process of molybdenum growth graphene
electrodes (a). Close-up illustration of the prepared electrodes that showing the
perforated structure of molybdenum and the resulting graphene electrode structure
(b). Reproduced from reference 31, with permission from Springer Nature, Copyright
2022.

It is also worth noting the development of CVD graphene coating on metal electrodes
for neural electrode applications324849, The use of graphene as a coating material in
electrophysiological applications results in the loss of optical advantages of graphene
but minimizes the risk of dead channel formation and offers superior long-term stability
and biocompatibility as compared to its uncoated metal counterparts.

In two separate studies, Korbitzer et al. compared graphene, gold, and graphene-
coated gold electrodes*®4°. In the latter study, the group made use of microelectrodes
for the purpose of measuring the impedances of the three types of electrodes at 1 kHz
frequency“®. The resulting electrode impedances were measured as 2.65 + 0.26 MQ,
1.08 £ 0.46 MQ, and with a notable reduction on the graphene-coated gold electrode
to 860 £ 70 kQ, respectively. Impedance measurements were conducted on the
electrodes following a period of four to six weeks of a full cell cultivation process and
subsequent cleaning procedure. The objective of this study was to assess the stability
of the electrodes under operational conditions. The findings revealed impedance
increases of 34% for the gold electrodes, 2% for the graphene-coated gold electrodes,

and no significant change in the impedance of the pure graphene. The reduced
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impedance levels are further reflected in the enhanced electrode capabilities, as,€IC:« o
values of 0.16+£0.04 mC/cm? and 0.15+0.05 mC/cm? were measured for gold and plain
graphene, compared to 0.31+£0.02 mC/cm? for graphene-coated gold electrodes. The
neural recordings of electrodes show improved SNR levels of signals from 35.8 for
gold electrodes to 66.6 for graphene-coated gold electrodes.

In the same year, a study by Park et al. investigated the effects of graphene coating
on platinum32. Using circular and fractal electrodes of equal surface area, the
researchers investigated the effect of coating on the dissolution problem of platinum
electrodes, which is known to impair electrode performance and further induce toxic
effects on neural cells. In the measurements, the uncoated fractal electrodes were
found to have a CIC almost 3 times higher than the uncoated circular electrodes, while
this value decreased by almost half after 10 hours of stimulation and exhibited a
dissolution rate that was four-fold of the circular electrodes. The graphene coating of

these fractal electrodes was observed to maintain the initial CIC values of these

electrodes, while reducing Pt dissolution by 97% and showed limited performance

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

decline in the CSC; and CIC measurements after 10 hours of continuous stimulation.
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The neural electrodes referenced in the aforementioned studies were designed to be
optimized through a range of surface modifications, fabrication techniques, and device
design strategies through the incorporation of CVD graphene at varying layer counts.
In evaluating these studies, which focus primarily on improving compatibility with
optical methods and enhancing electrochemical conductivity, it is also important to
consider the potential effects of these applications on the versatility, electrochemical

stability, as well as the reduction in the elasticity of CVD graphene electrodes.
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CVD graphene electrodes in solution exhibit exceptional stability and optical
transparency, but their low ESA/GSA ratio, which limits the capacity for electrical
double layer-based charge transfer, results in high electrochemical impedance for such
electrodes. As a result, remote stimulation capability is limited compared to conductive
polymer and nanostructured metal electrodes®'-67. GRMs are widely adopted in neural
electrode studies either in their bare form, with binders, or as fibers owing to their ability
to diffuse electrolyte in stacked state, abundant functional groups, low fabrication cost,
and intrinsic electrical and mechanical properties. In this regard, the implementation of
GRM-based materials is of particular importance for in vivo and in vitro electrodes
operating on thick neural tissue, as such materials can facilitate the separation of weak
signals of far neurons or local field potentials from the electronic noise of the
electrodes, as well as provide the ability to deliver effective stimulation to these dense
networks.

