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Abstract

Resolving the underlying mechanisms of complex brain functions and associated disorders remains
a major challenge in neuroscience, largely due to the difficulty in mapping large-scale neural network
dynamics with high temporal and spatial resolution. Multimodal neural platforms that integrate optical
and electrical modalities offer a promising solution, with microelectrode arrays (MEAs) being partic-
ularly effective for capturing electrophysiological activity across multiple neurons at the cellular level.
Graphene has emerged as a highly attractive material for such neural interfaces due to its unique
combination of biophysical, electrical, mechanical, biological, and optical properties. However, current
graphene-based electrodes face challenges, including the need for transferring pre-grown graphene
layers, which causes reliability issues.

In this work, microelectrode arrays based on transfer-free multilayer graphene and PEDOT:PSS are
developed, and their feasibility for in vitro neural activity detection is evaluated through a brain slice cul-
ture. Firstly, the design and fabrication of graphene-based MEAs (grMEA) on transparent substrates is
presented, establishing optimized microfabrication procedures for the integration of transfer-free mul-
tilayer graphene technology on in vitro MEAs. Several electrode diameters, ranging from 10 ym to
500 um, are included to accommodate different experimental requirements and test the limits of the
technology. Second, the combination of graphene and PEDOT:PSS conductive polymer is explored to
overcome the fundamental limitations associated with graphene electrodes, such as high impedance
at small electrode sizes, without compromising the optical transparency. A technique to integrate pat-
terned PEDOT:PSS polymer coating on the electrodes to form graphene/PEDOT:PSS microelectrodes
(grppMEA) is developed.

The electrochemical performance, including charge storage capacity (CSC) and impedance prop-
erties, of the grMEA and grppMEA devices are evaluated. Obtained results, comparable with state-
of-the-art neural interfaces, show that the PEDOT:PSS coating increases CSC values more than the
double and substantially reduces the impedance by 10-20 times (e.g., from 247 kQ to 13 k2 for 50
pum diameter electrodes). This demonstrates the potential of the devices for efficient electrical coupling
with neural tissue. Additionally, the volumetric capacitance of grppMEA electrodes was found to be
55.7 F/em?, highlighting the volumetric ionic-electronic interaction coming from the PEDOT:PSS film,
a feature absent in metal electrodes.

A custom-made interface that effectively connects the MEA devices to specific recording systems
is developed to enable the acquisition of neural signals. The electrophysiological recording capabilities
of the grMEA and grppMEA devices were subsequently evaluated through in vitro cerebellar brain slice
cultures. Acute recordings of spontaneous activity and spike pattern characteristics of Purkinje cells
and other neurons have been successfully obtained. The obtained signal-to-noise ratio values, ~ 30 dB,
demonstrate the great recording potential of the proposed MEAs. Overall, the results presented in this
work demonstrate that transfer-free multilayer graphene MEA technology, especially when combined
with PEDOT:PSS, overcomes the current limitations and offers the possibility for high-density recordings
with single-cell resolution.
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Introduction

1.1. Neural cells and their electrical properties

Neurons are excitable cells within the human nervous system that are capable of generating and trans-
mitting electrical impulses [1]. These impulses, known as action potentials, are responsible for com-
munication between neurons and the transmission of information throughout the nervous system. The
structure of a neuron typically consists of three main parts: the soma or body cell, dendrites and axon.
Dendrites receive electrical signal coming in and the axon conducts the electrical impulse.

Net Charge + Net Charge —
. +

wo ¥ L
S — N W
v Y= b g%

o fgo==o. K

S cell me.n‘ibraner-‘f_tfm-ﬁ\- i

K = . A’
e — S By
Extracellular fluid E Cytoplasm

Figure 1.1: Membrane potential of a neuron at resting state. At the resting state of a neuron, the intracellular space is more
negatively charged compared to the extracellular space. Na* ions are highly concentrated outside the cell, whereas K* ions
are more concentrated in the inside, and together with other organic anions the interior net charge becomes more negative. lon
channels are permeable to specific ions (Na*, K*), which allow them to move in and out, contributing to the dynamic behaviour
of the cell membrane potential. Image taken from [1].

Depending on their membrane potential, neurons can be in different states: the resting state, where
it is not transmitting signals, the action potential state, where it is actively transmitting signals and a
depolarization state without necessarily firing an action potential. This depolarization can occur due to
excitatory inputs that bring the membrane potential closer to the threshold but do not reach it, resulting
in subthreshold phenomena. At resting, neurons have a polarized membrane with a negative internal
charge and a positive external charge (see Fig. 1.1). When the excitation threshold is exceeded, the
neuron undergoes large depolarization, which leads to the generation of an action potential. The action
potential is a rapid, temporary change in the electrical charge of the neuron’s membrane. This change
is due to the movement of positively charged ions, such as sodium and potassium, across the cell
membrane. The movement of these ions is facilitated by ion channels, which are protein structures
embedded in the cell membrane. These ion channels open and close in response to changes in the
membrane potential, allowing ions to flow in and out of the neuron. The flow of ions during the action
potential is a crucial process in neuronal communication. During the action potentials, the electrical
charge across the membrane changes dramatically (see Fig. 1.2 b). After the depolarization phase,



1.2. Electrophysiological recording of neuronal activity 2

the neuron goes through repolarization, where the cell’s interior becomes negative again. This is fol-
lowed by a brief period of hyperpolarization, during which the neuron is less likely to generate another
action potential. This is known as the refractory period.

Understanding the electrical properties of neurons provides insights into the fundamental mech-
anisms of brain function and has important implications for various fields, including neuroscience,
medicine, and technology.

1.2. Electrophysiological recording of neuronal activity

Our nervous system can be seen as an electro-chemical machine. Nerve impulses are transmitted
through both chemical conduction between neurons (via neurotransmitters) and electrical conduction
along the neuron (via ion channels). This means that electricity can also be used as a mean to interact
with the nerves and neural cells [2, 3]. This field is known as bioelectronic medicine or electroceuticals.
Unlike traditional medicine, dominated by the use of pharmaceuticals to interact with the nervous sys-
tem, bioelectronic medicines have the potential to detect and modulate electrical signals of excitable
cells in a highly selective manner and tailored to the need of the patient. Bidirectional bioelectronic sys-
tems entail miniature, implantable devices distributed close to the target tissue(s) operating in a close-
loop manner. Meaning that the system is capable of sensing, deciphering electrical signals, analysing
them in real time and modulating (stimulating) accordingly: the envisioned path towards high-precision
personalized therapy. This current work focuses on the electrical recording side.

The patch clamp technique is considered to be the first generation of neural interfaces for electro-
physiological recording of neuronal activity [4]. The patch clamp technique involves inserting a micro-
electrode into a single neuron to record single ion channel signals, i.e., intracellular recording (see Fig.
1.2 a). This technique was first introduced by Erwin Neher and Bert Sakmann in 1976, and made it
possible to understand and characterize the active behaviour of the neurons membrane through the
well-known Hodgkin-Huxley model. It has since revolutionized the field of electrophysiology.
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Figure 1.2: (a) Patch clamp technique illustration. A glass pipette electrode makes contact with the cell membrane and
measures the current of a single ion channel, as well as the capacitance of the cell membrane. (b) Typical action potential of
a neuron. When the excitation threshold is exceeded, the neuron rapidly undergoes a depolarization phase in which the
membrane potential becomes less negative. Subsequently, the repolarization and hyperpolarization phases return the
membrane potential to its resting state. Image taken from [4].

With the second generation of neural interfaces, both implantable electrode devices and in vitro
microelectrode arrays (MEAs) have emerged to enable simultaneous recording from multiple neurons
or brain regions. Implantable systems allow for in vivo monitoring, e.g., in chronic studies, while MEAs
provide a controlled environment for studying neuronal activity. Electrode array technologies enable
extracellular recording of neuronal activity, which is typically a result of the signal summation of multiple
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neurons in a localized region [4]. This allows neuroscientists to study the collective activity patterns and
interactions between neurons. MEAs are especially valuable in neuroscience because of their versatil-
ity in studying neural activity across various experimental models, including cell cultures, brain slices,
and organoids. In cell cultures, these devices allow researchers to record and stimulate neuronal net-
works, offering insights into how neurons develop, connect, and function. Furthermore, their use with
organoids, lab-grown miniature versions of brain tissue, has become increasingly common, allowing for
the monitoring of the maturation and activity of complex 3D neural networks. This capability to record
from multiple neurons or clusters simultaneously, without invasive procedures, makes MEAs an indis-
pensable tool for neuroscientists. More advanced generations of in vitro neural interfaces now integrate
MEAs with organ-on-a-chip systems, which better replicate physiological conditions by more precisely
controlling the biological environment and maintaining tissue-specific functions. Other advanced gen-
erations of neural interfaces are directing towards combining electrophysiological recording with other
modalities, such as optogenetics or imaging techniques, to provide a more comprehensive understand-
ing of neural activity and circuitry [5].

1.3. Optical imaging tools for neuroscientific research

Optical imaging methods are very powerful tools in neuroscience to record and manipulate neural activ-
ity with high spatiotemporal resolution [6]. In particular, there is a growing interest for in vivo recordings
using fluorescence imaging in the neuroscience research field as a way to monitor the spiking activity of
a large number of neurons [7, 8, 9], thus expanding the understanding of the neural connectivity within
specific brain regions. This technique is also useful for in vitro models, allowing to reveal information
on the synaptic communication between neurons on a cell culture or brain slice. Typically, in optical
functional imaging a genetically encoded indicator sensitive to neural activity is introduced to the target
cells. There exist different fluorescing indicators, calcium and voltage being the most common ones.
When an action potential occurs in a neuronal cell, the voltage-gated calcium channels open leading
to an influx of Ca?* ions and a subsequent increase in the intracellular Ca?* concentration. Genetically
encoded calcium indicators (GECIs) respond to the increase in Ca?* concentration by emitting fluores-
cence when excited at a specific wavelength. GCaMP6 is a well-known calcium indicator based on
green fluorescence protein (GFP) with a peak excitation wavelength of 485 nm and a peak emission
wavelength of 515 nm [10].

Alternatively, genetically encoded voltage indicators (GEVIs), also present an alternative way to
monitor neuronal activity. The voltage-sensitive dye molecules bind to the cell membrane and con-
vert membrane potential changes into fluorescence signals. Voltage-sensitive dye imaging (or voltage
imaging) presents a more direct way of measuring neuronal signals compared to calcium indicators. Im-
portantly, it has been shown that voltage-sensitive dyes emit fluorescence proportional to the changes
in the membrane potentials [11]. This makes it possible to monitor sub-threshold membrane phenom-
ena. GEVIs additionally provide the benefit of instantaneous response due to their fast kinetics, which
makes it possible to capture high-frequency neuronal activity (e.g., spiking activity of the Purkinje cells)
which are unable to reveal by calcium imaging.

Several microscopy systems can provide illumination for fluorescent imaging. Traditional fluores-
cence microscopy, such as confocal, relies on a linear one-photon absorption process to generate a
signal. Such techniques are adequate for imaging superficial tissue (less than 100 ym), however, at
greater depths light scattering compromises the image quality [12]. The recent development of multi-
photon imaging such as two-photon (2P) microscopy overcomes the limitations by allowing the visual-
ization of deeper tissue. It relies on a nonlinear two-photon absorption process, where two photons of
light with double the wavelength interact nonlinearly with matter to excite fluorophores. This creates
a more tight and controllable focal point and makes it possible to image through thick, high scattering
tissue, e.g., brain [13]. The laser wavelengths used for these systems vary, from around 635 nm in
confocal microscopy to approximately 920 nm for 2P microscopy.
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1.4. The need of multimodal neural interfaces

In neuroscience research, electrophysiology has been the most standard method for recording single-
cell neuronal activity to behavioural outcome [14, 15]. Although it provides high temporal resolution, it
has the limitation of not being able to record the activity of a large number of neurons. Recent advance-
ments in optical methods, such as two-photon (2P) microscopy, has enable to capture the activity of
densely packed neurons, opening the path towards understanding the complex spatial network dynam-
ics of a group of neurons. However, the slow kinetic of the calcium indicator and/or the frame acquisition
rate of the microscope system limit the temporal resolution in 2P imaging [16, 17]. This reveals that
there is a need of combining the advantages of both modalities in order to have high spatiotempo-
ral resolution. In this context, microelectrode arrays compatible with imaging techniques present a
very promising tool. The most common materials for electrodes are gold (Au) or platinum (Pt) due to
their good electrical performance, high biocompatibility and chemical stability [18]. However, they are
opaque materials and thus, it would not allow the visualization of neuronal cells under the electrodes.

Electrophysiclogical Electrical
Recording Stimulation

Transpamnt
Electrode Array

4 4 - S
/} K_—/ Optical Optical

Imaging Stimulation

Figure 1.3: Transparent neural interfaces for multimodal applications. Transparent electrode arrays compatible with
electrophysiological recording, stimulation, optical imaging (e.g., two-photon calcium imaging) and optical stimulation
(optogenetics). Image adapted from [19].

Along with this, electrode technologies are advancing towards high-density arrays with single-cell
resolution. A critical aspect is that the impedance scales up with decreased electrode dimensions due
to the reduction in surface area. Electrode impedance reflects how efficiently signals are transduced.
This highlights the need for novel materials that can offer a multimodal interface and record neural
signals with high sensitivity.

1.5. Research Objectives

The goal of the research presented in this thesis was to develop optically transparent graphene-based
microelectrode arrays (MEAs) by means of microfabrication technologies for multimodal neural inter-
faces. Microfabrication enables the achievement of a miniaturized neural interface by using photolithog-
raphy techniques. The fabrication of the envisioned MEA devices was carried out at the Else Kooi
Laboratory (EKL) of Delft University of Technology.

To achieve this, several critical aspects of this goal have been investigated. First, a thoughtful analy-
sis of the microfabrication process based on previous work [20] was carried out, identifying several crit-
ical steps to improve and optimize. Some of the main fabrication aspects that this research work focus
on were: (1) developing transfer-free graphene with complete removal of the underneath metal catalyst
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layer, (2) optimizing MEAs design by enhancing track conductivity and integrating multiple electrode
sizes, (3) reducing electrical impedance by surface modification strategies. Special focus was made
on the last point, by exploring PEDOT:PSS as a conductive coating for graphene to further improve
the electrode-electrolyte interface. Since the impedance of graphene is limited by the capacitance of
the electrochemical double-layer, its combination with a PEDOT:PSS coating was investigated. The
interaction between these two materials, which is not extensively studied in the literature, was explored.

Then, a full assessment of the electrochemical characteristics of the fabricated graphene MEAs
was performed, and the performance between graphene/PEDOT:PSS and graphene electrodes was
compared. The MEA devices were designed to offer a great versatility for electronic read-out, by allow-
ing to be coupled to various commercially available electrophysiology recording systems. In this work,
a custom-made interface that effectively connects the MEA devices to a specific recording system is
presented. Finally, the MEA devices were evaluated through a ex vivo model, with some cerebellar
brain slices with the aim to assess their recording capabilities in a biological environment.

1.6. Outline of the Report

This thesis is organized in 7 chapters. Chapter 1 introduced the underlying concepts of neural cells
and their electrical activity, including the active behaviour of neurons and the generation of extracellular
action potentials and local field potentials. A brief overview of the historical development of neural activ-
ity recording techniques is provided. Moreover, optical imaging methods for neuroscientific purposes
are discussed, given their potential for understanding complex neural network dynamics. The concept
of multimodal neural interfaces, which enables the combination of electrical and optical domains, is
introduced.

Chapter 2 describes fundamental theory of electrodes, introducing an electrical equivalent model
which facilitates the understanding of the components contributing to the electrode-electrolyte interface.
Standardized methods to characterize the electrochemical performance of electrodes are presented.
Next, state-of-the-art graphene-based electrode technologies are reviewed, highlighting their novelties
and limitations in neural recording applications. A unique approach for the fabrication of transfer-free
multilayer graphene, developed by researchers at TU Delft, is described. Then, surface modification
techniques to improve the electrochemical performance of graphene electrodes, such as coatings with
conductive polymers like PEDOT:PSS, are discussed. Finally, some concepts about biological charac-
terization of electrodes, including biocompatibility and signal-to-noise ratio (SNR) are introduced.

