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Abstract

In Professor Sebastian Haesler’s lab at the Neuro-Electronics Research Flanders
center a new platform is being created, facilitating measurements directly from the
synapse, enabled by a multi-electrode array with vertical carbon nanotube electrodes.
These electrodes can be modified with synaptogenic proteins, inducing synapse
formation in neurons grown n vitro. To isolate the synapto-electrical signal from the
neuronal noise, the synapse and soma need to be measured independently. In this
thesis, two techniques for synapse-soma separation were investigated: separation with
the help of microfluidic channels, produced via standard soft-lithography techniques,
and separation using dry-etched silicon grooves.

Using standard photolithography techniques, a two-layer SU-8 master was produced
with a central channel region of approximately 2.29 pym high, and two well regions
with a height of approximately 120 pm. A wide variety of channel designs were
incorporated with channel widths varying between 3-30 um and lengths of 500 pm.
The designs were transferred to PDMS by molding, after which the stamps were
plasma treated and bonded to chips/glass. All different channel designs facilitated
fluid transport as long as fluid was loaded directly after bonding. All features of the
channel designs larger then 3 um were fully resolved. A COMSOL Multiphysics model
demonstrated practically isolated well regions enabling selective functionalization
of the electrodes. In wvitro cell cultures show guided axon growth, a separation of
500 pm is achieved in approximately 6-7 DIV. The same patterns were dry etched
into silicon with a depth of approximately 3 pm using an Oy/SFy plasma, with
all features above 3 pum fully resolved. Future in vitro cell cultures will show the
efficiency of the grooves in separating soma and synapse. PDMS microchannels were
concluded to be the most suitable for synapse-soma separation due to their isolating
properties, no damage done to the chip and ease of manufacturing.
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Chapter 1

Introduction

The work described in this Master’s thesis is framed within a larger research track
(the Synaptrode project) being pursued in Prof. Sebastian Haesler’s lab at the Neuro-
Electronics Research Flanders (NERF) center located in Leuven, Belgium. The long
term goal of the Synaptrode project is to facilitate and diversify the implementation
of in wvitro and in vivo extracellular electrophysiology research by creating interactive
electrodes specific to neural subtypes for measurement of synaptic signals. This is
achieved by locally immobilizing synapse-inducing proteins on the electrodes of an
electrode array.

1.1 Motivation

Since early on in human history, the nervous system has attracted the attention
of scientists like Herophilus and Erasistratus (360 B.C.) who studied the central
nervous system in the medical school of Alexandria [1]. Some 19*" century scientists
including Luigi Galvani, Raymond du Bois, and Julius Bernstein also became inspired
and investigated the role of bioelectricity [, 2, 3]. They found that bioelectricity
is essential for signal processing and transduction in our nervous system. Many
diseases and disorders have their origin in the failure of this system [, 5]. As new
technologies are being developed to date, more and more of its mysteries can be
elucidated.

Accessing the human brain in vivo can be invasive and thus harmful for the patient.
For this very reason animals can serve as translational models, but experimenting
with living organisms still requires careful reflection on a wide variety of ethical
principles. Consequently, in vitro methods were developed that reduce the need for
animal models. For example, the use of primary neurons, or stem-cell derived neurons
from human origin, can present a reliable translational in vitro model [6, 7]. Examples
of in vitro methods to measure the electrical signal of neurons include patch clamping
and the so-called multi- or microelectrode arrays (MEAs). When performing the
patch clamp a pipette tip is sealed on a small patch of the plasma membrane allowing
for single channel recordings [3]. With a MEA extracellular potential signals are

1



1. INTRODUCTION

measured by metallic or non-metallic electrodes [9]. However, both techniques lack
the capability of addressing specific neuronal subpopulations and are not able to
directly measure extracellular synaptic potentials. Since understanding synaptic
function is essential for a wide variety of neurological diseases like X-linked mental
retardation and schizophrenia [1], an optimised platform is required. The goal of the
Synaptrode project is to create such a platform [10].

1.2 Scope

The work presented in this thesis focuses on a key aspect of the Synaptrode platform:
physical separation of the neuronal cell body (soma) from the synapse-electrode
interface, thus allowing isolation of the synapto-electrical signal from the neuronal
noise. The platform consists of a custom-designed multielectrode array (MEA) with
vertically aligned carbon nanotube (CNT) electrodes on top. Apart from significantly
lowering the electrode impedance, the CNTs also serve as the anchoring points
for specific synapse-inducing proteins. The MEA consist of two regions: the first
region contains only CNT microelectrodes and serves as the actual cell culture
area. The second region consists of CNT electrodes functionalized with neuronal
subpopulation-specific synaptogenic proteins. This area is physically separated from
the first by using polydimethylsiloxane (PDMS) microchannel stamps (see Figure 1.1)
that only allow the passage of neuronal extension processes (i.e. axons and dendrites)
or silicon-etched grooves (see Figure 1.2). Guidance of these neuronal processes
is essential for synapse/soma separation, and it is the design, manufacturing and
evaluation of various PDMS microchannels/silicon grooves that will be the topic
of this thesis. The Synaptrode platform creates an opportunity of single-synapse
measurements specific to neural subtypes, which is an important step in further
understanding brain physiology.

Inlet/Outlet Inlet/Outlet

PDMS

Neuron
l, 2.3 ym 120 ym

Electrode Elzctrode

500 pm

FIGURE 1.1: Schematic overview of Synaptrode chip with microchannels for axon
guidance.



1.3. Structure

Neuron

Electrode

500 pm

FIGURE 1.2: Schematic overview of Synaptrode chip with microgrooves for axon
guidance.

1.3 Structure

Chapter two starts with a broad introduction on neurons and the Synaptrode project
and ends with the state-of-the-art on axon guidance in general, and more specific by
grooves and channels. Chapter three discusses the design and fabrication techniques of
the PDMS microchannel stamps and silicon etched grooves, followed by a description
of the techniques used for modeling diffusion inside the channels and protocols for
cell culturing. Next, in chapter four the results are presented, at the end of chapter
four a special Corona section is introduced with the experiments and expected results
that would have been possibly achieved when no Corona crisis would have been
present. The results are subsequently summarised in the concluding chapter five. All
details of tools/chemicals, protocols, and supplementary data are presented in the
appendices.






Chapter 2

Background and Fundamentals

The beginning of this chapter describes the biological principles of the fundamental
processing unit of the nervous system, the neuron. Next, a short introduction of
the Synaptrode project and the goal of the thesis is given, followed by the essential
concepts on axon growth and how this growth can be guided. Finally, a more technical
background on the manufacturing processes of micron-scale guiding structures is
discussed.