The study by Chiu et al. is notable for being one of the first to investigate the use of
GRNMs for neural electrodes®®. The researchers performed the biointeraction assay on
a single isolated graphene sheet, thereby eliminating the effects of variations in stack
thickness and packing density between studies of GRM electrodes. Silver paste was
used to transfer the graphene flake onto a 300 pm diameter stainless steel needle
electrode, and the relative change in the electrochemical properties compared to the
uncoated control was studied by comparing changes in the charge transfer
characteristics of electrodes implanted in the nervous system of American cockroach
for up to 48 hours. The interpretation of the raw electrochemical measurements and

the derived equivalent circuits indicated that the encapsulation effect induced by the
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immune response was significantly reduced in GNP-coated samples, proyigirig;s o
evidence of improvement in biocompatibility

Niaraki et al. performed electrohydrodynamic inkjet deposition of BSA-graphene
solution to prepare neural electrodes from ball-milled GNP powder®®. Pl substrate
surface was hydrophilized by polyethyleneimine (PEI) and polystyrene sulfonate (PSS)
treatments prior to deposition. A vinyl mask was then employed in order to boost the
patterning resolution of the water-based graphene inks to enable the fabrication of 200
Mm wide linear electrode traces through a relatively wide 300 pm inkjet needle.
Subsequently the electrodes were formed by heat treatment at 280°C for 30 minutes
in a convection oven. The research revealed no significant difference in the cytotoxicity
levels as compared to the control group. An impedimetric cell sensor was developed
based on the high cell binding capacity provided by the 3D micro-structured nature of
the GNP ink fabricated electrodes. Experimental results demonstrated that the

fabricated electrodes are able to accurately measure cell detachments in real time with

a delay of less than 1 minute.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Unless GO materials are incorporated with an additional conductive material, rGO is
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often favored by researchers for GRM-based electrodes as its conductivity is several

(cc)

orders of magnitude higher than the GO precursors. In a study Murphy et al. presented
a method for the scalable and efficient production of high-performance rGO-based
GRM coatings** (Figure 9, Table 2). Using a commercially available airbrush, the
researchers sprayed a mixture of GO and the biocompatible reducing agent L-ascorbic
acid (vitamin C) onto air plasma-treated Au-parylene C target surfaces. The sacrificial
polymer layer around the pre-patterned gold regions was then manually removed from
the surface, and the rGO-coated electrodes were finalized by vitamin C-assisted

thermal reduction on a hot plate at 150°C for 15 min, followed by patterning of the
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electrode regions (50x50 pm) via 4um parylene C insulation. Despite the relgtively,
temperature reduction, spray-coated rGO films exhibited a comparable in-plane DC
conductivity of 43+4 S cm! for the films with a thickness of only 23626 nm. Regarding
electrochemical performance, the wrinkled and multilayered rGO sheets of the GNP
coating was found to reduce the 1 kHz impedance of bare gold electrodes from 177 +
8 kQ to 21 £ 18 kQ. Concurrently, the CIC value of these electrodes increased from
0.36 mC/cm? to 1.09 mC/cm?. The rigorous endurance tests conducted with 500
puC/cm? biphasic signals for 11 million cycles revealed that in contrast to the
approximately 5-fold increased impedance rising in gold electrodes, there was no
significant change in the impedance of the rGO-coated samples, indicating a

substantially improved long-term stability for these electrodes.
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Figure 9) Optical microscopy images of (a) bare Au and (b) rGO-coated
microelectrodes with 50 x 50 um contact openings. EIS (c,d), CV (e) and voltage
transient measurements (f) of bare Au and rGO-coated electrodes. Reproduced from
44 with permission from Elsevier, Copyright 2022.

Electrodeposition is a robust and widely adopted method for coating conductive

substrates in a variety of applications as it allows a controlled and repeatable
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deposition under optimized parameters’®72. In 2019, Xiao et al. coated PtNP-fZ0c« e
nanocomposites onto implantable metal microelectrode arrays with an electrode
diameter of 25 ym”3. The electrodeposition of composite was performed by application
of -1V for 50 s to electrodes in a mixed electrolyte consisting of chloroplatinic acid, lead
acetate, and GO solution. Following deposition, the reduction of GO particles to rGO
was achieved electrochemically by successive CV scans performed in PBS solution.
Owing to the simultaneous deposition of both materials, the PtNP distribution on the
layered and wrinkled GRM structure is further improved by the homogenization of nano
materials and the resulting composite is reported to exhibit an 80-fold reduction in 1
kHz impedance compared to the bare Pt electrode.