In Chapter 3, the design of in vitro MEAs on transparent substrates is presented. In particular,
the design of the photolithography masks that will define the patterns on each material layer on the
processed wafers are described. Design choices and considerations regarding the dimensions and
geometries of the electrodes, interconnections and contact pads are explained, taking into account
layer-to-layer margins to minimize challenges that may arise during the different fabrication steps. In
this chapter, a brief analysis on the electrical crosstalk effect between neighbouring electrodes is also
presented.

Chapter 4 focuses on the fabrication aspects of MEAs based on the transfer-free multilayer graphene
technology. A detailed step-by-step microfabrication process of graphene MEAs is described, as well
as the integration of a patterned PEDOT:PSS coating on the electrodes using the parylene lift-off tech-
nique. Process observations and challenges encountered during the development of theses devices
are discussed and substantiated with optical images, SEM analysis and Raman spectroscopy.

Detailed material characterization methods and results, namely Raman spectroscopy, four-point
probe sheet resistivity and optical transparency are presented in Chapter 5. Additionally, the electro-
chemical characterization of the fabricated graphene and PEDOT:PSS-coated graphene electrodes,
including cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) is reported. The
influence of the PEDOT:PSS coating on the electrochemical performance is analyzed.
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Chapter 6 presents a custom-made interface that effectively connects the MEA devices to specific
recording system and enables the acquisition of neural signals. The interface consists of a custom PCB
which interchangeably couples the MEA pads to a connector compatible with commercially available
recording hardware from Intan Technologies. Finally, the electrophysiological recording capabilities
of the fabricated graphene and PEDOT:PSS-coated graphene MEAs are evaluated through in vitro
experiments using cerebellar brain slice cultures. The post-processing of the acquired data and the
computation of SNR values is reported and discussed.

The thesis concludes with Chapter 7 which summarizes the key achievements of this work, dis-
cusses the limitations and provides an outlook on future research directions.



[Literature Review

2.1. Electrodes theory

Electrodes represent the interface between the biological cells/tissues and the electronic systems. They
transduce the ionic currents naturally present in the body to electronic signals, from ions to electrons
and inversely. In a neural interface, electrodes can be used bidirectionally, either ‘recording’ meaning
signals are sensed or ‘stimulating’ meaning signals are injected into the tissue. For in vitro cell record-
ing application, typically microelectrode arrays (MEAs) are used, referring to a device with multiple
microelectrode elements.

2.1.1. Electrical equivalent circuit of an electrode recording system

Modelling the general electrical behaviour of an electrode system gives valuable insights on the role
that each component can play in the system. Fig. 2.1 shows the electrical circuit for a microelectrode
recording system [21].

ions : electrons

R, R, >
Electrolyte <€ - |+ Zue H N Electrode
C,—— Za
Ry
L °
o1 L
EflC N
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Figure 2.1: Equivalent electrical circuit of a recording microelectrode. E}, . refers to the half-cell potential, R; and C; are
associated to the resistive and capacitive components, respectively, of the double layer formed at the electrode-electrolyte
interface. And R describes the resistance intrinsic to the electrolyte solution [21, 22].

The ions from the electrolyte first encounter the resistance intrinsic to the solution, R;. Following
the circuit in Fig. 2.1, the red dots represent the electrode-electrolyte interface, where the conversion
between ionic and electrical charge carriers happens. This is represented by an impedance element,
Zm e, Which has a frequency dependent behaviour. The electrode impedance magnitude at 1 kHz is,
in fact, the most accepted and practical quality metric for recording microelectrodes. The electrode-
electrolyte interface will be further analysed in the following section. The shunt capacitance, C;, rep-

7
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resents the coupling capacitances present in the system which can arise due to electrical crosstalk
between adjacent traces and/or capacitive coupling to the substrate or electrolyte solution. The tracks
from the microelectrodes to the external contact pads (for connection to an amplifier), present an intrin-
sic resistance which is represented by the R,,, element. This value depends on the sheet resistance
of the material as well as the width and length of the tracks. The wider the tracks, the lower the resis-
tive component. However, in high-density and large coverage microelectrode arrays, the width of the
tracks might be compromised due to the lack of physical space in the layout. The last component of this
equivalent circuit represents the input impedance of the amplifier, Z,. Typically, high input impedances
are desirable to capture small extracellular potentials, as well as low intrinsic noise amplitudes.

2.1.2. Electrode-electrolyte interface

The term electrode-electrolyte interface, Z g, is the fundamental term that analyses the passage of
current from the electrode to the electrolyte and the involved electrochemical reactions. The electrolyte
contains ions, anions and cations, representing the body fluid. The electrodes represent the interface
that allows the transfer of charge between carriers, transitioning between electronic and ionic signals
[22].

The electrical characteristics of electrodes have been widely studied throughout the years, in partic-
ular, the current-voltage relationship. Electrodes behaviour varies with different input conditions. Their
characteristics are current-density dependent and frequency dependent. The electrical impedance
varies at different frequencies. Modelling electrode behaviour with an equivalent circuit can help to-
wards better understanding of electrode characteristics. Fig. 2.1 shows the equivalent electrical circuit
for a biopotential electrode in contact with an electrolyte. The circuit model is a combination of a voltage
source representing the half-cell potential with some resistive components in series associated with the
electrode-electrolyte interface and the electrolyte itself.

This electrode-electrolyte model is constructed from several distinct components. R; and C,; refer
to the resistive and capacitive components of the double layer formed at the electrode-electrolyte in-
terface, respectively. Ej,. represents what is known as half-cell potential, the electrochemical potential
difference between an electrode and its corresponding electrolyte. A half-cell is a single electrode im-
mersed in a solution containing its ions, and the half-cell potential is a measure of the tendency of a
particular electrode to undergo a reduction or oxidation reaction.

2.2. Electrochemical characterization methods

The common techniques for electrochemical characterization of neural electrodes are impedance spec-
troscopy, cyclic voltammetry (CV) and voltage transients (VT).

2.2.1. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) involves measuring electrical impedance and phase
angle in response to sinusoidal voltage or current excitation across a wide frequency range (typically
< 1Hz to 10°H?z). The electrode to be characterized, analogous to the working electrode (WE), is im-
mersed into an electrolyte solution which contains the ground, counter electrode (CE), as illustrated in
Fig. 2.2 a. It should be noted that CE is much larger in size than the microelectrode to be characterized,
in this way, CE impedance contribution is minimal. The reference electrode (RE) provides a stable po-
tential for accurate measurement. The impedance (Z) of the electrode is deduced by comparing the
amplitude and phase of the input signal with the output signal [23]. An input sinusoidal signal with a
range of frequencies is applied and a spectrum of impedances is obtained, which is then represented
in a bode plot.
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Figure 2.2: (a) Three-electrode setup consisting of a working electrode (WE), counter electrode (CE) and a reference
electrode (RE). (b) A typical EIS bode plot of a metal-electrode. The amplitude (top graph) and phase shift (bottom graph) over
a wide range of frequencies, from 1 to 10° H z, are shown.

A typical bode plot for a metal electrode is depicted in Fig. 2.2 b. The main contributor to the varia-
tion of impedance is the double-layer capacitance (denoted by C; in the equivalent circuit model, Fig.
2.1). Note that at higher frequencies (Fig. 2.2 b, blue zone) the current passes smoothly through the
electrode-electrolyte interface, almost with no opposition. This reveals that the impact of C; is almost
negligible and that the measured impedance mainly depends on the electrolyte resistance (denoted
as R, in the equivalent circuit model, Fig. 2.1). In intermediate frequencies (Fig. 2.2 b, yellow zone),
the impedance of the double-layer capacitor, Cy, increases in a logarithmic manner with higher fre-
quencies, and there is a 90° phase shift. Over the low frequency range (Fig. 2.2 b, green zone), the
high impedance values hinder the current passage through the electrode-electrolyte interface due to
the substantial increase in the impedance contribution of C;. As observed in the example, at low fre-
quencies there is no phase shift, indicating that the total impedance is governed by the R; and R, in
series. Consequently, to drive current within this frequency range, higher voltages would be required,
which are associated with increased energy demand and higher probability of damaging the electrodes
or target tissue.

Impedance spectroscopy serves a dual purpose by examining both tissue and electrode properties.
By estimating the resistive contribution of tissue conductivity at high frequencies, where the impact of
charge transfer at the electrode-tissue interface is minimal, valuable insights into the electrode’s be-
haviour are gained [24].

2.2.2. Cyclic Voltammetry

Cyclic voltammetry (CV) is a standard technique for electrochemical surface analysis. During this test,
the potential in the working electrode is swept cyclically between two potentials limits, also referred as
the potential window or water window, and the current flow is monitored. The current flow is driven
by (1) faradaic processes, originating from the transfer of electrons through oxidation and reduction
reactions and by (2) capacitive processes, resulted from the redistribution of chemical species which
store charge at a double layer [25, 26].
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Figure 2.3: Capacitive versus Faradaic processes occurring when an external voltage is applied to a working electrode
immersed on an electrolyte during a cyclic voltammetry (CV) measurement. Image taken from [26]. Electrodes with high ionic
conductivity exhibit a dominant capacitive behaviour translating into a box-shaped cyclic voltammogram. In contrast, the
current flow of electrodes with lower specific capacitance values is dominated by Faradaic processes, resulting in a limited
charge storage capacity, and their CV curve typically shows distinct peaks.

Usually in a metal/electrolyte interface a combination of faradaic and capacitive processes are mea-
sured. The capacitive behaviour is mainly determined by specific capacitance intrinsic to the material.
In case of graphene, its specific capacitance is reported to be 3uF /cm? [27] independent on the num-
ber of layers (up to 5 layers). When driving the potential further from equilibrium, faradaic currents
become more dominant and if they exceed the water window, the redox reactions become irreversible.
The water window is defined as the potential range were electrolysis, irreversible reactions, does not
occur. From the CV curve, the charge storage capacity (CSC) can be obtained, which is an electrode
quality metric relevant for stimulation that represents the amount of charge that can be stored reversibly
in an electrode [25]. CSC [uC/cm?] can be calculated based on the area under the CV curve divided
by the scan rate [V /s], and normalized to the electrode area.

2.3. Graphene potential as neural interface

Graphene, a single layer of carbon atoms arranged in a two-dimensional honeycomb lattice, has
emerged as a promising material for neural interfaces due to its unique combination of electrical, me-
chanical, and biocompatible properties, as well as offering optical transparency [28, 29, 30]. Graphene
is a zero-gap semimetal material [31], meaning that the conduction band and the valence band intersect
at the Dirac point (i.e., absence of bandgap). As a result, both electrons and holes can act as charge
carriers leading to increased electronic conductivity. Graphene, additionally, exhibits high charge car-
rier mobility at room temperature [32]. However, the quality of graphene and the substrate that it is used
greatly affect its electronic properties. To make it a competitive candidate among conventional metals,
graphene’s electronic conductivity could be further improved by chemically doping (with electrons or
holes) [31]. The electrical conductivity of graphene facilitates signal transduction, making it a good
candidate for the design of electrical tracks. This few atoms thick material also exhibits mechanical
flexibility, which allows it to conform closely to the complex geometries of neural tissues, reducing the
mechanical mismatch and potential tissue damage during long-term implantation. Furthermore, the
biocompatibility of graphene, while initially controversial, has shown promising results in more recent
studies. Particularly graphene produced by chemical vapor deposition (CVD), has shown no significant
signs of toxicity, supporting its use in chronic neural interfacing applications [33].

Moreover, graphene’s optical transparency broadens its application in multimodal neural interfaces
that integrate both electrical recording and optical imaging or stimulation. This unique property is partic-
ularly advantageous in optogenetics, where precise control and monitoring of neuronal activity via light-
sensitive proteins is required. Advances in graphene fabrication techniques, such as chemical vapor
deposition (CVD), have also improved the scalability and reproducibility of graphene-based devices.
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Additionally, graphene can undergo various material functionalization techniques, such as chemical
doping to improve conductivity or integration with other materials (e.g., platinum nanoparticles, con-
ductive polymers) to enhance its electrochemical performance. Consequently, graphene stands out as
a versatile and powerful material for next-generation neural interfaces, promising significant advance-
ments in both fundamental neuroscience research and bioelectronic medicine.

2.4. State-of-the-art graphene electrode arrays

Recently, D.-W. Park et al. [34] explored the usability of graphene microelectrodes for optogenetic ap-
plications. Authors demonstrated that graphene microelectrode device can be implanted on the brain
surface in rodents for high-resolution neurophysiological recording. The authors also showed that due
to graphene’s broad spectrum transparency, it is an excellent candidate for applications requiring a wide
range of wavelengths (from ultraviolet to infrared). These applications include neural imaging and opto-
genetics, where there is the need of stimulating various opsin types and visualizing different fluorescent
dyes bonded in cells (note that the excitation light wavelength varies depending on the optical imaging
technique, whether confocal microscopy or 2P microscopy). The same authors published a detailed
protocol, [35], describing the fabrication process of their graphene-based micro-electrocorticography
(MECoG) electrode array and its usage alongside electrophysiology, fluorescence microscopy and op-
togenetics. Moreover, Park et al., as a continuation of their work, also studied the neural stimulation
capability of the electrodes in combination with optical monitoring in transgenic GCaMP6f mice model
[36]. The capacitive four-layer graphene electrodes were characterized to deliver a charge density of
116.07-174.10 uC'/cm? through the tissue (with a stimulation current of 100-150 1 A). Higher stimula-
tion currents resulted in electrode damage, being limited by the initial condition of the graphene layer
(number of defects). Even so, the reported current density values were within the documented limits
for safely activating tissue [37].

In D. Kuzum et al. [38], authors present graphene microelectrodes on flexible polyimide (Kapton)
substrate. The array was tested for in vivo electrocorticography recording and in vitro hippocampal
slice recording. With an electrode area of 50 x 50 ;m?, approximately ten neuronal cell bodies were
shown to be overlapping with the electrode area. The electrode recordings were combined with calcium
imaging (with confocal microscopy and 2P imaging techniques) to benefit from the spatial and temporal
resolution of both modalities. Years later, the same authors demonstrated that the electrodeposition of
platinum nanoparticles (Pt NPs) on graphene electrodes significantly reduces the electrical impedance.
However, a trade-off was observed between impedance reduction and optical transparency. While
the impedance decreased by a factor of 100, the transparency dropped from over 90 % to 50 %, a
reduction that may be acceptable for certain experimental applications [39]. Pt NPs provide a par-
allel conduction path and help to overcome the inherent limiting quantum capacitance of graphene.
The PtNP/graphene microelectrodes were tested in a transgenic mice model, successfully combining
2P imaging and cortical potential (UEC0G) recordings. A follow-up paper of the same authors, [40],
presents a PtNP/graphene microelectrode array with decreased dimensions up to single-cell (i.e., elec-
trode diameter of 20 um) and ultra-high density (i.e., arrays up to 256 channels) for increased spatial
resolution. The study proposes a novel material architecture: interlayer-doped double-layer graphene
with deposited Pt NPs. The Pt NPs substantially lowered electrode impedance, while the interlayer-
doped double-layer graphene provided high-conductivity transparent wiring. This design ensured full
transparency of the array and counteracted graphene’s relatively high sheet resistivity (compared to
other metals), while also making it less susceptible to defects during fabrication and processing. The
authors reported low impedance values at 1 kHz, in the range of 300 £ (for 20 um electrode diameter).

