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Abstract

Electrical measurement of neuronal signals has enabled fundamental discoveries in neuroscience.
Patch clamp method as a key standard of electrophysiological device has been shown an access to
the interior single cell using an electrode. Via this method recording of the signals from the entire
spectrum of the membrane potentials, from action potential down to sub-threshold signals such as
post synaptic potentials, is feasible. Due to the invasive nature of this method, long term recording
of the cell is challenging. Extracellular electrodes, such as microelectrode arrays, in contrast enable
long term recordings of neuronal networks. However, these electrodes can only measure a fraction
of the action potentials, which is due to the lack of proper cell-electrode coupling and high noise
of the electrodes. Research in the last decade has been focused on overcoming these limitations.
Development of the vertical 3D nanoelectrodes has allowed to access the cell’s interior, however
in most cases after the application of external forces such as opto/electro-poration, and therefore
these transient methods are not suitable for long term recordings.

In this thesis, I developed nanostructure microelectrodes by associating two approaches of
nanostraws and nanocavities. Using nanostraws facilitate penetration to the cell membrane, and
the introduction of nanocavities provide high seal-resistance. The spontaneous
electrophysiological recording using our nanoelectrodes demonstrate both extracellular and
intracellular (20% of cases) action potentials of cortical rat neurons over long period of time. This
approach enables the continuous high signal to noise ratio recordings with high sensitivity and the
ability to record post synaptic potentials. To further improve the spatial resolution of neuronal
network recordings, our nanoelectrodes can be integrated to CMOS-devices, which is of great
interest for the neurophysiological studies.
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Zusammenfassung

Die elektrische Messung neuronaler Signale hat grundlegende Entdeckungen in den
Neurowissenschaften ermoglicht. Die Patch-Clamp-Methode, als wichtiger Standard
elektrophysiologischer Messungen, hat als erste Methode einen Zugang zum Innersten der Zelle
mittels einer Elektrode realisiert. Mit dieser Methode ist die Aufzeichnung der Signale aus dem
gesamten Spektrum der Membranpotentiale, vom Aktionspotential bis hin zu unterschwelligen
Signalen, wie post-synaptischen Potentialen, moglich. Aufgrund ihres invasiven Charakters ist
eine langfristige Messung von Zellen schwierig. Extrazelluldre Elektroden, wie z.B.
Mikroelektroden-Arrays, ermdglichen dagegen auch langfristige Messungen von neuronalen
Netzwerken. Mit diesen Elektroden kann jedoch nur ein Bruchteil der auftretenden
Aktionspotentiale gemessen werden. Das ist auf das Fehlen einer starken Zell-Elektroden-
Verbindung und das damit einhergehende hohe Rauschen der Elektroden zuriickzufiihren. Daher
hat sich die Forschung der letzten Jahrzehnte hauptséchlich auf die Losung dieses Problems
konzentriert. Die Entwicklung von vertikalen 3D-Nanoelektroden ermoglichte einen ersten,
vielversprechenden Zugang zum Zellinneren. Das geschah jedoch in den meisten Féllen nur mit
Hilfe duBerer Krifte wie Opto/Elektro-Poration. Deswegen sind diese transienten Methoden fiir
langfristige Messungen nicht geeignet.

In dieser Arbeit habe ich Nanostruktur-Mikroelektroden entwickelt, indem ich die Vorteile von
Nanordhren sowie von Nanokavititen kombinierte. Wahrend die Verwendung von Nano-Roéhren
das Eindringen in die Zellmembran ermoéglicht, sorgen Nanokavititen fiir einen hohen
Abdichtwiderstand. Spontane elektrophysiologische Messungen mit unseren Nanoelektroden
zeigen sowohl extrazelluldre als auch intrazelluldre (in 20 % der Félle) Aktionspotentiale
kortikaler Rattenneuronen iiber einen langen Zeitraum. Der Ansatz erlaubt somit kontinuierliche
Messungen mit einem hohen Signal-Rausch-Verhdltniss, hoher Empfindlichkeit sowie die
Moglichkeit post-synaptische Potentiale aufzuzeichnen. Um die rdumliche Auflosung der
Messungen von neuronalen Netzwerken weiter zu verbessern, konnen unsere Nanoelektroden in
CMOS-Gerite integriert werden. Dies ist fiir neurophysiologischen Studien von grof3em Interesse.
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Chapter 1. Introduction

Chapter 1. Introduction

Brain with its billions of neurons is one of the most complex units of human’s body. Understanding
of the information processing and the functionality of our brain are the major challenges in modern
neuroscience. Our Brain consists of billions of neurons which communicate with each other. These
neurons generate electrical pulses or action potential (AP), which could be recorded with the help
of electronics devices. The gold standard for recording the action potential of the cell is patch
clamp method [1]. This technique has been used to record the electrical activity of individual cells
for in vivo [2] [3], ex vivo [4] and in vitro [2] [5] physiological studies for more than decades. The
excellent electrode-cell coupling, enables to investigate the full spectrum of the electrical activities
ofa single cell (resting membrane potential, action potential, excitatory and inhibitory postsynaptic
potential) with high resolution and high signal to noise ratio. However, this method is limited to
only few cells in parallel (so far 10 cells at a time) [6], therefore it is not suitable for studying the
neuronal network which is the key element of electrophysiological investigation. Another
drawback of this method is short term recording, because of invasive nature of the micropipette.

To address this issue, extracellular electrophysiology systems (e.g. microelectrode arrays) have
been employed to record the electrical signals of larger number of cells in parallel or small
networks for long term in vivo [7]-[9] and in vitro [10]-[12] electrophysiological interrogations.
Nevertheless, due to their extracellular design, monitoring the membrane potential and access into
the interior cell is almost infeasible, and only a rapid membrane potential changes such as action
potential can be revealed. Typically, extracellular recordings are characterized by a larger gap in
the interface between the cell/tissue and the device, leads to a sealing reduction which correspond
to a leakage current. Also, the small area of the recording sites, causing a higher impedance and as
a result increasing the noise.

Numerous studies have been made to resolve these restrictions over the past years, to interface
multiple cell types in parallel to achieve non-invasive intracellular recording over long time. By
taking advantages of nanofabrication incorporating with conventional microfabrication techniques
and introducing the nanosized electrodes, the new perspective architectural developments have
been exploited in electrophysiological devices to enhance the extracellular recorded signals and
even in some cases intracellular access. Nanomushrooms, nanopillars, vertical nanostructures,
carbon nanotubes and nanostraws [13]-[38], are some of the most successful designs containing
three dimensional structures with a height of few micrometers and diameters between 80 nm to
600 nm with various shapes, orientations and materials. All these vertical nanostructures are
implemented on the flat substrate in order to tight the sealing with cells, engulfment and even
penetration into the plasma membrane.
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Chapter 1. Introduction

To understand the interface of these vertical nanostructures and the cell, different investigation
methods have been performed. Microscopy technique, which includes, optical, fluorescence and
electron microscopy, is the most common and fastest method to study the interface. Conventional
light microscopy enables to illustrate the position of the cells on the substrate. Via fluorescence
microscopy, viability, morphology and adhesion could be assessed. By staining technique, the
interactions of the nanostructures with various stained- cell compartments and cytoskeletal
structures could be revised [39] [40]. However, due to low resolution (sub-pm), the precise
information of the interface is not accessible. In order to visualize the mentioned information with
higher resolution (nm range), electron microscopy could be performed. In addition, by applying
the cross section via focus ion beam (FIB), an observation of the actual interface between the
nanostructures and the neuronal cell is feasible [24]. Furthermore, by using staining and resin
embedding technique which has been established and developed previously, more details of the
cell components such as mitochondria, nucleus, and plasma lipid bilayer could be perceived [41].

Previous studies reported that the ratio of height to diameter [42] [15] [43] [32], shape and the
density of these structures [44] [40] would affect the growth, position and the interface of the cells
on the structures. High aspect ratio structures (>10) [40] [45] [46] [43] [32] with sharped edge [47]
[31] have been shown to have the potential of complete engulfment or even in-cell penetration
[44] [17] [48] [49].

Despite of major improvements of the vertical nanostructures-cell interface, the spontaneous
penetration of these structures into the cell is still a challenge. This is due to the present of plasma
membrane. Among all cellular components, plasma membrane is in direct contact with the
nanostructures and wrap around the nanostructures and engulf. Nevertheless, its elasticity and
amphipathic structure, presents a strong layer (only 6nm thick) and avoid perturbation and
accessing the cytoplasm for most of the external devices and alter the spontaneous penetration.
Therefore, external forces are required in order to perturb the cell membrane and access into the
cell interior. There are several available methods to enforce the penetration, among which are
mechanical force, chemical approaches, electroporation [25], [31], [43], [44], [50]-[52] and
optoporations [31] [44] [30], which are employed to create highly localized stress and rupture the
plasma membrane and ease the penetration. However, these methods are transient and after few
minutes, plasma membrane reseal the pore and avoid accessing the cell interior. Essentially, it is
favorable to utilize the device and technique, enable spontaneously and continuously intracellular
recording with limited amount of cell’s reactions and deformations.

Additionally, improving the electrical properties of these extracellular devices by decreasing the
impedance and therefore the noise reduction is taken into consideration. Some research groups
endeavored to apply variant materials to reduce the impedance. Iridium oxide [49] and PEDOT-
PSS [53] [54] are the exploited materials. Another attempt to improve the device performance is
the employing the nanocavity which has been established and developed previously [S5]-[58] It
contains the cavity between the recording area and the passivation layer, which has been created
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Chapter 1. Introduction

via a chemical etching process. This design could dramatically improve the signal to noise ratio,
by increasing the effective area of the electrode, while maintaining the size of electrode aperture,
and consequently reducing the impedance.

The purpose of this thesis is to develop the multichannel microelectrode arrays which contain
nanostraws, by adjusting previous approaches. In this regard, we used high aspect ratio- sharped
edge (160 nm outer diameter and 2.4 um height) nanostraws made of (TiO,), protruded on the flat
conductive electrode (Pt/Au with 6 and10 um diameter opening). Additionally, by implementing
a sacrificial layer under the conductive electrode and etching this layer chemically, nanocavity was
introduced in our MEAs. These combination, is designed to have low impedance and at the
interface, nanostraw promotes the plasma membrane to seal tightly or penetrate.

In chapter 2, the fundamental theory required for the discussed topic will be explained. The
principle of neuronal cells, their electrical activities and also techniques for recording these
activities with the focus on extracellular (MEA) and intracellular (Patch clamp) methods will be
described. In following, challenges and limitations of these recording systems and possible
solutions will be discussed.

In chapter 3, an overview of the materials and methods in this thesis will be described in detail.
The materials and the fabrication process using electron beam lithography and various deposition
methods (e.g. PECVD, ALD) will be shown. Characterization techniques for evaluating the
fabricated device, and the interface with neuronal cells (e.g. Microscopic, electrochemical and
electrophysiological) will be presented.

In chapter 4, the fabrication of nanostraws on Au substrates with different spacing (1 pm, 2 pm, 4
pm, 5 um, 10 um and 25 pm) will be described in detail. Various microscopy characterizations
(light microscopy, fluorescence microscopy, scanning electron microscopy, cross sectioning for
visualizing the interface of the cell and the NS with a nanometer resolution) regarding investigation
of the cell-nanostraws interface will be presented. These different spacing have been chosen to
investigate and compare the interface of the cell and the nanostraw, and based on its result, the
best pitch was chosen for implementing the nanostraws on the nanocavity MEAs for further
studies.

In chapter 5, the fabrication of nanostraw on nanocavity MEA devices will be described. For the
electrical performance of the fabricated device electrochemical spectroscopy is performed.
Electrophysiological recording of neuronal cells and their interface will be the focus of this chapter
and the resulted values will be discuss in detail.

In chapter 6, a summary of overall work, obtained results and the possible improvement as an
outlook for further works will be discussed.

12



Chapter 1. Introduction

13



Chapter 2. Theoretical background

Chapter 2. Theoretical background

In this chapter, for better understanding the experimental sections, the theoretical background will
be discussed. Since the main focus of this thesis is neuronal cell, its network and electrical
activities, current methods for the recording the neuronal activities will be discussed. Moreover,
for the study of the interface between the neuronal cell and substrate, corresponding theories and
methods will be descried in detail.

2.1 Neurons

Cells, as the smallest unit of life with their individual functions and communication, facilitate the
complex processes that make up human life and interaction. Among different cell types in our
body, neurons are the most remarkable due to their ability to generate electrical activity (action
potential (AP)) as well as propagate signals over large distances within a short amount of time.
[59].

Dendrite

y

Nucleus

Myelin sheath
yelin shea _ Axon

T+ terminal

Soma Axon

Figure 2.1 Schematic of a neuron: Soma contains cell nucleus. From soma, two types of
processes spread to the direction of neighboring cells. Dendrites are responsible for receiving the
information, and axon transfers information to downstream neurons via connections between the
axon terminal of one cell and the dendrites of another cell. Axons are often shielded with myelin
sheath in order to reduce the signal loss.

A neuron contains soma, an axon and multiple dendrites. Soma or cell body, supports the chemical
processing of the neuron, such as neurotransmitter (Figure 2.1). Soma consists of cell membrane,
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Chapter 2. Theoretical background

cytoplasm and nucleus. Nucleus has double layer membrane which one side connects to
cytoskeletal networks for mechanotransduction, and on the other side connects to chromosomes
for gene expression regulation. Nucleus regulates all cellular activities and is responsible for
storing DNA and RNA. Cell membrane which made of phospholipids (hydrophilic phosphate
groups and hydrophobic lipids) is the interface between the extracellular matrix (ECM) and
cytoplasm. Cytoplasm contains cytoskeleton, Golgi apparatus, mitochondria and ribosomes, and
all these compartments are responsible for cell activity and responses to an external stimuli. From
soma/cell body two types of processes spread, axon and dendrites. The branches of dendrites
usually spread few pm from soma and responsible for receiving information. Axon extrude from
soma and extend up to meter/s long and is responsible for transferring the information. The whole
cell is surrounded by the cell membrane which is supported by cytoskeleton. Cytoskeleton which
is important for the membrane’s interaction, is a highly dynamic polymer-like structure and
responsible for cell assembly and an internal stability, keeping the position of organelles and their
reorganization during division, adhesion, migration and intracellular transport [60]. Protein
filaments such as microtubules, intermediate filaments and actin filaments form the cell
cytoskeleton. Microtubules has a cylindrical shape with 25 nm diameter which spread from the
centrosome to the plasma membrane and plays an important role for sustaining polarization of the
cell [61]-[63]. Intermediate filaments with a diameter of 15 nm and the ability to self-assemble
and extend up to 81 nm wide filaments [64] [65] are preserving cell shape and rigidity.

Actin filaments with diameter of 7-9 nm form by repeating the sub-units of actin monomers (G-
actin), and is a semi-flexible polymer chains. They involve in polymerization and
depolymerization at the edge of the cell and help kinesis of the cell. Actin filaments links to the
plasma membrane through membrane-spanning proteins which allows the signals from ECM to
be transmitted to the cytoskeleton and vice versa.

2.2 Membrane potential

Cell membrane, which is made of lipid bilayer, works as an electrical insulator and separates the
intracellular region of the cell from the extracellular space. The membrane surrounds the
cytoplasm of the cell and helps the diffusions of particular ions. The imbalance of electrical charge
that exists between the outer medium and inner cell cytoplasm forms a constant voltage over the
cell membrane called resting membrane potential and depends on a cell type and the extracellular
region, this potential can vary between -40 mV to -80 mV. Ions are moved across the membrane
by active pumps and ion transporters (sodium- potassium exchanger) with consumption of
chemical energy to maintain the differences in the ionic concentration. . Knowing the intracellular
and extracellular concentration of an ion you can determine what potential it generates using the
Nernst equation:
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Chapter 2. Theoretical background

RT G} @2.1)
Ej = EITL(C—]Z

Where Ej is the voltage across the membrane at an equilibrium pointj, z is the ion’s charge, F is
the Faraday’s constant, R is the gas constant, T is the absolute temperature, and C jl and Cjz are the
ion concentrations on outside and inside the cell, respectively. It should be considered that the
control of the ion flow through the membrane is mostly done by pores, pumps and ion channels,
which have a ‘resistivity’ to the ion flow. Although cell membrane performs as a capacitor, ion
channels and pores behave as variable resistors, and the adapted equation by considering a relative
permittivity of each ion types is:

_RT
" zF

Blc]* 22)
BICI?

Vin In(

Where 1, is the membrane voltage measured across the membrane, P; is the permeability of the
ion through the membrane at extracellular concentration [C]* and intracellular concentration [C]?,
respectively, [C]! and [C]?. Ion types that give the highest current across the membrane are K™,
Na* and CI™. In this case, the membrane potential is calculated with the Goldman equation as:
_RT  Pg[K]" + Pyg[Na]" + Pg[Cl]? (2.3)

™= 5 "B K]Z + Pyg[Na]? + Po[Cl]E

Since the extracellular and intracellular is filled with electrolyte with different ionic concentration,
a potential difference, membrane potential, is established. While at the equilibrium state, diffusion,
pumping leakage and other interactions leads to resting potential. The voltage-activated channels
enable further stimulations while ion pumps requires energy to move the ions against the
electrochemical gradient.

2.3 Action potential

Several channels with various ion permeability are in the cell membrane. Stimulation, such as
temperature, mechanical stress, ligand binding or a voltage across the membrane could change the
permeability. Various ion types can flow across the membrane, resulting in a change of the
membrane potential, from its resting potential value: The changes can be more positive
(depolarization) or more negative (hyperpolarization). Voltage gated channels in the electrogenic
cells can be activated, after the membrane potential crosses the threshold causing an action
potential. For example in a neuronal cell, the increase of membrane potential from the rest -70 mV,
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passes the threshold approximately -55 mV and results in a opened voltage gated sodium channel
, and when the membrane potential reaches this value, the sodium channel opens and sodium ions
flow into the cell, and potential shoots up to +30 mV (depolarization). When potassium channel
open it results in a decreased in membrane potential. Sodium channel then is deactivated and
repolarization occurs. At this phase, the membrane potential drops below the resting potential,
hyperpolarization phase, where voltage-gated potassium channel deactivated (Figure 2.2).
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Figure 2.2 Action potential of neuron recorded by patch clamp in current clamp mode.
Membrane potential increases from a resting potential to the threshold and voltage-gated-sodium
channel opens which results in an overshoot and reaching the saturation of membrane potential at
the peak (Depolarization). Then, the Sodium channel is deactivated, while voltage-gated potassium
channels open, results in a drop of an membrane potential (Repolarization). In this phase, the
membrane potential drop down the resting value (Hyperpolarization) and the voltage-gated
potassium is then deactivated.