Zhang et al. developed a novel one-step approach to prepare covalently functionalized
amphiphilic rGO electrodes by compositing graphene oxide and insulating A-mPEG
(hexamethylene diisocyanate-activated methoxypoly(ethylene glycol)) polymer with a

cooccurring thermal reduction of GO74. As compared to the hydrazine-reduced rGO

control sample, the mPEG functionalization was found to increase the colloidal stability

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

and the composite is observed to remain stable for weeks. Furthermore the obtained
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mPEG-rGO composite showed a significant improvement of current response during
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CV measurements. The observed increase was attributed to the enhanced wettability
of the electrodes. Subsequent experiments with PC12 cells revealed that the bioactivity
of the PEG additive have enhanced the cell adhesion compared to the polystyrene-
based tissue plate control and furthermore the composition with PEG also showed an
improved electrical stimulation response (AF/F) of the cells compared to chemically

reduced rGO coated samples.
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Table 2. Summary of electrochemical characterizations reported in GRM studigs. . At onine

39/D5TB01040C
Material and Method ~ 'MPedance  cqc cic SNR FElectrode Notes Ref.
@ 1Khz size
. - 1.41 mC/cm? 1.09 : In vitro dopamine sensor 44
rGO, air brush coating 21 +£18 kQ (200mV/s)*  mClcm? (50x50 pm) and in vivo neural
2
Gold 177 £ 8 kQ (%ggmn\]/%(;m* m%i:?nz - (50x50 pm) electrode tests included
PtNP-rGO composite, coating 3275 kQ ) _ ) 25 um Simultaneous dopamine 73
via e. deposition ’ H concentration and
Uncoated Pt electrode 2.63 MQ - - - 2 25 um neurgl sp_nkg B0 8
in-vivo included
rGO,compressed film transfer 45.9 mC/cm? ~4 Extensive mechanical 75
coating BT O (100 mV)* mC/cm? ] o 25 characterizations
LIG, CO, laser on PI 637Q - mC%cmz - (250%x250 pm) In vivo tests included 34
HNO; doped LIG, CO, laser on 50 mC/cm? 3.1 :
PI Zile (100 mV/s)*  mClcm? (EEEaT )
LIG, CO, laser on P 1,55 kQ 02 . - (600x600pm)  Exvivotests included 76
362 mC/cm? 10.32
F doped LIG, CO, laseron fPI - (100 mV/s)  mClom? - (600x600 pm)
rGO fiber with 3D expanded : 50 mC/cm? mé"/imz : 102 000 pm? In vivo and in vitro tests 77
tip, wet spin (100 mV/s)* s R included
] 1 2
;CF:S‘ MEBr e, & 29 [, e ?F;; u’\r/r:(z)) 7(??)Omnc1:\//3rs]?) mg}(?mz - 169 + 25 pm? In vivo tests included 45
rGO fiber section, 25 ym with 1.9 MQ 946 mC/cm? 10.5 } 169 + 25 um?
Pt collector (per um?) (100 mV/s)  mC/cm? teoH
) . 28.4 MQ 200 mC/cm? 4.7 2
rGO fiber section, 2 40 ym (per um?) (100 mV/s) mClcm? - 749 £ 93 ym
rGO fiber section, 2 40 ym with 3.9 MQ 361 mC/cm? 8.0 2
Pt collector (per pm3) (100 mV/s)  mC/cm? gz THPLER
2
rGO fiber rod, wet spin 5768 Q 7(19(§omnc1;\//(/:2; - - 6.2mm? In vivo tests included 8
rGO fiber rod 10% PEDOT:PSS - - - - 5.1mm?
2
rGO fiber rod 20% PEDOT:PSS 3435 Q DU cl - - 4.7mm?
(100 mV/s)
rGO fiber rod 30% PEDOT:PSS - - - - 3.7mm?
24217
PPy GO (0.5g/L) composite, 40 kQ mC/cm? (50 - - 2 50 um 1)
electrodeposition mV/s)
278.83
PPy GO (1.0g/L) composite, 26 kQ mC/cm? (50 - - 2 50 pm
electrodeposition mV/s)
190.98
115 kQ mC/cm? (50 - - 2 50 pm
PPy, electrodeposition mV/s)
0.94 mC/cm?
Bare Pt electrode vl (50 mV/s) B ) S
=SB T =7l In vitro biocompabilit:
PEDOT-GO composite, ~997+52Q mClcm?(50  0.18 - 100 pm s d‘; d Y 43
electrodepositions mV/s) mC/cm?
8.2 mC/cm? 0.16
Gold 20.59 kQ (50 mV/s) mClom? " 2 100 ym
PEDOT:PSS-GO(15) 124 Q (per 82.75mC/lcm?* ~0.4 . . 33
composite, electrodeposition cm?) (50 mV/s) mC/cm? o D I e @it el en
PEDOT:PSS-rGO(15) 0.59 Q (per  155.36mC/cm? ~7.0 2100 um
composite, electrodeposition cm?) (50 mV/s) mC/cm? H
~2.5 Q (per 1.44 mC/cm? ~0.1
el cm?) (50 mV/s) mC/cm? R