Graphene has also been explored as an ideal candidate for fabricating field-effect transistor (FET) ar-
rays for providing an excellent interface with neural cells with higher signal-to-noise (SNR) ratio. Hébert
et al. [41] introduced a flexible graphene solution-gated field-effect transistors (QSGFET) consisting of
a single-layer graphene channel connected by two metallic contacts (i.e., drain and source). The pro-
posed gSGFETs were immersed into an electrolyte solution where the gate voltage was modulated by
an external reference electrode. The authors demonstrated a high sensitivity for the detection of local
field potential (LFP) because of the local preamplification that is inherent to the transistor configuration.
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Specifically, they reported an intrinsic gate noise level of 20 V' RMS, which is far below the LFP ampli-
tude recorded at the cortex surface. Graphene microtransistor technology can be further exploited by
selectively functionalizing the transistors to monitor relevant neural biomarkers for brain diseases. The
same authors, in a recent publication [42], functionalized gSGFET by directly immobilizing chemically
modified aptamers bioreceptors on the graphene surface for biosensing applications.
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Figure 2.4: State-of-the-art graphene-based electrode technologies for neural interfaces. (a) Graphene-based
transparent electrode array showing the different stacked layers and its mechanical flexibility from Park et al. [34]. (b)
High-density transparent and flexible PtNP/graphene microelectrode array proposed by Ramezani et al. 2024 [40]. It consists
of a 64-channel array with an electrode dimension of 20 pm of diameter. The scale bar is 100 pm. A reduced electrode
impedance was achieved through an interlayer doped double layer graphene (id-DLG) configuration. (c) Nanoporous
graphene-based thin-film microelectrodes presented by Viana et al. [43]. Hydrothermal reduction was used to create
nanometre-scale pores that form capillarities between graphene flakes. The porous configuration increases the volumetric
surface area and resulted lower impedance values and higher charge injection capacity was demonstrated. (d) Multilayer CVD
graphene electrodes using a wafer-scale transfer-free process from Babaroud et al. work [18]. A method to grow graphene
avoiding the manual transfer of pre-grown sheets is presented, resulting in higher reproducibility, higher yield, and greater
compatibility with conventional wafer-scale processes.

For bidirectional neural interfaces (i.e., recording and stimulating), Viana et al. [43] proposed a re-
duced graphene oxide (rGO) thin film with a nanoporous nature. The focus of this graphene technology
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was not on optical transparency, but rather on developing a material for efficient neural interfacing. The
porous configuration increases the volumetric surface area and results in lower impedance values (for
recording) and higher charge injection capacity, CIC, (for stimulation). The film of stacked GO flakes
deposited onto a conductive substrate are hydrothermally reduced to exhibit superior electrical proper-
ties. With electrodes size of 25 um diameter (array consisting of 64 channels arranged in 8 x 8 grid),
characterization tests showed very low electrical impedance around 26.8 k2 @1kHz and CIC around
2.8 mC/m? for 1 ms pulses. Moreover, authors conducted in vivo testing with the proposed flexible
MECoG devices for recording (epicortical and intracortical) and stimulation (in the sciatic nerve) appli-
cations. In the epicortical recordings, the microelectrodes exhibited very low intrinsic noise, thus high
SNR (of 40 dB at 10 Hz and 5 dB at 1 kHz), allowing highly sensitive registration of cortical potentials
with high spatial resolution.

2.5. Transfer-free multilayer graphene technology

High quality graphene can be grown by chemical vapour deposition (CVD) process. The mechanism
of growth typically requires high temperatures (900-1000 °C) for the carbon source (i.e., CH,) to de-
compose into various radicals. Some of these carbon radicals travel to the catalyst surface, react
with it and nucleate into graphene. If the growth time is sufficiently high, a continuous graphene layer
will be formed. The quality of graphene is determined by several factors including growth conditions
(time, temperature, pressure, gas flow rates), substrate type, cleanliness and morphology, among oth-
ers. Current state-of-the-art graphene electrodes fabrication approaches focus on growing monolayer
graphene on metal foil substrates or thin-films (i.e., copper, nickel) by CVD method and subsequently,
transferring the graphene sheet to the substrate of interest [36, 38, 45, 46]. This process is especially
crucial as substrates containing polymers are unable to withstand the high temperatures required in
the CVD process. Although transferring graphene to the substrate of interest is a standard procedure
in the field, it remains the most critical step due to its susceptibility to cause potential graphene film
degradation by introducing damage, polymer contamination, cracks and wrinkles [49]. Moreover, it
potentially affects the reproducibility and limits large-scale wafer processing.

Recently, researchers from TU Delft have been working in developing wafer-scale transfer-free
multilayer graphene electrodes which can be coupled with flexible substrates [18]. The transfer-free
approach uses a sputtered molybdenum (Mo) layer as the catalyst for graphene growth. This allows to
grow multi-layer graphene avoiding the complications from the numerous transfer steps while demon-
strating an increase in its charge storage capacity (CSC) for stimulation purposes. Additionally, the
transfer-free microfabrication method provides higher reproducibility, higher yield, and greater compati-
bility with conventional wafer-scale processes. A follow-up paper from the same authors, [48], proposes
a surface functionalization strategy with Platinum (Pt) nanoparticles (NPs) for improved performance
(reduced impedance, higher charge injection capacity (CIC)) of the graphene electrodes.

2.6. Surface modification

Graphene has shown to be a promising candidate for multimodal neural interfaces, permitting the com-
bination of optical and electrical techniques. The ideal neural recording and stimulation electrodes
should have high sensitivity, high selectivity, low impedance, good biocompatibility, high charge injec-
tion capacity and long-term stable neural recording [30, 50]. Graphene, however, suffers from low sheet
conductivity and large impedance limited by quantum capacitance (compared to conventional metals),
originating from its low density of states [39]. Impedance is the major bottleneck of neural electrodes
which limits scaling down the electrode dimensions towards single-cell neural activity detection. This
is because as the electrode size decreases, its electrical impedance goes up due to a higher thermal
noise [30], which in turn results in a lower signal-to-noise (SNR) ratio (i.e., a lower sensitivity).

Some strategies to lower the electrical impedance of graphene electrodes include chemical doping
and surface modification. Chemical doping has been shown to reduce graphene’s sheet resistance
to some extend [51, 52]. However, a more recent study, [39], suggests that the reduction in electrical
impedance by chemical doping is not enough to scale down the electrode dimensions to single-cell res-
olution. Instead, electrodeposition of platinum (Pt) nanoparticles (NPs) on graphene electrodes seems
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to be a better choice based on a study which showed a 100 times impedance reduction while maintain-
ing optical transparency (values above 50 %). Yet, the long-term stability and adhesion of graphene/Pt
NPs electrodes were not investigated in the aforementioned work. Babaroud et al. [48] also presented
a method to spark ablate Pt NPs on graphene surface demonstrating a 4.5 times lower impedance with
40% NP print surface density. Even though authors performed some electrochemical and mechanical
tests to study the stability, test samples instead of the final flexible electrodes were used, making it
more difficult to obtain conclusive results on the long-term adhesion and stability of the NP coating.
Even though the described spark ablation technique has limited scalability, it is much more controllable
compared to electrodeposition which highly depends on the homogeneity of the material layers.

2.6.1. PEDOT:PSS coating

Conductive polymers, such as poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonate)
(PEDOT:PSS), have the potential to elevate the performance of neural electrodes by increasing the
volumetric surface area and thus, lowering the impedance. PEDOT:PSS is widely used in the field of
organic electronics due to its tunable conductivity, easy processing and commercial availability. Partic-
ularly, it exhibits high electronic and ionic conductivity, which enhances the electrochemical interactions
in the electrode-electrolyte interface, thus being a more efficient electronic transducer of neural signals
[563]. Electronic conductivity values up to 2500 S/cm have been reported previously in literature [54],
which are far below the values for metallic conductors (in the order of 10° to 10%). However, due to
its volumetric architecture, as illustrated in Fig. 2.5, it presents high charge capacitance values, which
greatly reduces the impedance. Other advantageous properties that have made it an attractive mate-
rial for organic bioelectronic devices are its high transparency in the visible range, good film-forming
properties, mechanical compliance to the biological tissues and biocompatibility [55, 53]. PEDOT:PSS
has been investigated as a conductive coating for metal (gold) electrodes [56, 57] to further reduce
the impedance and improve the recording and stimulation capabilities. However, the integration of PE-
DOT:PSS with graphene for transparent neural interfaces remains relatively unexplored.

Hydrated Electrolyte
@ metalion

OMIEC

Q ~ Y

Hydrated ion PEDOT PSS

Figure 2.5: PEDOT:PSS film interface with an electrolyte solution. OMIEC: organic mixed ionic and electronic conductors.
PEDOT:PSS conductive polymer exhibits high ionic and electronic conductivity, acting as a volumetric capacitor. Image taken
from [53].

A study on PEDOT:PSS electrodeposition in graphene microelectrodes, with 30 ym in diameter,
was shown to reduce their impedance from 2.9 M to 166 k2 while presenting transparencies of 84 %,
and their application with optical imaging and electrophysiology was demonstrated [47]. However, the
study highlights several limitations: uncontrolled wrinkles in graphene were observed and run-to-run
variability of graphene quality was mentioned, which might be caused by the graphene transfer process.
Additionally, despite the optical transparency of the microelectrodes, the presence of gold tracks within
the field of view obstructs the visualization of adjacent fluorescent cells and generates photo-induced
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artifacts due to the photosensitivity of gold. Furthermore, the study did not assess the charge storage
capacity (CSC) or conduct cyclic voltammetry characterization, which could have demonstrated the
high charge capacitance attributed to the volumetric architecture of PEDOT:PSS as supported by ex-
isting literature. This reveals that further research is needed to understand the combined behaviour of
these two materials and their potential application for multimodal neural interfaces.

2.7. Polymeric encapsulation

Conformable polymer-based organic layers have been considered very adequate encapsulant mate-
rials for neural implants due to their favourable mechanical flexibility, reduced mechanical mismatch
with the neural tissue, and their biocompatibility [58]. Among them, parylene C provides a highly flex-
ible barrier which can be vapor-deposited onto the electrode forming a thin (< 100 wm) and uniform
layer with a pinhole-free surface [59]. Various studies have reported the usage of parylene as the en-
capsulant layer for graphene-based neural electrodes [34, 35, 36, 45, 40]. Even though no polymer
is a perfect water barrier, parylene exhibits a lower permeability to water vapor and moisture. While
organic polymer layers present increased conformability and flexibility, their water vapor transmission
rate (WVTR) characteristics, ion permeability and adhesion capability to noble metals remain a critical
aspect.

Delamination during long-term use is one of the most frequent failure mechanisms in thin-film elec-
trodes, either between encapsulation-metallisation layers or between metallisation-electrode surface
layers [60]. Delamination occurs as a consequence of the poor adhesion of polymers to inorganic met-
allisation tracks. Polymer-based encapsulation materials are selected due to their chemical inertness;
however, this results in the lack of ability to form compounds with the metal atoms which entails reduced
adhesion to the metallisation layer [61]. To our knowledge, no studies have investigated the long-term
adhesion of polymeric encapsulants to a graphene substrate.

Oxygen plasma surface treatments have been proposed to address this issue [62, 63]. Plasma
treatments activate the surface by increasing its energy and thus, improve the adhesion strength be-
tween thin-films. The big downside is that plasma, especially oxygen plasma, will damage or etch the
graphene layer, thus hindering its integration for graphene-based devices. Alternatively, adhesion pro-
moters have also been investigated for improved adhesion strength due to their ability to form chemical
bonds between the polymer and metallization layer [60]. Silane A-174 is the most investigated one for
parylene. However, according to literature [64], effective coupling between gold surface and parylene
with silane has not been realized yet. Instead, thiol-containing adhesion promoters such as 2-methylthio
ethyl methacrylate and 4-chlorothiophenol demonstrated positive results after pull tests.

In the light of the limited long-term endurance of these coatings, Kim et al. [65] proposed a multi-
layer architecture consisting of hybrid organic/inorganic barriers for optimal encapsulation. By combin-
ing ALD Al;O3-TiO, and CVD parylene C in a single chamber at low temperature, the advantages from
both approaches are synergized, thus providing a balance between hermeticity and flexibility, without
compromising its biocompatibility and miniaturization. Authors achieve a higher quality barrier with
extended lifetime even after cracking thanks to the multilayer design, which supports random partial
cracks while preventing all-through cracking under mechanical strain.

2.8. Biological Characterization

Various in vitro and ex vivo models are essential for studying neural interface technology, circumvent-
ing the limitations of in vivo studies [66]. Among these, brain slice cultures are particularly valuable
as they preserve the brain’s native cytoarchitecture and neuronal networks. Typically derived from
rodent brains, these organotypic cultures allow for detailed neurophysiological investigations and ma-
terial testing. Despite some limitations, such as the absence of a blood-brain barrier and circulating
immune cells, brain slice cultures provide a reproducible platform for high-throughput screenings and
long-term biocompatibility assessments, making them an invaluable model for advancing microelec-
trode research [66].
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2.8.1. Biocompatibility

Biocompatibility is crucial for the successful integration of microelectrodes technologies with brain tis-
sue. To ensure long-term functionality and minimal adverse effects, the constituent materials of these
microelectrodes must be non-toxic to neural cells and should not provoke adverse reactions, also known
as foreign body response, in the surrounding tissues. Moreover, in order to avoid fibrotic encapsulation,
a common failure cause of long-term implants, the microelectrode surface has to mimic the physico-
chemical and mechanical characteristics of the extracellular matrix (ECM) to promote neuronal devel-
opment, property known as biomimicry. Furthermore, the microelectrode materials must maintain their
physical integrity and electrochemical stability in the highly corrosive environment of body fluids and
tissues, property known as biostability [66]. Achieving such biocompatibility and biostability is essential
to prevent the formation of insulating glial scars and to preserve the electrochemical performance of
microelectrode platforms during long-term use.

The biocompatibility of graphene has been previously studied by means of direct cell-to-graphene
interfaces [67, 68, 69, 70]. In [69], monolayer CVD graphene substrate was compared with glass
substrates for human neural stem cell (hNSC) cultures, in terms of cellular survival rates and coex-
istence with a biomaterial. Results showed that graphene provides a favourable microenvironment
for enhanced cellular adhesion on the surface and hNSC differentiation into neurons. Moreover, it has
been shown that graphene-based substrates do not alter neural cell and synaptic behaviour [70]. Given
the importance of biocompatibility, graphene seems to be a promising material for the development of
neural interfaces.

2.8.2. SNR ratio

A good understanding of the origin of microelectrode noise is necessary to optimize electrodes design
towards high sensitivity recordings, able to detect small extracellular potentials. Various noise sources,
both intrinsic and extrinsic, can impact the quality of electrophysiological recordings and the signal-to-
noise ratio (SNR) [21]:

» Thermal noise: also known as Johnson-Nyquist noise, it generates from the random motion of
charge carriers within the electrode material. It is the dominant intrinsic noise of microelectrodes.
Thermal noise can be mathematically calculated by the following expression:

f2
vy = [4kpT |  Re(Z)df]*/?
f1

where ks represents Boltzmann constant, T'temperature, Re(Z) the real part of electrode impedance,
and f; to f is the selected recording bandwidth. The expression shows a positive correlation
between the impedance and noise of microelectrodes. Narrowing the bandwidth to the frequency
range of interest is desirable to further minimize the thermal noise. Notably, neural cells pro-
duce local field potentials (LFPs) at low frequencies (< 300 Hz) and action potentials at higher
frequencies (500 — 1500 Hz) [71].

Biological noise: it is originated from the activity contribution of more distant neurons that is picked
up by the recording electrode. It depends on the density and the firing rates of neurons nearby
the recording electrode. Spike sorting algorithms aim at identifying individual cells based on the
recorded activity patterns, by feature extraction and clustering computational techniques.
Instrumentation noise: it comes from the recording hardware (e.g., amplifiers, DAQs). In case of
the RHD2000 amplifier chips, they exhibit a low noise floor around 2.4 uV rms.

Interference: it is resulted from external sources such as power lines and nearby equipments.
Typically, the commonly known 50 or 60 Hz interference are filtered out from the recordings.