In the study of the action potential, Hodgkin and Huxley in 1952 described the equivalent circuit
model [66] and how action potential in neurons initiated and propagated. This circuit (Figure 2.3)
represents the electrical activity through the membrane.

The current changes through membrane is caused either by membrane capacitance (C,), or by ion
flow through a specific ion channels (resistance). Ionic currents contains potassium, sodium and
leakage current (Ina, Ik and Ir respectively) which each can be calculated by: Ina= gna (E-Ena), k=
gk (E-Ex) and I.= gr (E-EL). Ena and Ex are the equilibrium potentials, Er is the potential when
leakage current is zero. The electrical conductance (gna', gk*) which depends on membrane
potential (V) and time (t), while leakage current represented by linear conductance (gr). The
difference in ion concentration of intra and extracellular, results in an electrochemical gradients
and ion flows as voltage sources (Vna', Vk*). The total current through the membrane is:

Ly, = Cm‘;—z tlyg + I + 1, (2.4)
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Where V is the difference of the membrane potential to its resting potential, and t is the time.
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Figure 2.3 Hodgkin and Huxley equivalent circuit as an ideal electric circuit of the membrane
[66]. Contains membrane capacitance, three sources of ionic flow and their corresponding
conductance (gna, gk and gi). In case of Na*, the current flow from outside to inside of the cell
membrane. in K™ and L (leakage) the current flow from inside the cell to the outside. The potential
is due to ionic concentrations differences from inside to the outside of the cell, where membrane
is a barrier.

After the action potential occurs in cell body (soma), it continues to the axons. At the end of the
axons, pre-synaptic site, where the neurotransmitter is released and the electrical signal converts
to a chemical signal. Neighboring cells then detect the neurotransmitters via their post-synaptic
site and convert the chemical signal to an electrical signal again. There is a cleft between the
presynaptic and postsynaptic site of two cells called the synapse (Figure 2.4).
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Figure 2.4 Action potential propagation by neurotransmitter release through synapse. Action
potential travels down the nerve towards the synapse and neurotransmitter molecules diffuse

through synaptic cleft and bind postsynaptic receptor and activate them.
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2.4 Electrophysiological recording

As important part of neuroscience, the electrophysiology is a field of study, focusing on
investigation of the electrical activity of the biological cells, tissues and organs. It measures the
voltage/current differences of ion channels or individual cells. These approaches, compose of an
electrodes which capable of recording of electrical activity of the cell on a single level and up to
multiple cells (thousands of cells) and networks level for in vitro studies [19], [23], [36], [67]-[71]
and further in vivo studies [72]-[74]. Electrophysiological recording are divided in to intracellular
recording with patch- clamp, and extracellular recordings with microelectrode arrays (MEAs).
Here, two approaches are described in detail and are performed in this thesis.

2.4.1 Intracellular recording: Patch clamp

The gold standard method to investigate the electrical activity of the cell or a tissue is the patch
clamp technique. It is used to measure the cell’s electrical properties and its responses to
stimulation. The patch clamp technique was invented by Neher and Sakmann to analyze and detect
currents from voltage gated ion channels for what they won the Nobel Prize in medicine in 1991
[75].

The actual advantage of this technique compared to the classical intracellular electrophysiology is
a tight contact between the cell membrane and glass pipette (giga seal), that dramatically enhances
the sensitivity, as well as negative feedback circuit in pre-amplifier that clamps the voltage or
current of the membrane in voltage clamp or current clamp mode respectively. The measuring
Ag/AgCl electrode placed in electrolyte solution is also utilized for stimulation and the system
measures according to the Ag/AgCl reference electrode placed in bath. The pipette solution is
composed of ions in concentrations comparable to the inner side of the cell, while the bath solution
contained ions in concentrations suitable to the extracellular side of the cell.

The pipette’s tip is brought in close contact with the cell membrane and adequate negative pressure,
a seal of at least 1GQ is formed [1]. To access the intracellular side of the membrane, short and
weak suction is applied to rupture the membrane sequestrated by the pipette tip. From this point
on, the cell membrane voltage and current can be clamped with high precision. In this case, due to
the tight sealing, the mechanical stability is very high, with a large signal to noise ratio, recorded
voltage/current (Figure 2.5). In the voltage-clamp mode, the voltage is clamped while the ion
current is measured via the pipette tip. While, in current clamp, the current is clamped and the
voltage is recorded. Nevertheless, by pulling out the pipette tip, the recorded cell might be stressed
or die.

In general, despite of high SNR, this method is suffering from invasiveness, and not suitable for
long-term recording of a single cell. Additionally, simultaneous recording from several cells and
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recording from network of cells, which is the key purpose of neuroscience is not possible, and so
far only 10 measurements were established.

Figure 2.5 The representation of the whole-cell patch clamp technique

2.4.2 Extracellular recordings: MEAs

Another method for measuring the voltage membrane is an extracellular recording which have
been used for decades [76] [77]. Unlike, patch-clamp method, this method is non-invasive and
capable of long-term recording. MEA is a chip- based device consists of a multi-electrodes (in our
work, 8x8 grids), insulated by a dielectric material, and connected to the contact pads. The contact
pads are connected to the center of the electrode areas by metal feedlines from one side and also
connected to the amplification system for visualization of the recorded signals. A total 64
electrodes are placed on the center of the device (Figure 2.6). In order to perform the
electrophysiological measurement, a glass ring glued on top of the chip keeping the cell media for
almost a month of culture. The important reason of using the ring is avoiding short circuit of the
contact pads for connecting to the pre/and main amplifier for the recording purpose. The electrode
properties, such as material and size, also the coupling of the cell and the electrode, sealing
resistance, and the amplification system, are the factors affecting the signal amplitude. During an
action potential, the ion current generated by a neuron capacitively coupled to the recording device.
In order to record neuronal signals, cells were cultured on chips for at least 2 week, when their
prominent spontaneous activities can be recorded.
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Figure 2.6 Schematic of MEA design side view and top view. Yellow circle is the electrode
aperture
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Despite of overcoming challenges of intracellular methods, long-term and multi-parallel recording
limitations, planar-MEA devices suffer from a low signal-to-noise ratio (SNR). Because of non-
adequate cell-electrode coupling, signal amplitude recorded by these devices are low [78].
Moreover, the access to the interior cell as well as sub-threshold signals are almost impossible
[79]. These limitations lead to loss of information regarding neuronal networks.

Nanocavity MEAs

As mentioned although microelectrodes have been used for the recording of extracellular action
potential over decades, high resolution interface of the individual cells of a network is still a
challenge. Utilizing small electrode aperture size for the purpose of single cell resolution, results
in the high impedance of the electrode and consequently increased recorded noise amplitude and
inadequate device performance. In this regard, an additional layer between the electrode surface
and the passivation is utilized, and chemically etched to create cavity-like structure in the device.
Chromium layer serves as this sacrificial layer due to its easily etching process via chemical
etchant solution, without an additional photolithography step [58] [56] and depending on the
etching time, the size of the nanocavity can vary (Figure 2.7). The introduction of nanocavity could
improve the device performance dramatically by reducing the impedance of the electrode, while
keeping the aperture size of the electrodes for the purpose of single cell resolution.

22



Chapter 2. Theoretical background

AN\ RI1//// 04
LU=

:—I._.ll_/__ [ —

— 5N

N )

Figure 2.7 Schematic of Nanocavity-MEA design side view and top view. Yellow circle is the
electrode aperture. Lighter yellow square represents the cavity under the electrode aperture

Vertical nanostructure-MEAs

Another limitation of microelectrodes for the recording of an action potential is a loose coupling
(which comes from a gap between the cell and the electrode opening) and therefore reduction in
recorded signal. An introduction of vertical nanostructure on the surface of the electrode results in
an improvement of the cell-electrode coupling due to increases of sealing resistance (Rseal), and
therefore improving the SNR. More detail of the cell-electrode coupling and corresponding
mathematical model will be described later in this chapter (Chapter 2.6).

In 2007, mushroom-shaped 3D electrodes developed by Spira Group [80], confirmed the tight seal
with Aplysia Californica neurons with the dramatic increase in the recorded electrical signals up
to 4.5 times compare to the previous devices [36]. Later, the interface between cell and 3D
structures with various geometries and orientations were interrogated, and capability of
intracellular recording using 3D mushroom-shape electrodes was confirmed [81] [34], with the
positive monophasic signal shape similar to the action potential recorded by patch-clamp. In later
years, other vertical nanoelectrodes were utilized in order to improve the signal amplitude recorded
by extracellular electrodes, developed by other groups [19] [82] [49] [53] [83]. It is also reported
that the geometry, material, and the orientation of the vertical nanostructures have high affects
when interfacing cells [23] [84] . In 2011, high aspect ratio nanostraw devices developed by
Melosh group confirmed the capability of intracellular access by nanostraws [37]. This nanostraw
is the powerful tool for accessing the cell interior for sensing, biomolecule and drug delivery
applications with 7.1% efficiency [48].

In this thesis, two mentioned approaches were implemented in our microelectrode arrays, in order
to improve the total signal to noise ratio. The cooperation of high aspect ratio nanostraws and
nanocavity MEAs indicates a promising tool for the recording of neuronal cell with high SNR with
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the potential of spontaneous in-cell access without any external forces such as electroporation [25],
[31], [43], [44], [50], [51] and optoporation [30] [44].

2.5 Electrode-electrolyte interface

When an electrode (electronic conductor) is immersed into an electrolyte (ion conductor), a layer
of ion concentration is occurring at the interface. The next layer is then the opposite charge ions
due to the Coulomb force which is diffusive rather than static [85] [86].

There are several models describing the double layer phenomena and presence of charge transfer
at the electrode-electrolyte interface. The Helmholtz double layer is a simple theoretical
consideration of the small area of the interface. (Figure 2.8).

@ H20 molecule

Bulk electrolyte

Metal + + + +

Figure 2.8 The electrical double layer representations. IHL and OHL are Inner and Outer
Helmholtz layer, respectively. Green sphere marked the hydrated ions (cation), Red sphere are
shown the adsorbed ions (anion) and the blue spheres represent water molecules, and arrows the
direction of their dipoles [85].
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The capacitance of the double layer is, as in the case of a parallel- plate condenser, is given by:

€o€rA (2.5)
d

Ca =

Where d is the thickness of the adsorbed layer of molecules, A is an area of the interface, €, is the
dielectric constant of the medium and €, is the vacuum permeability.

However, in this model, the capacitance is considered as a constant factor, and electrolyte is an
ideal conductor, which in reality is not correct. Therefore, the Gouy-Chapman model was
developed [87] [88] by considering the thermal movement of the ions and proposed a diffuse ion
layers at a charged surface. In the Gouy-Chapman model, non-constant capacitance depends on an
applied potential and ionic concentration [89]. The model may include double layer diffusion to
better describe reality. With an increase of the distance between surface of metal and electrolyte,
the electrostatic attraction decreases, and thermal energy is more dominant. A higher potential or
a higher electrolyte concentration should result in a more compact layer with higher capacitance.
This model is based on the Maxwell-Boltzmann statistics and depends on the charge density,
temperature and potential differences between the bulk solution and metal. Ton concentration
depends on the potential, ¢, at the distance of d to the surface with the potential of ¢,:

—d )
b= o () 26

€06, KsT @7
o= |57
ngzleg

Which the ion bulk concentration in the electrolyte is n,, with the basic charge of e, and ion charge

Where Apis the Debye length:

of z, and the Boltzmann constant of Kzand temperature T.

As Figure 8 illustrates, the excess charge at the solution has the same value of the solid surface
with an opposite sign. This shows that the ions are attracted to the electrode interface, while the
attraction is counteract by the random thermal motion for equalization of the concentration. This
equilibrium is computed with the Poisson-Boltzmann equation [86]:

d?¢  ¢(x) (2.8)

dx2 23

Therefore, the capacity in Gouy-Chapman model is:
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_ Eo&r zeo¢(0) (2.9)
Ce = PR .Ccos 2K, T )

It should be mentioned that this model suffers from the limitation that it is based on ions, as point
charges without specific sizes that are able to approach the electrode surface indefinitely close and
the capacitance is increasing infinitely. In order to overcome the mentioned limitations, the Stern
model combined both Helmholtz and Gouy-Chapman models, and defines the first layer of ions
tightly adsorbed onto the surface and subsequent layers are formed as point charges like in the
Gouy-Chapman model [90]. The capacitance of the double layer can be calculated using below
equation:

1 1 1
N (2.10)

The capacitance can be depicted using Helmholtz capacitance, ¢y, and Gouy-Chapman
capacitance, cg in series. Since in this work, the electrode materials are gold and platinum, the

double-layer capacitance is approximately 40 and 55 %, respectively [86] [91] .

In case of the cell-electrode interface, multiple approaches have been used to obtain a mathematical
description of the electrophysiology [92] [12] [93].
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2.6 Point contact model

A model we chose to describes the neuron- electrode interface, which consists of the electrode, the
neuron and the electrolyte filled cleft between these two, is the point contact model [80] [94] [95].
This model was explained by Weis in 1996 and was mostly used for the simple extracellular
recording devices [93]. Figure 2.9 represents the simplified contact model of cell and electrode
interface as their equivalent circuits. A cell is divided into two parts, free membrane (non-
junctional membrane) that has no contact with the electrode, and junctional membrane which is
located at the interface to the electrode. Both membranes can be modelled via Hodgkin-Huxley
elements (see also Chapter 2.4). An electrode in this model is represented as a capacitance (Cq;)
parallel to resistor (Z¢pg). As mentioned previously (Chapter 2.5) capacitance is proportional to
the surface of the electrode (A), and therefore the size of the electrode has an effect on the
impedance, the smaller the electrode area, the higher the impedance. Thermal noise during voltage
recording is higher when the impedance of the device is high [96] [97]. Beside electrode
impedance, other factors have important effects on the interface between the cell and the electrode
which need to be described.

Part of the cell current leaves the system via free membrane Rf,, and the electrolyte resistance Rsol.
The gap between the cell and the electrode is a cleft which is filled with the electrolyte (cell
medium). The resistance between the cleft and the surrounding medium is represented by Rgey
which provides a path for a current emitted from the cell and enters the cleft. Therefore due to
losses over R sea1 and capacitive coupling between the ionic conductor in the cleft and the electrode,
the action potential recorded by the electrode may lose some features.

Cell
Rz Lol
Cleft {_—l_ Rseal Rsoi |
e =W\, ‘WW—| !
BioMAS
amplifier =
Zcpe |j1 Ca Electrode

.
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Figure 2.9 Simplified point contact model. It is divided into, cell with two elements (junctional
and free- membrane), electrode and the cleft of the junction which is filled with electrolyte (cell
medium).

The relation between the current density in the point contact model is calculated via Kirchhoff’s

law:

dav; d(Vm -V
Car Gt + 93V =Cn 2L 4 T g8 (= V= V) @1

Where Cg, is the electrode capacitance and Cp, is the cell membrane capacitance. Vj is the potential
inside the junction, V,,, is the membrane potential and V; presented for each ion species based on
Hodgkin-Huxley model. g; is the conductivity of the spread signal in the junction, and the g j is
the ion channel on the junctional membrane. Nevertheless, in this work we neglected the capacitive
current at the electrode (Cdl I, because it has no influence on the action potential) and the

potential inside the junction (V]- S V,,.), therefore the simplified equation is:

AV i
9% = Cn "2+ 29§ (V= V= V) @12)

Due to the seal resistance Rgey, the part of the signal leaves the cleft, before being recorded by the
electrode, and decreases the signal coupling. When the Rsear is larger, less current leaves the
interface. The relation between the Rgqy and the electrode impedance, Zpg, to the input signal
that determines the cell-electrode coupling.

In this work, point contact model has been adjusted for the nanostraw-nanocavity MEA devices
[80][94] [93] for estimating the Rge, value by performing a voltage-clamp measurement and will
be discussed in the chapter 5 of this thesis in detail.
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Chapter 3. Material and Methods

3.1 Micro/Nano Fabrication

The production of nanostraws-nanocavity MEAs, was accomplished using cleanroom technology.
The conventional processes such as deposition, photo and E-beam lithography, and etching are the
main processes used in this thesis and the basics and functionality of these methods are explained
here in detail.

3.1.1 Deposition

In the production of microelectrode arrays, there are different deposition techniques available. In
this regard, both electrically conductive and insulating layers needs to be deposited. Thermal
oxidation [98] of silicon is one method which is divided into dry and wet oxidation. By subjecting
the substrate to heat, the substrate material is oxidized. In this work, a thin insulating layer (1pum)
of silicon dioxide (SiO,) is produced on silicon wafer by using oxygen as the process gas at the
constant temperature above 1000 °C. Other methods for the production of thin films are physical
vapor deposition (PVD) and chemical vapor deposition (CVD). In PVD, the target material is
transferred from the solid phase to gas phase by evaporation or sputtering and then deposited on
the substrate. On the other hand, in case of CVD process, the layer is produced through chemical
reactions or deposition from the gas phase [99]. In this work, for the production of the metal layers,
electron beam evaporation, which is a PVD process, was used. The deposition of different
insulating layers was done via plasma enhanced vapor deposition (PECVD) and atomic layer
deposition (ALD) [100].

3.1.2 Electron beam evaporation

As it is mentioned, there are two types of physical vapor deposition, evaporation and sputtering
[99]. In sputtering, high energy particles are bombarded on the target, and cause the atoms of the
material to enter the gas. While in the vapor deposition, the material is heated to the boiling
temperature. In both methods, the gas phased material, is transported from the source to the surface
of the substrate.