* Cathodic CSC
** Calculated using the narrow
Au potential window

*** Theoretical calculation
**** When the brush modelled
as a disc

***** Charge capacity density
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Increasing the thickness of thin films in flexible electrodes has been shown to improve
electrochemical performance, but this improvement is often paralleled by an increased
risk of film damage and fragmentation during bending operations. In their landmark
study published in 2024, Viana and colleagues introduced a novel method for
fabricating microelectrode array (MEA) through the Engineered Graphene for Neural
Interface  (EGNITE) process to overcome this limitation of GRM-based
electrodes’®(Figure 10). During fabrication, the researchers initially processed an
aqueous GO solution into a free-standing film through vacuum filtration process. The
film was then transferred to PI substrate with pre-patterned gold connectors. Following
this step the GO film was patterned by etching everywhere apart from the gold
microelectrodes using oxygen reactive ion etching (RIE). Upon hydrothermal reduction
of the transferred film, the rGO coatings were obtained with a thickness of 1 ym and
an RMS roughness of 50 nm. In the later stages of fabrication, Pl insulating layers were

deposited to give the final form of the flexible MEA. The obtained flexible

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

microelectrode arrays of EGNITE were thoroughly characterized in terms of physical,

Open Access Article. Published on 06 August 2025. Downloaded on 8/8/2025 9:05:58 PM.

electrochemical and biological aspects. Despite its relatively thin structure, the
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electrode has demonstrated superior electrochemical performance, such as 25.2+0.7
kQ for the 1kHz electrochemical impedance and a charge injection capacity of 4
mC/cm? under 1 ms biphasic signals. Furthermore, an endurance test involving 15
million biphasic pulses resulted in no significant changes in impedance level and
structural integrity, indicating a remarkably long electrochemical life of the electrodes.
The electrodes are also mechanically tested in a demanding 37kHz, 300W ultrasonic
stress test without cracking or delamination. A challenging bending test procedure

around a 0.7 mm diameter rod was also performed and resulted in negligible impact
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on the EGNITE electrode impedance. In clinical studies, intracortical reggrdings:of < e

EGNITE from rat primary auditory cortex provided signals with SNR values greater
than 30 dB. Long-term in vivo assays further revealed the ability of EGNITE to identify

individual action potentials of nearby neurons for up to 1 month after implantation.

a) 1. GO flakes 2. Filtration 3. Transfer 4. Hydrothermal reduction

O Graphene flake
+ COOH, OHand O groups ~ _

Neural recording
devi -

Gold

Neural stimulation
& device =

Figure 10) Preparation and transfer of rGO thin films via EGNITE process (a). SEM
image of the film cross-section showing dense package of rGO flakes (b). Optical
image of the finalized rGO coating (c) and illustration of the final in vivo devices (d).
Reproduced from reference 75, with permission from Nature, Copyright 2024.

Laser-induced graphene (LIG) is a promising bottom-up fabrication method which can
produce GRM in a rapid and scalable manner via selective pyrolysis of carbonaceous
precursors. LIG has attracted considerable interest in a wide variety of research fields
since its discovery in 2014, due to its ease of fabrication, low cost, and the significantly
increased surface area of its highly porous 3D microstructure®®-82, In addition to
eliminating the need for traditional photolithographic patterning, the laser growth
process effectively integrates the electrode with the substrate. In this way the LIG
method also offers a new approach to ongoing efforts towards the adhesion stability of

GRM’s and flexible MEA’s.
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Using a 130 um spot size CO; laser on a 50 pym thick flexible Pl substratg, Ly et-dlisonre
successfully created a uniform ECoG electrode array with edge lengths of 250 ym
(Figure 11 top)23. By noting the LIG resolution can be reduced to 50 um with the help
of a simple shadow mask, the researchers continued fabrication by forming gold
interconnects through photolithography and e-beam evaporation processes, and then
MEA devices were obtained by spin-coating the surface with SU-8 encapsulation layer.
The LIG electrodes prepared with an additional doping via 70% nitric acid treatment
reported to lower the electrode impedance and increased the CIC of the LIG electrodes
from 2mC/cm? to 3.1mC/cm?. The endurance test performed with 1 million cycles of
biphasic stimulation reportedly did not lead to physical degradation of the LIG
electrodes, however an overall increase in impedance values was noted in the EIS
measurements. In addition, published data shows a significant variation between the
impedance curves of the used and unused samples, which may indicate a variation in

the charge transfer characteristics of the electrodes (Figure 11e).