» Shot noise: at low currents, stochastic variations in the number of charge carriers might occur,
known as shot noise. It is not, however, very significant in microelectrode recordings.

Flicker noise: it is the noise inversely proportional to the frequency (1/f) noise. It is possible to
remove it with a high-pass filter.
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From the described noise sources, thermal noise and biological noise are typically the dominant
ones in electrophysiological recordings with multielectrode arrays. The combined effect of these noise
sources will determine the signal-to-noise ratio (SNR) of the microelectrodes during action potential
recordings. The SNR can be calculated with the equation below:

A
SNR = (P22
Onoise
, Where A,.q is the signal amplitude and the o, the standard deviation of noise. As for the noise
estimation, a graphene MEA without neural cells (but with the culture medium) could be used.

2.9. Summary

In conclusion, microelectrode arrays (MEASs) represent a powerful tool for interfacing with biological
tissue, enabling the simultaneous electrophysiological recording of multiple neuronal cells with high
spatiotemporal resolution. Traditional MEAs, typically fabricated using materials such as gold and plat-
inum, exhibit limitations in their compatibility with multimodal applications, particularly with respect to
their integration with optical imaging methods commonly employed in neuroscience. Consequently,
recent efforts have focused on the development of novel materials that provide optical transparency
alongside favorable electrochemical properties for efficient neural interfacing. Among these, graphene
has emerged as a promising candidate for multimodal neural interfaces.

State-of-the-art graphene-based electrode arrays have successfully demonstrated the integration
of electrical recordings with two-photon (2P) imaging techniques, offering a versatile platform for neu-
ral investigations. Recent advancements have further scaled down graphene electrode dimensions
to achieve single-cell resolution through surface modifications, such as the incorporation of platinum
nanoparticles (Pt NPs), which significantly reduce impedance. In addition, chemical doping of graphene
has been shown to lower its sheet resistance, thereby enhancing its suitability for use in conductive
tracks and enabling the development of fully transparent electrodes. However, all these studies have in
common the necessity of transferring graphene sheets from their initial substrate to the final device sub-
strate, introducing a critical step in the fabrication process that may compromise device performance.

To address this challenge, researchers at TU Delft have developed a wafer-scale, transfer-free
technology for fabricating multilayer graphene electrodes, thus eliminating the risks associated with
the transfer process. Despite these advances, the inherent impedance of graphene, governed by its
double-layer capacitance, continues to limit further miniaturization of the electrodes. Although platinum
nanoparticle modifications have been explored to address this limitation, further research is required to
assess the long-term stability and adhesion of these nanoparticles, as well as bringing this technology
to in vitro or in vivo tests.

Conductive polymers, such as PEDOT:PSS, offer a promising alternative due to their ability to func-
tion as volumetric capacitors, exhibiting high ionic and electrical conductivity. However, the integration
of PEDOT:PSS with graphene electrodes has been relatively unexplored.

This current work presents the design and fabrication of graphene in vitro MEAs on transparent
substrates. Several electrode diameters, ranging from 10 ym to 500 ym, were included to accommo-
date different experimental requirements and test the limits of the technology. This work has a strong
focus on process development, establishing optimized microfabrication procedures for the integration
of transfer-free multilayer graphene technology on in vitro MEAs. Moreover, a technique to integrate
patterned PEDOT:PSS polymer coating on the electrodes is introduced, enabling the exploration of
hybrid graphene/PEDOT interfaces for more efficient neural interfacing platforms. The electrochemical
performance of graphene electrodes and graphene/PEDOT:PSS electrodes was thoroughly assessed.
Finally, the fabricated MEA devices were tested with brain slices to validate their electrophysiological
recording capabilities. This work aims to advance the development of graphene-based neural inter-
faces, offering insights into improved fabrication techniques and material combinations for more effec-
tive neural recording platforms.



Device design

In this chapter, the architecture and material layers of microelectrode arrays (MEAs) are explored, focus-
ing on the design considerations necessary for achieving optically transparent devices for multimodal
neural application. The encountered technological challenges in developing high-density electrode ar-
rays, the strategies employed to mitigate these challenges, and the selection of materials are discussed.
Additionally, insights into the design of photolithography masks that enable precise patterning of the
various material layers are provided.

3.1. MEA device architecture and material layers

In order to achieve an optically transparent MEA device with superior recording capabilities (i.e., high
sensitivity, high selectivity and low impedance), thoughtful material and design choices will be consid-
ered, as well as the requirements for its validation in brain slice recording test in collaboration with the
Neuroscience Department in Erasmus MC. Detailed information regarding the slice activity recording
test is provided in section 6.2.

For effective microelectrode array (MEA) design, achieving a large cover area, referring to the spa-
tial extent needed to capture diverse neural activity, and a high-density electrode array are essential.
The epifluorescence upright microscope with a patch clamp slice recording setup available at Erasmus
MC, which will be used for validating the microfabricated MEAs, features a 0.6 mm diameter field of
view with a x40 objective. Therefore, the electrode array layout should be designed to densely cover
this area. However, creating a large coverage and high-density array presents several technological
challenges. The interconnection tracks connecting each microelectrode to the external contact pads,
referred to as routing, become complex, as it is crucial to ensure sufficient track width to avoid com-
promising total resistance and potentially impacting the signal-to-noise ratio (SNR). Additionally, since
microfabrication is a two-dimensional technology, track design is limited to a single layer, leading to
potential issues with lack of physical space and electrical crosstalk. To address these challenges, sev-
eral electrode arrays with varying electrode sizes, numbers of electrodes, and pitches were designed
to meet different experimental requirements and explore the limits of the technology.

Regarding the materials, graphene was the chosen material for the microelectrodes and inner tracks.
In contrast to traditional metal microwires, graphene exhibits a relatively high sheet resistance. In order
to mitigate this characteristic, one approach involves minimizing the length of the graphene intermedi-
ate tracks. This entails confining the graphene within the designated field of view, while concurrently
forming the out-of-field tracks using highly conductive and biocompatible metals. Gold, with a thin ad-
hesion layer of titanium, was the chosen metal for the outer tracks and contact pads.

The final envisioned MEA, shown in Fig. 3.1, will consist of a graphene layer defining the micro-
electrodes and inner tracks resting on a quartz substrate and connecting to the Ti/Au outer tracks and
contact pads. The MEA will be encapsulated by a parylene-C layer on the frontside with dedicated
openings in the electrodes and contact pads.
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Quartz (rigid substrate)
Graphene (microelectrodes)
Ti/Au (tracks and contact pads)

Parylene-C (encapsulation)

Figure 3.1: Proposed microfabricated in vitro MEA dies. Graphene-based electrode array on a rigid transparent substrate,
quartz.

The proposed device architecture and materials are well-suited for wafer-scale microfabrication
processes, which allow to create structures in micrometer scale with high precision and reproducibility.
Microfabrication technology is the standard manufacturing process for semiconductor Integrated Cir-
cuits (IC). It is a 2D planar technology based on adding and subtracting layers of materials to create
desired structures. Silicon is the dominant material used in IC industry today, most fabrication facili-
ties and equipment are optimized for silicon wafers. Although not highly standardized, other starting
materials such as quartz, can also be used for microfabrication processes, allowing for the fabrication
of structures on a transparent substrate. The fabrication of graphene MEAs was done entirely in Else
Kooi Laboratory of TU Delft.

3.2. Photolithography masks

Photolithography masks are used to define patterns on the surface, and these patterns are transferred
through various etching processes (using plasma or chemicals). Every photomask defines a pattern
in a single layer of material, thus for a device consisting of multiple layers of materials several pho-
tomasks will be required. In particular, a photolithography mask consists of a quartz plate with patterned
chromium layer which controls the passage of the incoming light to the photoresist layer deposited on
the wafer, thus, restricting the activation of the photochemical process in non-exposed areas. If positive
photoresist is used, the developer process will remove photoresist material only in the exposed area.
The pattern is now defined and can be subsequently transferred using etching processes.

The design of the photolithography masks was performed using L-Edit v2015.4 software. A total of
12 MEAs with a dimension of 20 x 20 mm could be fitted in a single mask limited by the 4” wafer size,
translating into 12 MEAs per wafer. This led to the incorporation of various MEA designs into the masks,
primarily by adjusting electrode density and dimensions to enable potential use in diverse applications
and to explore the limits of graphene-based technology. The masks were designed compatible with
the contact aligner and with dedicated alignment marks. The alignment markers are part of the design
and fall within the frame. For each layer there is a separate alignment marker, which allows for aligning
the actual mask with respect to the zero layer or first mask.

The photomasks contain the patterns for 12 MEAs with different array layout designs. Several
design parameters such as the number of electrodes, diameter and pitch (i.e., centre-to-centre inter-
electrode distance) were considered. The nomenclature of the MEA design is as follows: number of
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60MEA100/10

60MEA200/30

60MEA200/50

32MEA100/30

32MEA300/100

16MEA1000/340

TEST MEA

BIOSENSING
ELECTRODES

00060666

Figure 3.2: Combined overview of the designed photolithography masks. It contains a total of 12 MEAs with a dimension of 20
x 20 mm each in a single mask, translating into 12 MEAs per wafer. Different MEA designs were included tagged with A1, A2,
A3, A4, A5, R, T, and B labels. The specification of each MEA design is defined in Table 3.1.

electrodes/MEA/pitch/electrode diameter. The 32MEA100/30 design, see in Fig. 3.3, was developed
through iterative discussions with collaborators at Erasmus MC. Their goal was to create a relatively
small electrode diameter approaching single-cell resolution while keeping a compact pitch. Flexibility
in the total number of electrodes allowed for adjustments. After initial calculations to balance tech-
nological constraints, such as maintaining track resistivity and ensuring sufficient spacing, the final
established design was a 32-electrode MEA with 30 um diameter and a spacing of 100 ym pitch. An
electrode layout with larger dimensions, 32MEA300/100, was tailored for lower impedance and higher
SNR recordings (given that the impedance scales up inversely with the electrode size). Electrode lay-
outs with higher number of electrodes, e.g., 60MEA200/30 and 60MEA200/50, were designed to have
a larger coverage area. In order to test the limits of the graphene-based technology, a high-density
electrode array with single-cell dimension electrodes, 60MEA100/10, was considered. An additional
layout, T6MEA1000/340, to relate the results and quality of graphene with previous work [18] was in-
cluded. The specifications of the aforementioned electrode layouts are described in Table 3.1. On
top of that, a Test MEA with various electrode diameters (10, 20, 30, 50, 100, 200, 340, 500 ym) was
included for a more direct and efficient characterization of the electrodes’ performance with respect
to their sizes. Finally, an electrode layout for biosensing applications, Biosensing electrodes, was de-
signed to explore specific hydrogels on graphene electrode substrate as a selective sensing method of
certain biomolecules. In this design, each sensing electrode was paired with a surrounding reference
electrode, separated by a specific distance, allowing the measurement of capacitance between the two
as the primary variable of interest.

To achieve the desired patterning of each material layer in the MEAs, a total of four distinct masks,
Fig. 3.4, were designed:

* GRAPHENE: A bright field mask intended for use with positive photoresist. This mask is used to
pattern the molybdenum catalyst layer for the selective CVD growth of multilayer graphene.
+ METAL ELECTRODES: A bright field mask also used with positive photoresist. This mask patterns
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Number Diameter Total electrode Pitch Tracks width (um) Field of

of electrodes (um) areax (pm?) (pm) view (um?)
graphene Au

32M EA100/30 32 30 707 100 20 30-150 700 x 700
32M EA300/100 32 100 6480 300 80 100-150 2100 x 2100

60M EA100/10 60 10 79 100 15 20-120 900 x 900
60M EA200/30 60 30 707 200 30 40-120 1800 x 1800
60M EA200/50 60 50 1825 200 30 40-120 1800 x 1800
16M EA1000/340 16 340 68320 1000 100 200 5000 x 5000

Table 3.1: Specifications of the different MEA designs included in the mask. Several design parameters such as the
number of electrodes, diameter and pitch were considered. The total electrode area and field of view scaled up with the
electrodes’ sizes and the density. The widths of the tracks were adapted to each of the design. Au track widths increased
outward from the graphene contact points towards the contact pads as more space became available. * The total electrode
area is calculated after subtracting the holes. These holes are included to prevent delamination between the Ti/Al protective
metal layer and the graphene layer. For electrodes with diameters of 30 um or smaller, the risk of Ti/Al delamination is lower,
allowing the omission of holes [20]. Hole sizes of 2x2 pm, 5x5 pm and 20x20 pm were designed for the 60MEA200/50,
32MEA300/100 and 16MEA1000/340, respectively.

the Ti/Al layer, which serves as a sacrificial layer to protect the graphene throughout processing
and particularly during the creation of openings in the parylene layer via O, plasma etching.

» AU TRACKS: A bright field mask designed for use with negative photoresist. This mask is em-
ployed to pattern the Ti/Au layer via lift-off process.

» OPENINGS: A dark field mask intended for use with positive photoresist. It is used to pattern the
openings in the parylene-C layer, exposing the underlying electrodes and contact pads.

MASK DESIGN CONSIDERATIONS

The design of photolithography masks is essential to the success of the microfabrication process. It
requires careful consideration of technological limitations and process requirements to ensure proper
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Figure 3.3: 32MEA100/30 electrode layout designed for the brain slice recording test. 31 working electrodes and one
reference electrode are arranged in a 6 x 6 layout grid with electrode diameters of 30 pm and interelectrode distances of 100
um. The optically transparent area, 700 x 700 um, is designed to be larger than the field of view of the epifluorescence
microscope to be used.
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integration with the fabrication techniques. In this work, holes in the microelectrode graphene layer
were incorporated to provide a better adhesion between the graphene and the sacrificial protective
metal layer, Ti/Al, reducing the risk of metal delamination [18]. However, for the 30 um-diameter elec-
trodes and smaller no holes were required based on the experimental results of Ledn Gonzalez [20].
As observed in Fig. 3.4, the metal layer on top of the electrode is slightly smaller in diameter than the
graphene layer to ensure its complete removal towards the end of the fabrication process. Likewise, the
encapsulation openings are smaller to secure the edges of the graphene layer and protect against po-
tential delamination. A minimum margin of 2.5 ym on each side was set between these layers to avoid
complications resulting from overetching, isotropic etching and/or poor masking layer performance.

Additionally, the adhesion between Ti/Au and graphene is not very strong. To enhance stability, the
Ti/Au tracks were designed to be wider than the graphene tracks by at least 2.5 ym on each side, allow-
ing them to also adhere to the substrate. The length of the overlap was set to approximately 200 ym.
There is a trade-off between improving the graphene-Ti contact resistance by increasing the contact
area and avoiding high aspect ratio structures that could increase the risk of graphene delamination.
The length of the graphene inner tracks was minimized to only the designated field of view to lower the
resistivity. The field of view, representing the area for neural imaging, was defined based on both the
optical microscope’s actual field of view and the area of each electrode design layout. Another way to
lower the graphene tracks resistivity is by increasing their width; however, this also reduces the spacing
between tracks. Consequently, this could potentially lead to higher electrical crosstalk and compromise
the adhesion of the parylene encapsulation layer in narrow spaces. Another design consideration in-
volves the MEA contact pads, defined in the Au layer, which were designed for gold wire-bonding with

Graphene Metal electrodes

//’r ‘\\\
e S e \‘
i \ 35um |

Au tracks Openings

Figure 3.4: Mask layers designed to pattern each of the material layers that constitute the graphene MEAs. The first mask,
graphene, corresponds to the Molybdenum (Mo) pattern which will define the graphene growth. The second layer, metal
electrodes, defines the pattern for the Ti/Al protective layer on the microelectrodes. The third layer, Au tracks, defines the Ti/Au
tracks that extend the graphene inner track to the contact pads. The four and last layer, openings, defines the holes for the
microelectrodes, reference electrode and contact pads in the encapsulation layer.
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dimensions of 300 x 300 um (openings: 280 x 280 um).