In electron beam evaporation, the material is heating by an electron beam until the vapor phase
and transferred to sample. The electrons are emitted by a heating wire and subsequently accelerated
by an anode. The electron beam is directed to the target material via magnetic field and hits the
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material, which is in a solid phase in a crucible and transform into the gas phase and the material
is deposited at the substrate surface [101] .

Moreover, the evaporation rate can be controlled by the electron beam. Due to the poor edge
coverage of the E-beam evaporation lift-off processes can be done easier and faster. Electron beam
evaporation is used to deposit a layer onto a structured photoresist, and the layer can also be
structured by removing the resist.

3.1.3 Atomic layer deposition

Atomic layer deposition (ALD) is one of the CVD method. Unlike most CVD processes, in which
the reactants are present at the same time and form the layer together, in ALD the individual
precursors are introduced into the chamber one after the other, separated by purging steps. Since
the mid-1990s, due to the down scaled size of microelectronic devices, ALD is a key process used
in semicoduntor industries. Via this technique, the production of conformal thin films with high
aspect ratios on non-planar surfaces was conceivable, due to its self-limiting characteristics, which
restricts the reaction at the surface to only a monolayer in each cycle. The subsequent cycles result
in a uniform, and pinhole free growth on high aspect ratio structures in a low temperature process,
while in other deposition techniques such as CVD and PVD, due to their high temperature, fast
reactions and shadowing effects [102] [103]. The other advantage is that a high conformal layer
and edge coverage can be obtained with this process [104] [105]. However, ALD is a very slow
process, due to the layer thickness of angtroms each cycle.
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Figure 3.1 Schematic representation of ALD system and its working principle. The process
starts with the entrance of the TDMAT (Tetrakis dimethylamido titanium) and its reaction with
the hydroxyl groups in the chamber untill the surface is saturated. This chemical reaction produces
CH(CH3),0H, which then is released from the chamber. In the purging step, remaining TDMAT
is removed from the chamber. Then water, as a second reagent, enters the chamber and reacts with
the surface, forming TiO,. This process is repeated in cycles to reach the desired layer thickness.
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As mentioned, one of the advantages of ALD is the self-limiting behavior of the process, which
comes from the saturation of the individual reactant reactions, and results in an extremely high
control of the thickness of the deposited film. For decomposition of the surface, the use of volatile
reactants are essential, and to achieve a rapid surface saturtion, a fast and irreversible reaction is
required [106] [107].

Different process modes can be carried out for the deposition of the materials via ALD; thermal,
plasma and radical-enhanced. ALD process can deposit various material, such as pure elements,
oxides, nitrides and sulfides.

Since in this work the electron beam resist (nLOF 2020) used in the fabrication process is not
stable at high temperature (above 150 °C), plasma enhanced ALD is implemented, which benefits
from reducing the growth temperature to 130 °C and adapting the gas-phase chemistry for the
production of thin film [108]. The deposited material is TiO,, therefore the typical sequence of an
ALD cycle for TiO2 is shown in Figure 3.1 and described in detail below.

Firstly Tetrakis (dimethylamido) titanium (TDMAT) enters the reaction chamber and reacts with
the hydroxyl groups until saturation occurs and all functional groups react with the reactant. This
chemical reaction produces CH(CH;3),O0H as a by-product that is released from the chamber. Once
the layer is completely saturated, the remaining TMMAT is removed from the process chamber in
a purging step. Then, the second reactant, water (H,0), enters the chamber. The water reacts with
the surface until the layer is saturated again to form titanium oxide. This leads to CH(CH3),0H
that leaves the chamber with the remaining reactants by a last purging step. At this point an atomic
layer of TiO, is deposited and the functional groups occupy the same position on the surface like
at the beginning of the cycle. Subsequently, further cycles can then be carried out in order to
achieve additional atomic layers to reach the desired layer thickness (Figure 3.1).

3.1.4 Plasma enhanced chemical vapor deposition (PECVD)

Plasma enhanced chemical vapor deposition (PECVD) is another coating technique that has been
used in this work for the production of the insulating layer. In this method, the deposited material
is produced on the surface of the substrate by chemical reaction or decomposition from the gas
phase.

In PECVD process, there are two electrodes in parallel inside reaction chamber (recipient). One of
the electrode is the ground electrode which is heated and the substrate is placed on it. The other
electrode is RF energized electrode. There is the reactant gas (volatile precursor) between these
two electrodes, which due to the capacitive coupling between two electrodes the reactant gases are
excited into a plasma. The generated plasma consists of ions and free electrons. Therefore, free
radicals are generated in the plasma by the collisions of the gas molecules and the free electrons.
The ionized atoms are accelerated towards the substrate which is usually located on the cathode.
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As aresult, the material on the surface of the substrate is coated. The reaction activated by plasma
is usually performed at lower temperature (150°C - 350°C) [109] [110].

In this thesis this process was used for deposition of insulating layer. Due to its low temperature,
the stress between the deposited layers and the substrate is reduced. Another important advantages
of PECVD process is that with the good edge coverage a conformal layer can be achieved for
deposition on the walls which is an important factor for deposition of an insulating layer.

The insulating layer produced by PECVD was the combination of silicon dioxide (SiO,) and
silicon nitride (Si3N,). Silicon dioxide was obtained with the reaction of silane and oxygen:

SiH4 (g) + 2 02 (g) = SiO2 (s) +2 H20 (g)
And silicon nitride was obtained with the reaction of silane and ammonia.

3SiH4(g) + 4 NH3 (g) = SizNs (s) + 12 Hz (g)

3.1.5 Photolithography

Photolithography is an optical method for creating patterns onto a substrate. In this method, a
photosensitive polymer (resist) spin coated on a wafer and then exposed to an ultraviolet light
(UV) light. Due to the exposure the chemical structure in the exposed is changed, and the structure
of the resist can be created after performing a development step. There are two types of photoresist,
positive and negative resists (Figure 3.2).

During an exposure, the positive resists form an indene carboxylic which makes them soluble in
aqueous alkaline solutions. Therefore, after exposure and subsequent development step, the
exposed areas are removed while the unexposed areas remain. In contrast, the negative photoresist
crossed-linked after the exposure and the molecular compounds increase, therefore, the exposed
areas remain while the unexposed areas are dissolved [100] [111] [112].

After spin coating both photoresist, it is important to perform a soft bake due to the evaporation of
80% of the solvent which affects both adhesion and photo sensitivity. Additionally, after UV
exposure, when using negative photoresist, the post exposure bade (PEB) is required. PEB is
changing the position of the polymer molecules, results in smooth sidewalls after the development
and increased resolution.

To define a desired structures on a substrate, a photomask which consist of a design, patterned in
an absorption layer (Chromium) on a UV transparent substrate (quartz) is used. Due to multiple
fabrication processes, the mask is aligned with the substrate using aligner markers. After the
exposure, substrate is immersed into a developing solution MIF-326, which contains 0.26%
Tetramethylammoniumhydroxid (TMAH) for a certain time, creating a structured photoresist.
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Figure 3.2 Schematic of the two different photoresists using photolithography. Positive

photoresist: Exposed areas are removed after development. Negative photoresist: Exposed areas
remain after development.

Both photoresists can be used for structuring layers in various purposes. In this we used photoresist
for two purposes.

In metallization step, where photoresist is used in the lift-off process. First the photoresist is spin coated
on the substrate, followed by exposure and development step, creating a structures made of resist. Then
the metal layer is deposited on the structured resist and through a lift-off process the photoresist is
removed from the substrate and the metal is structured only in areas where no resist exists.

The photoresist is also used after deposition of passivation. Here, first the passivation layer is
deposited on the substrate and then the photoresist which serves as an etching mask is spin coated
on the underlying layer. After an exposure (using a mask), and development step, the resist is
patterned with the desired structure. The structure of the resist can be transferred to the underlying
layer using an etching step. Finally the photoresist is removed and the structured layer remains on
the substrate (besides the contact pads and electrode openings).
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3.1.6 Electron beam lithography

For fabrication of nanostructures, electron beam lithography (E-beam) is utilized. This is due to
the small size and high resolution of the electron beam. The main components of the E-beam
lithography system are, the electron gun, lens for focusing the electrons, beam blanker for turning
the beam on and off, stigmators for the alignment of the e-beam, vacuum for e-beam isolation from
interfaces and a computer with patterning software (Figure 3.3). The complex patterns with sub-
nanometer resolution are attainable via this technique [113]. However, due to the relatively high
writing time of the pattern, the process is expensive with slow throughput.

The working principle is to write the pattern on an electron-sensitive photoresist. The solubility of
the resist is changed when exposed to the e-beam. Depending on the type of resist (positive or
negative), the exposed/unexposed area can then be removed by a development process.
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Figure 3.3 Electron beam structure. It consists of electron gun, beam blanker for turning the
system on/off, lens for focusing, and mechanical drive, which can be controlled via computer.

35



Chapter 3. Material and Methods

3.1.7 Reactive ion etching (RIE)

One of the techniques for structuring the layer is etching, which is usually carried out in
combination with photolithography. Since the photoresist in this process serves as an etching mask,
it is important to choose the photoresist layer higher in thicknesses with slower etching rate than
the target material. Different etching methods are chemical, physical or the combination of both.
Wet chemical etching includes dip, spray or electrochemical etching, depends on the concentration
of the etching solution, the temperature and the etching time. On the contrary, the physical etching
process depends on the used gas’s particle density, the gas flow, and the surface geometry. Sputter
etching and focus ion beam (FIB) etching are the examples of physical etching processes. The
examples of the combined chemical and physical etching technology are reactive ion beam etching
(RIBE), reactive ion etching (RIE) and deep reactive ion etching (DRIE).

The resulting etched material can have different profile (isotropic or anisotropic) based on types
of etching processes. In an isotropic etching, the material is etched in all directions equally. While
in an anisotropic etching, material is removed in one direction. This process enables the production
of high aspect ratio structures. The etching process performed in this thesis is RIE and the principle
of this method is, the substrate is placed on the bottom electrode in vacuum chamber and high
frequency (HF) is applied and create plasma. With the chemical attack of activated particles from
the plasma, in addition to a physical attack with the ion bombardment, the etching is performed
[110]. High controllability of this technique, results in a uniform etching rate and material removal.
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3.1.8 Neuronal culture

Prior to culturing cells, Au samples with Nanostraws first were washed in Milli Q water. In order
to avoid contamination, samples had to be sterilized. In that case, samples were immersed into a
70% Ethanol (EtOH, Merck KGaA, Darmstadt, Germany) for 30 sec and subsequently rinsed with
ultrapure Milli Q water. Samples were placed in a 6-well plate. In the next step, coating was
applied. For that, a 3ml solution of poly-L-lysine hydrobromide (PLL, Sigma-Aldrich, Steinheim,
Germany) in Hank’s balanced salt solution (HBSS, Sigma-Aldrich, Steinheim, Germany) was
prepared in 1:100 dilution respectively. The protein solution was placed on samples at room
temperature and incubated for 1 hour. The samples then were washed with HBSS solution and
dried. The whole process was done in a laminar flow sterile hood for cell culture. The coated
samples could be stored for up to one week at 4°C until cell plating.

The procedure of cortical neuron isolation is described in Appendix 2. Depending on the
experiments cortical neurons in supplemented neurobasal medium were plated on each sample.
The samples were then kept at 37 °C and 5% COz. One to four hours after plating, the medium
was replaced completely with the medium. From the first day in vitro every three to four days, half
of the medium was replaced with the fresh warm (37 °C) medium.

In this work, for the purpose of microscopy characterization 500,000 neurons in 3 ml of
supplement medium (Chapter 4), and for the purpose of electrophysiological investigation 200,000
neurons in 1 ml of supplement medium (Chapter 5) were placed on each sample which will be
discussed later in chapter 3 and 4 in detail.
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3.2 Characterization methods

In the next part of this section, the characterization methods are explained. While ellipsometry is
performed for the thickness and homogeneity investigation, multiple microscopy methods are
described for study the device (nanostraw and nanostraw-nanocavity-MEAs) and cell properties.
Electrochemical impedance measurements are introduced for the devices’ electrical
characterization, and electrophysiological recordings are performed for the cell and device
interaction interrogations.

3.2.1 Ellipsometry

Ellipsometry is an optical method to determine the layer thickness of thin films. In this non-
invasive technique, the change of polarization is measured after reflecting by the sample. Sunlight
which is an unpolarized light, oscillate light waves in all directions, while polarized light, oscillates
only in one direction. The working principle of ellipsometry is, when an unpolarized light with a
single wavelength is emitted by a light source through a polarizer, the light is polarized in only
one direction. Then, light is reflected at the substrate, resulting in a change of polarization that
depend on several properties of the specimen such as refractive index. The analyzer records the
changes and evaluates the surface properties (Figure 3.4). In case of multiple layers, due to the
limitation of transmission through layers and lack of information regarding material properties, it
is sufficient to identify the properties of underneath layers on the substrate, before performing the
ellipsometry measurement. This help more precise and reliable measurement from the target
material. After the measurement is performed, a mathematical model is used to determine the
refractive index and thickness of the material, which includes theoretical properties of the interest
material, such as thickness and optical properties, and fit the experimental values with. The
ellipsometry can be performed to determine multiple materials, such as metals, dielectrics and
semiconductors [114] [115].
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Figure 3.4 Schematic structure of an ellipsometer. Unpolarized light is polarized by polarizer
and after hitting the substrate, reflecting with changes in direction of polarization. Analyzer
detected the changes and evaluated the mathematical model.
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In order to reach to the desired height of structures, the resist thickness after spin coating had to be
examined. For that, Ellipsometry (Laser Ellipsometer Sentech SE400, SENTECH Instruments
GmbH, Berlin, Germany) was utilized. Due to photosensitivity of the resist, only one sample was
taken into consideration for characterization. For the thickness measurement, the sample was
placed on the sample plate and positioned under the laser. Afterwards, the position of the area
sampled was adjusted by focusing a reticle. The tilt of the sample plate was also adjusted in the
dark tilt mode, allowing the sample to be aligned with the ellipsometer correctly, for the
measurement. Furthermore, suitable model was selected for the measurement of the layer.
Refractive index of all the layers were considered. After the measurement, the results were
evaluated by the thickness and then adapted to the selected model via Fitting process. So, the
thickness of the measured sample was obtained. In order to evaluate the accurate height, three
different spots were measured [114] [115].
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3.2.2 Light microscopy

After the device fabrication in order to determine the possible residues and defects, and also after
the etching the sacrificial layer and creation of nanocavity and controlling the etching properties,
samples were optically examined using the up-right microscope (Microscope: Axioplan 2
Imaging, Camera: AxioCam MRc 5, Zeiss- Oberkochen, Germany). The size (area) of the
nanocavity was determined using the Axio Vision SE64 Software.

3.2.3 Live-dead staining (Viability assay) and fluorescence microcopy

After the neuronal culture on the substrate, in order to detect the living and dead cells, a live-dead
staining was performed after three days in vitro (DIV) using Calcein AM and ethidium
homodimer-1 (EthD-1). Calcein AM is a fluorescent dye with an excitation wavelength of 495 nm
and an emission wavelength of 515 nm. The molecule, by diffusing into the cell membrane, enters
the cell, and intracellular esterases, which are mainly in living cells, convert the calcein to a
fluorescent phase. Thus, calcein has been chosen to stain living cells. The EthD-1 is a membrane
impermeable fluorescent molecule, with an excitation wavelength of 528 nm and emission
wavelength of 617 that binds to DNA. Dead cells usually have a damaged extracellular membrane;
therefore EthD-1 can penetrate dead cells and stain the intracellular DNA.

The cells were washed two time with warm PBS and a mixture of 1 pl EthD-1, 1 pl Calcein Am
and 10 ml of neurobasal medium was prepared and applied onto the sample and incubated for 15
min at 37 °C. The samples then were washed with PBS. Within the next 30 min the fluorescence
images were taken due to the toxicity of the staining dyes. The ZEISS Axio imager Z1 (Carl Zeiss
Microscopy GmbH, Oberkochen, Germany) with a 20x water objective was used. And for the
image evaluation, ZEISS ZEN microscope software and ImageJ was used.

3.2.4 Cell- vertical nanostructures investigations: Plasma membrane and Actin

For development of the biosensors, understanding the interaction of cell and nanostructure, is
crucial. For the last decades it is reported that the presence of vertical nanostructures (10-100
nm(s) diameters) can significantly affect cell behaviors, attachment and activity [116] [117]. It is
reported that the cell appears to actively respond to the presence of nanostructures [118]. Here we
analyzed the interaction of nanostraw with neuronal cell using molecular biological techniques
which describe in the following section.

40



Chapter 3. Material and Methods

Plasma membrane

There are several cell components which act as obstacles to hinder the access of the vertical
nanostructure in to the cell. The plasma membrane, made of phospholipids (hydrophilic phosphate
groups and hydrophobic lipids) is the interface between the extracellular matrix (ECM) and
cytoplasm [14] [119] [120]. It is in direct contact with vertical nanostructures, and can deform,
wrap around these structures and create local high membrane curvature at the interface.

The membrane curvature is essential for the intracellular signaling [54]. However understanding
of how membrane curvature is involved in the intracellular processes is challenging, due to the
dynamic characteristic of the membrane curvature, and also the small size which is below the
diffraction limit of visible light. Therefore precise location, observation and consequently the
manipulation of membrane curvature is difficult to achieve.

Nevertheless, it is reported that when cells are in direct contact to the nanostructures, the membrane
curvature can be manipulated resulting in an induced by surface topography [54].

Actin

The other barrier is the cytoskeleton, which is a highly dynamic polymer-like structure and
responsible for cell shape and an internal tension balance, maintaining the position of organelles
and their reorganization during division, adhesion, migration and intracellular transport [60].
Protein filaments such as microtubules, intermediate filaments and actin filaments form the cell
cytoskeleton. The actin filaments of the cell wrap around vertical-nanostructures to stabilize the
junctional membrane and enable tight contact [119].

Both plasma membrane and actin can be stained in both living and fixed cells to determine the
structure and function of the cytoskeleton. In this work we focused on staining living cells, and
this were done using transfected neuronal cells and labeling fluorescent dyes.