2.1 The neuron

Neurons, a type of cell in the nervous system, are capable of receiving, propagating
and transmitting electrical signals (the so-called action potentials) over distances of
more than a meter [11]. A typical neuron is comprised of a soma (diameter 10-50 ym
[11]), dendritic processes and an axon (Figure 2.1). The soma contains the nucleus
surrounded by the cytoplasm and is responsible for the synthesis of components
essential for the function and structure of the neuron. The dendrites (0.2-3.0 ym in
diameter [12, 11]) receive incoming signals and have an irregular outline with the
diameter decreasing along their branching. Axons have a uniform diameter (1-25
pm [11]) with a smooth appearance. Axons can propagate action potentials over
long distances, eventually releasing neurotransmitters at the axon terminal (synaptic
boutons) [13, 14, 11, 15].

An action potential (AP) is propagated through the axon via the following mech-
anism: an incoming signal depolarizes the cell membrane, opening voltage-gated
Na™ channels resulting in an influx of Na™ (due to a concentration gradient and
negative membrane potential). Na™ diffuses inside the neuron passively spreading
the local depolarization, and as a result neighboring voltage-gated Nat channels
are activated, transporting the AP further along the axon. +1 ms after opening,
a channel-inactivating segment from the Na™ channel moves into the pore region
preventing further influx of Na™ (refractory period) resulting in the unidirectional
transmission of an AP. Around the time the Na™ channels close, voltage-gated
K™ channels open, resulting in an increased efflux of K* that hyperpolarizes the

5



2. BACKGROUND AND FUNDAMENTALS

Synaptic bouton

Cell soma

FIGURE 2.1: Structure of a neuron.

plasma membrane. Once the voltage-gated K+ and Na™ channels close, the mem-
brane returns to its resting state with the help of the Na™/K* pump, ready for the
propagation of another action potential [16, 11, 17, 13].

2.1.1 The synapse

Neurons convey signals to other neurons with the help of synapses. Based on the
mechanism, three types of synapses can be distinguished: chemical, electrical and
mixed synapses. This work will solely focus on chemical synapses since these are the
ones the Synaptrode interface aims to investigate [13, 19].

The non-reducible basic unit of a synapse consists of: a presynaptic zone, a synaptic
cleft and a postsynaptic zone. In the presynaptic zone the machinery for storage
and release of neurotransmitters is present, storing the neurotransmitters in synaptic
vesicles. The synaptic cleft is the space between the plasma membranes of the
connected cells (~20 nm). The postsynaptic zone contains postsynaptic receptors
specific to the released neurotransmitter. No synapse can exist without these parts,
and in most cases even more factors play an important role, e.g. support given by
astrocytes and glial cells [13, 19].

As illustrated in Figure 2.2, upon the arrival of an AP at the axon terminal (1) the
presynaptic membrane is depolarized, opening up the voltage-sensitive Ca?* channels
(2). The Ca%* concentration increases in the synaptic bouton and subsequently
evokes exocytosis of a synaptic vesicle (3). Next, neurotransmitters are released in
the synaptic cleft and bind to receptors at the postsynaptic membrane (4). Finally,
the neurotransmitters are eliminated by degradation (5a) or recycled by endocytosis
(5b) [13, 19].
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FIGURE 2.2: Signal transmission through a chemical synapse.

2.2 The Synaptrode project

After this short introduction on neurons in general, we will take a closer look at the
Synaptrode project and goals of this thesis.

As indicated in the last section, synapses are an essential part of signal processing
in the nervous system, and any abnormalities of the synaptic function consequently
have an effect on brain function. For example, mutations in proteins that play a role
in synapse formation like neurexins and neuroligins are shown to be linked to autism,
x-linked mental retardation and schizophrenia [1]. Targeting of synapses is therefore
important in therapeutics for neurological disorders.

The formation of synapses is regulated in part by complex interactions between
pre- and postsynaptic molecules [10]. During the past few years many pre- and
postsynaptic proteins have been discovered, including ephrins, cadherins, neurex-
ins, neurolignins, SynCAMs and leucine-rich repeat transmembrane molecules [1].
Unpredictability in spatial and temporal formation complicates the study of their
role in synapse development; thus the desire to design a new platform for the study
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of synapses [1]. In their pursuit of creating such a platform, researchers immo-
bilized synaptogenic proteins on abiotic surfaces [20, 21, 22, 10] (see Figure 2.3).
Neurexin-1-beta dot-coated surfaces, for example, were shown to elicit dendriti-
cal organization and an enrichment of postsynaptical proteins on these dots was
demonstrated. SynCam1 induced presynaptical complexes [1].

Presynaptic
Bouton of a
Neuron
Synaptic

Induced Presynapse

Robust Synaptic Gap

Modified Surface with
Synapse-inducing Protein

FIGURE 2.3: Schematical figure of a surface modified with synapse inducing proteins.
Reprinted by permission from American Chemical Society [21].

By immobilizing synaptogenic proteins on vertically aligned carbon nanotube elec-
trodes a new platform is being developed enabling the investigation of synapses with
high spatial and temporal control. In this Synaptrode platform, neurons are grown
on electrodes in one well while the growing axons are guided towards another set
of electrodes functionalized with synaptogenic proteins. The separation of synapse
from soma allows for single-synapse measurements (Figure 2.4). This separation by
means of axon guidance will be the main goal of this thesis.
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FIGURE 2.4: On the left side the actual Synaptrode chip. On the right side a
schematical top view of the chip. Without axon guidance the neuron can either grow
straight or in any other random direction.
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2.3 Axon growth

Key in guiding axons in vitro is understanding the processes that come into play
in in vivo axon growth. The location of axon growth, the growth cone, is located
at the tip of the axon. The axon moves through mediation of the polymeriza-
tion/depolymerization of cytoskeleton elements: microtubules and actin filaments.
The growth cone can be subdivided in three domains (Figure 2.5) [23, 24]:

e The peripheral domain: The most distal part of the growth cone, rich
in actin. This domain contains many lamellipodia, encompassing a loose
meshwork of actin filaments. A large number of filopodia extend from the
lamellipodia. Filopodia consist of actin-bundles undergoing cycles of elongation
and retraction in response to environmental cues.

e Transition zone: The zone between the actine-rich peripheral domain and
the microtubule-rich central domain. In this zone myosine is concentrated,
enabling contraction of the actin network.

e Central domain: The primary site where microtubules are polymerized.