Device fabrication

This chapter outlines the development and fabrication of two types of graphene-based in vitro MEASs:
graphene MEA (grMEA) and PEDOT:PSS-coated graphene MEA (grppMEA). The chapter focuses on
process development, discussing optimized microfabrication procedures for the integration of transfer-
free multilayer graphene technology on in vitro MEA, as well as the combination of PEDOT:PSS con-
ductive polymer with graphene microelectrodes.

4.1. Development of graphene MEA

4.1.1. Microfabrication process

Fused silica quartz wafers were used as transparent starting material due to their ability to withstand
the high temperatures required for graphene growth, their superior resistance to graphene delamina-
tion compared to sapphire substrates, and their ease of dicing in comparison to sapphire [20]. The
microfabrication process of the graphene MEA, grMEA, is illustrated in Fig. 4.1. Notice that zero layer
alignment marks are of no use in transparent wafers as the marks are not visible. Instead, all layers
were aligned to the first mask layer.

MO DEPOSITION, PATTERNING AND GRAPHENE GROWTH
The fabrication started with a 50 nm molybdenum (Mo) layer deposition at 50°C in the frontside of the
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Figure 4.1: Wafer-scale transfer-free fabrication process steps of grMEA electrodes. a. Quartz wafer substrate, b.
sputtering of 50 nm Mo layer and patterning, c. CVD multilayer graphene growth, d. Ti/Al deposition and patterning on the
microelectrodes, and deposition of a 200 nm Ti layer in the backside (for the later electrostatic clamping in the AMS110 plasma
etcher, in step h), e. Ti/Au (10/200 nm) evaporation and lift-off, f. deposition of 1 pm parylene-C encapsulation layer, g.
photoresist mask deposition, h. parylene plasma etching, i. Ti/Al and Mo wet etching on the electrode openings.
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wafer via sputtering (using Trikon Sigma 204). The molybdenum serves as the catalyst layer for the
subsequent graphene growth. Next, a temporary 50nm Ti layer was sputtered at 50°C at the backside
for the wafer to be optically detected in the metal etcher equipment. After both sputtering processes,
lithography steps defined the pattern in the molybdenum layer (Fig. 4.1 b). Lithography steps involved:
(1) ainitial coating with 1.4 ym SPR2012 positive photoresist with an extended soft bake time so as to
compensate for the low thermal conductivity of quartz, (2) exposure with the SUSS MicroTec MA/BA8
contact aligner using the GRAPHENE mask, and (3) development with MF322 developer, with extended
post-exposure and hard-bake times. The defined pattern is then transferred by plasma etching of the
molybdenum layer in an ICP-RIE etcher, Trikon Omega 201. ICP-RIE etching uses an inductively cou-
pled plasma source to produce high-density plasma, offering precise process control through separate
RF and ICP generators. Two different Mo etching recipes were evaluated: one at 25°C using 50W
RF power, 500W ICP power, 5 mTorr pressure, and flows of 30 and 5 sccm for Cl, and O, gases,
respectively; the other at 40°C with no RF power, 500W ICP power, 5 mTorr pressure, and SFg gas
at 25 sccm flow. The total etching time in both cases was set to 35 seconds. Following this, the ion
bombarded photoresist was stripped using a bath with NI555 solvent solution. Ultrasonication at 80
kHz and elevated temperatures (50-60 °C) were employed to accelerate the process. However, due to
the ion bombardment, NI555 might not be effective enough at completely removing the photoresist. An
additional short oxygen plasma cycle (using TePla Plasma 300) could be used to get rid of the residues
left. The Tilayer in the backside is then fully wet etched using HF 0.55% bath to avoid any contributions
from it during the graphene growth process. Graphene is then selectively grown on the molybdenum
structures. The growth was done via chemical vapor deposition (CVD) process (using Aixtron Black
Magic Pro tool) at 935°C with 960, 40 and 25 sccm of Ar, H, and CH,4 gases for 20 min.

Figure 4.2: Image of a quartz wafer with graphene grown on patterned molybdenum layer. Bright-field optical images of the
32MEA100/30 electrode layout. At the highest magnification, the typical grain-like morphology of graphene is observed.

AL METAL DEPOSITION AND PATTERNING

A Ti/Al metal layer protects the graphene electrodes throughout the fabrication process and in particu-
lar, during the plasma etching of the Parylene-C encapsulation layer, which uses O, plasma. A stack
composed of 50 nm Ti and 100 nm pure Al was sputtered at 50 °C (using Trikon Sigma 204). At this
point of the process, because the Black Magic tool is contaminated with Cu particles, the wafers were
considered to be "contaminated” or not CMOS process compatible, thus, precautions and dedicated
procedures and equipment were used. Lithography steps defined the patterns of interest in the Ti/Al
layer. For that, manual coating with 3.1 pm-thick AZ3027 positive photoresist followed by baking, ex-
posure in the contact aligner using the METAL ELECTRODES mask and development was conducted.
Special caution was taken in the development step as the MF322 developer showed initial signs of at-
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tacking the metal layers underneath. This considered, instead of immersing the wafer on the developer,
it was gently poured on top of the wafer forming a puddle to have a greater control over the time. An
extra baking step for the photoresist was performed in order to make it more resistant to the subsequent
wet etching step. The photolithographically defined pattern was then transferred by a wet etch process
with 0.55% HF solution (Fig. 4.1 d). Afterwards, the photoresist was removed with acetone followed
by IPA.

Alternatively, lift-off technique was performed to address some challenges encountered by wet etch-
ing process, described in 4.1.2. For this, wafers were manually coated with negative photoresist, 3.5
pm NLOF-2020, exposed in the contact aligner with the METAL ELECTRODES mask and developed.
The negative photoresist covered the entire wafer except for the areas designated for the aluminum.
Subsequently, a Ti/Al (10/100 nm) layer was evaporated in CHA Solutions Std. For the patterning of the
metal layer, NI555 stripper was used to remove the photoresist and along with the evaporated metal
on top, leaving the protective Al structures on the electrodes revealed.

GOLD EVAPORATION AND PATTERNING

Gold, known for its superior conductivity and biocompatibility, was chosen to extend the inner
graphene tracks outward and to form contact pads. Before preparing the wafers for Au evaporation,
a 200 nm Ti layer was evaporated (using a CHA Solutions Std.) in the backside for the electrostatic
clamping in the ICP-RIE plasma etcher process step to come. Since the gold pattern was created by
lift-off technique, first thing was to manually coat the wafers with 3.5 ym NLOF-2020 negative pho-
toresist. To this, baking, exposure in the contact aligner with the AU TRACKS mask and development
steps were followed. The negative photoresist covered the whole wafer except for the areas where
gold was meant to stay. A Ti/Au (10/200 nm) layer was evaporated in CHA Solutions Std. The thin Ti
layer serves as an adhesion promoter between gold and the substrate. Controlling deposition rates,
substrate heating during deposition and an initial high vacuum is crucial for achieving a strong adhesion
of Ti/Au to the substrate. The photoresist was then stripped with NI555 solvent solution overnight so
as to leave behind the gold only in the patterned area, directly on the substrate (Fig. 4.1 e).

ENCAPSULATION LAYER

The wafers were coated with a 1-2 ym parylene-C layer (Fig. 4.1 f), which was CVD deposited at room
temperature (using a SCS PDS 2010 parylene coater). Parylene-C served as the insulating coating of
the MEAs. 3-(trimethoxysilyl)propyl methacrylate (A-174 Silane) was used as an adhesion promoter

Figure 4.3: (a) Bright-field optical images of the 60MEA200/30 electrode layout. The patterned Al protective layer (with a
diameter of 35 um) on top of the graphene is shown. (b) Lift-off process for gold patterning.
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for parylene on the substrate. A patterned thick photoresist coating was used as the masking layer
to expose electrodes and contact pads in the parylene layer. This was achieved by manually coating
the wafers with a 6.5 pym-thick AZ 10XT positive photoresist, exposure in the contact aligner with the
OPENINGS mask, and subsequent development. A plasma etching step (using AMS110 etcher, Alca-
tel) created the openings in the parylene-C, landing on the Al protective layer. O, and SFg gases were
used at 185 sccm and 15 sccm flows respectively, and with 40W LF power. The photoresist mask was
removed with acetone followed by IPA. Additional cleaning with NI1555 was performed to ensure that
the ion bombarded photoresist was completely removed.

The parylene etching rate and the selectivity to photoresist in the AMS110 plasma etcher were char-
acterized with Si test wafers prior to performing this step in the final wafers. The parylene to photoresist
selectivity was around 1 due to their organic nature. This implies that the bombarded ions would also
cause lateral etching of the openings in the photoresist mask, slightly widening them. The experimen-
tally obtained etching rate of parylene with the aforementioned recipe was around 500 nm/min. A slight
non-uniformity in the etching process across the wafer was observed.

To minimize the risk of damaging the exposed graphene during the plasma etching process, espe-
cially when the Al protective electrodes were overetched, a double photoresist coating approach was
used. This involved first applying a photoresist mask and beginning the plasma etching process. Mid-
way through the etching, the initial photoresist mask was stripped away, and a second photoresist mask
was applied. This approach helped mitigate the risk of graphene damage or removal by oxygen plasma
on the wafers where the Al protective layer was overetched. For the wafers where the Al patterning
was done via lift-off, a single photoresist mask was sufficient.

WAFER DICING

Prior to dicing, the whole wafer surface was coated with a thick 4 ym AZ3027 photoresist layer to
protect it from the dicing procedure. The quartz wafers were then diced (using a Disco Dicer DAD3240)
with a dedicated diamond blade. The microfabricated dies were cleaned in acetone followed by IPA.
Thereafter, the Al protective layer on the electrodes as well as the backside Ti layer were fully etched
in 0.55% HF solution. And finally, Mo was wet etched by gently covering the electrode area with 31%
H,0O, forming a puddle (Fig. 4.1 i). An etching time of 3 min was sufficient to remove almost completely
the Mo layer underneath without causing graphene detachment. The microfabricated dies were left in
vacuum overnight at 80°C to remove any moisture and ensure a better adhesion in between layers.

4.1.2. Process observations

The presented microfabrication process of grMEA involved numerous processing steps, each requiring
careful optimization. Several challenges emerged, particularly when working with non-standard sub-
strates like quartz wafers and integrating delicate materials like graphene.

PROCESSING WITH NON-STANDARD WAFERS

Processing non-standard wafers, such as quartz, introduced unique difficulties. The semiconductor
industry is predominantly optimized for Si wafers, which means that adapting established processes
to alternative substrates like quartz required some modifications. For instance, many cleanroom tools
rely on optical sensors for wafer detection. To address the optical transparency of quartz substrates,
temporary metal layers, such as Ti, were deposited on the backside of the wafer to enable detection,
or alternatively, the sensors were disabled entirely. Additionally, the lithography process also required
adaptation, such as extended bake times, to account for the lower thermal conductivity of quartz. On top
of that, quartz wafers showed charging phenomena in scanning electron microscopy (SEM). Due to the
fact that quartz does not conduct electricity, when the electron beam of the SEM hits the quartz wafer,
the electrons accumulate on the surface and cannot be conducted. SEM is a very useful technique
since it allows to qualitatively assess the surface morphology, analyse fine details of microstructures
and collect signals that might help identify the different material layers present on the imaging area.
However, this charging phenomenon limited the applicability of SEM, complicating surface analysis.
Lastly, the limited availability and high cost of quartz wafers restricted testing opportunities, so many
process optimizations were first carried out on Si wafers. However, the transition from Si to quartz was
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not one-to-one, requiring additional refinements due to the differing material properties.

AL PATTERNING: POLYMERIC RESIDUES AND OVERETCH STRUCTURES

Several observations were done in the Al patterning process. Firstly, the wet etching process was
observed to be non-uniform, the etching process was initiated in the patterned structures and gradually
extended until the entire wafer surface was etched. This resulted in overetched structures by 1-3
Mm and, in some cases, complete removal of the protective Al electrode, severely compromising the
functionality of the final MEA devices. Overetched Al patterns led to insufficient graphene surface
coverage for the subsequent parylene plasma etching step, causing damage or removal of the exposed
graphene areas by the oxygen plasma. Additionally, residues were observed after the Al wet etching
step, as shown in Fig. 4.4. These residues persisted even after the complete removal of the Ti/Al layer,
depositing on top of the graphene layer. SEM imaging with the sample tilted indicated the presence of
a very thin (nm-thick) film, showing some wrinkles and foldings. Raman spectra revealed that these
residues were a form of carbon. These polymeric residues were strongly adhered to the graphene
surface showing resistance to additional cleaning methods with acetone and NI555 stripper at elevated
temperatures and ultrasonication. Ultimately, the residues were removed by manually scrubbing the
areas with a Q-tip immersed in acetone.
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Figure 4.4: Polymeric residues on the electrode area emerging after the Ti/Al patterning process. The optical image
shows that even after the complete removal of the Ti/Al layer, the residues were deposited on the graphene layer. SEM
imaging with the sample tilted gave indications pointing towards the presence of a very thin (nm-thick) film. Raman spectra
revealed that these residues were some kind of C form.

Even though wet etching is a direct patterning technique, it provides less material control partly
due to the isotropic nature of the process. Alternative techniques such as lift-off allows for sharper
and more precise patterning, thus avoiding the overetched structures resulted from the Al wet etching.
Fig. 4.5 reflects the significant differences observed between these two patterning approaches. Al
evaporation followed by lift-off was observed to provide greater control over the patterning process,
avoiding the non-uniformity and overetching issues associated with wet etching. Fence-like structures,
typical from lift-off patterning, were present on the edges of the patterned structures, even so, they did
not compromise the functionality of the final MEA devices.
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Figure 4.5: Explored Al patterning techniques for protecting graphene electrodes. Two different approaches were
explored: sputtering followed by wet etch and evaporation followed by lift-off. Wet etch process posed several challenges, such
as polymeric residues post-Al patterning, overetched structures and even complete removal of Al structures in some cases.
Lift-off showed greater control over the patterning process.

MO REMOVAL POST-GRAPHENE GROWTH

An exploratory study for complete Mo removal post-graphene growth was conducted in Si test wafers
prior to processing the final quartz wafers. The explored methods and obtained results are described in
Appendix A.1. Plasma etching poses risks to graphene quality due to potential damage from ion bom-
bardment. Despite efforts to optimize the plasma etching parameters using SFg gas and reducing phys-
ical sputtering, Raman spectroscopy revealed unavoidable damage to the carbon-carbon (C-C) bonds
within the graphene. In contrast, wet etching with hydrogen peroxide (H,O,) was tested and found
effective in removing Mo without compromising graphene quality. To minimize the risk of graphene
detachment, the Mo wet etching was introduced after the patterning of the metal layers. The Ti/Al layer
patterned in the microelectrodes and the gold tracks partly overlapping with the graphene inner tracks
provided additional support for maintaining the graphene layer in place when etching the underneath
Mo layer. Nonetheless, the translation of this wet etching process from Si to final quartz wafers was
not successful, as the graphene layer broke and detached during the procedure.

4.2. Development of graphene/PEDOT:PSS MEA

Reducing the electrode impedance and enhancing its ions-to-electrons transduction efficiency while
maintaining optical transparency was the main motivation to coat graphene microelectrodes with a con-
ductive PEDOT:PSS polymer layer.

Two different PEDOT deposition techniques were considered: electropolymerization and spin coat-
ing. In electropolymerization, PEDOT precursor ions are attracted to the conductive graphene electrode
surface by applying a current. This process involves immersing the electrodes to be coated, along with
a counter electrode, into a solution containing the ionic form of PEDOT. An electric field induces a re-
action that drives the selective deposition of nucleated PEDOT ions onto the conductive surface. The
thickness of the PEDOT layer can be controlled by adjusting the applied current and the polymerization
time. However, this method is time-consuming, especially for high-density microelectrode arrays, and is
sensitive to the uniformity of the graphene layer, such as the presence of C-C defects and Mo residues.
Alternatively, PEDOT deposition via spin coating followed by patterning with a peel-off technique of-
fers a promising approach, first developed by George G. Malliaras’ group [56]. This method presents
several advantages, including ease of application, integration into the microfabrication process, and
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reduced sensitivity to graphene non-uniformities. Therefore, this later approach was adopted for the
development of graphene/PEDOT:PSS microelectrode arrays, grppMEA, in this current work.