The procedure of transfection was firstly 3 to 5 million suspension cells were centrifuged for 3
min at room temperature and then 100 pL of nucleofector transfection solution was added to the
neuronal pellet and transferred into an Amaxa cuvette which firstly filled with 3 to 6 pg of Lifeact-
RFP c¢DNA plasmid. Directly, the transfection of the suspended cells was performed using the
program G-013 of the Amaxa Nucleofector device and voltage applied. Right after the transfection,
for the fast recovery and resealing the cell membrane, 1 mL of warm supplemented RPMI 1640
medium was added to the cuvette. A blue trypan blue exclusion assay was used for counting the
live cells and cells were seeded with a density of 150 cells/mm? on PLL-coated substrates for
imaging of individual neurons. After 1 hour, the medium was exchanged with warm supplemented
Neurobasal medium.

The other possibility is visualization of the interaction of the cell membrane with the nanostraw
by incubation of living cells with Dil (1,1’-Dioctadecyl-3,3,3°3 Tetramethylindocarbocyanine
Perchlorate; Invitrogen). Which means, neurons at DIV 4 to 8 were incubated in 5 uM Dil solution,
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diluted in Phosphate Buffer Saline (PBS), for 20 min at 37 °C and subsequently three times washed
with PBS solution.

In this thesis, both experiments were performed at 4-8 DIV, on a confocal laser- scanning
microscope LSM 880 equipped with an Airyscan detector with super resolution imaging with
increased acquisition speeds, using 63x oil immersion objective. High resolution Z-stack images
were taken and the image processing is carried out in ZEISS ZEN microscope software and
Imagel.
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3.2.5 Preparation and Fixation for electron microcopy

In order to investigate the interface between the cell and the substrate with nanostraw with high
resolution, a complementary dual beam system containing both electron microscopy and ion beam
milling (Helios NanoLab Dual-beam 600i, FEI) were used. Prior to imaging, preparation of the
sample and fixation of the cells are required.

For cell fixation, firstly, the substrate was rinsed three times with warm PBS (37 °C, Sigma
Aldrich, USA) and then chemically fixed with 2% glutaraldehyde (GA) (Sigma Aldrich, USA)
solution in PBS for 15 min at room temperature for 15 min. Then, sample was washed three times
with PBS and MilliQ water to remove the fixative residues.

In order to dry the sample before performing SEM imaging, two different techniques were used.

3.2.5.1 Critical point drying

One of this method is critical point drying (CPD). In this method water in the Fixed-cell sample
was replaced with ethanol (intermediate medium) moderately, starting from 10% up to 95%
concentration. The sample was incubated for 5 min in 10%, 30% and 50% ethanol, and then 15
min in 70% ethanol, and 3 times for 5 min in 90% and 95% ethanol. Then, the sample was
transferred in 100% ethanol at 4 °C, and transported to the chamber of a CPD system (CPD 030,
BAL-TEC Company). The chamber in the CPD system was filled with 100% ethanol. Firstly, the
chamber was slowly cooled down to 10 °C, and then ethanol was exchanged by CO,. This
exchange medium process was repeated several times until the chamber was filled completely with
liquid CO,. Then, the chamber temperature and pressure was increased up to 40 °C and 73.8 bar.
This process, causes the transformation of CO,, into a supercritical phase. Eventually, the chamber
was evacuated while the sample was dried and dehydrated.

In order to enhance the conductivity, a thin layer of platinum (5 nm) was sputtered on to the fixed
cell sample (with the current of 15 mA for 35 sec). SEM characterization was carried out with a
Gemini 1550 instrument (Leo/Zeiss) using an in-lens detector. The imaging was taken at 3 kV
acceleration voltage.

However, CPD technique is restricted in shrinkage artefact during the preparation process and
causing damages to cells (body, neurites). This shrinking affects is due to the liquid-gas transition
which leads to surface tension, and the reduction in physiological volume up to 20% [121] [122].
Moreover, because of porous and sponge-like morphology of the cell created by this method, the
intracellular membrane and other cell compartments are not evident, therefore for the investigation
of interface of the cell and substrate staining and resin embedding method can be performed [23].
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3.2.5.2 Staining and resin embedding

In the second techniques, after fixation procedure, sample was washed with cacodylate buffer
(Na(CHj3),.As04.3H,0 two times, unlike CPD process when dehydration was performed using
ethanol.

As a post fixation step, sample was immersed into a solution containing, 1% osmium tetroxide
(0s0,) in cacodylate buffer (vol/vol) and incubated for 2 hours on ice. 0sO, works as an electron
stain. In addition to penetration into the cells and organelles, many lipids and proteins in the cell
are stabilized with no particular changes in their structural features. In this way, the fluidity of the
plasma membrane is reduced to zero [123]. Then, sample was immersed into Milli-Q water five
times, for 2 minutes each at room temperature.

Afterwards, sample was immersed into a solution containing, 1% (vol/vol) of Tannic acid and
Milli-Q water and incubated for 30 minutes at room temperature. Subsequently, a solution
containing 2% uranyl acetate (UrAc) in water, was applied to the sample for 5 hours at 4 °C.

The reason for using Tannic acid is its capability to facilitate the binding of heavy metal stains to
the cell’s structures, and as a result improving the contrast in electron microscopy imaging. It
interacts with osmium in the membrane and enables the uranyl ions to bind. Another reason for
utilizing Tannic acid is the protection of several proteins against possible damage during electron
microscopy imaging [123] [41].

This step, additional to double fixation with GA and OsO,, enhances the staining of the cell and
its components dramatically. As the heaviest metal used for staining in electron microscopy
(atomic number 92), even the a few ions bound to macromolecules are enough to be visualized in
the SEM These fixative and staining characteristics of UrAc are due to its capability to react with
variety of materials and containing both positive and negative charged proteins. Next, samples
were washed with Milli-Q water and dehydration procedure was applied as for the CPD method
(10%-100% ethanol).

For the resin procedure, the embedding polymer (which contains Epon 12, DDSA, MNA and
DMP-30) prepared fresh. Samples covered with 100% ethanol were replaced gradually with resin
in multiple steps (6 steps) with different concentration and incubated for 3 hours each, until the
samples were covered with only a pure resin. The challenging step of this method is the removal
of resin on the unwanted area. Resin polymerization was performed by incubating the samples
overnight (24 hours) at 60 °C (Figure 3.5).
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Figure 3.5 Sample preparation prior to electron microscopy using staining and resin
embedding. a: Neuron on nanostraws substrate in medium on nanostraws, b: Cell fixation by
applying glutaraldehyde solution. c: Second fixation and staining using solution containing OsO4
and UrAc. d: Replacing staining solutions with ethanol. e: Infiltrated resin and removal of resin
using ethanol. f: Thin resin layer on the fixed cell.
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3.2.6 Scanning electron microscopy (SEM) characterization

SEM is a type of electron microscopy used for high resolution (<10 nm) imaging of the sample
which contains information about the topography of the sample. A primary beam of electrons was
accelerated and focused towards the sample and scan the surface.

Various signals are produced using different modes. Secondary electron detector which is the most
common mode, with low energy can pass through few nanometer of the surface of the sample,
therefore the image recorded is dominant by topographic information [124]. Back scattered
electrons (BSE) contain high energy and after hitting the substrate and elastic interactions with
substrate’s atoms, it reflected. Heavy elements backscatter electrons stronger than light elements,
therefore the produced image is brighter. In this regard, BSE is mostly used to detect contrast in
different areas with various chemical compositions [124]. On the other hand, the in-lens detector
is located rotationally around the optical axis in the electron column of the microscope. There is a
magnetic field at the column and therefore the higher efficient secondary electrons can be collected
and the high contrast imaging at low voltage with small working distance is achieved. The entire
process is performed in vacuum condition, and in case of a biological sample, sample preparation
is required (which we performed and described previously 3.2.5).

For the high resolution investigation of both nanostraws, and neurons and corresponding interface,
scanning electron microscopy (SEM) was performed. In this work SEM (Zeiss Gemini 1550 VP
field emission SEM, GmbH, Oberkochen, Germany) using both secondary and in-lens detectors
for assessing the quality of the fabricated nanostraw (diameter, height and shape), imaging was
performed.

3.2.7 Focused Ion Beam

Focused ion beam was implemented using HELIOS NanoLab 600i (FEI Deutschland GmbH,
Frankfurt, Germany) DualBeam microscope with electron and ion beam source with an angle of
52°. In order to protect the region of interest during the sectioning process, a thin layer of platinum
was deposited via electron beam induced deposition (EBID) at 3 kV acceleration voltage and a
current of 1.4 nA and 11 nA. Then, a thick layer of platinum (0.4 nm) was deposited via ion beam
induced deposition (IBID) at 30 kV acceleration voltage and a current of 0.33 pA and 0.79 nA.
Bulk milling was performed at 30 kV and a current of 0.23 nA and 2.5 nA. Furthermore, the cross
section was polished with a voltage of 30 kV and a current of 0.04 nA and 0.79 nA. Cutting
procedure was performed using gallium ion source. For SEM imaging, for unstained samples, 3
kV and 0.021 nA in-lens detector mode was performed, and for stained samples, backscattered
electron detector was used at 3kV and 0.69 nA (Figure 3.6).
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Figure 3.6 The principle of focus ion beam

3.2.8 Energy dispersive X-ray analysis (EDX)

EDX is an x-ray technique for identification of materials compositional elements. This system is
attached to electron microscopy (SEM or TEM) due to the capability of the electron microscope
to identify the substrate properties. After the elemental mapping of the sample and analysis with
EDX, data is generated as a spectra, representing peaks which correspond to various elements
which contain in the sample of interest. This non-destructive technique is a useful method for
characterization of the sample and evaluating the sufficient parameters in the fabrication process,
and also in contamination analysis. In this work, we performed this method to characterize the
etching parameters and time for Cr layer (Chapter 5.2).

3.3 Electrochemical impedance spectroscopy

Electrochemical double layer and electrochemical impedance spectroscopy (EIS) is described in
order to a better understanding of the transmission between electrolyte and electrode on
microelectrode arrays. Afterwards, the electrical circuit elements and the circuit for a single
electrochemical cell is discussed in order to help the EIS evaluation.
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Impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) defines the response of an electrical circuit due to
an alternating current (AC) or voltage as a function of frequency. A small sinusoidal voltage of
fixed frequency is applied to an electrochemical cell and the current response is measured and

impedance is calculated. The impedance at each frequency (z) is evaluated by Ohm’s law ( f—“’) :

E, E, sin(wt) 3.1

=2_ 0= V7
Z= I, Iysin(wt+ ¢)

Where t is the time point, w is the angular frequency and ¢ is the phase shift. (Frequency dependent
potential to Frequency dependent current).

The electrochemical impedance characterization has been done via VSP-300 multichannel
potentiostat measurement (BioLogic Science Instruments), where consists of three electrodes
immersing into a phosphate buffer saline (PBS), conductive electrolyte. These three electrodes are:

e  Working electrode (WE), where the current is measured and the potential is controlled.

e Reference electrode (RE), where is a point of reference for the potential control and
measurement, with a constant electrochemical potential.

e Counter electrode (CE), where carries the current and complete the circuit.

In this body of work, the electrode of the nanostraw-nanocavity MEA was used as a WE, a silver-
silver chloride electrode was used as RE (in vivo Metric-‘E205”) and current flows between WE
and CE. The potentiostat has two channels which two WE were possible to be measured
simultaneously. The electrometer measured the potential difference between WE and RE, which
ideally has an input current of zero and infinite impedance. The MEA is sensitive to an external
noise, thus potentiostat setup is placed inside a faraday cage.

A sinusoidal excitation signal was applied with 10 mV amplitude and the frequency was scanned
in the range between 1 Hz to 1 MHz and the measurement was performed. For evaluation of the
result, EC- lab V 11.30 software was used.

3.4 BioMAS recording

For the electrophysiological recording of neurons, the bioelectronics multifunctional amplifier
(BioMAS) system have been designed and developed in-house in IBI3 for electrophysiological
measurements. All the electrical recording of the neuronal cultures were performed between 14 to
24 DIV, and there was a possibility to record a same culture in successive DIVs. The experiment
was performed, using Ag/AgCl pellet electrode which was immersed in the medium for the
grounding. Recording of the nanostraw-cavity MEAs with 8x8 electrode gird, was done by a 64
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channel MEA amplifier system designed and developed in our institute with the gain of 10.1 [125].
The main amplifier (LM124, Texas Instruments Inc., Dallas, USA) was connected to the A/D
converter (USB-6255 DAQ National Instruments, Austin Texas USA) (Figure 3.7).

Real time recording and adjustment of main amplifier settings were obtained by an in-house
developed LabView script (National Instruments, Austin, USA). The sampling rate was 10000Hz,
the signals were digitized at +/- 10 V ADC range. Depending of the gain of the main amplifier (10
and 100), low-pass filter at 7.2 and 8.8 Hz was used to prevent signal aligning, while high-pass
filter was used to avoid potential drift. A MATLAB and Python script written in our institute were
used for processing and analyzing the recorded data.

Figure 3.7 Schematic of BioMAS setup, containing main amplifier, headstage, MEA chip
with a growth cells

3.5 On-chip patch-clamp recording

Patch clamp technique was performed in this work, for the purpose of evaluation of the BioMAS
recorded signals from NS-NC-MEA devices. In this work, whole-cell recordings were done with
amplifier EPC 10 USB (Heka Elektronik GmbH, Germany) and a PatchMaster software (Heka
Elektronik GmbH, Germany), at 14-24 DIVs, after the measurements were performed via
BioMAS. Before patch experiment in order to visualize cells and their positions, a light microscope
(Carl Zeiss AG, Germany) was used. Both MEA and patch amplifier were connected and the
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simultaneous recording were performed. To avoid grounding, a Ag/AgCl pellet electrode were
used by both systems (Figure 3.8).

The working principle of the patch-clamp method is, the extracellular patch solution was replaced
the culture medium, which consists of (in mM): NaCl 120, KCl 3, MgCl, 1, CaCl, 2, HEPES 2, at
pH=7.3 adjusted with NaOH. Borosilicate glass micropipettes with 1.5 mm diameter, were
prepared with a laser puller (P-2000, Sutter Instrument) and filled with the intracellular solution
consists of (in mM): NaCl 2, KCl1 120, MgCl, 4, HEPES 5, EGTA 0.2, MgATP 0.2028, at pH=7.3
adjusted with KOH. Therefore, the pipette resistance was in the range between 5-10 MQ. The
micropipette was coming to a close contact with the cell body till the giga-seal was formed, and
the slight suction pulses were applied for rupturing the cell membrane and recorded by the tip of
the micropipette. The sampling rate of the signal was 10000 Hz and low pass filtered using the
Bessel filter at 10 kHz (filter 1) and 3 kHz (filter 2).

Both voltage clamp and current clamp mode which were performed in this work had the holding
potential of -60 mV. For the voltage-clamp experiments, hyperpolarizing and depolarizing 500ms
pulses were applied in the range between — 120 mV and + 100 mV and the analysis were performed
via self-made Python script.

\ MEA amplifier Patch clamp amplifier

Microscope
controller

Figure 3.8 Schematic patch and BioMAS setup and their connections to the main amplifier.
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Chapter 4. Nanostraws and interaction
with cell membrane

As it is reported in previous studies, the interaction of cell- vertical structures is highly dependent
on the geometry of the 3D structure. Features like material, shape, size, and aspect ratio, can highly
influence the behavior of the cell and its interface with a 3D structure [43]. Various approaches
for the fabrication of 3D structures have been presented in different research [54], e.g. for the
fabrication of nanowire employing RIE [19], hollow nanostructures employing focused-ion beam
milling [43] [126] , and using electron-beam structured polymers [35] [80] as a framework for the
fabrication of vertical nanostructure designs. The work of Melosh group [37], using high aspect
ratio nanostraws as an intracellular delivery tool, has inspired us to extend their work for our
purpose of neuronal network investigation with high SNR and high sensitivity.

Figure 4.1 Nanostraw fabricated on tracked-etched membrane. Nanostraw fabricated by Jules
[37].

The focus of Melosh for the last few years was using nanostraws, as a tool for accessing the cell
interior for biomolecular delivery. In this regard, conventional polymeric tracked etch membranes
were used as a template [127] [37] [38] [17] (see Figure 4.1). This material has been used for cell
cultures and its biocompatibility has been proven for decades. The membrane contains pores with
150 nm diameter, which are distributed randomly in the sample. Aluminum oxide (Al,03) was
deposited via atomic layer deposition (ALD) all over the substrate with a thickness of 10 nm. A 5
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um thick positive photoresist was spin coated on the substrate and exposed to a square pattern of
UV light and then developed to form a protective layer. In the next step, Al.O; was etched via
reactive ion etching (RIE) in a fast process by using BCl;, Cl,, and Ar. In order to reach the desired
height, reactive RIE with O, was utilized and the resultant nanostraws were 3 pum tall [16].

As described, the template used, track etched membrane, was not a suitable material for our interest
regarding the investigation of electrical behavior of neuronal networks when interfacing
nanostructures. Therefore electron beam lithography was used correspondingly, and the
fabrication procedure required to be adapted.

In this chapter, for the ease of production establishment, flat gold substrate was chosen and the
suitable parameters were processed and nanostraws were fabricated. Then, suitable spacing
between each nanostraws were taken into account and various pitches were implemented, 1-5 pm,
on the same substrate. Last but not least, the interface study between primary embryonic rat cortical
neurons and nanostraws with different pitches, was carried out via microscopy techniques.

In this section, the experimental work and the subsequent results will be presented and discussed.
First the Nanostraws on gold samples with different pitches were fabricated and then characterized
via various methods like, ellipsometry and SEM. Cortical neurons then were cultured on a
substrate. Fluorescence microscopy will be shown in order to investigate the viability of the
structures. Actin and membrane staining are carried out in order to interrogate the cell and
nanostraw engulfment. Consequently, high resolution microscopy techniques, FIB/SEM, were
performed in order to investigate the interface between the cells and the nanostraws, with
nanometer resolution.
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4.1 Nanostraw fabrication

The production of the samples was carried out in an ISO 1 cleanroom on n-doped silicon wafers
(Si-Mat Silicon materials, Kaufering, Germany) modified with 20nm Ti and 200nm Au/Pt via
electron-beam evaporation (Pfeiffer PLS 570, Pfeiffer Vacuum, Asslar, Germany). The wafers
were then cut into 1.5x1.5 cm? samples, followed by cleaning in acetone and isopropanol for 5-10
min and dried in a stream of nitrogen. As it is mentioned, nanostraw fabrication has to be adapted
for our Au substrate. Therefore we used electron beam sensitive photoresist (negative resist
nLOF2020) and with the application of an electron beam lithography, nanopoles were created.