Actin polymerisation _~Filepodium

Myosin contraction

Peripheral domain

Transition zone

Actin arc
—Microtubules

Central domain

FIGURE 2.5: Growth cone structure of an elongating axon.
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During axonal elongation three phases can be distinguished [24, 23] (Figure 2.6):
e Protrusion phase: The extension of lamellipodia and filopodia from the tip
of the axon, mainly regulated by actin dynamics.

e Engorgement phase: Microtubules (MT) and organelles invade the growth
cone, mostly regulated by the dynamic instability of the MT and acto-myosin
interaction creating tension in the actin arcs.

e Consolidation phase: Interaction of microtubules and actin-associated pro-
teins bundle the microtubules.

a Encounter substrate € Engorgement

C domain
moves forward

New axon
shaft forms

Filopodia and
lamellipodia-like veils

— Microtubules [ C domain

extend forward — F-actin [] T zone
Substrate [] P domain

FIGURE 2.6: Stages of axon outgrowth. Reprinted by permission from Springer
Nature.

Although neurites show directional growth, the dynamics are characterized by the
random and constant remodeling of lamellipodia and filopodia, giving rise to a
dynamic and irregular growth cone shape. When no cues are available the growth
cone advances via a wandering type of motion through perpetual remodeling of
lamellipodia and filopodia. When an appropriate substrate is contacted the growth
cone retracts the other filopodia and flows along the contacting one. This type of
movement is called 'filopodial dilation’ [25].
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2.3. Axon growth

2.3.1 Axon fasciculation

A tremendous number of connections between brain areas need to be formed. The
formation of these projections is partly regulated by the fasciculation (growing
alongside each other) and the defasciculation (detaching from each other) of axons
(see Figure 2.7). Fasciculation processes help growing axons to reach their common
target along pioneering axons. Defasciculation takes place upon arrival, every axon
detaches itself from the bundle to reach its specific target. Having more than one
axon in a guiding structure caused by fasciculation is potentially problematic since
possibly more than one neuron will form synapses at the electrode, complicating
signal analysis [20, 27, 283].

FIGURE 2.7: Electron microscopy images of fasciculating axons. Reprinted by
permission from eLife [20].

One of the many regulatory mechanism of fasciculation is the expression of cell
adhesion molecules (CAM). N-CAM is involved in axon-axon adhesion [29]. By adding
or removing polysialic acid (PSA) to N-CAM the cell-cell adhesion is respectively
reduced or enhanced. The negative charge of PSA interacts with water and repulses
other negatively charged molecules. As a result the space between the two axons
will increase, preventing other adhesion molecules like L1 cadherines from getting
close enough to interact (Figure 2.8) [20, 27, 29].

11
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Fi1GURE 2.8: N-CAM without vs N-CAM with PSA. PSA prevents axon fasciculation.

It can be summarized that axons grow through a constant remodeling of their
cytoskeleton elements inside the growth cone, guided by the interactions of the
growth cone with the substrate. Axons do not necessarily travel alone, in most cases
they fasciculate enabling the formation of dense bundles in a network. In the next
section it will be elucidated how axons find their target.

2.4 Axon guidance

2.4.1 Chemical cues for axon guidance

There is a vast variety of molecules that regulate axon growth and guidance. Examples
include semaphorin, ephrin, netrin, slit molecules, neurotrophic factors, ECM proteins,
cell adhesion molecules (CAM), and neurotransmitters [23]. Here, we will focus
on the most common molecules for in vitro guidance and stimulation of growth.
In vitro there are two main strategies for chemically guiding the growth. Firstly,
adhesion molecules can be patterned on a surface. Axons growth is restricted to
the patterned part and as such guided [30, 31, 32], in some cases a concentration
gradient of adhesion molecules is applied [33]. Secondly, axon growth can be guided
by applying a gradient of a soluble molecule.

Laminin, an example of an adhesion molecule, is a high molecular weight glycoprotein
with 3 subunits: alpha, beta and gamma. Laminin can bind to other laminin molecules
or to proteins like collagen and as such reinforce the extracellular matrix. Binding
to the integrin receptors guides and stimulates axon growth, making it a widespread

12



2.4. Axon guidance

substrate for culturing neurons [34]. More than 15 laminin molecules are known, all
having a similar trimer structure [30]. Axon growth from a low to a high laminin
concentration in presence of a concentration gradient was demonstrated [33]. Laminin

has been patterned together with non-cell adhesive molecules (PEG) to guide axon
growth [30].

Another type of adhesion molecules is poly-l-lysine (PLL), poly-D-lysine (PDL)
and poly-l-ornithine (PLO), which provide positive charges to a negative charged
substrate enabling easier attachment of ECM proteins and cells to the substrate

[ Y ) Y Y Y ) ) Y Y ]'

Besides using adhesion molecules immobilised on a surface, axon growth can be
guided by soluble cofactors. The neurothrophins are the best known family and
contain e.g. nerve growth factor (NGF), brain-derived neurotrophic factor, and NT-3.
NGF, for example, encourages axonal growth in vitro and in vivo by activating
a tyrosine kinase receptor (TrkA) [30]. Another example is the application of a
concentration gradient of netrin-1 or brain-derived neurotrophic factor guiding axonal
growth [15]. Many more patterning techniques and guiding molecules exist but are
beyond the scope of this thesis.

The application of precisely controlled gradients requires the use of complex tech-
niques. Non-chemical guiding methods can provide an alternative and even some
additional benefits. Microchannels can electrically isolate the axons, amplifying the
electrical signal and microgrooves can be aligned with the electrodes of the chip with
the existing lithographic techniques [16, 38, 47, 48].

2.4.2 Physical cues, topological features for axon guidance

Besides chemical cues axon growth can be guided with the help of physical cues. In
this thesis 'physical cues’ is used as an umbrella term for cues linked to physical
phenomena and not to biochemical interactions. Example are electromagnetic
radiation, temperature, topology of the surface etc.

In vivo axons can be physically guided by other axons acting as guiding structures.
An example of this is the growth of axons along pioneering axons during the neuronal
development phase, which depends on the geometry of the guiding structures [19].
Likewise, neurons migrate along tracks of glial cells during the development of

the neocortex [50]. Additionally, peripheral nervous system guiding structures
(from Schwann cells) are formed after injury, forming longitudinal tracks guiding
axon growth [50]. These physical interactions between the axon growth cone and

environment are regulated by the opening and closing of mechanically activated
ion channels. Channels become asymmetrically activated, initiating signal cascades,
influencing growth [51].

13
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In wvitro it is seen that axon growth is influenced by the topological and mechanical
features of their environment just as in vivo [52, 19]. Growth characterized by
topological guidance of the neurons is termed contact guidance. Contact guidance
can be used as an engineering tool to guide growth of axons, which is further explored
in the next section.