4.2.1. Microfabrication process

The fabrication process steps prior to the parylene encapsulation have been previously described in
subsection 4.1.1. These steps are: Mo deposition and patterning, graphene growth, Al metal deposi-
tion and patterning, gold evaporation and lift off. At this point, a 1 um parylene C (ParC) insulation layer
was deposited using 3-(trimethoxysilyl)propyl methacrylate (Silane A-174) to promote its adhesion to
the substrate. Next, a 3% (v/v) micro-90 soap solution was spin coated at 1000 rpm which acts as
an anti-adhesive layer. Subsequently, a second 1 ym ParC sacrificial layer was deposited, together
forming the ParC/anti-adhesive/ParC stack (Fig. 4.6 b). Electrode openings and contact pads of the
MEA were defined by photolithography using AZ10XT photoresist, followed by plasma etching (using
AMS110 etcher, Alcatel) to transfer the pattern to the ParC/anti-adhesive/ParC stack (Fig. 4.6 d). To
etch the double parylene, O, and SFg gases were used at 185 sccm and 15 sccm flows respectively,
and with 40W LF power. The photoresist mask was removed with acetone followed by IPA. Additional
cleaning with NI555 was performed to ensure that the ion bombarded photoresist was completely re-
moved.
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Figure 4.6: Fabrication process steps for the integration of a patterned PEDOT:PSS coating on graphene
microelectrode arrays. a. Quartz wafer with graphene grown on Mo, and patterned metallization layers (Ti/Al protective layer
on electrodes and gold conductive tracks). b. deposition of ParC/anti-adhesive/ParC layer stack consisting of a first 1 ym
parylene-C encapsulation layer, anti-adhesive layer (micro-90 soap) and a second 1 ym parylene-C sacrificial layer. c.
photoresist mask deposition. d. Plasma etching of ParC/anti-adhesive/ParC layer stack. e. Ti/Al and Mo wet etching on the
electrode openings. f. PEDOT:PSS spin coating (at 1000 rpm). g. Patterning of the PEDOT:PSS layer by peeling off ParC
sacrificial layer.

The quartz wafers were then diced using a Disco Dicer DAD3240, protected by a photoresist layer.
The dicing parameters were carefully optimized by reducing the feed speed (from 3 mm/s to 1 mm/s)
and lowering the water influx (from 0.5 L/min to 0.2 L/min) to prevent the second sacrificial parylene
layer from getting delaminated. The processing of the MEA dies continued with the removal of the
Ti/Al protective layer using a 0.55% HF wet etching solution, followed by an additional wet etching step
to remove the Mo from the electrode openings with 31% H,O, (Fig. 4.6 e). At this point, graphene
was the only material remaining on the electrodes. Next, PEDOT:PSS solution was spin coated at
1000 rpm, and soft baked at 95 °C for 2 min. The conductive polymer solution was prepared by
adding 5 vol% ethylene glycol (EG), 0.002 vol% dodecylbenzene sulfonic acid (DBSA) and 1 wt%
of 3-Glycidyloxypropyltrimethoxysilane (GOPS) to the PEDOT:PSS solution. The sacrificial ParC layer
was then gently peeled off with a scotch tape, facilitated by the poor adhesion provided by the soap.
This selectively removed PEDOT:PSS from non-electrode areas, leaving it only on electrodes and con-
tact pads. Subsequently, PEDOT:PSS was cleaned off the contact pads and gold reference electrode
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with a Q-tip dipped in DI water. A final hard bake step at 140 °C for 1h ensured complete crosslink-
ing of GOPS from the PEDOT film, thereby improving its adhesion to the substrate and film’s stability.
Lastly, the completed dies were immersed in DI water overnight to remove any remaining anti-adhesive
residues and low molecular weight compounds from the PEDOT.

PEDOT:PSS l

7

Figure 4.7: PEDOT:PSS patterning on graphene MEAs. The sacrificial ParC layer was mechanically peeled off, selectively
leaving PEDOT:PSS only on electrodes. The successful patterning of the PEDOT:PSS layer can be observed with optical
microscopy by the coloured electrodes, as well as in SEM technique. It should be noted that the peel-off process requires

delicate handling and that in some cases, part of the PEDOT can be unintentionally removed from the electrode.

4.2.2. Process observations
Observations regarding the integration of PEDOT:PSS conductive coating on the graphene electrodes
were done and are discussed in this section.

DICING OPTIMIZATION

The dicing after the ParC/anti-adhesive/ParC patterning step was performed for two main reasons.
First, performing dicing before the PEDOT:PSS spin coating ensures more uniform polymer deposition
at the die level, which is preferable over wafer-level coating. Additionally, the subsequent parylene
peel-off process is more manageable on individual dies. Second, dicing is a mechanically aggressive
process; conducting it while the graphene electrodes are still protected by the Al layer and securely
adhered to the Mo layer minimizes the risk of damage to the microelectrodes.

Dicing was encountered to be a critical step in the process flow. Dicing quartz wafers with a
ParC/anti-adhesive/ParC stack poses a significant challenge due to the risk of delamination of the
sacrificial ParC layer. This risk arises from the mechanical stress and vibrations generated by the
high-speed rotating blade used in the dicing process, coupled with a continuous influx of water. The
sacrificial ParC layer is particularly vulnerable because of its intentionally weak adhesion to adjacent
layers, especially the anti-adhesive layer. To prevent delamination of the sacrificial layer, dicing lines
were incorporated into the parylene mask layer to ensure that the dicing blade does not directly cut
through the parylene, thereby minimizing the mechanical stress exerted on this layer. Additionally, the
dicing parameters were carefully optimized by reducing the feed speed (from 3 mm/s to 1 mm/s) and
lowering the water influx (from 0.5 L/min to 0.2 L/min).

PARYLENE PEEL-OFF TECHNIQUE

The spin coating deposition and patterning of PEDOT:PSS via parylene peel-off technique presents
several advantageous features, particularly its compatibility with microfabrication processes, high re-
producibility of surface characteristics, and the ability to achieve precise patterning without the use
of chemicals or ion bombardment. This method, however, requires delicate handling to avoid tearing
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the film during the process, especially with thin sacrificial parylene layers. The use of a thin sacrificial
layer is especially desirable, as it promotes more uniform spreading of the conductive polymer solution
over the electrode openings. The thickness of the pre-patterned double parylene stack significantly
influences the distribution of the conductive polymer, with high aspect ratio electrode openings being
prone to less homogeneous coating. Additionally, since the peel-off technique is performed manually,
variability between users is an inherent challenge, and achieving consistent control over the process
demands practice and careful handling.

In the current work, a high yield of successfully patterned PEDOT:PSS on graphene electrodes was
achieved. Despite this, several observations were made using optical microscopy and SEM analysis.
Small residues of parylene, depicted in Fig. 4.8, were detected within the electrode array region in some
of the devices, likely originated from the peel-off process. Importantly, these residues were positioned
outside the active sensing area of the electrodes and thus did not interfere with device performance
in the intended application. Furthermore, slight variations in electrode color were noted, suggesting
uneven thickness of the PEDOT:PSS coating on some electrodes. In a few cases, the conductive
polymer was partially or completely removed from certain electrodes, indicating inadequate adhesion
between the conductive polymer and the substrate. These observations highlight the need for further
refinement of the adhesion process, i.e., surface activation treatments, to ensure more reliable and
consistent results across all electrodes. Despite this, the technique remains promising for applications
where precise patterning and integration of conductive polymers are essential.
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Figure 4.8: Observations regarding the parylene peel-off technique. Small parylene residues outside the active electrode
area, variations in the PEDOT:PSS thickness and, partial and complete removal of the conductive polymer, likely due to poor
adhesion to the substrate, were observed in few cases.

4.3. Device assembly

The microfabricated dies, each measuring 20 x 20 mm, were integrated onto a custom-designed printed
circuit board (PCB) to facilitate electrode characterization and ensure efficient interfacing with commer-
cially available electrophysiology recording systems. The PCB, measuring 49 x 49 mm, was designed
with a double ring pad configuration. In this configuration, the inner ring pads, which were wirebonded
to the contact pads on the die, were electrically connected to the outer ring pads. The design of the
outer ring pads, including their placement, size, and pitch, was specifically optimized to be compatible
with Multichannel Systems MEAs featuring 60 electrodes. This configuration also ensured compatibil-
ity with other commercial electrophysiology systems, such as the MZ60 MicroElectrode Array interface
from TDT.

Prior to wirebonding, the microfabricated dies were attached to the PCB at the corners using a
non-conductive epoxy adhesive (EPO-TEK 301-2FL). This epoxy was chosen for its thermal curability,
which offers advantages over UV-curable alternatives, as UV exposure may adversely affect the optical
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and mechanical properties of the parylene encapsulation. To prevent any unintentional coverage of
the contact pads during the gluing process, careful handling was required when applying the epoxy.
Additionally, the edges of the dies were sealed from the backside by filling the gaps with the same epoxy
to ensure mechanical stability and protection. The devices were subsequently wirebonded, using gold
ball bonding technique, to create the electrical interconnection between the microfabricated dies and

the PCB.
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Figure 4.9: (a) Overview of the finalized microfabricated dies. From each wafer, a total of 12 MEA dies, 20 x 20 mm in size,
with different electrode layouts were obtained. The quartz substrate enabled for optical transparency on the electrode region
determining the field of view. (b) Assembled grMEA device. The microfabricated die was coupled to a PCB, 49 x 49 mm in

size, designed to be compatible with commercially available in vitro electrophysiology recording systems. Au gold wire ball
bonding created the electrical interconnection between the pads from the die and the PCB. An inverted cone shape 3D printed
well was designed to host PBS solution or culture medium.

To contain the phosphate-buffered saline (PBS) solution or culture medium during experiments, in-
verted cone-shaped wells were designed and fabricated using an Asiga3D printer. A biocompatible
resin, Detax Freeprint Ortho [72], was selected for 3D printing the wells to minimize the risk of cytotox-
icity or other adverse biological responses when in contact with cells or tissue slice cultures. The 3D-
printed wells were securely adhered to the surface of the MEA device using the same non-conductive
epoxy (EPO-TEK 301-2FL), which also served to cover the wirebonds, providing additional mechanical
protection against physical damage during handling and use. Fig. 4.9b shows a completely fabricated

and assembled grMEA device.

4.4. Summary

The device fabrication of graphene MEAs involved a complex microfabrication process optimized for us-
ing fused silica quartz wafers, which provided a transparent substrate for multimodal in vitro platforms.
This process included multiple steps such as the deposition of a Mo catalyst layer, CVD graphene
growth, various lithography techniques for metal patterning and parylene encapsulation. Observations
during fabrication revealed issues with non-uniform etching and polymeric residue formation during Al
patterning, which posed risks to graphene integrity. The use of alternative lift-off techniques improved
patterning control compared to wet etching, avoiding overetching and residue problems. Additionally,
while methods for removing the Mo layer post-graphene growth were explored, they highlighted the
risks of damaging the graphene. The complete removal of Mo remains an unresolved challenge.

On top of that, the conductive polymer PEDOT:PSS was integrated into graphene MEASs using spin
coating and a parylene peel-off technique. The process involved meticulous microfabrication steps
and dicing optimization to prevent delamination of layers, with challenges observed in achieving uni-
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form PEDOT:PSS deposition, as well as occasional residue and adhesion issues during the peel-off
technique. Despite these challenges, high yield and precise patterning were achieved. Furthermore,
the assembly of the microfabricated dies onto a custom-designed PCB allowed for seamless integra-
tion with standard electrophysiological recording systems. Overall, the successful implementation of
these techniques emphasizes the potential of graphene and PEDOT:PSS composites in advancing the
field of electrophysiology, for applications in neural interfaces and biosensing technologies. Further

optimization of adhesion processes and coating uniformity will be essential for maximizing the perfor-
mance and reliability of these devices.



Device characterization

This chapter describes the methods used to characterize the graphene layer throughout the fabrication
process, along with techniques to evaluate the device’s optical transparency and electrochemical per-
formance. The results are then presented and discussed, comparing the electrochemical properties of
graphene, grMEA, and graphene/PEDOT:PSS, grppMEA, devices with each other and with those of
state-of-the-art transparent neural interfaces.

5.1. Raman spectroscopy

Raman spectroscopy is a non-destructive material characterization technique which provides informa-
tion about the chemical structure, molecular composition, and interactions within a sample. The basis
of Raman principle relies on inelastic scattering effect; when a monochromatic laser light source inter-
acts with the sample of interest, a small fraction of phonons is scattered with a shift in wavelength. This
shift, known as Raman shift, is specific to the chemical bonds in the sample [73].

In this current work, Raman spectroscopy was employed to confirm the presence of graphene, ex-
tract information about the type of graphene (i.e., monolayer, multilayer), quality and amount of defects
present in the grown layer. The Raman spectrum of graphene fundamentally consists of three distinct
peaks: D peak, G peak and 2D peak, observed within the 1100 to 3200 cm~! range of wavelength
shifts. The G peak, located around 1582 c¢m !, is a first-order Raman mode originating from the in-
plane vibrations of sp?-bonded carbon atoms (C-C bonds), thus being present in all graphite-based
materials [73]. The 2D peak, appearing at approximately 2700 cm ™!, is a second-order Raman mode
resulting from a two-phonon, double-resonance process. The shape, position, and intensity of the
2D peak are particularly useful for distinguishing between single-layer graphene (SLG) and multilayer
graphene (MLG) [74]. In particular, the ratio of the intensities of the 2D peak to the G peak (Izp/Ig)
provides an indication of the number of graphene layers present. A higher I, /I ratio (typically > 1) is
indicative of monolayer graphene, while a lower ratio (typically < 1) suggests the presence of multiple
layers. The D peak, found around 1350 ¢m !, is associated with the breathing modes of sp? atoms
in rings and is disorder-induced, requiring a defect for its activation [74]. The intensity of the D peak
relative to the G peak (Ip /I ratio) serves as an indicator of the amount of defects or disorder within
the graphene layer. A higher I, /I ratio signifies a greater number of defects.

For this research work, a Renishaw inVia Raman system with a red laser of 633 nm was em-
ployed. The spectrum was acquired with 50% laser power and 20 s of exposure time to achieve an
adequate signal-to-noise ratio. Several point measurements from each sample were taken, and then
post-processed in Matlab. The Matlab script extracted the baseline using a non-linear least squares
fit function, normalized the data with respect to G peak, and averaged multiple measurements from
the same sample. Raman spectra at different stages along the fabrication process were obtained to
monitor the presence and quality of graphene. To improve the Raman signal in quartz wafers, a silicon
wafer was placed underneath. The silicon substrate can help in reflecting the laser light back into the
quartz wafer, increasing the molecular interaction and thereby, enhancing the Raman signal intensity.

36
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Fig. 5.1 shows the Raman spectra of the transfer-free multilayer graphene on quartz substrate ob-
tained at different stages of the process. Each graph line shows the average and standard deviation
of 5 point measurements. The obtained Raman ratios from these spectra are shown in Table 5.1. The
Ip /I ratio, indicative of the amount of defects, is low, Ip/Is = 0.35, right after graphene growth on
50 nm Mo catalyst layer on a quartz substrate. The number of defects increases as the graphene layer
is post-processed. In particular, the Ip /I ratio increases during the Al patterning step. This step
corresponds to the appearance of polymeric residues during the Al patterning process via sputtering
and wet etching, as explained in section 4.1.2. The removal of these residues by scrabbing the surface
might have caused slight damage to the graphene layer. The I, /I ratio is, in all cases, lower than
1, confirming the presence of multilayer graphene. Additionally, the single-peaked nature of the 2D
peak strongly suggests that the graphene layers are turbostratic, as they do not exhibit the complex
splitting of more ordered stacking [75]. Turbostratic graphene refers to a type of multilayer graphene
with random or misordered stacking, leading to a weaker interlayer interactions.
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Figure 5.1: Raman spectra of the transfer-free multilayer graphene obtained at different stages of the process. Each graph line
shows the average and standard deviation of 5 point measurements.