In this regard, samples were dehydrated at 150 °C for 10 min, then spin coated with nLOF2020
(Negative photoresist) at 4000rpm for 35 s. Then the samples were placed on a hot plate at 110 °C
for Imin for soft-bake.

After spin coating the resist on Au substrate, for evaluating the thickness and property of the resist,
ellipsometry was performed. For that, three different regions of the substrate were measured and
the mean value and standard deviation were determined. The measured thickness on a sample was
2.5 pm.

In a next step, samples were transferred into a Vistec EBPG 5000plus HS (Vistec Electron beam
GmbH, Jana, Germany) electron beam lithography system. The structures were written in circles
of 100 nm in diameter, arranged in a square grid of 1 pm, 2 um, 4 pm, 5 pm, 10 pm and 25 pm
spacing were written (Figure 4.2a) with a doses of 1800- 2400 uC / Cm? (Figure 4.2b). All
structures were written with a resolution of 2 nm, beam current of 100 pA, and with no proximity
correction. It should be mention that although the nanostraws with 10 pm and 25 pm spacing were
included in the mask and were produced each time, however no characterizations were performed
on those pitches.

Before development process post exposure bake was done by placing samples on a 110 °C hot
plate for 1 min. Then, development was performed by immersing the samples into MIF326 (2.38%
tetramethylammoniumhydroxid (TMAH)) for 50 sec at room temperature, followed by immersing
into water for few minutes in order to stop the development and drying with a stream of nitrogen.
This mentioned procedures lead to creation of nanopoles on the Au substrate. For evaluating the
height and the diameter of the structures, SEM were performed and sufficient value of E-beam
dose was selected. After the development step and creation of nanopoles, the optimal electron
beam dose was selected via SEM to assess the fabricated nanopoles properties. Therefore, due to
the sufficient height (2.4 um), diameter (inner diameter 100 nm, outer diameter 160 nm) and
robustness of the structures, the selected dose was 1800 uC / Cm? (Figure 4.2b).

Samples were then ready for the deposition of TiO,. Therefore, 30 nm thick TiO, was deposited
via plasma enhanced ALD (FlexAl, Oxford Instruments, Abingdon, United Kingdom) at 130 °C
and covered all of the sample surface including the nanopole-structures. The reason of using
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plasma is compare to the thermal ALD the temperature is reduced, which is necessary for the
stability of the resist (lower than 150 °C). In this case, an oxygen plasma was generated. For the
production of TiO, layers, Tetrakis (dimethylamido) titanium (TDMAT) was used as the
precursor.

For achieving a desired thickness of 30 nm, two samples were taken into consideration, and the
deposition of different cycles of 501 and 688 cycles with the deposition rate of 0.599
angstroms/cycle were applied, and thickness of the samples were measured using ellipsometry.
Three different regions of both substrates were measured and the mean value and standard
deviation were determined (Table 4.1).

Sample 1 Sample 2
Expected thickness d; [nm] 30 nm 40 nm
Measured thickness d, [nm] 27.52 nm 37.19 nm
+0.34 nm +0.31 nm
Absolute error d = d,- d; nm -2.48 nm -2.822 nm
Relative error |d/ d,| 0.09 0.08
Relative error (%) 9.01 7.59

Table 4.1 The ellipsometry results of the thickness measurement of TiO2 for two different
Au substrates. The expected and the measured thickness are presented, with the absolute error,
relative error and corresponding relative percentage error are shown.

As seen in Table 4.1 based on ellipsometry values, the standard deviations in both samples show
that the homogeneity of the TiO, over the sample is high. The sample with the deposition of 501
cycles and thickness of 27.52 nm +0.34 nm STD was selected for the further procedure of
nanostraw fabrication.

Then, for structuring the TiO:, an anisotropic etching process without usage of sacrificial layer and
mask, was performed using plasma enhanced RIE. For that, gases used were CF, and O, with mass
flow of 12 sccm (cm® / min) and 4 sccm (cm® / min), respectively. The RF power was 20 W
with the ICP-RF of 400W and bias Voltage of 20 V, the pressure of 0.005 mbar for 38 sec at 0 °C
(Table 4.2).
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RIE for TiO»
Layer thickness[nm] 30
Process gases CF4/ Oz
Gas flow [slm] 12/4
Process time [s] 38
ICP power [W] 400
RF power [W] 20
Temperature [°C] 0
Bias Voltage [V] 20

Table 4.2 Process and parameter detail of the TiO: etching

After structuring the TiO, layer, the fabrication of nanostraws was finished. In the last step, the
residual photoresist was removed by immersing into acetone and isopropanol for 15 min each,
followed by rinsing in water, then treating with O, plasma (200 W, 300 sccm, 3min) to remove
any chemical residues. Schematic fabrication flow of the designed nanostraws with multiple
spacing and used doses on gold substrate is represented in Figure 4.2.
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Figure 4.2 Fabrication flow and orientation of the nanostraw design on gold
samples. a: Fabrication flow of nanostraw. The details of each step is included in the
figure. b: The design of nanostraws with various doses in different region of each
sample. The used doses (1800-2400 pC / Cm?) are presented in the figure. c¢: Each box
(A-D) consists of multiple nanostraws of 100 nm diameter with various center to center
spacing (pitch) between each other. In this body of work 4 different pitches were

designed. (1 pm, 2 pm, 4 um, 5 pm, 10 um and 25 pm).
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4.2 Scanning electron microscopy (SEM) characterization

SEM was performed, for estimating the desired high aspect ratio nanostraws. Here, in Figure 4.3,
the fabricated nanostraws with different pitches are shown. Al20though structures were exposed
to various conditions in the fabrication processes, the SEM images confirm the stability and strong
adhesion of nanostraws on the substrate. The diameter, height and spacing of the nanostraws were
measured and the resulting values were, inner diameter of 100 nm, outer diameter of 165 + 10 nm
and the height of 2100 & 121 nm (Figure 4.3 .d). In order to establish the optimum spacing between
nanostraws when interfacing cell, nanostraws with multiple pitches were fabricated and further
microscopic characterizations were performed. Figure 4.3 a, b and ¢ represent the nanostraws with
lum, 2um and 4 pm pitches, respectively.

Figure 4.3 SEM images of various nanostraws on Au substrate. a: Arrays of NS
with 1 pum pitch. b: Arrays of nanostraws with 2 um pitch. c¢: Arrays of nanostraws
with 4 pm pitch. d: Single nanostraw with 100 nm inner diameter and outer diameter of
164 nm at the tip, and the height of 2.4 pm.
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4.3 Neuronal culture on 3D structure

For the viability assay, neurons were seeded on the NS substrates. Before seeding the cells, samples
were coated with PLL, a positively charged polymer, in order to enhance the cell adhesion [128]
[129]. For the preparation, 0.01 mg/ml of PLL diluted in HBSS solution is applied to the sample
and incubated for 1 h. 500,000 cells were plated on a substrate and after 1 to 4 hours the medium
was exchanged in order to remove the dead cells from the culture medium.

Figure 4.4 represents the viability assay of cortical neurons from two gold substrates containing
nanostraws (blue square dot regions). For that, the samples at 3 DIV were stained for live and dead
cells with Calcein-AM and ethidium homodimer-1 (details in method section 3.2.3) respectively,
and fluorescence microscopy was performed. The experiment was performed on the substrate
containing both nanostraws and Au with the aim of having a comparable condition for the ample
preparations and neuronal cultures with the same density of the entire substrate, therefore more
sufficient comparison for the viability assess. It is shown that the numbers of cells and specifically
presence of network of neurons are more dominant on the region of nanostraws (blue square dots)
compare to the Au regions.

Figure 4.4 Viability assay of gold substrates containing nanostraws. The imaging is performed
at DIV 3. Green stained (Calcein-AM), corresponds to living cells and the red dots representing
dead cells. Blue square dots represent area containing nanostraws and the rest of the regions are
Au substrates.
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4.4 Actin and membrane staining in living cells

For further investigation regarding cell-nanostraw interface actin and membrane staining were
performed by Frano Milos. For investigation of actin cytoskeleton perturbation at the presence of
nanostraw, fluorescent F-actin marker, LifeAct-RFP (a 17-amino-acid peptide) [130]. In this regard,
transfected cells (Detail in 3.2.4) were cultured on the substrate containing nanostraws with 2 pm
spacing, after 4 to 8 DIV imaging was carried out on a confocal laser-scanning microscope. As
seen in Figure 4.5, both samples represent accumulation of F-Actin at different regions of the cell
(soma, dendrites) around the nanostraws and formation of actin rings (Figure 4.5. b(ii) white rings).
It should be noted that no F-actin accumulation was observed on the flat Au substrate (Figure 4.5.
b(i), blue box). Although this experiments were only performed 2 times and only with nanostraws
with 2 pm spacing, however, it is a good indication of the tight engulfment between the neuronal
cell membrane and nanostraws [131].

Figure 4.5 Two examples of neuronal actin staining on substrates containing nanostraw with
2 pm pitch. In both a&b, accumulation of F-actin and the formation of actin-rings around the
nanostraws are observed (yellow arrows). Yellow boxes (a&b (ii)) are the orthogonal projections
of 30, 0.22 um slices at the position marked by red dots. b(ii) is the zoom-in of red circle in b(i)
with an orthogonal projection. Blue box in b(i) is the representation of cell on Au substrate which
no actin ring is observed.

Moreover, for the investigation of the interaction between cell membrane and nanostraws, we
performed the membrane-staining experiment. For this purpose, neurons were cultured on
nanostraw samples with 1um, 2um, 4pum and 5um spacing. Then neurons were incubated in Dil
solution at DIV 4-8 (detail in Chapter 3.2.4) and confocal microscopy was performed.
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As seen in Figure 4.6.a, the cell membrane is tightly engulfed with the top of the nanostraws.
However it is observed that the cell membrane is failed to bend at the bottom of the nanostraws
and the gold substrate. The possible reason can be due to the small spacing between the nanostraws.
In Figure 4.6.c and d, however, the attachment of the cell to the surface of the Au substrate were
observed while the engulfment with nanostraws could not be perceived. On the other hand, in
Figure 4.6.b, when the nanostraws were located with 2 um pitches, the neuron is not only well
attached to the surface of the substrate, but also a strong fluorescence signal at the end of the
nanostraws is observed which is due to the membrane curvature. In previous studies it is reported
that the membrane curvature phenomena is an indication of a close contact between the nanostraws
and plasma membrane [131] [119]. However complete penetration could not be proven due to the
autofluorescence of the nanostraws, but a close contact between the cell and nanostraws were
affirmed.

Figure 4.6 Membrane staining on the nanostraw sample with different spacing, containing
neuron at DIV 4-8. The red dashed lines represent the location of the orthogonal projections of
30, 0.22 um slices of a Dil-stained neuron growing on nanostraws. Yellow arrows represent the
nanostraws pushing the membrane upward, representing tight engulfment. a, b, c, and d represent
the nanostraws with 1 um, 2pm, 4 pm, 5 pm pitch, respectively.
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4.5 Fixation and electron microscopy

Furthermore, due to the limitation of the fluorescence microscopy resolution, additional
investigation was performed in order to visualize the interface and the coupling between the cell
and the nanostraws with nm resolution.

Here we used two different methods for the fixation and sample preparation. Critical point drying
is explained first. Afterwards, staining and resin embedding is demonstrated, and results compared.

4.5.1 Critical point drying (CPD)

At DIV3 live-dead staining was performed on neurons in cell culture medium. After optical
imaging, cells were fixed with 2% (Glutaraldehyde) GA in PBS and dried with CPD technique
(Figure 4.7 and Figure 4.8). Spacing of nanostraws on the Au substrate is vary from 1 um to 5 pm
for investigating differences in cell behavior. In Figure 4.7.a, the overview of strong guides of
neurites outgrowth at the area of nanostraws. Figure 4.7.b and Figure 4.7.c, show the cell body
attachment to the nanostraws with 2um and 5 pm spacing, respectively. No significant difference
in the cell attachment in these two pitches can be recognized. However, in Figure 4.7.b and Figure
4.7.c, nanostraws were pulled out from the gold substrate by dendrites which might be due to the
fixation or CPD procedures. Figure 4.7.e-g indicates that the neurites well conformed to the
nanostraws [132]. As seen in Figure 4.8, on the nanostraw sample with 1 pm pitch, a neuron
positions on top of the structures, which can be due to spacing and failure of bending around the
structures. In order to achieve the tight engulfment between the neuronal cells and the nanostraws,
based on all these observation we selected 2 pm pitch between nanostraws.
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Figure 4.7 SEM of the CPD method on neurons on nanostraw substrates with different
pitches. a: Overview of the neuronal growth on the arrays of nanostraws and well-established
neurites outgrowth. b: Engulfment of soma to the nanostraw with 2 um pitch. c¢: Engulfment of
soma to the nanostraws with 5 um pitch. In both b & ¢ the nanostraws were pulled out by neurites
which is the defect of sample preparation. d: Neurites conform the nanostraws with 4 um spacing.
e & f: zoom-in of the neurites attachment to the nanostraws.

Figure 4.8 SEM image of fixed neuron on nanostraws with 1 pm spacing. As seen due to the
spacing between nanostraws, cell fails to bend and is located on top of the structures.
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However, CPD technique is restricted due to shrinkage artefact during the preparation process and
causing damages to nanostraws, cells (body, neurites) and their connections. Although CPD
process is performing at the point of co-existence of liquid and gas phase, however one possible
reason of shrinking affects can be due to the liquid-gas transition which leads to surface tension
(as seen in Figure 4.7.b and c), and the reduction in physiological volume up to 20% [121] [122].
Moreover, because of porous and sponge-like morphology of the cell (as seen in Figure 4.7.d-f
sponges-like structure) created by this method, the intracellular membrane and other cell
compartments are not evident, therefore the investigation of actual interface of the cell and
nanostructures is not feasible via CPD technique [23].

4.5.2 Staining and resin embedding

In contrast, the resin embedding method preserves the cell volume [41] with minimal structural
and morphological damage to the cells and the structures (Figure 4.9). This is due to the
replacement of the water components in the cells with infiltrated resin. Additionally, there is
significant improvement in cross sectioning of the cell and its components, even revealing the
intracellular cell membrane via FIB. This process was done by Elke Brauweiler-Reuters and Elmar
Neumann.
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Figure 4.9 SEM images of few examples fixed neurons on nanostraw structures, treated with
resin embedding and staining method. As seen compare to CPD technique less shrinkage is
evident, and the sponges-like neurons are not visualized.

In Figure 4.9, the high resolution cross sectioning and SEM micrographs of the fixed cells (at div
3) via staining and resin embedding methods are shown. Substrates with different pitches of
nanostraws were utilized and cell behavior were compared according to pitch. Unless CPD
technique (Figure 4.7 and Figure 4.8), there are less damages appeared on the cells and structures,
such as neurite cracked, broken structures and surface tensions, and the interior cell components
are perceptible. The cross sectioned of these samples treated with resin embedding techniques
represent that the nanostraws were tightly engulfed the cell membrane, also the deformation of the
nucleus was observed (Figure 4.10). Nevertheless, due to the few number of performed
experiments and lack of statistical investigations, also the poor resolution of the electron
microscope compare to the cell membrane thickness (~ 6 nm) the complete penetration could not
be verified.

Besides, it should be mentioned that, although in Figure 4.10.a, nanostraws with 1 pm pitch
confirmed the tight engulfment of the cell and membrane wrapped around the structures, however
in some other experiments that incident was not observed (Figure 4.11). The possible reason could
be that 1 um pitch between the nanostraws, sometimes creates a surface that the cell (with the soma
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size of 5-20 pm) recognizes as flat resulting in reduced cell penetration and engulfment. It should
be mention that, in this set of experiment the cell contains sponges like structure and also the inner
side of the cell is not visible. This might be due to the lack of using uranyl in the process or another
reason might be failure in handling which is a common challenge in this process.

Although resin embedding method has shown a significant improvement in the investigation of
the cell- 3D structures interface, and presenting the cell components clearly, it is still suffer from
several drawbacks like, dangerous technique, expensive, and because of the fixation with GA and
further processes, changes in cells or/and structures conformations is still a question [133].

For further electrophysiological investigation and the recording of the neuronal activities with the
nanoelectrodes devices, based on the micrographs in Figure 4.10 and Figure 4.11, and also the
previous experiments (Chapter 4.4) it could be determined that the optimal pitches of nanostraws
regarding cell membrane curvature phenomena, could attributed to 2 um, 4 pm and 5 pm.
However, due to the electrode size (6 pm or 10 um), we selected 2 pm spacing as the optimal
pitches of nanostraws.
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Figure 4.10 FIB cut and SEM of the fixed cells (at DIV 3) on nanostraw substrates with
different pitches, treated with staining and resin embedding. Nanostraws with (1 um. 2 um, 4
pm and 5 um pitch, in a, b, ¢ and d, respectively) and corresponding, a(i), b(i), c(i) and d(i) are the
zoom in (from red dot regions) of each. The fixed cells on all cases are tightly engulfing the
nanostraws. And the nucleus is being deformed at the tip of the nanostraws.
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Figure 4.11 SEM image of stained neuron on nanostraws with 1 pm pitch with three different
zooms. This experiment was performed uranyless. The cell fails to bend between the nanostraws
as much because they are too close together and cell is placed on top of the structures. Therefore
tight engulfment is not visualized.

68



Chapter 4. Nanostraws and interaction with cell membrane

4.6 Conclusion

Nanostraws were fabricated on planar gold substrate. Using the fabrication process developed in
this thesis, straws of dimensions, 100nm inner diameter, 165 nm outer diameter, and 2100 nm in
height were fabricated with low variation (6% outer diameter, 5% height).