Other known axon guidance cues are the use of AC signals inducing kinetic forces
including dielectrophoresis [53], IR light [54], temperature gradients [51], and mi-
crofluidic flow [55].

Grooves

Neuron

500 pm

F1GURE 2.9: Neuron guided by micron scaled grooves.

Grooves with depths varying from the nm to the pm range can guide axon growth
(Table 2.1) [56]. A few general trends can be discerned. The shallower the grooves,
the less confined the neuron and the less polarized the growth. In some cases (for
some nm sized grooves) orthogonal growth is observed [57]. The wider the groove,
the less parallel the growth of the neuron will be. For very wide grooves a chance
of turnback exists. Since nm scale grooves can be used for alignment it is not only
the confinement that is important but also the tendency of axons to follow ridged
structures [58, 59, 60, 57].

Groove depth and width influencing guiding characteristics are most likely linked
to an interplay between the filopodia’s adhesion to the substrate and the bending
resistance of the microtubules. The growth of neurites is driven by the extension of
filopodia adhering to the substrate. Depending on the groove depth the filopodia
(length up to £3 pm) are able to cross or not: when the depth is below 0.8 ym the
filopodia have no difficulties attaching to the base of the groove. However, when
the depth of the grooves increases the neurites are no longer able to touch the base,
or the bend angle becomes too large (bending rigidity of the neurite cytoskeleton
resists the bending mode), and as a result the neurites will grow more parallel to the
grooves [H0] (see Figure 2.10). Axon guidance by nm sized grooves can not be linked
to the direct effect on the cytoskeleton but is probably due to an indirect effect of the
grooves on signalling pathways inside the neuron (e.g. interactions of grooves with
cell surface receptors). The mechanism behind this type of axon guidance has not
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yet been fully elucidated and is still under investigation [61, 59, 58]. In this thesis,
grooves of 3 um are fabricated, guiding axons by the above proposed mechanism.

Shallow groove

Growing neurites Silicon substrate
Deep groove |

= Neurite to short

— Bend angle to large

Ficure 2.10: Upon growth in shallow grooves neurites can extend and attach to the

base of the groove. When using grooves with a larger depth neurites can no longer

attach to this base as a result of the neurite being too short or the bend angle too

large. Consequently, deeper grooves will favor parallel growth. The green pieces of
the circle indicate the most probable bend angles.

Grooves can be produced in various materials with different fabrication techniques.
E.g. the photolithographic patterning/etching of SiOg [62], SU-8 [63] or PMMA [64],
production with the help of protein crosslinking via multiphoton excitation[60], or
fabrication via PDMS molding [65]. In this thesis, we will explore grooves fabricated
by reactive ion etching (RIE) as in Figure 2.9. Grooves can be straight lines or can
be more complex like a zigzag structure. Zigzag structures result in larger neurite
directional growth awarded to the large contact area between the neurite extensions
and the sidewalls [62]. Dotted patterns have been fabricated but generally don’t
perform as well [66].
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2.

Author Depth (pm)  Width (um)  Coatings Cell type

Huang2018 [53] 0.016-0.224 0.198-0.904 PLL Rat dorsal root ganglion

Terryn2018 [67] 3 4 PLO + laminin PSC-cells

Leigh2017 [68] 1.5-8 25 PLO + laminin Rat spiral ganglion cells (P3-5)

Chua2014 [50] 0.35-4 2 PLO + laminin Primary murine neural progenitor cells (P5)

Li2015 [66] 1 5-15 PLL + laminin Rat hippocampal (E18)

Beduer2012 [65] 25 5-60 PLL + laminin Adult human progenitor cells

Barille2011 [59] 0.06 10 / PC12 cells

Fozdar2010 [69)] 0.3-2 0.4-0.5 PDL Rat hippocampal (E18)

Gomez2007 [70] 0.4 1-2 Polyallylamine + laminin + NGF  Rat hippocampal (E18)

Gomez2007a [71] 0.4-0.8 1-2 NGF Rat hippocampal (E18)

Francisco2007 [72] 15 20-50 Laminin Chicken dorsal root ganglion (E10)

Lee2007 [62] 4 5-20 Fibronectin Mouse N2a neuroblastoma

Zhang2006 [63] 5 20-40 PLL Rat hippocampal (E18)

Mahoney2005 [64] 11 20-60 Collagen PC12 cells

Kaehr2004 [60] 0.250 150 PLL Neuroblastoma-glioma (NG-108-15), Rat cortical (E18-19)

Rajnicek1997 [57] 0.014-1.1 1-4 PLL Rat Hippocampal (E16-E19), Xenopus
TABLE 2.1: Overview of axon guidance by grooves with a variety of dimensions.
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Microchannels
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FIGURE 2.11: Neuron guided by a microchannel.

Microchannels prevent axons from crossing from one guiding structure to another,
which happens frequently with grooves (see Figure 2.11). By fabricating channels
longer then 450 um no dendrites are able to reach the other side considering their
limited growth length [38]. The height of the channels are chosen so that the soma
cannot enter. The soma has a minimum thickness of around 10 pgm, hence channel
height should be restricted to 2-5 pm [73, 35, 36, 39, 44]. Table 3.1 shows an overview
of different channel dimensions, coatings, cell types and duration of growth.

Asymmetric channels

In many cases guidance of the axon in one direction and not in the opposite is
desired, which is difficult to control in straight channels since axons have the same
probability of entering the channels in both directions. Asymmetric channels, for
example funnel-shaped channels (axon diodes), prevent growth in the backward
directions. Axons have a higher probability of entering into a wide entrance than a
narrow one in the chamber wall. Once in the channel the growing speed will be the
same (Figure 2.12) [79, 11].

In general, axons follow the edges of topological patterns but when the edge direction
changes too abruptly, the bending stiffness of the cytoskeleton will be too large for
the axon to follow. The angle under which the outgrowths are no longer able to be
redirected is called the critical turning angle. This edge escape phenomenon can be
used in the design of asymmetric channels [30].

One example is the loop back design (Figure 2.13) [76]. In this design the axons
growing in the wrong direction are guided by a loop structure back to where they
came from. When the axon travels in the right direction the bend angles for following
the loop structure are too large and therefore result in the axon following a straight
path.
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2.