Process stage Ip/Ig ratio I:p /1 ratio

Growth on Mo catalyst 0.35 +0.09 0.72 £ 0.25
After Al pattern residues removal 0.49 £ 0.1 0.64 £0.21
After Au patterning 0.55 + 0.14 0.78 + 0.19

After encapsulation and Mo etch 0.50 + 0.08 0.68 +0.10

Table 5.1: Raman ratios of transfer-free multilayer graphene obtained from the spectra at different stages of the process.

On top of that, Raman spectroscopy was used to reveal the presence of PEDOT:PSS coating on
graphene microelectrodes. PEDOT:PSS Raman fingerprint has been previously reported, showing
peaks between 1200 to 1600 cm™. In particular, vibration modes attributed to the symmetric and asym-
metric C-C double bonds, C,=Cj, stretching appear at 1425 cm™ and 1536 cm™, respectively. The
intra-thiophene ring stretching is reflected at 1369 cm™!, whereas the inter-ring vibration corresponds
to the 1260 cm™ peak [76, 77].

After the microfabrication process was completed, Raman spectra were obtained in both graphene
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and PEDOT:PSS-coated graphene electrodes. Fig. 5.2 shows the obtained average spectra from 5
point measurements in each electrode type. PEDOT:PSS-coated graphene electrodes show additional
peaks between 1200 to 1600 cm™ confirming the presence of PEDOT:PSS, which correlates with the
Raman spectra reported in literature [76, 77].
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Figure 5.2: Raman spectra on the electrode openings of the fabricated MEA devices revealed graphene/PEDOT:PSS and
graphene material compositions. Each graph line shows the average and standard deviation of 5 point measurements.

5.2. Sheet resistance and optical transparency analysis

The electrical and optical properties of the grown graphene material were also studied in this research
work.

SHEET RESISTANCE MEASUREMENTS

Van der Pauw (VdP) structures were included in the mask design in order to characterize the electrical
conductivity of the graphene tracks. VdP structures, used as a four point measurement method, allow to
determine the sheet resistance of the material of interest with no contribution from the needles contact
resistance. Fig. 5.3 b shows an image of a VdP structure with the probe needles landed on the contact
pads. A Cascade Microtech probe station with a parameter analyzer was used for the measurements.
A sweeping voltage from -0.5 to 0.5V was forced in the contact A, and contact B was clamped to GND,
thereby forcing a current over contacts A and B. The voltage drop between the contact pads C and D
was measured, and the resulting resistance, R 4p cp, was obtained. The sheet resistance, R;, from a
symmetrical VdP structure can be calculated through the expression below [78]:

™
~ In2

The sheet resistance of multilayer graphene was previously evaluated by Romijn et al. [79] and
reported to be around 900 /sq. In this current work, the conductivity of multilayer graphene on Mo
was measured, reflecting the expected conductivity for the Mo/graphene inner tracks. Fig. 5.3c shows
the average of four sheet resistivity measurements. An average value of 11.37 Q/sq was obtained.
This suggests that the conductivity of Mo predominantly contributes to the overall track resistance. It
is important to note that this value may not be reliable for long-term use, as the molybdenum layer
is prone to biodegradation. However, this is not a significant concern for the present study, which
focuses on acute recordings. In electrode recording systems, signal sensitivity is typically governed
by impedance rather than the sheet resistance of the tracks, especially when highly conductive metals
like gold are used. In this case, however, the biodegradability of the molybdenum track could lead to
instability in electrical properties over time. Therefore, a thorough analysis of the electrochemical and

R, RaB.cp
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long-term stability of the molybdenum track would be critical for ensuring the overall reliability of the
MEA devices.
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Figure 5.3: (a) Four-point measurement configuration. There is no contribution from the needles contact resistance due to
their high impedances that prevent the passage of current through them. (b) Microscope image of a Van der pauw (VdP)
structure with the probe needles landed on the pads. The Ti/Au square contact pads allow the sheet resistance measurement
of graphene on Mo. (c) Measured |-V response of graphene/Mo test structures and resulted average sheet resistance value,
reflecting the expected conductivity for the MEA inner tracks.

OPTICAL TRANSMITTANCE ANALYSIS

Transparency is a desirable property for neural interfaces that are targeting optogenetic applications
or optical imaging of neural tissue. Among other characteristics, graphene was selected for its high
optical transparency. Specifically, monolayer graphene is known to absorb only 2.3% of incident light
[80]. In this study, CVD-grown multilayer graphene is used due to the capabilities of the CVD reactor
and transfer-free graphene technology. To investigate the level of transparency of the final device, op-
tical transmittance measurements were conducted. For these measurements, the graphene layer was
transferred onto a 2 x 2 cm glass substrate. The details of the graphene transfer process are thoroughly
described in Appendix subsection A.2.2.

PerkinElmer Lambda 1050+ UV/VIS/NIR spectrometer was used to evaluate the optical transmit-
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Figure 5.4: Optical transmittance measurements of transfered graphene and PEDOT:PSS-coated graphene sheets.

The contribution from the glass substrate is removed. PEDOT:PSS was spin coated at 3000 and 1000 rpm, leading to a
thickness of 80 and 140 nm, respectively. See Fig. A.3 in Appendix for the specific PEDOT:PSS thickness calibration curve.



5.3. Electrochemical impedance spectroscopy (EIS) 40

tance of graphene and graphene/PEDOT:PSS samples. Transmittance data over a wide range of
wavelengths, from 300 nm to 860 nm, was obtained. Measurements were taken for graphene and
graphene/PEDOT:PSS samples, as well as only glass sample, allowing the isolation of the glass’s con-
tribution.

The measured optical transmittance values for graphene and PEDOT:PSS-coated graphene sam-
ples are depicted in Fig. 5.4. Across the entire spectrum, transparency levels of approximately 50%
were recorded. At a wavelength of 550 nm, a transmittance of 47.5% was obtained, corresponding
to an absorbance of 52.5%. Given that a single graphene layer absorbs 2.3% of light [80], a linear
approximation was used to estimate the total number of graphene layers. Based on this calculation,
the graphene sample was estimated to consist of approximately 23 layers. Previous reports using the
same CVD reactor, catalyst layer, and growth recipe indicated thinner graphene stacks with around 7
layers, achieving transparency values of 83.5% [18]. Part of this variation could be attributed to the use
of different substrates (quartz instead of silicon), though this does not fully account for the significant in-
crease in layer thickness. One potential contributing factor could be the aging of the quartz tube, among
other variables. Over time, the quartz tube may accumulate residues from previous runs or undergo
surface degradation, subtly impacting gas flow dynamics and heat transfer within the reactor. These
changes can, in turn, affect the CVD process and influence the quality and thickness of the graphene
stack. A systematic review of the reactor’s thermal profile, gas flow system, and the condition of the
quartz tube would help ensure consistent and reproducible graphene growth.

Interestingly, PEDOT:PSS-coated graphene sheets spun at 3000 rpm exhibited a slight increase in
transmittance in the lower wavelength range. This may be due to optical interference caused by vari-
ations in the refractive indices of the materials. Nevertheless, the graphene/PEDOT measurements
remain consistent, as greater polymer thicknesses resulted in a small reduction in transparency (a
6.12% decrease at 550 nm when the thickness increased from 80 nm to 140 nm).

5.3. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) was used to evaluate the electrochemical performance
of the electrodes. The measurements were performed with a three-electrode setup and using phosphate-
buffered saline (PBS), PBS 1X pH 7.4, as the electrolyte solution. The three-electrode setup consisted

Working
electrode

Reference (Ag/AgCl) |
electrode

Counter (Pt)
electrode

PBS solution <"

Figure 5.5: Three-electrode setup. A Pt electrode (3 mm diameter (BASI Inc.)) was used as a counter electrode, a leakless
miniature silver/silver chloride (Ag/AgCl) (eDAQ) as a reference electrode, and the fabricated grMEA and grppMEA electrodes
as the working electrodes. The connection to the working electrodes was established through spring-loaded pins, ensuring
efficient contact with the MEA pads.
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of: a working electrode (WE) where the reaction occurs, a counter electrode (CE) which creates a re-
turn path for the current, and a reference electrode (RE) which provides a stable potential for accurate
measurement. A Pt electrode (3 mm diameter (BASI Inc.)) served as the CE, a leakless miniature
silver/silver chloride (Ag/AgCl) (eDAQ) as RE, and the fabricated grMEA and grppMEA electrodes as
the WE. The connection to the working electrodes was established through spring-loaded pins, ensur-
ing efficient contact with the MEA pads. All the electrodes were connected to a potentiostat (Autolab
PGSTAT302N) and kept inside a Faraday cage, as illustrated in Fig. 5.5. A 10 mV sine-wave volt-
age was applied between the WE and RE, and the current between the WE and CE was measured.
The impedance magnitude and phase over a range of frequencies (from 1 Hz to 100 kHz) was recorded.

EIS measurements were performed on 10 electrodes with 50 ym diameter, for each case, grMEA
and grppMEA, and the obtained averaged graphs can be found in Fig. 5.6. The EIS magnitude
graph of grppMEA follows typical impedance behaviour of neural recording electrodes, with an in-
crease in impedance magnitude at higher frequencies (resistance-dominated region) and capacitive-
like behaviour at lower frequencies. In the case of grppMEA electrodes, a substantial reduction in
the impedance magnitude is observed across the whole frequency range. Average impedance magni-
tude at 1 kHz, which is the typical frequency range of neural activity, was reduced from 247.21 kQ for
grMEA to 12.65 kQ for grppMEA. This can be attributed to the volumetric capacitive behaviour of the
PEDOT:PSS layer, providing a larger effective surface area and lower interface impedance for charge
transfer. At lower frequencies impedance goes high because the double layer capacitance dominates

the overall impedance.
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Figure 5.6: Electrochemical impedance spectroscopy (EIS) data of grMEA and grppMEA electrodes. (a) EIS magnitude. The
measurements correspond to an average of 10 electrodes with a size of 50 ym diameter. (b) EIS phase The measurements
correspond to an average of 10 electrodes with a size of 50 ym diameter. (c) Impedance magnitude at 1 kHz of various
electrode sizes, ranging from 10 ym to 500 pm in diameter. The dotted lines represent the fitting functions of the data points.
Further details on the fitting function are provided in Appendix B.1. (d) Optical image of the Test MEA featuring electrodes of
different sizes.
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In the impedance phase graph (Fig. 5.6b), the capacitive and resistive properties of the electrode
material are more clearly observed. In case of grppMEA electrodes, the phase shift at lower frequen-
cies is approximately -90 degrees, suggesting a pure capacitive behaviour, in contrast to the more
resistive behaviour of multilayer graphene electrodes, with the phase shift dropping down to almost 0.
However, such behaviour can be originated from several factors: (1) that the resistive component of
the impedance is larger than the capacitive component at low frequencies, leading to a situation where
the overall impedance behaves primarily as a resistor. (2) There could be several resistive and capaci-
tive components interacting within the system, contributing to the overall impedance. The averaging of
different contributions could result in a net phase angle that approaches 0° without necessarily indicat-
ing that the system is purely resistive. Additionally, the upward shift in EIS phase at high-frequencies
may be attributed to artifacts from the instrumentation setup, such as cables and voltage or current am-
plifiers, which can introduce phase distortions resembling inductive behavior [81, 82]. An equivalent
circuit model fitted to the obtained experimental results would be needed to fully describe the observed
impedance characteristics.

I'mpedance magnitude at 1kHz (k)

Electrode diameter (wm) 10* 20" 30 50 100 200" 340" 500"
Graphene 3724.82 + 2861.98 + 550.23 + 247.21 + 3113 + 17.59 + 6.51+0.14 6.78+1.35
286.14 501.16 246.63 52.31 12.18 0.10
Graphene/ PEDOT : PSS 189.83 56.65 + 29.05 + 12.65 + 336+131 1.81+0.17 1.04 0.61+ 0.06
0.05 0.79 0.81

Table 5.2: Impedance magnitude at 1 kHz (k) of grMEA and grppMEA electrodes of various sizes. * The average and
standard deviation are calculated from only 1-2 electrode measurements, limited by the number of electrodes available on the
Test MEA. Measurements for 30, 50 and 100 pm, instead, correspond to the average of 10 electrodes.

The impedance dependency on electrode size was also studied, by measuring the EIS response
of different sizes of grMEA and grppMEA electrodes, ranging from 10 to 500 ym in diameter. Fig.
5.6¢ shows the average impedance magnitude at 1 kHz plotted against the electrode diameter. The
impedance magnitude decreases with increasing electrode size, as expected, following an inverse rela-
tionship. The corresponding numerical values are summarized in Table 5.2. Moreover, the data points
were fitted into a power function, described in Appendix B.1. It should be noted that the average and
standard deviation of some of the electrodes were calculated from only 1-2 electrode measurements,
limited by the number of electrodes available on the Test MEA (see Fig. 5.6d). For a more conclusive
evaluation, a larger sample size would be required.

On top of that, the volumetric capacitance of PEDOT:PSS-coated graphene electrodes, grppMEA,
was analyzed, which shows a quantitative measure of ion uptake from the electrolyte through the con-
ductive polymer. The volumetric capacitance was extracted based on the impedance data at the lowest
frequency point, 0.1 Hz. At this frequency, the total impedance is dominated by the double-layer ca-
pacitance at the electrode-electrolyte interface. The following equation was employed to calculate the
capacitance:

1 1

- j2rfC C"j2nfz

where Z denotes the complex impedance, f represents the frequency (0.1 Hz), and C'is the capac-
itance. The capacitance values were normalized to the volume of the electrode, which was determined
by multiplying the electrode area by the thickness of the PEDOT:PSS layer. The thickness was esti-
mated based on the spin-coating speed, as illustrated in Fig. A.3 in Appendix. A spin speed of 1000
rpm produced a polymer thickness of approximately 140 nm. Volumetric capacitance values were cal-
culated for electrodes of varying sizes, with the results presented in Fig. 5.7. The resulting volumetric
capacitance for the grppMEA electrodes was 55.7 F'/cm?. The linear relationship between the capac-
itance and electrode volume suggests that the ionic charge uptaken from the electrolyte is uniformly
distributed within the PEDOT:PSS layer. PEDOT:PSS electrodes reported in literature showed a volu-
metric capacitance of 39 F/cm? [83, 84].

Z=7Zc
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Figure 5.7: Volumetric capacitance of PEDOT:PSS-coated graphene electrodes, grppMEA. Capacitance values from the
EIS data at the lowest frequency point, 0.1 Hz, were extracted at different electrode volumes. The volume was determined by
multiplying the electrode area by the thickness of the PEDOT:PSS layer, 140 nm. The resulting capacitance was 55.7 F//cm3.

5.4. Cyclic voltammetry (CV)

Cyclic voltammetry technique was used to assess the reversibility of the electrochemical reactions on
the electrode of interest and to determine the amount of charge that can be stored reversibly. The same
three-electrode setup, as shown in Fig. 5.5, was used for these measurements. The water window,
which defines the potential range within which water remains stable and avoids electrolysis, was exper-
imentally determined and adapted for each MEA device. CV measurements at several scan rates were
taken: at 0.1, 0.2, 0.6 and 1 V/s. The scan rate plays a role in the formation of a diffusion layer in the
electrode-electrolyte interface and thus, the electrons transfer and current response of the electrode.
The I-V curve was recorded and from it, the charge storage capacity (CSC) was computed.