Neuronal culture on the straws separated by different pitches showed that neurons distributed on
the whole substrate, and also the presence of neuronal networks are more dominant at the area of
nanostraws representing the biocompatibility of nanostraws. More investigation regarding cell-
nanostraw interface using actin and membrane staining confirmed the formation of actin rings and
membrane curvature with strong fluorescence signals at the end of nanostraws, respectively, are
the indication of tight contact between the cells and nanostraws.

A closer investigation of the interface using cross sectioning and electron microscopy showed that
straws were tightly engulfed by the cell membrane. Engulfment led to specific structure of the
cytoskeleton and plasma membrane deformation on the area on nanostraws, as well as deformation
of intracellular structures such as the nucleus. These were most pronounced in substrates with pitch
2-5 um. In contrast, substrates with only 1um pitch showed little or no engulfment. At such a small
pitch, the neurons are placed on the structures without bending, therefore results in a signal lose
for further electrophysiological applications.

Since good MEA recording of neuronal APs will require high SNR while maintaining the small
aperture for the purpose of single cell resolution, the nanostraws of pitch 2 um was selected as
candidates for electrode modification. These structures are expected to engulf tightly to the
neuronal cells which will improve sealing resistance and therefore higher SNR in
electrophysiological recordings. The production procedure and electrophysiological investigations
will be discussed in the next chapter.
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Chapter 5. Nanostraws on nanocavity
MEAs

In chapter 4, it is proved by light and electron microscopy that cellular tight engulfment of the
nanostraws occurred due to the size and aspect ratio of the nanostraw. In order to study the
electrical activity of the cells, multielectrode arrays (MEAs) are used and nanostraw fabrication
which is described in chapter 3 has to be adapted to the nanocavity-MEAs. In this chapter, the
fabrication and characterization of the nanostraws on nanocavity-MEAs will be discussed.
Afterward, the electrical activities of the neuronal cells will be recorded and evaluated in detail.

(This chapter is in part reproduced from the manuscript, High-aspect-ratio nanoelectrodes enable
long-term recordings of neuronal signals with subthreshold resolution, Pegah Shokoohimehr,
Bogdana Cepkenovic, Frano Milos, Justus Bednar, Hossein Hassani, Vanessa Maybeck, Andreas
Offenhéusser which is submitted in Nov.2021)

The fundamental techniques for the production of microelectrode arrays is microfabrication. All
the fabrication processes are done similar to chapter 4, in the cleanroom (ISO-1) of the Helmholtz
Nanoelectronic Facility (HNF). First of all, the design and fabrication of microelectrode arrays are
described and then the nanostraws transfer and implementation to the microelectrodes will be
discussed.

5.1 MEAs fabrication

MEAs were fabricated on 4 inch n-doped silicon wafer (<100> orientation; Siegert Wafer GmbH,
Aachen, Germany) covered with a 1 pm silicon dioxide layer. A total number of nine chips
(microelectrode arrays) were produced on one wafer. Each MEAs with a size of 1x1 square inch
with a circular sensor area in the center with 64 electrodes (8x8 grids with a pitch of 200 um) were
designed. These electrodes were connected to contact pads through metal feedlines. Two of these
electrodes with bigger size of 140 um diameter served as reference electrodes. Insulating layer
was deposited onto the metal feedlines and it was opened on the electrode areas and contact pads.
The electrode area openings had a diameter of 6 um and 10 pm, respectively.

The 300 nm thick metallization stack was fabricated for the production of MEA which consists of
titanium (20nm), platinum or gold (200nm) and chromium (80nm). Titanium layer served as an
adhesion layer between the silicon dioxide and the conductive layer (Pt/Au). Chromium layer was
used, first of all as an adhesion layer between the metal layer and the passivation layer,
furthermore, to serve as a sacrificial layer for the further production of nanocavity MEAs. Metal
layer was deposited via electron beam evaporation. For isolating the feedlines, the stack of silicon
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oxide (200nm thickness) and silicon nitride (100nm thickness) was utilized via plasma enhanced
chemical vapor deposition (PECVD). In this work stack of Si0,/SizN,/Si0,/Si;N,/Si0, (ONONO
layer), with a total thickness of 800nm, were employed. For the opening of the electrode area (6
or 10 pm) and contact pads, reactive ion etch (RIE) was used.

The nanocavity MEAs fabrication is investigated in detail at the previous studies [56] and it is not
the in the actual focus of this work, but mostly using the concept of nanocavity. The detailed
fabrication procedure of MEA device is described in detail in Appendix 1.

After etching the passivation layer, prior to fabrication of nanostraws on the electrode opening
(Pt/Au), Cr layer should be removed. Therefore, we performed anisotropic etching process which
was established in body of this work and will be presented in detail.

5.2 Chromium physical etch

In order to etch the Cr layer on the electrode opening, RIE was performed. In this step, the
photoresist (positive resist AZ5214 E) which has been used for the etching of ONONO layer
remained on the substrate serving as a sacrificial layer. The parameters for etching 80 nm of Cr is
shown in table 3. In the etching chamber, gasses of Chlorine (Clz; 30 sccm) and oxygen (O2; 20
sccm) were utilized. The RF power was 25 W, the ICP power was 1000 W, and the bias voltage
during the process was 75 V, and the process was performed at 20 °C with pressure of 0.0015
mbar. In order to evaluate the sufficient parameters in a wafer scale, we used two samples and
performed the RIE etching with the same parameters, with two different times of 60 s and 90 s (
Table 5.1).

RIE for Cr
Layer thickness[nm] 80
Process gases Cl/Os
Gas flow [sccm] 30/20
Process time [s] 60/90
RF power [W] 25
ICP power [W] 1000
Bias voltage [V] 75

Table 5.1. Detail parameters for etching 80 nm of Cr via RIE.

72



Chapter 5. Nanostraws on nanocavity MEAs

The samples were then characterized with EDX for the final conclusion. As seen (Figure 5.1), in
both samples there is no Cr residues on the electrode openings. No effects on the beneath electrode
(Au/Pt) was also observed when the etching time was longer. Thus, we set 90 sec of etching time
for the 4 inch wafer in order to assure the complete and homogenous etching of Cr layer.

Figure 5.1 EDX analysis after etching 80 nm of Cr on the electrode opening area, in a wafer
scale. a: EDX after 60 sec etching. b: EDX after 90 sec etching. It is observed that no Cr residues
are on the electrode opening.

After all the etching process, the wafer was cut into 9 pieces of MEA devices with the size of 1x1
inches each (DAD 3350 dicing saw, DISCO Corporation, Tokyo, Japan). The photoresist remained
on the wafer as a protection during the sawing process.

Afterwards, the resist was removed from the sample by immersing into acetone followed by
isopropanol, 20 min each. In the end samples are cleaned with deionized water (DI-water) and
dried carefully in a stream of nitrogen. The fabrication of MEA was completed.

In following the process of nanostraw-nanocavity MEA fabrication and multiple characterizations
will be described.
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5.3 Nanostraw fabrication on MEASs

In order to fabricate the nanostraws on microelectrode arrays, nanostraws first were made on Au
surface which is described in detail in chapter 4. The reason for that was the ease of
characterization in each step and further biocompatibility test and cell structure interface
investigation. Since the material of the electrode area of MEAs were gold or platinum, Au substrate
was used to have the similar substrate with the similar morphology and also chemical or physical
quality. All the steps in the process and parameters were established in the body of this work. The
microelectrode were also made exclusively as it is already explained in 5.1 and 5.2 (detail in
Appendix 1). Therefore, the fabrication of nanostraws had to be implemented on our MEAs
system. In this regard, all the process steps from chapter 4 for fabrication of Nanostraw on Au
were repeated (Figure 5.3).

The fabrication of Nanostraw- MEA was performed (similar to chapter 4). Firstly, samples were
placed on a hot plate for dehydration with the temperature of 150 °C for 5-10 min. Then, negative
resist (nLOF 2020) was spin coated on each MEA chip individually, with spin rate of 4000 rpm,
open lid for 35 second, then was directly placed on hot plate with 110 °C for 1 min.

For the next step, samples were taken to electron beam lithography. Here, the selected dose was
2400 uC / Cm? due to the sufficient height (2.4 um), diameter (inner diameter 100 nm, outer
diameter 160 nm) and robustness of the structures. The details of the E-beam lithography was
mentioned in chapter 4 and it is avoided to describe here over again.

The mask has been used in this step (Figure 5.2), was implemented for the MEA chip, and in this
case, alignment was required in order to keep the structures on the electrode aperture. Nanostraws
with 2 pm spacing were designed on the center of each electrode. For electrode with diameter of
10 pm, 9 nanostraws were produced, while for the other electrode with 6 um diameter, 5
nanostraws were fabricated.

Figure 5.2 Schematic design of nanostraws on MEA device.
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Next, post exposure was performed as samples were placed on a hot plate at 110 °C for 1min, then
immersed into the MIF326 solution for 50 second, followed by washing with DI-water in order to
stop the developing process and clean the sample. In this step, the structured nLOF resist in a form
of nanopoles on the center of each electrodes were produced. The height, diameter and the shape
of the structures were critical in this step, therefore samples must be observed with an electron
microscope (SEM) before continuing to a next step.

Similar to the chapter 4, as a next step, the deposition of 30 nm of TiO, via plasma inhanced ALD
was performed. TiO, was covered on entire surface of the MEA and coverd the nanopoles inside
the electrode openings. Then, an anisotropic etch of TiO, via plasma reactive ion etching was
performed which leads to an etching the undesired area of TiO, on the surface without using a
protection mask. For that, tetrafluoromethane (CF,; 12 sccm) and oxygen (0,; 4 sccm) were the
gasses used in the process. The etching time for each MEA chip was 38 sec with the RF power
and ICP-RF of 20 W and 400 W repectively. The etching process was performed at 0 °C with the
pressure of 0.005 mbar (Table 5.2).

TiOs etch
Layer thickness[nm] 30
Process gases CF4/0O;
Gas flow [sccm] 12/4
Process time [s] 38
RF power [W] 20
ICP power [W] 400
Bias voltage [V] 20

Table 5.2. Detail parameters for etching 80 nm of TiO2 via RIE.

After the anisotripc etch of TiO,, the residual resist was cleaned from the sample by immersing
into acetone and subsequently isopropanol and water for 10 to 20 min each.
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Figure 5.3 Schematic of fabrication flow for the production of nanostraws on MEA, and the
introduction of nanocavity. a: Spin coating 2.5 um of negative resist (nLOF2020) on MEA
device. b: Electron beam lithography and development results in nanopoles in the center of
electrode openings. c: Thin layer (30 nm) of TiO> deposited all over the substrate via PEALD. d:
Anisotropic etching of TiO2 using RIE. e: Applying Cr etchant solution and formation of
nanocavity-MEAs.

Moreover, for the introduction of nanocavity, chromium etchant solution was placed on the center
of each MEA. Isotropic etching creates the cavity in each direction from all the electrode openings
on MEAs. For that, 100 pl of Cr etch solution No.1 from MicroChemicals GmbH (Ulm, Germany)
was places on the center of each MEAs. The solution was a combination of perchloric acid (HCIOy4;
4.25 %), ceric ammonium nitrate((NH,),[Ce(NO3)¢]; 10.9 %) and water (H,0; 84.85 %). Ceric
ammonium nitrate is the main part of the etching process, while the perchloric acid is the stabilizer.
The etchant does not attach noble metal such as gold or platinum. Therefore, it is the best
candidates for etching the chromium layer.

Ce (NH4)2(NO3)s + Cr = Cr (NO3)3 + 3 Ce(NH4)2(NO3)s
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Figure 5.4, illustrates the nanostraws on microelectrode after chromium etch solution.

IIE

Figure 5.4 Schematic of Nanostraw- nanocavity MEA

For the characterization of our device, various techniques were performed. Microscopy techniques
were performed to investigate the quality of the nanostraws- nanocavity MEAs.

5.4 Light and electron microscopy characterization

Similar to the previous chapter (chapter 4), SEM (Zeiss Gemini 1550 VP field emission SEM,
GmbH, Oberkochen, Germany) was performed using both secondary and in-lens detectors, for
assessing the quality of the fabricated nanostraw (diameter, height and shape).

Figure 5.5, represents the SEM micrograph of the fabricated nanostraws on MEAs. As seen, in
spite of various critical fabrication steps, strong bound of the nanostraws on the electrode surface
were visualized. Closed view of the nanostraws were presenting the slight conical shape resulted
from E-beam exposure dose, which could improve the seal resistance when interfacing neurons as
it was reported previously [31] [47]. Since the fabrication process in all steps were controllable,
low variations in height and the geometry of the nanostraws were visualized (with less than 0.3%
variations). In this work, the height, inner and outer diameter were, 2.4 um, 100 nm and 160 nm,
respectively. A total 18 different regions of the device were taken into account with the average
height of 2.44 pm + 7 nm STD.

Figure 5.6 represents the nanocavity-MEAs after exposing 10 min Cr etching solution. Light
yellow areas are the regions of nanocavity and as seen, the etching process in most of the electrodes
were performed homogenous.
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Figure 5.5 SEM micrograph of fabricated nanostraws on MEAs with 2 pm pitch between
each nanostraw. a: Representation of 9 nanostraws on the electrode with 10 pm diameter. b: 5
nanostraws on the electrode with 6 um diameter.

Figure 5.6 Light micrograph of nanostraw-nanocavity-MEAs after 10 minutes of Cr etch.
a: Representation of 64 electrodes with 10 um diameter. b: Zoom in of (a), the light yellow area
are the cavities under the electrode openings.

After microscopy characterization of the device, for evaluation of the electrical performance of the
device, electrochemical impedance measurement was performed.
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5.5 Impedance spectroscopy

In order to characterize the electric performance of NS-NC-MEAs, electrochemical impedance
measurements were performed. Impedance measurement defines the resistance of the electrode
when current flow through it, and in general describes the electrode properties in case of an electric
charge. The measurement was performed over the spectrum of frequency and the impedance of
the device was defined at 1 kHz frequency, and due to the electrochemical double layer formed by
a water molecule and ions, the capacitance of the electrode was produced.

In order to characterize the NS-NC-MEAs electrical performance, four different conditions were
taken into account. For consistency of the measurements and comparisons, in all 4 conditions
electrode material was platinum with the diameter of 10 um and passivated with ONONO layer.

At first, the measurements were performed for the planar MEAs. Total number of 17 electrodes
from two different devices were measured and the mean impedance and standard deviation value
at 1 kHz were evaluated (|Z|= 763.9 + 81.2 kQ) (Figure 5.7).

log (freaz)

Figure 5.7 Impedance measurement of 17 electrodes from MEAs. The mean impedance and
standard deviation value at 1 kHz were evaluated (|Z|= 763.9 = 81.2 kQ).

Second measurement was performed after the introduction of nanocavity. For that drop of Cr
etchant solution was applied on the center of electrode areas for 10 min, and the measurement of
the device was carried out after cleaning with ultrapure water. Then, 59 electrodes were measured
and as expected from previous studies [56] [55] [58], dramatic decrease of the electrode impedance
was observed (|Z|= 387.9 = 50.7 kQ) (Figure 5.8).
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Figure 5.8 Impedance measurement of 59 electrodes from NC-MEAs. The mean impedance
and standard deviation value at 1 kHz were evaluated (|Z|= 387.9 = 50.7 kQ).

For the evaluation of the NS presence on the device, two more experiments were carried out.
Therefore, impedance was measured for the MEAs containing NS. The mean impedance of 25
electrodes was |Z|= 764.9 = 89.5 kQ, which compare to planar MEA, no explicit difference was
observed (Figure 5.9).
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Figure 5.9 Impedance measurement of 25 electrodes from NS-MEAs. The mean impedance
and standard deviation value at 1 kHz were evaluated (|Z|= 764.9 = 89.5 kQ).
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Afterwards, similar to the previous measurement, 10 min of Cr etchant solution was applied. After
the measurement of 53 electrodes, dropped of the impedance to |Z|= 323.46 + 73.6 kQ was

perceived (Figure 5.10).

log (I1Z|/0 hm)
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Figure 5.10 Impedance measurement for 35 electrodes from NS-NC-MEAs. The mean

impedance and standard deviation value at 1 kHz were evaluated (|Z|= 323.46 £+ 73.6 kQ).

The resulted values were compared and as expected the introduction of nanocavity on MEAs leads
to a drastic reduction of impedance, while maintaining the origin of electrode diameter. While the

presence of NS on the MEA device, has no effect in the impedance values (Table 5.3).

Diameter 10 um MEAs Nanocavity MEAs
Planar 763.9 £ 81.2kQ 387.90 + 50.7 kQ
Nanostraw 764.9 + 89.5 kQ 323.46 + 73.6 kQ

Table 5.3 The mean value of the electrochemical impedance measurements at 1 kHz for four
different devices with corresponding standard deviations are represented. The impedance
value of planar-MEAs (n: 17) and nanostraw-MEAs (n:25), confirm no impact of nanostraws on
the electrode impedance. However, the impedance values for both nanocavity-MEAs and
Nanostraw-nanocavity MEAs, were halved the impedance value of the MEAs.
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After analysis the electrical properties of the NS-NC-MEAs, further investigations regarding
electrical activity of neurons when interfacing NS-NC-MEAs were carried out. Hence, after
sample preparations and coating, cortical neurons were cultured on chips, viability assays and
subsequently electrophysiological recordings were accomplished.
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5.6 Neuronal culture

Viability assay of the nanostraw-nanocavity MEAs were performed via life-dead staining, similar
to the previous chapter (chapter 4).

As before, prior to cell seeding, PLL coating was performed to improve the cell adhesion (with the
same concentration 0.01 mg/ml of PLL in HBSS solution). In each sample 0.5-1 ml of the prepared
solution was applied and incubated for 1 hour at room temperature, followed by rinsing in HBSS
solution. The total number of 200,000 neurons were seeded on the substrate, and after 1 to 4 hours
of incubation, the cell media was exchanged. Half of the cultural medium changed every 3-4 days
(Figure 5.11).