In 2024, Movaghgharnezhad et al. adopted an alternative approach to fabricate doped

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

LIG neural electrodes by pretreating substrates with fluorine(Figure 11 bottom)’¢. To

Open Access Article. Published on 06 August 2025. Downloaded on 8/8/2025 9:05:58 PM.

this end, the researchers prepared thin films from pure and fluorine-doped PI (fPI-
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3DPG and PI-3DPG) primers with a thickness of 120 ym and subsequently form
minimeter-sized, 50-pm thick LIG electrode samples using a commercially available
CO, laser engraving system. Results revealed that the fluorinated precursor-derived
fPI-3DPG sample demonstrated a twofold increase in CIC compared to PI-3DPG and
achieved significantly high capacity of 10.32 mC/cm? at 1ms pulse width. The authors
attributed the increased CIC of fPI-3DPG to the formation of gaseous by-products
during the pyrolysis of the fluorinated precursor, which induced the formation of intense

micro/nano-porosity and significantly increased the specific surface area of the
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electrodes. This physical modification explanation for the increased CIG s furthet: . e
supported by the strong capacitive behavior observed in the EIS spectrum of the fPI-
3DPG sample (Figure 10h). Despite the relatively high GRM thickness (50 uym), the
fPI-3DPG electrodes were maintained stable electrochemical performance after a
series of tests, including 10000 bending cycles at 4.5% bending strain, 1000
consecutive CV scans, and application of 1 million biphasic pulse stimulations.
Remarkably, unlike the previous LIG study by Lu et al. in 201683, the fPI-3DPG
electrodes exhibited an unchanged EIS profile even after 1 million stimulations.
Although these improvements of fPI-3DPG electrodes are promising for LIG studies, it

would be worthwhile to first investigate whether the remarkable resistance to bending

damage of such wide and thick LIGs can be replicated in micro-scale electrode arrays.
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Figure 11) Fabrication process of porous graphene electrode (a). SEM images of the
porous graphene array showing the perforated and rough structure of LIG (b-d). The
Altered profile of EIS spectrum after 100,000 cycles of biphasic stimulation pulses
(e). Reproduced from reference 83 with permission from Nature, Copyright 2016.
Preparation of F-doped laser-induced graphene electrodes (fP1-3DPG) from fluorine
incorporated polyimide precursor (f,g) and the stable EIS spectrum of fPI-3DPG even
after 1 million pulse stimulation cycle (h). Reproduced from reference 76 with
permission from American Chemical Society, Copyright 2024.

As a distinct innovation from the planar GRM electrode arrays, GRM-based free-

standing microelectrodes offer a viable alternative to existing metal and silicon-based

penetrating electrodes used in vivo applications due to advantages such as the

biologically relevant flexible and low-density structure, high mechano-environmental

stability, as well as the superior electrochemical performance that allow further

miniaturization of the electrodes®45.84,
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In their widely recognized pioneering work, Apollo et al. used the wet spinning methde;
to produce free-standing graphene fiber (GF) electrodes’’. Reduced liquid crystal
graphene oxide (LCGO) fibers with an elastic modulus of 11.2 GPa were obtained by
forming a solution of LCGO and later processing the solution into fibers by CaCl,
coagulation and finally reducing the fibers by vacuum annealing process.
Subsequently, the obtained fibers were insulated with a Parylene C coating and then
underwent laser cutting to remove the excess insulation at the extremity of the fibers.
This process resulted in a "brush-like" expansion of the 3D electrode, making the
exposed tips 3.5 times wider than the 50 uym thickness of the as-prepared fibers. The
researchers theoretically calculated an extraordinarily high charge injection capacity
(Qiny) of 46 mC/cm? based on the electrode GSA and the double layer capacitance of
the EIS equivalent circuit and argued that laser ablation was the key to achieving it.

Wang et al. produced LCGO-based fibers with diameters ranging from 20 to 40 um by
a wet spinning process followed by in situ reduction in a coagulation bath containing
hypophosphorous acid (Figure 12)*%. Along with different fiber thicknesses, the effect
of the conductive Pt coating on the 40um (dry conductivity 52+0.3 S/cm) and 20 ym
(dry conductivity 205£16 S/cm) thick graphene fibers investigated. The application of
a 200 nm thick Pt coating was reported to further increase the conductivity of fibers up
to 460+30 S/cm. Electrochemical characterization of GF, platinum-coated graphene
fiber (GF-Pt), and platinum wire (Pt) control was performed after insulating the samples
with 2 um thick Parylene-C and opening a planar electrode site by dipping the probe
tips into liquid nitrogen. The GF-20 sample was found to reduce the 1kHz impedance
of the 500 MQ/um? platinum wire control by a factor of 50. In addition, the coatings of
platinum collector of graphene fibers decreased the per area impedance observed on

the GF-20 electrodes by approximately 5 times and the GF-40 electrodes by ~10 times
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compared to their uncoated counterparts. Among the experimental measyrements;of o
the charge injection capacity, the highest CIC was obtained with the GF-Pt-20 sample
as 10.5 mC/cm?. The in vivo tests in rat cerebral cortex further demonstrated that
platinum-coated GF-Pt electrodes can record single-unit waveforms with higher SNR
than GF electrodes. Researchers attributed the superior per unit area performance of

the thinner and platinum-coated electrodes to the higher electronic conductivity of the

samples.