The CV results for grMEA and grppMEA electrodes are displayed in Fig. 5.8. At lower scan rates,
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Figure 5.8: Cyclic voltammetry (CV) curves of graphene and graphene/PEDOT:PSS electrodes. Electrodes with a diameter of

50 pm were characterized with scan rates of 0.1, 0.2, 0.6 and 1 V/s.



5.4. Cyclic voltammetry (CV) 44

the diffusion layer becomes thicker as more ions diffuse to the electrode surface, decreasing the con-
centration of reactants at the interface and consequently lowering the current response. In contrast,
higher scan rates result in a thinner diffusion layer, allowing for greater current densities. The current
dependency on scan rate is further analyzed in Appendix Fig. B.3. The capacitive behavior of the PE-
DOT:PSS coating is more prominent at higher scan rates, where the CV curve adopts a box-like shape,
in contrast to the more elongated CV profile of bare graphene, which is indicative of faradaic processes.
The water window was maintained between -0.8 V and 0.4 V to prevent undesirable electrochemical
reactions. The charge storage capacity (CSC) for each electrode was calculated by integrating the area
under the CV curve within this water window. The average CSC values for the grMEA and grppMEA
electrodes are provided in Table 5.3.

CSC total (uC/cm?)
01V/is 02VIis 06Vis 1Vis

Graphene 2585 1106 430 297
Graphene/PEDOT : PSS 5576 3304 2620 2544

Table 5.3: Total CSC values for grMEA and grppMEA electrodes, with a diameter of 50 uym, obtained at different scan rates.

A comparison of previously reported transparent electrodes for neural interfaces with the grMEA
and grppMEA electrodes reported in this current work is provided in Table 5.4.

FElectrode material Electrode Impedance Area — Transparency Reference
sur face area at 1kHz normalized (%)
(um?) (k) impedance
(- cm?)

Monolayer graphene doped 2500 541 13.5 90 Kuzum et al. 2014
with acid nitric (50x50) [38]
Four-layer graphene 31416 215.7 £120.4 67.76 + 37.82 90 Park et al. 2018

(D=200) [36]
Two-layer graphene doped 2500 908 22.7 90 Driscoll et al. 2021
with acid nitric (50x50) [45]
Interlayer-doped double- 314 (D=20) 250 + 56 0.78 + 0.18 90 Ramezani et al.
layer graphene with Pt NPs 2024 [40]
Transfer-free multilayer CVD 707 (D=30) 3200 - 9890 21.11 - 69.91 80 Ledn Gonzalez et
graphene (on quartz sub- al. 2023 [20]
strate)
Transfer-free multilayer CVD 68320 274+75 18.72 £ 5.23 83.5 Babaroud et al.
graphene (on Si substrate) (D=340) 2022 [18]
Transfer-free multilayer CVD 68320 7.26 £ 0.95 4.96 + 0.61 ~ 70 Babaroud et al.
graphene with 40% Pt NPs (D=340) 2023 [48]
Monolayer graphene coated 707 (D=30) 166 + 13 1.17 £ 0.09 84 Kshirsagar et al.
with PEDOT:PSS 2019 [47]
PEDOT:PSS 707 (D=30) 56 + 8 0.39 75 Middya et al. 2021

[85]

Transfer-free multilayer CVD 1825 (D=50) 247.21 + 52.31 4.51 +0.95 50 This work
graphene
Transfer-free multilayer CVD 1825 (D=50) 12.65 £+ 0.81 0.23 + 0.01 50 This work
graphene coated with PE-
DOT:PSS

Table 5.4: Transparent neural recording arrays. Comparison of previously reported transparent electrodes with the
graphene and PEDOT:PSS-coated graphene electrodes reported in the present work.
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5.4.1. Electrochromism and Delamination

Conductive polymers exhibit redox states with different electronic absorption spectra [86]. Upon ap-
plying a potential, the conductive polymer can undergo reversible oxidation (loss of electrons) and
reduction (gain of electrons) leading to changes in the optical gap, which translates into a reversible
color change. This phenomenon is known as electrochromism, and it has been used to monitor dop-
ing/dedoping effects in conducting polymer films [87, 88], as well as to study the ion mobility within the
polymer matrix [89].

During electrochemical measurements (EIS and CV), visual color changes on the grppMEA elec-
trodes were observed, as shown in Fig. 5.9. The passage of current changed the electrochemical
doping state of the PEDOT:PSS film, inducing a reversible color variation. The color changes were
also observed just by immersing the electrodes in the PBS electrolyte, indicating that the polymer film
is sensitive to the ionic environment.

In addition to the electrochromic effect, signs of partial delamination of the PEDOT:PSS film from
the graphene surface were observed during electrochemical cycling. The non-uniform color distribution
across the electrode surface suggested that the polymer film experienced partial detachment, likely due
to mechanical instability during cycling. This delamination can be attributed to inadequate adhesion be-
tween the graphene and PEDOT:PSS layers. Several factors are critical for ensuring proper adhesion
of PEDOT:PSS coatings to substrates, including the preparation of the PEDOT:PSS solution, surface
activation of the substrate (such as oxygen plasma treatment) prior to coating, and appropriate ther-
mal annealing after deposition. Oxygen plasma treatment, commonly used to introduce -OH groups
on the surface, enhances hydrophilicity and promotes strong covalent bonding between the silane
groups in GOPS, the crosslinking agent in PEDOT, and the substrate. However, in the present study,
no surface activation techniques were employed, as oxygen plasma can degrade or even completely
etch the graphene layer. This omission likely compromised the long-term stability of the PEDOT:PSS
films. Exploring alternative surface activation methods, such as UV ozone treatment, may offer a vi-
able approach to improving adhesion at the graphene-PEDOT:PSS interface without compromising the
integrity of the graphene.

200.00um

Figure 5.9: Optical images of PEDOT:PSS-coated graphene electrodes before and after electrochemical
measurements. A visual color change on the electrodes after electrochemical cycling was observed, partially attributed to the
electrochromic nature of PEDOT:PSS polymer. The non-uniform color distribution across the electrode surface suggested that

the polymer film experienced partial delamination, likely due to poor adhesion to the graphene layer.
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5.5. Summary

Raman spectroscopy confirmed the presence of multilayer graphene with increasing defects (Ip/la
ratio) as the fabrication process progressed, particularly after Al patterning, while the I>p/I4 ratio re-
mained below 1, indicating multilayer graphene. Additionally, Raman analysis revealed the successful
coating of PEDOT:PSS on graphene microelectrodes, identified by characteristic peaks between 1200
and 1600 em~!. The sheet resistance of multilayer graphene on Mo tracks was measured at 11.37
Q/sq, with Mo contributing significantly to conductivity, though its biodegradability may impact long-
term stability. Optical transmittance measurements showed that transparency remained around 50%
across the entire spectrum, and the PEDOT:PSS coating did not significantly affect the transparency.

EIS demonstrated that grppMEA electrodes exhibited a substantial reduction by 10-20 times in
impedance magnitude compared to grMEA electrodes, due to the capacitive properties of the PE-
DOT:PSS layer. Impedance decreased further with increasing electrode size, following an inverse
relationship. Additionally, the volumetric capacitance of the grppMEA electrodes was calculated to be
55.7 F /em? at 0.1 Hz, indicating high ion uptake from the electrolyte. CV revealed that the incorporation
of PEDOT:PSS significantly increased the CSC values, with grppMEA electrodes achieving a CSC of
5576 uC/cm? at 0.1V/s, more than double that of grMEA electrodes, which had a CSC of 2585 1C'/cm?.
Visual observations during electrochemical measurements indicated reversible color changes in the
electrodes, likely resulting from a combination of electrochromism and partial delamination of the PE-
DOT:PSS layer. Overall, the results obtained in this study are comparable to state-of-the-art findings
for transparent neural interfaces.



Electrophysiological recordings of
neuronal activity

In in vitro and ex vivo applications, MEAs are widely used to investigate a variety of neurophysiological
processes, from understanding basic synaptic function to studying complex network dynamics. In in
vitro systems, MEAs facilitate the study of neuronal cultures, where they are commonly used to track the
development of neural networks, assess synaptic plasticity, and evaluate the effects of pharmacological
agents on neuronal firing patterns, among other applications. In ex vivo settings, MEAs are frequently
employed to study acute brain slices or organotypic cultures, where the preserved architecture of the
neural tissue allows for detailed exploration of brain region-specific activity. This chapter delves into
the application of the fabricated MEA devices for registering extracellular activity from cerebellum brain
slices. For this purpose, a custom-made interface that effectively connects the MEA devices to specific
recording system and enables the acquisition of neural signals is first presented. Then, the electro-
physiological recording capabilities of the fabricated grMEA and grppMEA devices is evaluated.

6.1. MEA electrophysiology recording system

The fabricated MEA devices enable the transduction of ionic currents generated by neural activity into
electrical signals. However, these bioelectrical signals require real-time amplification, filtering, and dig-
itization across multiple channels to be accurately recorded and analyzed. While there are numerous
commercially available systems for electrophysiological signal acquisition, such as the TDT neurophys-
iology system and the Intan Technologies recording system, their designs are not always optimized for
seamless integration with MEA platforms. To address this challenge, a custom-designed interface was
developed to effectively connect the MEA devices to commercially available recording hardware from
Intan Technologies.

The complete acquisition setup, illustrated in Figure Fig. 6.1a, comprises a custom-printed circuit
board (PCB) designed to interface the MEA pads with Omnetics connectors compatible with the Intan
system. Two 32-channel Intan recording headstages (RHD2132 chips) are connected to the Omnetics
connectors, which in turn interface with the RHD USB Interface Board. This board is subsequently
connected to a computer running RHX Data Acquisition Software, enabling real-time data collection
and analysis.

The custom PCB is a four-layer board, incorporating dedicated grounding for noise reduction and
signal integrity. It supports up to 60 recording channels and is designed to be compatible with both the
fabricated graphene-based MEAs (grMEA and grppMEA) as well as standard 60-channel commercial
MEAs from Multichannel Systems. Spring-loaded pins, which are soldered to the custom PCB, ensure
reliable electrical contact with the MEA pads and route these connections to the Omnetics connectors,
facilitating communication with the two Intan 32-channel headstages. Additionally, the PCB includes
a power delivery circuit with a buffered reference, designed for stimulation applications. Although this
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Figure 6.1: Overview of the MEA acquisition system setup. (a) Schematic representation of the connections between the
custom PCB board and the Intan recording system. The custom PCB board allows to couple the MEA electrodes, up to a total
of 64, to the recording channels from Intan headstages. Spring-loaded pins, soldered to the custom PCB, effectively contact
with the MEA pads and route these connections to the Omnetics adapter pads, and in turn to the Intan recording headstage
pins. (b) Image of the assembled MEA-to-Intan interface. (c) Cross-sectional illustration of the MEA-to-Intan interface. The
mechanical parts (top and bottom clampshells) ensure a good contact between the spring-loaded pins from the custom PCB
and the MEA pads.

feature was implemented, it was not utilized in the present work. The custom PCB board was designed
by Lukas Holzapfel from the TU Delft - Fraunhoufer IZM research group.

To ensure stable mechanical coupling between the MEA and the custom PCB, laser-cut components
were fabricated from 2 mm-thick plexiglass sheets. These components were designed to securely host
the MEA while maintaining proper alignment between the MEA pads and the spring-loaded pins on
the PCB. By applying pressure through screws mounted on the assembly, the spring-loaded pins are
pressed against the MEA pads, ensuring reliable and consistent electrical contact. Fig. 6.1b,c provides
an image of the fully assembled MEA-to-Intan interface, along with a cross-sectional schematic of the
system.

6.2. Cerebellar brain slice recordings

The in vitro performance of the grMEA and grppMEA devices was evaluated by recording neural activity
from acute mouse cerebellar brain slices. The cerebellum was selected as a model system due to its
well-characterized spontaneous spiking activity patterns, which are dominated by the firing of Purkinje
cells. These cells exhibit regular and rhythmic spikes at a relatively constant and high frequency of
around 30 to 50 Hz [90]. Given the predictable spiking activity of Purkinje cells, assessing the sensi-
tivity of the fabricated grMEA and grppMEA devices to capture their electrical signals can be feasibly
achieved. Moreover, the relatively short lifetime of these cells, approximately 4-5 hours post-slicing, is
advantageous for our purposes, as it minimizes the duration that the microfabricated device is subjected
to physiological conditions, reducing the likelihood of failure. The brain slice culture activity recording
test was done in collaboration with the Erasmus MC Neuroscience Department.

The MEA-to-Intan interface system described in the previous section was used to acquire extracellu-
lar recordings from the acute cerebellar brain slices. The complete setup was placed inside a Faraday
cage to minimize electromagnetic interference. The ground pin of the Intan RHD USB Interface Board
was connected to the Faraday cage to establish a common ground reference. Prior to recording from
a slice, a baseline signal was acquired for several minutes to assess the noise level of the system.
Subsequently, a slice was carefully positioned onto the grMEA or grppMEA surface. To ensure close
contact between the slice and the MEA, a slice anchor with parallel nylon fibers was gently pressed
onto the tissue. Atrtificial cerebrospinal fluid (aCSF) was manually perfused over the slice to maintain
tissue viability. Extracellular recordings were performed at a sampling rate of 20 kHz per channel.
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The acquired data was post-processed with a custom Matlab script to filter and analyze the neu-
ral signals. The first step involved filtering the signals using a second-order Butterworth filter, with a
passband ranging from 5 Hz to 1000 Hz, effectively isolating the frequency components relevant to neu-
ronal activity. To eliminate any phase distortion introduced by the filtering process, a phase-correction
algorithm was applied, ensuring that the temporal integrity of the neural signals was preserved. Next,
spike detection was performed using a thresholding method based on the median absolute deviation
(MAD) of the filtered signal. The MAD is a measure of variation that reflects the mean of the absolute
amplitude values of deviation of each time point relative to the median. A detection threshold was set at
6 times the MAD. To avoid detecting multiple spikes within the same action potential event, a refractory
period of 2.5 ms was applied. The refractory period of a neuron refers to the period after an action
potential during which the neuron is unable, or less able, to fire another action potential. Finally, the
signal-to-noise ratio (SNR) was computed by calculating the ratio of the maximum peak-to-peak ampli-
tude of the neural spikes, V,p maz, signal, t0 the standard deviation of the noise in the baseline signal,
Vstdnoise, @S shown in the expression below:

SNR =20 - lOg Vpp,max,signal
std,noise
This metric provided a quantitative assessment of the recording quality, confirming the sensitivity
of the grMEA and grppMEA devices in capturing neural activity.

Multiple recordings were performed using the grMEA devices, with electrodes of 30 ym and 50 um in
diameter, to evaluate their performance in capturing spontaneous neural activity from acute cerebellar
brain slices. The characteristic spiking patterns of Purkinje cells and other neuronal populations were
successfully recorded, as illustrated in Fig. 6.2c. A colormap representation of the SNR, Fig. 6.2d,
was employed to spatially correlate the recorded signals to individual electrodes across the MEA array.
This representation allows for the visualization of the peak neural activity areas within the cerebellar
slice, allowing precise localization of more active neuronal regions.

In situ impedance measurements at 1 kHz were conducted on the device electrodes using the
dedicated Intan hardware function. Artificial cerebrospinal fluid (aCSF) was used as the electrolyte.
Measurements revealed impedance values of 526 + 12.3 k02 and 239 + 20.6 k2 at 1 kHz for 30 ym
and 50 ym diameter electrodes, respectively. Electrodes with an impedance higher than 1 M), were
considered as damaged and consequently excluded from the analysis. The average SNR values for
functional grMEA electrodes were 19.38 + 7.21 dB for the 30 um diameter electrodes and 20.58 +6.10
dB for the 50 um electrodes. The distribution of the obtained SNR values are depicted in Fig. 6.4. De-
spite the difference in electrode size, the SNR values in grMEA devices were found to be similar. This
could be attributed to the inherent properties of smaller electrodes: while they are capable of detecting
neural signals with higher amplitude likely due to less spatial averaging effect, they are also more sus-
ceptible to increased levels of noise. The a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>