Figure 5.11 Schematic of Neuronal growth on nanostraws- nanocavity MEAs design
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5.7 Life-dead staining and fluorescence microscopy

The staining and imaging for the NS-NC-MEAs were employed in older days in vitro (14-24 DIV),
mostly after the electrophysiological recordings. After 14-24 DIVs, live and dead cells were
stained by labeling dyes (Calcein-AM and ethidium homodimer-1 respectively), and visualized by
fluorescent filters, according to the wavelength of the dyes (green and red, respectively). Similar
to the previous chapter (4), fluorescence microscopy was performed via Apotome (Axio Imager
Z1, Oberkochen, Germany, with 10x and 20x objectives) and the image processing was performed
with ZEN and Image].

As seen, Figure 5.12 shows that the number of the live neurons is much higher compare to the
dead cells. It also displays creation of networks on the entire substrates [contains: nanostraw
(Ti0,), electrode area (Pt/Au) and passivation (Si0,)] which also represents the biocompatibility
of our device even after 19 days in culture.

Moreover, for the investigation of device performance, the number of living cells (n: 37) on the
center or near 62 electrode openings (reference electrodes were excluded) were counted, and these
numbers were compared with the active channels which were recorded by the NS-NC-MEAs and
will be described later in this chapter.

Figure 5.12 Viability assay of neuronal cultures on Ns-nanocavity MEAs in 19DIV. Electrode
diameter: 6um- Nanocavity. Out of 62 electrode openings 37 channels contain cells on/near-by.
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For high resolution imaging and also investigation of the interface between the neuron and NS-
NC-MEAs, FIB cut and SEM were performed.

5.8 Fixation and electron microscopy

As in chapter 4, prior to cross sectioning via FIB and SEM microscopy, sample preparations were
performed. The procedure was described in detail in previous chapter.

It should be noted that this experiment was only performed once and the presented micrograph is
not giving the strong answer regarding the actual interface, since the nanostraw on the electrode is
not in good condition. However, the sample preparation, staining-resin embedding, and also FIB
milling process have been performed well (Figure 5.13).

Figure 5.13 Scales: Tope left: 100 um-Top bottom: 20 um- Bottom Sum

85



Chapter 5. Nanostraws on nanocavity MEAs

5.9 Electrophysiological investigation of neuronal cells on NS-cavity MEAs

For electrophysiological characterization, 790 cell/mm? (200 k in 18 mm inner radius ring)
cortical neurons from rat embryos were seeded on each chip and kept in culture at least for two
weeks enabling electrical recording of the neuronal cells when reaching their spontaneous
activities.

Electrophysiological recordings were performed by an in-house made 64 channel pre-amplifier
[58] and headstage connected to the main amplifier. In order to evaluate the nanostraw-nanocavity
MEAs, recordings were done with multiple devices.

For the purpose of the device performance and network connectivity investigations, recording of
the device containing 62 channels were taken into account. Figure 5.14 represents 20 seconds
recording of the NS-NC-MEAs at 18 DIV. As it is presented, 35 out of 62 channels are showing
electrical activities (Figure 5.14.a), containing bursting activities (Figure 5.14.b) which fits well
with the micrograph (Figure 5.12) and the number of alive cells on the center/ near electrodes (37
out of 62 electrodes). This resembles the strong connectivity of the neuronal network as well as
high performance of the device.

It should be mentioned that in order to evaluate our device performance, we repeated the
experiments on in multiple cultures and recordings by applying the cleaning procedure after each
time usage. This cleaning process was performed using ethanol and ultrapure water, and in some
cases treating with O, plasma which is described in Appendix 2.
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Figure 5.14 Electrophysiological recording of NS-NC-MEAs at 18DIV. a: Simultaneous
recordings from 62 channels on Nanostraw nanocavity MEAs. Each spikes is represented as
multiplication of signal standard deviation of corresponding channel. b: Raster plot of 35 active
channels representing busting activities.

As seen in Figure 5.14.a, most of the recorded signals on different channels are dominated by
monophasic positive peaks. In order to evaluate the signal to noise ratio (SNR), signal lever was
detected from the peak to peak signal amplitude, and the noise level is determined by taking the
root mean square (rms). Calculated average signal to noise ratio (avg. SNR) in all 35 active
channels is 16.5, which indicates the high SNR for the recorded signals.
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For more investigations, multiple recordings were performed with the individual device or multiple
devices. A total number of 72 NS-NC-MEAs with 693 active channels were recorded over 12
neuronal preparations, and their signal amplitudes were taken into consideration. Figure 5.15,
represents the scatter plot of all recorded signals. Each dot signifies one recorded signal on the X-
axes which implies the signal amplitudes. As seen, detected signals are vary between 40 uV to 9
mV. Based on our research studies, low signal amplitude (40- 100 pV) are comparable to the
signals recorded from planar MEAs, due to the loose coupling [128] (Figure 5.15 in green). Signals
between 100 uV to 350 puV are matched with the signal reported for nanocavity MEA devices
(Figure 5.15 in blue [134]). Furthermore, Signal amplitudes above 350 uV up to 9 mV, are 20 %
of all the recorded signals (Figure 5.15 in red). It is observed that the signals with high amplitudes
(>350 uV) are mostly dominated by positive spikes.

Individual measurement
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Figure 5.15 Scatter plot of recording 72 NS-NC-MEAs with 693 active channels. Each dots
represents one recorded channels with corresponding signal amplitude in X-axes. Green dots, are
signals between 40 uV to 100 V. Blue regions show the signals between 100 uV to 350 uV and
resembles signal recorded from nanocavity MEA devices. Red dots are the high amplitude signals
which between 350 uV up to 9 mV. Black box (dots) are the recorded signals with the amplitude
above 800 pV.

In Figure 5.16, the average spike amplitude of few recorded signals from multiple channels/
devices are plotted. As presented, although the majority of the spike shapes are dominated by
positive monophasic spikes, negative and biphasic spikes are also detected in some rare cases.
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Figure 5.16 Average signal amplitude. Each signal is the average of the signal recorded from the
channel and representing different shape of the action potentials for the signals above 800 uV. As
seen high amplitude signals are dominated by positive monophasic shapes, but in few cases
negative and monophasic is also visualized.

One of the advantages of our device is capability of recording high amplitude signals without an
external force, like electroporation and optoporations. For the next experiment, in order to
investigate the invasiveness and long-term recording capability, recordings of the device in
successive DIVs were performed (Figure 5.17). For this purpose, two different channels were
taken into consideration at 14 DIV and 21 DIV. In the first case, Figure 5.17.a, the recorded signals
in both days, show a consistent waveform, with the voltage amplitude of 896 puV and noise of 26.4
pV at 14DIV, and the voltage amplitude of 1285 uV and. noise of 52.3 uV at 21 DIV.

However, in the second case, Figure 5.17.b, we observed dramatic increase in the amplitude, with
signal amplitude of 430 uV and noise of 26.88 uV at 14 DIV, to 2.6 mV signal amplitude and
noise of 100 uV at 21 DIV. Moreover, these signals were recorded with additional small spikes
(50-200uV).
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Figure 5.17 Recording of the neuronal activity in successive DIVs at 14 DIV and 21 DIV. a:
signal recorded from the channel in 2 different DIVs and no explicit changes in the waveform were
observed. b: Signal recorded from a channel in 2 different DIVs and dramatic increase in the
amplitude with changes in waveforms were observed, an at 21 DIV, smalls signal amplitudes were
also observed.

Remarkably, we noticed that when the signal amplitude was above 800 puV in our other recordings
(Figure 5.15 in black box), additional small signals were also appeared. For that, all 38 channels
with signal amplitudes above 800 uV were taken into account. Amongst those, 7 channel signals
have typical negative peak shape, similar to signals from planar MEAs, monophasic positive peaks
were appeared in 9 channels. Interestingly, 22 channels (58% out of 38 channels), exhibited
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positive high amplitude signals, followed by small spikes, which could resemble sub-threshold
neuronal signals. Few examples of these recorded signals are represented in Figure 5.18.
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Figure 5.18 Examples of signals recorded above 800 nV, containing small signal amplitudes.
Zoom in of the high amplitude signals, and zoom in of the small amplitude signals are presented.

For further electrophysiological investigation of the NS-NC-MEAs, different experiments with 2
types of devices were performed.

In the first experiment, the absence of nanocavity on the NS-MEA was taken into consideration.
This experiment was done, in order to evaluate the device while holding the high impedance.
Therefore, after the fabrication of NS-MEAs, introduction of nanocavity and applying Cr etchant
solution was excluded from the device preparation.

Electrical recording of the device at 14 DIV was performed similar to the previous measurements.
Nevertheless, expectedly, no high signal amplitudes were observed in this experiment which could
be due to higher impedance of the device and higher the noise level correspondingly.

In the second experiment, the inner part of the NS was filled, in order to determine the straw effect
on the device performance. This experiment could help us understanding, whether the large signals
recorded or/and the additional small spikes were due to the tight engulfment from outer side of the
NS, or/ and through the NS devices.
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In order to create such system while maintaining the fabrication process and materials, after the
fabrication of NS, the resist (nLOF2020), was not removed from the sample and the experiment
was performed with filled-NS-nanocavity MEAs, similar to the previous measurements (at 14
DIV). A total 10 samples were utilized for the measurement, among those 58 channels showed
activities. Through these active channels only 2 recorded signals were above 800 uV (with the
highest 1735 uV), and no additional small signal was observed.

Although, statistical analysis was not carried out, however, this results could be an indication of
the significance necessity of the combination of nanostraw and nanocavity MEAs, for the
improvement of the device impedance, tighter engulfment and in total higher SNR. Furthermore,
this could be another indication regarding our hypothesis that be the sub-threshold neuronal signals
were recorded through nanostraws.
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Simultaneous patch clamp and NS-NC MEA recording

To confirm and evaluate the recorded signals with an individual cell resolution from NS-NC-
MEAs, patch clamp experiment was performed simultaneously with MEA recordings by Bogdana
Cepkenovic.

After recording the neuronal activity with NS-NC-MEA, the recorded channels were observed
through upward light microscope and neuron situated on or near the electrode area was chosen for
the patch clamp experiment (in current clamp mode) and simultaneous recording of spontaneous
of evoked APs with both MEA were measured.

In case of a spontaneous recording, a negative current was applied to keep the recorded potential
at -60 mV and signals from both MEA and patch were recorded (Figure 5.19).
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Figure 5.19 Simultaneous patch clamp (black traces) and MEA recording (in purple traces)
of spontaneous activity with holding potential of -60 mV. a: (i) Spontaneous recording of
neuronal activity, (ii) zoomed in of (i)*. (iii) The overlay of patch clamp (black), its first time
derivative (red) and MEA spike (purple). b: NS-NC MEAs are capable of recording intracellularly
with PSP resolution. . (i) Simultaneous patch clamp (black) and MEA (blue) recording with firing
activities. (ii) Zoom of yellow region in (i), APs and two PSPs recorded by patch and
corresponding MEA spikes. (iii) Zoom in of the first PSP (yellow rectangle) in (ii)).
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Moreover, +300 pA pulse was induced and the action potential was recorded. Figure 5.20,
represents the induced APs simultaneously recorded with patch and MEA. Due to the high
capacitance of the MEA, or high-pass filter (72 Hz), the MEA recordings did not show the baseline
potential shift towards positive depolarizing values during the stimulation. That MEAs are
recording changes in membrane potentials in also confirmed by negative spikes corresponding to
the end of stimulation.

Figure 5.20 Induced APs by applying 300 pA. a: An induced AP recordings by patch
clamp (black) and MEA (purple) for 1.75 s. Action potentials were induced by pulses
shown in red. b: Comparison of NS-NC MEA recorded spike (red), action potential
(blue) and its first time derivative (green). With the average waveforms for a 24.5 s
recording.

As seen in Figure 5.19, in both conditions, the signal recorded by NS-NC-MEAs matches the
recorded AP by patch clamp, and this indicates the single resolution capability of our device
(Figure 5.19.a). Note that, monophasic positive signal shape recorded by MEA resembles the
intracellular patch clamp recording with a large transient depolarization followed by
hyperpolarization. It is interesting to note that the subthreshold pre-spike depolarization is also
recorded by our device and patch, simultaneously Figure 5.19.b). The waveform of MEA recorded
signals are between voltage trace recorded AP by patch and the first time derivative, and it could
be an indication of in-cell configuration (Figure 5.19.a (iii)).
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Figure 5.21 An overview of average MEA recording signals in multiple conditions, before
and after patch clamp experiment. Blue trace are the avg. signals recorded at 14 DIV. Orange
trace is the signals recorded at 15 DIV. yellow trace is the when medium was exchanged with an
extracellular patch solution at the same day. Purple is an AP when current with 300pA was applied.
Green is the signal on holding. Light blue is when is hold on -60 mV. Red is when the cell was

dead and no signal was recorded.

The AP recorded by patch with 58.31 £ 22.59 mV of an amplitude and duration of 4.9 £ 1.94 ms,
and corresponding MEA recorded signal with 847.69 +637.55 uV and 2.57 £ 1.05 ms in amplitude

and duration (Table 5.4).

Signal amplitudes Duration
Patch-clamp 58.3+22.59 mV 4.9 + 1.94 ms
NS-NC-MEAs 847.69 £637.55 uV | 2.57 £ 1.05 ms

Table 5.4 Signal amplitude and duration recorded by patch clamp and NS-NC-MEAs
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As it is presented in Table 6, there is a linear correlation (Pearson’s test: R =0.98, p < 0.001 and
R=0.69, p <0.001, respectively) between the AP recorded by patch with 58.31 +22.59 mV of an
amplitude and duration of 4.9 + 1.94 ms, and MEA recorded signal with 847.69 + 637.55 uV and
2.57 £ 1.05 ms in amplitude and duration. All the stated amplitudes are based on peak to peak
signals, and the durations are at 50% of an AP height. This shows that the intracellular recordings
performed by patch clamp, compared to the in-cell recording by MEA device is longer in duration,
which is in accordance with the previous studies [34] [52] [30].

In our previous MEA recordings large signals with additional small spikes were detected as
presented in Figure 5.17 and Figure 5.18, and was also observed by other groups [34] [52] [30]
which attributed as subthreshold potentials. In our simultaneous recordings, post synaptic potential
signals recorded by patch was simultaneously detected by our MEA signals as well which is the
confirmation of PSP resolution capability of our NS-NC-MEAs. Our device might also be sensitive
for other biological events as well, but we could not detected since the hardware applied high-pass
filter was 72 Hz.

The calculated coupling coefficient, which is the peak to peak amplitude of MEA spikes versus
an action potential record by patch is : a = APAwmea / APA paich [79], represents the seal
resistance and junctional membrane resistance relation (a = Rseal/(Rscart Riv)). This coupling
coefficient was estimated then ca. 1 % which is about 10x larger than reported values for planar
MEAs [36]. To estimate the seal resistance Rseal Wwe performed further electrophysiological
measurements and used standard point contact model [135] (see Figure 5.22).
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Estimation of Rgea values using point contact model

As mentioned for estimation and comparison of Rge,; in different cell-electrode couplings (Figure
5.22), point contact model was used. This approach has been adapted previously by Wrobel [95]
for characterization of coupling between a field effect transistor and HEK cells. In this work point
contact model was also used in order to estimate the Rge, for cell and nanostraw coupling, which
was done by Justus Bednar.
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Figure 5.22 Electrical point-contact-model for a cell. Tight seal formed between cell and a
nanostraw-MEA, together with a patch pipette, that is used for intracellular stimulation and
measurement.

By fitting the analytical expressions (5.1) and (5.2) respectively to Vyga, the time constant (5.3)
will be obtained as one of the optimized parameters O, V, and t. This is the time constant of
exponential decay of corresponding MEA transients upon the end of the pulse Voltage, in voltage
clamp mode.

Due to our interest in an estimated value of Rge,, it is necessary to assume a value for Cin. The
total capacitance of the cell membrane, sometimes referred to Cgow Which is defined
experimentally by patch clamp.
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Cs1ow 18 connected to Cin by equations (5.4) and (5.5) with a, the ratio of junctional cell membrane
area, Aj, to the total cell membrane area, A;.

Cotow = CL +CL (5.4)

CT])"l = a Csow (5.5

With the comparison of A; and the bottom of a half-sphere and A; with the total surface of that
half-sphere, the obtained a value was on the correct order of magnitude. Nevertheless, due to the
complexity of the neuron topography, the value of a = 1/3 was given as an upper boundary and
therefore Rge,; value, using calculation (5.6), as a lower boundary was calculated:

T (5.6)

Rseqr =
* Cstow

In this regard, the condition of extracellular measurements with an intact cell membrane were taken
into consideration (Tight seal). To define Rge, values, voltage-clamp measurement was
performed. An intracellular voltage, V;, is applied and gets clamped to a pre-defined value, while
the MEA signal was recorded, V; [95] (based on a point contact model: V; = Vjyg,.). When applying
a voltage to Viy, the voltage of the cleft between cell and nanostraw-MEA, V;, first follows the Vi,

but then decays (z) exponentially. It can be assumed that the decay time is due to the membrane

capacitance of the junction Cin and Rgeqr (1 = Cl, - Rgear). When the voltage clamp of the cell

ends, a second exponential response of Viyga was observed for a similar reason (current over
sealing resistance) (See equivalent circuit in Figure 5.23).
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Figure 5.23 Equivalent circuit used for modeling R, ;

For estimating the Rg,,), the exponential fits to Viyga were used with the assumption of Cin:1 /3Cm
and Cy, can be determined during the patch clamp experiment. In Figure 5.24, the model of Viyga
during stimulus onset and offset together with exponential fits are shown.
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Figure 5.24 Voltage Clamp responses of MEA-signals at rising and falling edge of a negative
patch clamp stimulus. (Sample 3). The results of exponential fits are indicated in red.
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R4 Obtained values for t were depicted and Rg,,; matches the expected range. Obtained values
for t were between 0.5 — 2.5 ms, resulting in Rg,q;, between 20 MQ and 400 MQ. Although this
values are above those planar MEA recordings [136], it must be noted that in order to precisely
evaluate the Rg.q; , the electrode opening size is required [135]. Taking into account the coupling
coefficient a ~ 1%, and the seal resistance R.q; ~ 20-400 MQ leads to the junctional membrane
resistance RIM ~ 2-40 GQ which is in accordance to literature values for in-cell recordings [34].
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Figure 5.25 Boxplot with values of Rg,,;. Sample 4 has the highest R,,,; and the lowest signal
amplitude among other samples.
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5.10 Conclusion

MEA devices have been used over decades for recording the neuronal action potentials. However,
signal recorded with these devices are limited in high noise and low signal amplitudes. Various
methods were developed for the improvement of the signal recordings by lowering the device
impedance leading to reducing the noise and enhancing the seal resistance which results in a signal
improvement.