Author Width (um)  Length (um)  Height (um)  Coatings Cell type Days
VandeWijdeven2019 [ 10 500 5 / Rat cortical DIV
Habibey2017 | 25-40 1000 5 PDL + laminin Wwﬁ hippocampal (E17- /
Hong2017 [ 10 400 3 PDL + polydopamine Rat hippocampal (E18) 9IDIV
DeMarse2016 | 10 400 3 PDL Rat cortical (E18) 3DIV
Renault2016 [ 10 / 5 / tdTomato mouse 8DIV
Habibey2015a [ 30 800 5 PDL + laminine Rat cortical and hip- 5y
pocampal
Habibey2015b | 40 / 5 PDL + laminine Rat cortical (E18) 7DIV
LeFeber2015 | 20-10 800 5 / Rat cortical (P1) 10DIV
Lewandowska2015 | 2,8,12 450 / PEI + laminine Rat cortical (E18) 7DIV
Malishev2015 [ 60-161 200-1000 7 PEI M,_\_uw%m hippocampal 11,
Pan2015 | 10 400 3 PDL Rat cortical (E18) 6DIV
Renault2015 [ 15-2 500 3 PLL Rat hippocampal (E19) 13DIV
Pan2014 | 10 / 3 PDL Rat cortical (E18) 7TDIV
Shimba2014a | 30 750 5 Laminine Mouse cortical (E16) 4DIV
Shimba2014 | 30 700 5 PEI M/mwﬁwm cerebrocortical - hyy
Takayama2012 [ / / 4 PEI Rat cortical (E18) 5DIV
Mouse cortices and stri-
Peyrin2011 | 1.25-20 500 3 PDL ata (E14) and transgenic ~ 8DIV
GFP expressing mice
Wieringa2010 [ 2.5-20 1000 5 PEI Rat cortical (P1-3) /
Dworak2009 [ 10 750 3 PDL Rat cortical (E18) 5-6DIV
Morales2008 [ 25 1000 3.7 PDL M,%Mwm hippocampal =,y
Claverol-Tinture2007 [ 20 240 5 PLL Helix aspersa /
Claverol-Tinture2007 [ 60-160 70-200 7 PEI RM%@ hippocampal ¢ gpypy
Rat hippocampal (E18),
Taylor2005 [ 10 450 3 PLL Mouse hippocampal  14DIV
(E17)

TABLE 2.2: Overview of microchannel device characteristics used in the literature. Days indicate the days in vitro that the axons

need to reach the other side of the channel.
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FIGURE 2.12: Funnel-shaped axon diode for unidirectional axon growth. Reprinted
by permission from Royal Society of Chemistry [11].
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FIGURE 2.13: Asymmetric loop back structure for unidirectional axon growth.
Reprinted by permission from Royal Society of Chemistry [76].
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Other designs use asymmetric patterns to trap the axon in one direction but enable
the passage in the other direction. Examples include the barbed patterns (Figure 2.14)
[13], arrowhead patterns (Figure 2.15) [14] and all different kinds of variations.
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Emitting Receiving
chamber chamber

FIGURE 2.14: Barbed channels trapping neurites in one direction but letting them
pass in the other. Reprinted by permission from Frontiers in Neuroscience [43].
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FIGURE 2.15: Asymmetric arrowhead structures, trapping neurons in one direction
but letting them pass in the other. Reprinted by permission from Nature Scientific
Reports [14].

Fasciculation, the entangled growth of the axons, is not always desired. In the
Synaptrode project, for example, the ultimate goal is to measure single synapse
activity and for this a single axon per channel is most ideal. To reduce the degree of
fasciculation, bifurcated patterns can be used (Figure 2.16). The smaller the channels
in the bifurcated patterns, the better the channels are able to introduce neurite
separation and the probability of neurite turning becomes smaller. The explanation
for the ability of the channels to separate neurites concerns the random exploratory
augmentation of the neurites’ growth cones. The growth cones will deviate at times
from the neurite bundle. When this deviation happens at a bifurcation the neurite
will be split from the axon bundle [32].

An additional advantage of using microchannels is the increase of the amplitude
of an extracellularly recorded signal. By enclosure of the axon in a microchannel
the volume of the extracellular fluid is reduced. Consequently, the resistance of
the extracellular fluid increases, resulting in high signal strength [16, 36, 17]. The
electrodes need to be positioned underneath the channel in order to make use of
the effect. In the current MEA design this is not the case, but future designs could
incorporate an extra array of electrodes.
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FIGURE 2.16: Bifurcating structures to split fasiculating neurites. Reprinted by
permission from IOP Publishing [32].

2.5 Fabrication of grooves

This section starts with a short introduction on the general reactive ion etching (RIE)
process. Next the chemical and physical reactions are discussed more in depth.

A photoresist coating can protect certain areas against the physical and chemical
effects of the reactive ion etching while the non-coated parts will be exposed and
be etched. Consequently, patterns can be created on different materials. In a
typical process flow (see Figure 2.17) photoresist is first spin coated on a surface
(1) and patterned with the help of a mask and UV light. After development, the
patterns appear (3).The non-covered areas are dry etched with the help of plasma
(4). Eventually the photoresist is stripped and neurons are grown on top (6) [62, 87].
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FIGURE 2.17: Schematic overview of groove fabrication directly in the silicon
oxide/silicon layer of the chip.

2.5.1 RIE: reactive ion etching

RIE is a type of dry etching utilizing a plasma. A plasma is an ionized gas with
approximately the same number of ions as electrons. In RIE a combination of physical
(ion bombardment) and chemical effects (reactive ion species) are used to remove
material from the surface. The most important difference with classical wet etching
is the directional capabilities of the process (anisotropic etching). With typical wet
etching there is no control on directionality (isotropic) [$8, 89, 90, 87].

The RIE proccess: solid + gaseous etchant — volatile products.

The volatile etching products can easily be removed. For example etching of silicon
with SFg or Cls:

3Si(s) + 2SF(g) + 204 (g) — 3SiF,(g) + 2S04(g)

or

Si(s) + 2Cl,(g) — SiCl,(g)

Typical chemicals used for etching silicon are: SiFy, SiCly, NF3, WF¢, AICl3, SiBry.

For silicon oxide etching: CHF3, CoFg, C3Fg are used [35].
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2.6. Fabrication of microchannels

2.6 Fabrication of microchannels

The fabrication process of the microchannels is treated more in depth in this section.
Starting with a short overview followed by a more in-depth discussion from mask
making to PDMS bonding.

The Campenot devices were the first type of microchannel devices to be made for
guiding axon growth [91, 92, 93]. The devices have a collagen surface containing
scratches with a teflon divider on top, resulting in three chambers. By applying
gradients of nerve growth factor (NGF) and seeding ganglion derived neurons in
the central well, the effect of NGF on axon extensions could be investigated. Great
technical skills were required to make the devices and they often exhibited leakage

[91, 92].