a) LCGO 60 fher b) 10“-

Calculation bath

CGiraphene fiber
(GF)

—— GF-Pt-PC-20
10! 102 10° 104
No.4 Mo.3 No.2 No.1
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ey
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Coating

Assemble

Implantation

Electron Brain

Figure 12) Preparation steps of GF-Pt-Parylene C electrodes by wet spinning
method and subsequent coating processes (a). The impedance spectrum of Pt
control and prepared samples (b). Hand assembled MEA of fibers (top) and insertion
of GF-Pt-Parylene C-40 sample for in vivo recording (c). Reproduced from reference
45 with permission from John Wiley and Sons, copyright 2019.

In 2022, Xiong et al. developed soft PEDOT:PSS-rGO fiber (PGF) composite
electrodes as an alternative to conductive polymer coatings on rigid freestanding

electrodes, which are prone to suffer from delamination due to poor substrate-coating
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interactions 8. To form PEDOT composite fibers, researchers added 10, 20, ang30: orine

wt% PEDOT into the GO spinning solutions and prepared the fibers by wet spinning.
After the fibers were prepared, the GO content was reduced by hydroiodic acid
treatments. Based on stress-strain tests, it was reported that the optimum mechanical
properties were obtained with the PGF-20 sample, as it had the highest tensile strength
(35 MPa) among the three samples. The CV measurements of the PGF-20 showed a
CSC of 504 mC/cm?, a value approximately 60 times higher than that of the GF control
sample. The team also performed an electrochemical durability test on the PGF-20
composite sample by performing 1000 consecutive CV scans on the electrode and
demonstrated an 80% retention of the original CSC.

The aforementioned studies provide evidence that the specific surface area, functional
group density, and electrical conductivity of GRMs strike an important balance for the
biocompatibility and electrochemical performance of neural electrodes. Moreover, the
distinct fabrication processes were further explored in these works that produce
substrate-attached and the in vivo-optimized free-standing electrodes that exhibit high
mechanical durability while offering elasticity and providing a high electrochemical

conductivity to produce effective tissue stimulations.

3.2.1. Conductive Polymer-GRM Composite Neural Electrodes

One of the major branches of GRM-based neural electrodes involves the incorporation
of powder form GRMs with conducting polymers (CPs) such as PPy and
PEDQT43.79.8586 The formation of these composites contributes to the stability of the
carbon based materials by preventing the dissolution of electrodes, while on the CP
side an improvement in mechanical stability and electrochemical performance is widely

observed as compared to their pristine forms*3.79.86,
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Deng et al. electrochemically deposited a PPy-GO composite onto the pre-pafterpee. - orire
platinum neural electrodes for investigating the effect of deposition current density and
GO concentration on electrode performance(Figure 13)7°. SEM images of the study
revealed that the effective surface area of the composites increased significantly with
higher GO ratios and current densities through enhancing electrode surface roughness
and outgrowth. Composite samples prepared with GO concentrations of 0.5g/L and
1.0g/L were further subjected to electrochemical characterizations, and improved
responses were obtained with the increased GO content in the composite. Importantly,
increasing the deposition charge density from 0.5 C/cm? to 2 C/cm? resulted in higher
outgrowths for all GO composites, whereas the pristine PPy electrodes were found to
be collapsed at the polymerization currents above 2 C/cm?. The results show a 4-fold

decrease for 1 kHz impedance and a 1.5-fold increase for CSC measurements with

the best performing composite compared to the bare PPy electrode.
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Figure 13) Deposition process of PPy on electrode sites by ultrasonic exfoliation of
GO-Pyrrole/PSS introduction and electrochemical application (a). SEM images of
deposited films showing rough surface for composites (top PPy, middle PPy/GO 0.5,
bottom PPy/G0O1.0) (b).The lowered impedance of bare PPy and PPy/GO coated Pt
electrodes (c). Reproduced from reference 7° with permission from Elsevier,
copyright 2011.