In this chapter, we combine vertical nanostraws and nanocavity MEAs for further improvement in
signal to noise ratio of neuronal electrical action potentials. Two approaches are applied for this
improvement. Firstly, by introduction of nanocavity-MEAs, the contact resistant is improved while
maintaining the electrode aperture and therefore reduction in the impedance. Another methodology
is implementing high aspect ratio nanostraws on the electrode area, and therefore when interfacing
cell, thanks to cell membrane plasticity and high adhesion, the sealing resistance improves
dramatically and leads to tight engulfment and in 3% of the cases spontaneous in-cell penetration
occurs.

Nanostraws made of TiO, are fabricated similar to the previous chapter, on the Au/Pt surface.
However, in this experiment, the microelectrodes are passivated with ONONO layer and for the
introduction of nanocavity, Cr etchant solution is applied and the nanocavity area is controlled via
up-ward light microscope.

The electrical performance of the device then is evaluated by electrochemical impedance
measurement and the effect of nanocavity introduction on the impedance reduction is confirmed.
Moreover, the electrophysiological measurement confirm the spontaneous intracellular recording
(in-cell recordings) of neuronal cells (14-24 DIV) in 20% of cases with PSP resolution and prove
by simultaneous patch clamp and MEA recordings.
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Chapter 6. Summary and outlook

The focus of this thesis is investigation of the interface between the neuronal cells and electronic
devices. Conventional MEAs are most widely used for extracellular recording of action potentials.
When this planar electrodes interfacing cells, due to the gap between cell membrane and electrode
surface (cleft) which results in low coupling, only larger signals can be detected. Moreover,
because of small electrode aperture, the noise amplitudes are high. The combination of these two
issues result in low SNR of the recorded signals using planar MEAs. Numerous methods and
materials have been developed in order to overcome these limitations. Application of vertical
nanostructures were presented in literature for improving the coupling between the cell and
substrate. These 3D structures reduce the cleft and therefore increase the sealing resistance and
signal amplitude. In the later researches it is reported that the high aspect ratio causes tight
engulfment and therefore increases the signal amplitude. Introduction of nanocavity between the
electrode opening and passivation, on the other hand, increase the effective area without increasing
the electrode opening, and reduce the impedance of the electrode and as a result decreases the
noise amplitude.

In the body of this work, I have combined these two state-of-the-art approaches by designing high
aspect ratio nanostructures on nanocavity-MEAs and developed a new type of nanoelectrodes for
improving the SNR of the neuronal electrical activities. High aspect ratio nanostraws made of TiO»
served as nanostructures, and Cr layer between electrode and passivation served as sacrificial layer
and etched chemically for creation of nanocavity MEAs. The fabrication of nanostraws is
reproduced very well because of using electron beam lithography in combination with ALD
processes.

At first, before employing the nanostraws on the nanocavity-MEAs, we designed and fabricated
the nanostraws on a planar substrate (Au) for the ease of fabrication in each step. Moreover, since
the electrode openings were in a range of few pm (6pum and 10 pm), because of single cell
resolution, unlimited amount of nanostraws were not feasible to be implemented on the electrodes.
Therefore, different pitches between nanostraws were designed (1 pm, 2pm, 4um and 5 pm) on
Au substrate, fabrication materials and parameters were established. Then, the interface between
the nanostraws (with different pitches) and neuronal cells via microscopic techniques were
interrogated. Fluorescence microscopy was used to characterize the cell viability of the gold
substrates containing nanostraws. We then characterized the mechanical responses of cell when
interfacing nanostraws, by performing actin and membrane staining. Furthermore, for high
resolution (nanometers) investigation of the interface between cell and nanostraw, electron
microscopy and cross sectioning were carried out. These microscopic methods confirmed the tight
seal and even deformation of plasma membrane and nucleus, in all 4 different pitches. However,
in case of of 1 um pitch, cells failed to bend between the nanostraws, due to the spacing and thus
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cells were placed on top of the structures. Therefore, we selected 2 pm spacing between nanostraws
as the most sufficient pitch for the MEA electrode size.

In the later part of this work, nanostraws with 2 pm pitches were designed and implemented on
the nanocavity-MEA. Cortical rat neurons were cultured and the electrical recordings between 14
to 24 DIV were performed using in-house developed electrophysiology setup, so called BioMAS
setup. The nanostraw-nanocavity MEA represented the high performance of recording neuronal
networks with firing activities. Moreover, our device is able to record high SNR for multiple
cultures after proper cleaning. In contrast to state of the art literature no external forces like
optoporation or electroporation [44] are required to achieve high percentage of in-cell recordings.
Even more, the high sensitivity of our device allows the detection of sub-threshold signals like
PSPs.

Even though combination of nanostraw and nanocavity MEAs exhibit high potential for neuronal
recordings in network level, nevertheless, to improve the probability of intracellular recordings,
more optimization is required. One of the opportunity is integrating our device to HD-MEAs
(CMOS-MEAs) [137] [138] to increase the spatial resolution and capability of intracellular
recordings at sub-cellular level. This approach would support to comprehend of signal at network
level, plus single cell level and its components such as, soma, axon and dendrites. Further, this
methodology can be extended in combination with in vivo electrophysiological devices for
mapping the neuronal circuit with high temporal and high SNR resolution.
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Appendices

Appendix 1

Deposition and structuring the metal layer

Figure Al.1 demonstrates the fabrication flow of the nanocavity MEAs in detail. First of all,
lithography step was required in order to structure the metallization. For that, silicon wafer with a
1 pm thick insulating layer of silicon oxide was placed on a hot plate at 150 °C for 10 min for the
purpose of dehydration of the water. Before applying the metal layer, the photoresist was required
to structure the area. Double stack of resist was applied on the sample, which consist of, 4 ml of
an undercut resist (LOR3b, MicroChemicals GmbH, Ulm, Germany) at 3000 rpm (rotation per
minute) for 35 s with an acceleration of 500 rpm/s2 followed by a soft baked at 150 °C for 5 min,
and 3.5 ml of a negative resist (AZ nLOF 2020, MicroChemicals GmbH, Ulm, Germany) with the
same spin coating rate and soft baked at 110 °C for 1 min. Then the resists were exposed through
a chromium mask in the mask aligner (Siiss, MA-4 with 365 nm UV light source) for 1.4 s using
the hard contact mode. Afterwards, post exposure bake at 110 °C for Imin was done. The resists
then developed in MIF 326 (2.38% tetramethylammoniumhydroxid (TMAH) in H2O,
MicroChemicals GmbH, Ulm, Germany) dissolving the exposed and undesired area, resulting in
a structured feedlines. Metal then was deposited onto the sample via electron beam evaporation
(Univex 400, Leybold GmbH, Cologne, Germany). This metal stack consists of a 20nm titanium,
200nm platinum/ gold, and 80nm of chromium layer. Finally the remaining resist was removed
via lift-off process by immersing the wafer in to the acetone overnight and removing the negative
AZ nLOF 2020 resist. After that, to remove the undercut LOR3D resist, the wafer was immersed
into MIF326 for 5 min. To remove the chemical compounds, wafer was then rinsed and cleaned
with deionized water and dried in a dry centrifuge and N, gun.
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Figure Al.1 Schematic fabrication flow of microelectrode arrays. a: Si wafer. b: Thermal
Oxidation using oxygen results in a thin layer (1 um) of SiO2. c¢: Metal evaporation, through
electron beam evaporation, results in a stack of Ti/ Pt or Au/ Cr. d: Structuring the metal stack via
photolithography. e: Deposition of insulating layer (ONONO) via PECVD. f: Structuring and
opening the electrode area and contact pads through photolithography, followed by RIE process.
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Deposition and structuring of the ONONO layer

For the next step, deposition and structuring the passivation layer was employed. The process steps
were represented in Figure Al.1.

First, plasma enhanced chemical vapor deposition (PECVD) was applied (SENTECH instruments
GmbH, Berlin, Germany). A total 800 nm thicknesses of SiO, and SizN, was deposited, which
means, three stack of SiO, (each 200nm) and two stack of SizN, (each 100nm) were covered at
the entire wafer. In Table Al.l1, the recipe for the deposition of Si0, and
SizN, is demonstrated. SiO, is generated with the combination of 7.3 standard liter per minute
(slm) monosilane (SiH, ) and 10.5 slm of oxygen (0,) with pressure of 1 Pa. And for production
of SizNy, 7.8 slm of monosilane and 10slm of ammonia (NH3) are used while the pressure is
increasing to 8 Pa. The entire process was done at 280°C and the inductively coupled plasma radio
frequency (ICP-RF) was 500W.

SiO2 Si3Ny4
Layer 200 100
thickness[nm]

Process gases SiH4/02 SiH4/NH3
Gas flow [slm] 7.3/10.5 7.8/10
Process time [s] 500 500

ICP-RF [W] 500 500

Temperature [°C 280 280

Pressure [Pa] 1.0 8.0

Table Al.1. Detailed parameters of deposition of ONONO via PECVD system.

After the deposition of ONONO passivation layer, in order to open the recording area and the
contact pads, second lithography was required. The wafer was dehydrated at 150 °C for 10 min.
Then, a positive 3 ml of positive resist (AZ 5214 E, MicroChemicals GmbH, Ulm, Germany) was
spin coated at 4000 rpm for 35 S with the acceleration of 500 rpm/s, and was soft baked at 110 °C
for 1 min. Afterwards, the resist was exposed with mask aligner (Stiss MA-4) in the hard contact
mode. For placement of the opening of the ONONO layer exactly in the electrode are and the
contact pads, before the exposure, the alignment of the mask and the wafer was necessary. UV
light was exposed on the wafer for 5 sec through the mask with the 6 pm and 10 pm for electrode
opening and the area of contact pads. After the exposure, the development needed to be performed,
therefore the wafer was inserted into MIF326 for 1 min and washed with water to stop the
development and clean the wafer.
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Figure A1.2 Schematic of the wafer scale mask of MEAs. in the left, 4 inch wafer contains 9
chips of with linch size and each MEA (right) contains 62 electrodes and 2 reference electrodes
In this work, two different electrode diameters are use. 6 and 10 pm.

Reactive ion etching (RIE; Oxford Instruments, Abingdon, United Kingdom) was used for the
opening of the ONONO layer. In total 64 openings in the electrodes and 64 contact pads were
etched. Table 2 shows the parameters used for the physical etching process. Tetrafluoromethane
(CF4; 20 scecm), trifluoromethane (CHF,; 20sccm), and oxygen (0O,, 2 sccm) were the process
gases used for the etching. With etching rate of 21 nm/min, the complete etch time for the 800 nm
ONONO takes 38 min. The radio frequency (RF) power was 150 W and the bias voltage was 350
W. The pressure during the entire process was 0.002 mbar.
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RIE of ONONO
Layer thickness[nm] | 800

Process gases CF4/CHF3/02
Gas flow [sccm] 20/20/2
Process time [min] 38

Etch rate [nm/min] 22

RF power [W] 150
ICP power [W] 0

Bias voltage [V] 350
Pressure [mbar] 0.02

Table A1.2 Detail parameters for etching the ONONO layer, via RIE.

After all the etching process, the resist (positive resist AZ5214 E) remains on the wafer as a
protection layer for MEAs during the sawing process. The wafer was cut into nine MEAs with the
size of 1 x 1 inches each (DAD 3350 dicing saw, DISCO Corporation, Tokyo, Japan). Afterwards,
the resist was removed from the sample by immersing into acetone followed by isopropanol, 20
min each. In the end samples are cleaned with deionized water (DI-water) and dried carefully in a
stream of nitrogen. The fabrication process was completed.
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Appendix 2

Sterilization

Prior to culture, samples must be cleaned. For this purpose, sample cleaning and sterilization are
carried out, immersing into 70% ethanol for 30 sec, and rinsing twice with autoclaved Milli-Q
water.

Cortical Rat neurons

Cortices were removed from E18 wister rats (animal testing approval: Landesumweltamt fiir
Natur, Umwelt und Verbraucherschutz, Nordrhein-Westfalen, Recklinghausen, Germany, number
81-02.04.2018.A) and separated into individual cells by incubation at 37 °C with 0.05% trypsin
EDTA (Life Technologies GmbH, Darmstadt, Germany), 5% CO,, and 95% humidity for 10 min.
Then the tissue was gently removed. Tissue then was washed 5 times with Supplemented
Neurobasal medium (NB medium, Life Technologies GmbH, Darmstadt, Germany), 1% B-27
supplement (Life Technologies GmbH, Darmstadt, Germany), 0.5 mM L-glutamine (Life
Technologies GmbH, Darmstadt, Germany) and 50 pg/ml of gentamicin (Sigma-Aldrich,
Steinheim, Germany). After the last washing step, the supernatant was replaced with fresh
supplemented Neurobasal medium and the tissue was triturated until the tissue was completely
dissociated. Cells were counted with Neubauer improved cell counting chamber and 500000
cortical neurons in 3 ml supplemented Neurobasal medium were plated onto each sample. The
samples then were kept at 37 °C and 5% CO,. One to four hours after cell seeding, the medium
was replaced completely with medium. From the first day in vitro, every three to four days, half
of the medium was replaced with fresh warm medium.
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Neuronal Media supplements

Media Neuro Basal Media 10 mL
Serum B-27 100 pL
Glutamine Glutamine 25 ulL
Antibiotic Gentamycin 10 uL

Table A1.3 Substances to add to 10 mL supplement media for neuronal growth culture.

Sample cleaning

In order to reuse the sample after neuronal culture, the surface of the substrate can be cleaned from
the cellular layer. This procedure is done with Trypsin EDTA, right after culture, at 37 °C two
times for at least lhour each. Afterwards samples are immersed into 1%Tergazyme solution in
ultrapure-water, which is a concentrated ionic detergent with protease enzyme, for 10 min. finally,
rinsing samples carefully in running water.
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Appendix 3

Abbreviations

AC Alternating current

ADC Analog-to-digital converter
ALD Atomic layer deposition

AP Action potential

CMOS Complementary metal oxide semiconductor
CPD Critical point drying

CVD Chemical vapor deposition
DIV Days in vitro

EDX Energy-dispersive X-ray

EEG Electroencephalography

EIS Electrochemical impedance spectroscopy
EtOH Ethanol

FIB Focused ion-beam

GHK Goldman-Hodgkin-Katz
HBSS Hank’s balanced salt solution
IHP Inner Helmholtz plane

IrOx Iridium oxide

MEA Microelectrode array

OHP Outer Helmholtz plane

PBS Phosphate buffered saline
PDMS Polydimethylsiloxane
PECVD Plasma-enhanced chemical vapor deposition
PLL Poly-L-lysine hydrobromide
PVD Physical vapor deposition
PSP Post synaptic potential

RIE Reactive ion etching

SEM Scanning electron microscopy
SNR Signal-to-noise

TiO, Titanium oxide

vol% Volume percent

wt% Weight percent
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Figure 2.1 Schematic of a neuron: Soma contains cell nucleus. From soma, two types of processes
spread to the direction of neighboring cells. Dendrites are responsible for receiving the
information, and axon transfers information to downstream neurons via connections between
the axon terminal of one cell and the dendrites of another cell. Axons are often shielded with
myelin sheath in order to reduce the signal 10SS. .......cccceririririniiiiineeecee 14

Figure 2.2 Action potential of neuron recorded by patch clamp in current clamp mode. Membrane
potential increases from a resting potential to the threshold and voltage-gated-sodium channel
opens which results in an overshoot and reaching the saturation of membrane potential at the
peak (Depolarization). Then, the Sodium channel is deactivated, while voltage-gated
potassium channels open, results in a drop of an membrane potential (Repolarization). In this
phase, the membrane potential drop down the resting value (Hyperpolarization) and the
voltage-gated potassium is then deactivated. ..........cecvevieririiieieieereeee e 17

Figure 2.3 Hodgkin and Huxley equivalent circuit as an ideal electric circuit of the membrane [66].
Contains membrane capacitance, three sources of ionic flow and their corresponding
conductance (gNa, gK and gL). In case of Na+, the current flow from outside to inside of the
cell membrane. in K— and L (leakage) the current flow from inside the cell to the outside. The
potential is due to ionic concentrations differences from inside to the outside of the cell, where
MEMDIANE 1S & DAITIET. ....veviniiiitiieiirieteitet ettt ettt et b e bbb e enes 18

Figure 2.4 Action potential propagation by neurotransmitter release through synapse. Action
potential travels down the nerve towards the synapse and neurotransmitter molecules diffuse
through synaptic cleft and bind postsynaptic receptor and activate them. ............

Figure 2.5 The representation of the whole-cell patch clamp technique ........c..cccceceevenincnennnee.

Figure 2.6 Schematic of MEA design side view and top view. Yellow circle is the electrode
Y81 4101 (OSSPSR 22

Figure 2.7 Schematic of Nanocavity-MEA design side view and top view. Yellow circle is the
electrode aperture. Lighter yellow square represents the cavity under the electrode aperture

Figure 2.8 The electrical double layer representations. IHL and OHL are Inner and Outer
Helmbholtz layer, respectively. Green sphere marked the hydrated ions (cation), Red sphere
are shown the adsorbed ions (anion) and the blue spheres represent water molecules, and
arrows the direction of their dipoles [85]. ...ovviiiiieieieiereeeee e 24

Figure 2.9 Simplified point contact model. It is divided into, cell with two elements (junctional
and free- membrane), electrode and the cleft of the junction which is filled with electrolyte
(CEIL MEAIUIM)....eiiiiiiiiiecie ettt ettt et e et e e tbeetaesaaesteeeseesbeessaesasesseesseenseensas 28

Figure 3.1 Schematic representation of ALD system and its working principle. The process starts
with the entrance of the TDMAT (Tetrakis dimethylamido titanium) and its reaction with the
hydroxyl groups in the chamber untill the surface is saturated. This chemical reaction
produces CH(CH3)20H, which then is released from the chamber. In the purging step,
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