Over the years, several methods were developed for the fabrication of microfluidic
channels. Hot embossing, injection molding, 3D printing, stereolithography, micro-
contact printing and many more [91]. The method that will be studied more in
depth is replica molding: the molding of an elastomer by applying and letting it cure
on a premade master mold. The essence of the process is visualized in Figure 2.18.
This is part of a set of techniques called soft lithography techniques [95, 96]. Soft
lithography uses a soft material to replicate the structure of a master. The soft
character of the negative material facilitates easy separation from the hard master

[97].

The obtainable resolution with the micromolding technique lies between 0.03-500
pum [97, 98]. Patterns of single-walled carbon nanotubes with a diameter of 0.5-5 nm
were micromolded. At the nm length scales the molecular structure of the PDMS
becomes more important [98, 99, 97]. Consequently, in this application the technique
will be limited by the resolution of the SU-8 microstructures and not the molding
capabilities of the PDMS [100].

To obtain a microchannel device the following steps can be taken. A layer of SU-8 is
spin coated (1 and 3) and patterned by exposure through the mask (2 and 4). After
being developed the mold is finished (5). For the molding process, PDMS is poured
on the mold and cured by heating in an oven (6). Inlets and outlets are punched for
entrance and exit of fluid and cells (7). The PDMS structure can be bonded to a
silicon/glass substrate or other PDMS structures with the help of plasma bonding
techniques (8) [101] (see Figure 2.18). In the following sections the different steps
are reviewed in more detail.
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FIGURE 2.18: Overview of the microchannel fabrication process.
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2.6.1 Making SU-8 master

After the design and production of the photomask, the master is made. For the
fabrication of microfluidic devices SU-8 is the current standard. SU-8 has excellent
mechanical and chemical stability thus enabling the use as a mold material. Addition-
ally, SU-8 has good coating, planarization and processing properties [102, , ].

Bisphenol A Novolak epoxy oligomer is one of the main components of SU-8, the
structure of this molecule is depicted in Figure 2.19 [103, , |. The eight
epoxy functional groups combined with a photoacid generator enable a high degree of
crosslinking [107, 108, 106]. In the case of SU-8 triarylsulfonium hexafluoroantimonate
(up to 10 wt%) is used. Upon UV radiation, decomposition into hexafluoroantimonic
acid enables protonation of the epoxides functional groups. The protonated oxonium
ions and neutral epoxides crosslink upon addition of heat, creating a dense network
of cross-links. The high number of reactive sites form a strong network, giving
crosslinked SU-8 thermal and mechanical stability (glass transition T of 200 °C,
degradation T of 380 °C and a Young’s modulus E of 4-5 GPa). Bisphenol and
photoacid generator are solvated in gamma-butyrolacton, in a more recent formulation
cyclopentanone is employed to improve the coating and adhesion. Layers of 2-300
pm can be produced. To get thicker layers more coatings have to be applied and to
get thinner coatings SU-8 has to be diluted with solvent [103, ].

F1GURE 2.19: Chemical structure of the Bisphenol A Novolak epoxy oligomer.
Reprinted by permission from Springer Publishing [103].
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The photolitographic process: A substrate is chosen, in the case of this thesis a
Si-wafer. SU-8 is spin coated (1000-3000 rpm depending on the SU-8 viscosity and
desired thickness) on the silicon wafer. Excess solvent is removed by a soft bake
where the temperature is raised to speed up evaporation while avoiding crosslinkage
of the active components. A too high solvent content would generate a high film
stress during the post-exposure bake [103, , 106].

The coating is exposed through the mask with UV-light, generating acid and produc-
ing oxonium ions. A subsequent post-exposure bake further stimulates crosslinking,
increasing overall strength and decreasing solvation in developer (propylene gly-
col methyl ether acetate). Developer immersion solvates non-exposed photoresist,
resulting in an SU-8 patterned surface [103, 106].

Wells for the depositions of cells are produced by using two-layer lithography (see
Figure 2.18). In a first thin layer of SU-8 (~3 pm) the channels are patterned. In a
second patterning step a thicker SU-8 layer is spin coated (~120 pum) to define the
wells for cell culture. By puncturing inlets and outlets through the wells (in the PDMS)
instead of the channels the risk of damaging the channels is reduced. Additionally the
wells create a chamber protecting the cells from the outside environmental changes.
The extra height is needed for the cells to be able to enter since cells have a diameter
larger than 3 pm [38, 39, 40, 79, 41, 85, 42, 43, A1].

2.6.2 Casting PDMS

The material by choice to make the replica mold is PDMS. PDMS is fluid at room
temperature facilitating easy application on the master. The optical transparency
in the range of 240-1100 nm of the electromagnetic spectrum permits use of optical
detection methods. The low autofluorescence of PDMS adds a small background
signal (compared to other polymers) when using fluorescence techniques. PDMS
is gas-permeable enabling the growth of cells by keeping the O2 and COs in the
required range for good cell viability. The negative charge of the oxidized PDMS
when in contact with neutral and basic solution supports filling of the channels with
liquids with a high surface energy (like water) [110, 111, 112, 106]. Some other useful
properties of PDMS are its inertness, biocompatibility, ease of fabrication, low price,
low shrinkage during curing (1%) and good elastic properties [113, , , 97].

PDMS is typically made from a 3 different components: a base, curing agent and a
catalyst. In most cases the base is dimethylvinyl-terminated dimethylsiloxane. The
curing agent is dimethylhydrogen siloxane. The catalyst, mostly sold together with
the curing agent is a metal-centered catalyst capable of promoting crosslinking. A
platinum complex hydrosilyses the methylhydrogen siloxane units in the curing agent
and the terminal vinyl groups in the base. The polymerization reaction can be seen
in Figure 2.20 [97, 111, 106].
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2.6. Fabrication of microchannels

HyMil,

FIGURE 2.20: PDMS polymerization reaction: dimethylvinyl-terminated dimethyl-
siloxane reacting with dimethylhydrogen siloxane catalyzed by a platinum complex.
Reprinted by permission from Elsevier [97].

To have sufficient polymerization, the base and the curing agent are mixed thoroughly
together. In some cases air bubbles are formed, but can be removed by exposure
to a low pressure environment. After degassing, the PDMS can be poured on the
substrate and left for a few days to cure or the process can be accelerated with the
help of an oven at 60-70°C [97].