In a similar study, graphene oxide was incorporated into PEDOT polymer and
electrodes have been studied in terms of their physical electrochemical and bio
interactions*3. The experimental set of the study consists of gold electrodes coated
with a hybrid solution of 2 mg/mL GO and 0.01M -EDOT at different deposition times
ranging from 10 to 40 minutes. Measured CSC for bare gold electrodes was 8.27
mC/cm? and for composite coatings averaged 86.74 mC/cm?, with an increase
proportional to the deposition time. The obtained CSC results and EIS data were

interpreted in detail along with the derived EIS equivalent circuits of the samples.
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Stimulation tests performed at 1 ms pulse duration were reported to aghieyg: - e
average CIC of 4.71 mC/cm? with composite electrodes, a 30-fold increase compared
to the gold electrode. Bioassays performed with the PC-12 cell line showed superior
cell adhesion of the composite electrodes versus the gold electrodes, and the
composites had no negative effect on neuronal proliferation as compared to the gold
electrodes and cell plate. In this regard, the study highlighted that the cytotoxic activity
of GO interactions may have been suppressed by the polymer encapsulation.

PSS are often used in combination with PEDOT (Poly(3,4-ethylenedioxythiophene) to
avoid mechanical problems such as swelling, shrinkage, and dissolution of the PEDOT
electrode by stimulation applications and the medium itself®’-89. Lee et al. thoroughly
investigated the effect of varying oxidation levels of GO materials and the rGO
materials obtained by reduction of these materials on the PEDOT:PSS based GRM
composite electrodes®. The GO samples were prepared by oxidizing 0.1 g of graphite

with 0.05 g (GO5), 0.15 g (GO15), and 0.25 g (GO25) of KMnO,4, and the reduced

samples were derived from acid-aluminum assisted reduction of these starting

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

materials. The GO and rGO materials were then dispersed with PEDOT:PSS polymers

Open Access Article. Published on 06 August 2025. Downloaded on 8/8/2025 9:05:58 PM.

electrodeposited on gold electrodes, and finally characterized via EIS, CSC and CIC

(cc)

techniques. Samples with adequate oxidation (GO15 and GO25) were observed to
have significantly improved electrochemical properties with the reductions and also
had the best performance among all other specimens. Instead of rGO25, the optimal
electrode performances were obtained with rGO15 composite, and this finding was
explained by the reduced in-plane conductivity of the extensively oxidized and thus
deformed structure of GO25 precursor. Nanoindentation measurements surprisingly
reveal that GO and rGO doping in PEDOT:PSS reduces the modulus of electrodes

from 7.3 GPa to 2-5 GPa, which is attributed to the formation of pores by the
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incorporation of GRM particles. Experiments carried out with PC12 cells showedthat s o

composites formed using both GO and rGO significantly increased the levels of the
intercellular communication genes of GAP-43 and synapsin compared to control
samples.

Besides oxidation and reduction, heteroatom doping on GRM is a modification method
that has been evaluated by a number of electrochemical studies®-°2. To investigate
the effect of N-doping of the GRM in neural electrode applications, Fan et al.
electrodeposited a mixture of 2 mg/ml GO and 0.01 M EDOT solution and then applied
a post-reduction treatment to prepare N-rGO-doped PEDOT electrodes®. The
researchers prepared and characterized microorganism reduced N-doped rGO
(PEDOT-NrGO), hydrazine hydrate reduced N-doped rGO (PEDOT-HrGO),
unreduced GO (PEDOT-GO), and a blank PEDOT electrode sample. Both EIS
measurements and CV scans revealed an increase in the electrochemical conductivity
and capacitive properties of the N-rGO sample as compared to blank PEDOT and
PEDOT-GO samples. Cyclic voltammetry measurements were conducted on PEDOT
and PEDOT/N-rGO electrodes over 200 cycles at a scan rate of 5 mV/s. The nearly
unchanged cyclic voltammetry curves of PEDOT/N-rGO compared to pristine samples
demonstrate that incorporating N-rGO significantly enhances the electrochemical
stability of PEDOT electrodes. Previously, another article attributed this improvement
to rGO flakes reinforcing the PEDOT matrix by holding together the polymer chains,
that tend to fragment or exfoliate during electrochemically driven redox reactions3.
Finally, the authors noted that the bioassisted reduction of GO (N-rGO) mitigated the

decrease in cell viability commonly seen with GO and HrGO composites.
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Furthermore the improvements achieved through GRM doping of conductive polyimers: orire
based neural electrodes open important opportunities for flexible string/net-based
electrode designs, where these matrices are widely used®-%. Such composite
electrodes can be readily fabricated via the same electrodeposition techniques used
for pristine conducting polymers and present several important advantages, including

reduced geometric dimensions, improved electrochemical conductivity, enhanced

flexibility, and stable long-term performance.