Swelling of PDMS can occur when working with certain organic solvents causing
feature deformation (e.g. pentane, hexane, ...). Softness of the PDMS can deform
some high aspect ratio features [97, 115]. By changing the ratio of base and curing
agent stiffer PDMS can be produced.
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2. BACKGROUND AND FUNDAMENTALS

2.6.3 Plasma bonding

The PDMS stamp can be bonded to a glass or silicon surface by an oxygen plasma
treatment, generating a reactive surface layer of SIOH. Once two reactive surfaces are
pressed together Si-O-Si bonds are formed by condensation. Additionally, reactive
SiOH groups increase wettability properties of the substrate, which is particularly
useful for microfluidic applications (Figure 2.21). Care has to be taken not to expose
the surface too long to the reactive plasma, which would result in the removal of all
carbon components, generating brittle SiOy [97, , .
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/ e Y 0; ot \ oH
. K 9"
L —CHs : N § __5i—OH
P ? » o : ; I
R ! CH; Sreea e L CH
PDMS PDMS 0, Plasma PDMS

F1GURE 2.21: Oxygen plasma reacting with a PDMS stamp.

2.7 Summary

Axons grow in vivo by following physical and chemical guidance cues. These phenom-
ena can be used to guide axons in vitro. Two methods will be explored in this thesis:
physical axon guidance by microchannels and by microgrooves. Microchannels can
be fabricated with the help of micromolding techniques. Grooves can be directly
etched by reactive ion etching. This thesis fits in the bigger Synaptrode project
facilitating separation of soma and synapse, enabling single synapse measurements.
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Chapter 3

Materials and Methods

First an overview is presented of the different mask and channel designs. Next all
protocols concerning master fabrication and PDMS molding are documented, followed
by a description of the models made in COMSOL Multiphysics. Subsequently the
protocol for groove etching is set forth. Finally, this chapter concludes with the
protocols regarding cell culturing.

3.1 Mask design

Two different photomasks were designed for the two-layer SU-8 photolithographic
process: the first photomask contains various channel designs and the second mask
is used for the thicker well regions. Every design on mask one contains a number for
determining the respective channel type during testing and a set of four alignment
marks for later on chip positioning. Mask alignment marks are present on both
photomasks, enabling the alignment of the first with the second SU-8 layer (see
Figure 3.1).

Mask designs were created in KLayout 0.25.9 (IC layout editor). One mask (for a 4"
wafer) can contain up to 35 designs for microchannel/groove fabrication. For this
project, 25 different channel designs were drawn. The remaining 10 combine different
channel designs and interspace distances (Table 3.1).
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3. MATERIALS AND METHODS

Mask alignment marks

2 %E% %% %ﬁ% %é Mask 1
Vi3
e
20| [16{[15 sg -
19| [181 [17] [14] 13 | Mask2 |
12| M |10/ |9 [8]| 7|3
— [1][2][6]8|[5] O |
21| [22] [23] [24] [25] [26] [ 4 o400
33|(32] [31] [30] [29 II
34 [35] [27 - s

FIGURE 3.1: Schematic representation of photomask 1 and 2 with the position of
the different designs indicated.
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3.1. Mask design

TABLE 3.1: An overview of the different channel designs. The
numbers between brackets indicate the position of the design on

the mask.

‘ Interspace
Design type (Locatli)on)
Straight designs

500 pm 10 pm (1),
- 20 pm  (31),
pchannell 40 pm (33)’
100 pm (35)
500 pm
5 um SS 10 pm (2)
pchannel2
500 pm
10 pum (3),
10 um SS 20 pm (32),
uchannel3 40 pm (34)
500 pm
20 pm S% 20 pm (4)
pchanneld
500 pm
30 pm S% 30 pm (5)
pchannel5
Barbed design
500 pm
20 pm \ \ g \ X[lo H 20 pm (6)
pchannel6 / /
80 pm 6,2 um
Funnel designs
50“6 Hm
20 pm % 3 um 37 pam (7)
pchannel7
50“6 Hm
10 pm % 3pm 17 pm (8)
pchannel8

Split designs
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32

500 pm
250 um 10 pm
< I3 um 10 pm (9)
uchannel9 3 um 13.5 pum
500 um
250 pm <—————[10 um
< I3 um 10 pm (10)
uchannel10 3 um T ]3.5 um
Ium 1.25pum
500 pm
5 pmir § sum 10 pm (11)
15 um
500 pm
715 pm
5 pm § ( [10um 10 pm (12)
pchannell2 —
500 pm
12,8 Hm
4 pm £ —
3 pmp S = = 10 pm (13)
uchannel13 250 pm
500 pm
6 ET? um
Hm_ :
3 pmi] € 2 . 10 pm (14)
pchannel14 250 pm K )
500 pm
‘ 12 pm
10 pm“},lchannells \ T2 pm 10 pam (15)
500 pm
1 pm
=1 um
10 pm[ Lichannel16 % 10 pm (16)
Zigzag designs
500 pm
20 AN AINI SIS0 vm 16 jam (17)
uchannel17 20 pm 40 pm
500 pm
HIENAANAAARARAARARAARm 16 o5y
16 pm (29)

uchannell8 6 um



3.1. Mask design

500 pm
9 pm (19),
pchannell9 6 pm 18 Mm (30)
Funnel split designs
500 pm
20 pm i/_—/%:; pm 10 pm (20)
10 pm
15 pm
500 pm
¢ L5 pm
20 pm @ < I110 um 10 pm (21)
500 pm
; 12,8 pm
o LS , - 10 pm (22)
X ; '
500 pm
3 12 um
20 pm g oum : .' 10 pm (23)
uchannel23 ‘ ]
. 500 pm -
| T2 pum
o i@“ 10 pm (24)
500 pm

=] pm

20 pm

Straight designs: The first five channels have a straight design with a channel width
varying between 3 and 30 pm. It is hypothesized that the larger the channel width, the
higher the probability will be that an axon gets captured, but the higher the risk will be
of capturing axons from different neurons [11, 40]. The channels of 3 pum were designed
with 10 gm, 20 pm, 40 pm and 100 pgm interspacing and the channels of 10 pym with an
interspacing of 10 um, 20 pm and 40 pum, permitting to study the effect of interspace width
on PDMS stamp performance. A trade-off has to be made, the smaller the interspace width
the less contact area between the stamp and the substrate the less the adherence but the
more channels can be fit on the stamp.

Barbed design: This channel is designed such that axon growth is not obstructed in the

forward direction but upon growing in the backward direction axons get trapped behind the
barbs [43].

33



3. MATERIALS AND METHODS

Funnel designs: These designs have a wider entrance than their channel width, increasing
the probability of capturing axons [41].

Split designs: All split designs have branching structures splitting into many channels.
This type of design could split fasciculating axons, resulting in one axon per channel, based
on the random exploratory growth hypothesis [32].

Zigzag designs: A zigzag structure enhances the surface area contact and could, as such,
enhance the growth of the axon [62].

Funnel split designs: Combining the funnel and split design, we aim to merge the
advantages of both, i.e. higher probability of capturing axons while splitting fasciculating
structures.