4. Future Challenges and Outlook

Though the encouraging outcomes demonstrated by neural electrodes, whether
graphene or GRM-based, there exist substantial drawbacks that hinder their transition
to clinical implementation. The most significant challenges to be addressed include the
long-term stability of electrodes, scalability and reproducibility, device integration,

performance consistency, and potential neurotoxicity. Despite the enhancement of

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

biocompatibility to an acceptable level, as evidenced by modifications documented in

Open Access Article. Published on 06 August 2025. Downloaded on 8/8/2025 9:05:58 PM.

the literature, microglial/astrocyte activation and the subsequent glial scar/fibrous
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encapsulation persist as significant impediments to long-term performance. These
alterations have been shown to increase impedance and distort signals, which can
adversely affect outcomes. As demonstrated in the comprehensive review of the extant
literature®’, there is a clear need for further research in this field. Specifically, there is
a small number of long-term stability studies that are conducted under physiological
conditions (electrolytes, enzymes, mechanical stress) and electrical pulses. Moreover,
the long-term in vivo data that is currently available appears to be insufficient. It is

imperative that rigorous, long-term (months to years) studies are conducted in relevant
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animal models to evaluate the chronic biocompatibility, stability and,funetiopal s orie

performance of different graphene-based electrodes. Systematic studies employing
fully characterized materials in accordance with emerging standards are required to
precisely correlate specific material properties (size, layers, functionalization, purity,
defects) with in vivo neurotoxicity results over extended periods of time. It is necessary
to comprehend the nature of degradation products and their associated effects?8.9,

There is a necessity for a more profound comprehension of the interactions between
the surface properties of graphene and biological components, with particular
emphasis on the interaction with immune system cells, such as microglia '%°. Such
interactions include protein adsorption, cell adhesion mechanisms, and charge transfer
physics. In addition, the specific roles of material properties, such as defects, functional
groups, and topography, in eliciting biological responses, including inflammation,

toxicity, and regeneration, must be elucidated0’.

There is an inverse relationship between the scalability/cost-effectiveness of graphene
production methods and the quality/repeatability of the resulting material. Methods
suitable for batch production (e.g., some exfoliation or GO/rGO routes) often yield
materials with higher variability and defects compared to more controlled but less
scalable methods (such as CVD). This trade-off poses a significant barrier to reliably
and affordably produce medical-grade graphene'®2. The high cost of high-quality
graphene production and complex fabrication processes can be a barrier compared to
established technologies, and scalable, low-cost production is needed for clinical

translation 193,
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In summary, beyond the technical challenges, graphene-based neural electrodes iust = o

overcome regulatory, standardization and cost barriers to successfully move from the
laboratory to the clinic. As with all new implants, gaining approval for neural ones is a
significant hurdle. The inherent variability and complexity of graphene materials has
been identified as a significant factor contributing to the complexity of the already

challenging regulatory approval process.

5. Conclusion

Neural electrodes serve as the central interfaces to facilitate bidirectional
communication between biological entities and external electronics for basic research,
disease treatment and neuroprosthetic applications. Electrochemically interacting
neural electrodes are specialized interfaces that facilitate the precise and reliable
transmission of neural signals, including low-amplitude single unit activities and local
field potentials of neuron populations. These interfaces additionally allow for the
effective and precise electrical manipulation of neurons and offer a sophisticated tool
for neural engineering and research applications. The biocompatibility requirements
for these invasive electrodes establish novel standards in terms of chemical and
mechanical properties. In combination, the reduced dimensions of the electrodes allow
for better tissue integration and greater application specificity but also introduce
significant electrochemical challenges on the materials front. Depending on the
preferred type of graphene, the graphene and graphene-related nanomaterials in the
fabrication of micro-sized electrochemical neural electrodes are enabling the devices
to offer increased electrochemical surface area, improved operational stability,
enhanced biomechanical compatibility, superior mechanical durability, and optical

transparency features. Current research efforts in the area focus primarily on
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innovative fabrication methods for graphene-based electrodes, along  with.idties: orine

incorporation of chemical doping, nanoparticle deposition, and polymer composite

modifications toward subcellular-scale electrodes. Future studies expected to benefit

from the insight, methodologies and modification routes of the existing literature and

further promote the development of the high-performing, robust and multifunctional

graphene-based electrodes for research and clinical applications.
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