Mixed designs: Design 26 contains all different channels with a minimum of 10 pum
interspacing. Design 27 contains 20, 21, 11, 12 with a minimum of 10 pm interspacing.
Design 28 contains all the straight channel designs with a minimum of 10 pgm interspacing.
Design 29 contains 18 with 16 ym interspacing. Design 30 contains channel 19 with 18 pm
interspacing.

3.2 Master fabrication

3.2.1 Alignment marks

For alignment of the two SU-8 layers, gold alignment marks were patterned on the surface
via a metal liftoff process (see Figure 3.2 and Figure 3.3).

FI1GURE 3.2: Picture of gold alignment marks.

100m Ti
1 1X845G 3 |
Silicon
UV-light
JULHEL L e
, IR Mask - -

T~ Exposed IX845G —

F1GurE 3.3: Overview of gold lift-off process for patterning of alignment marks.
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3.2. Master fabrication

e Dehydration bake wafer for 5 min at 190 °C

e Spin coat a layer of IX845G positive resist at 4000 rpm (30s, acceleration 1333 rpm/s)
e Bake for 1 min at 120 °C

e Expose wafer to 134.4 m.J/cm? (Karl Suss MA6, hard contact)
e Develop for 1 min in OPD5262

e Rinse with HoO and dry with Ny

e Postbake for 30s at 120 °C

e Sputtercoat 10 nm Ti and 40 nm Au on the wafer

o Lift-off the Ti/Au in hot microstrip for 5 hours at 80 °C

o Transfer wafer to ultrasonic bath for 5 min

e Clean with IPA and dry with Ny

e Inspect for defects

3.2.2 Layer 1: SU-8 2002 (2.3 pm)

In a second step the first layer of the master, with the design of the different channels,
is fabricated (Figure 3.4). A Ti-prime layer ensures a good adhesion of the SU-8 on the
substrate.

Well Channels Well

FIGURE 3.4: Picture (A) and 3D illustration (B) of SU-8 2002 layer.

e Dehydrate the wafer by baking for 5 min at 190 °C
e Spin coat Ti-prime at 2000 rpm (30s, acceleration 667 rpm/s)
e Bake the wafer for 5 min at 190 °C

e Apply SU-8 to the wafer by spin coating, 5s at 500 rpm (acceleration 100 rpms/s) and
30s at 1000 rpm (acceleration 300 rpm/s)

e Wait 15 min for wafer relaxation
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Prebake 2 min at 65 °C and 2 min at 95 °C (Gradual T transition by holding wafer
10s above hotplate)

Expose wafer to 89.6 m.J/cm? (Karl Suss MA6, hard contact)

Post-illumination bake wafer on hotplate for 2 min at 65 °C and 2.5 min at 95 °C
(Gradual T transition by holding wafer 10s above hotplate)

Develop illuminated wafer for 1 min in SU-8 developer

Take wafer out beaker and rinse with SU-8 developer, dry with Ny

Hard bake wafer on hotplate 10 min at 130 °C

Place wafer in hot IPA and dry with No

Inspect for defects and measure thickness with stylus profilometer (Dektak XT)

3.2.3 Layer 2: SU-8 2050 (120 ym)

In a third step the second layer of SU-8 (SU-8 2050) is spin coated. SU-8 2050 results in
thicker structures essential for the fabrication of the wells for cells to grow in (see Figure 3.5).
A Ti-prime interlayer is used to enhance adhesion between both SU-8 layers.

Well Channels Well

FIGURE 3.5: Picture (A) and 3D illustration (B) of SU-8 2050 layer on top of SU-8
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2002 pattern.

Dehydrate the wafer by baking for 5 min at 190 °C
Spin coat Ti-prime at 2000 rpm (30s, acceleration 667 rpm/s)
Bake the wafer for 5 min at 190 °C.

Apply SU-8 to the wafer by spin coating, 5s at 500 rpm (acceleration 100 rpms/s) and
30s at 1500 rpm (acceleration 300 rpm/s)

Wait 60 min for wafer relaxation

Heat wafer on a the hotplate from room temperature till 95 °C over 20 min. Keep the
wafer for 20 min at 190 °C and then eventually let the wafer gradually cool down for
30 min



3.3. PDMS molding

Expose wafer to 8x184.8 m.J/cm? with 14s between every cycle (Karl Suss MAG, soft
contact)

Post-illumination bake wafer on hotplate by gradually increasing the temperature to
95 °C in 20 min followed by 10 min at 95 °C and a gradual decrease in temperature
over 30 min

Develop illuminated wafer for 20 min in SU-8 developer
Take wafer out beaker, rinse with SU-8 developer and IPA, dry with Ny

Hard bake wafer on hotplate by gradually increasing the temperature to 130 °C over
20 min, bake for 5 min at 130 °C and gradually let the wafer cool again to room
temperature

Place wafer in hot IPA and dry with No

Inspect for defects and measure thickness with stylus profilometer (Dektak XT)

PDMS molding

The manufactured master can be used for the production of microchannels by pouring PDMS
on top and subsequently curing the PDMS into an elastic stamp. These PDMS stamps can
be removed from the reusable master mold, and bonded to a silicon or glass substrate after
oxygen plasma treatment (Figure 3.6).

Inlet/outlet Inlet/outlet

L |

Well Channels Well

FIGURE 3.6: Picture (A) and 3D illustration (B) of a PDMS stamp bonded to glass

substrate.

A Preparing PDMS (Sylgard 184)

e Weigh 50 mg (for 4" wafer) of PDMS
e Add curing agent (10% off the mass of PDMS), mix the solutions well

e De-gas the solution by applying negative pressure, wait around 20 min until no
more bubbles are visible and a clear PDMS solution appears

e Place the wafer inside an open container such as a petridish or aluminium crucible

e Pour the degassed PDMS carefully on the mold
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B Curing PDMS
e Cure the PDMS in an oven at 50 °C for 2 h
C PDMS bonding
e Remove container and peel PDMS off the SU-8 mold

e Puncture inlet and outlet holes (3 mm biopsy puncher, Miltex)

e Use the plasma cleaner to activate the surface of stamp and glass slide/chip. 2
min at high level (RF power: 30 W, Pressure: 0.380 Torr), transforming the
Si-CHj3 of the PDMS to Si-OH. When in contact with the same functional groups,
strong and permanent Si-O-Si links are formed

e Bring glass/chip in contact and squeeze gently to ensure contact without closing
the channels

Fluid flow is visualised with colored fluid (water-based food coloring, for more details
see Appendix A) and fluoresceine (0.1 mg/ml) with the help of an inverted fluorescence
microscope (Olympus IX71).

To investigate the effect of interspace and channel width on PDMS stamp performance the
different straight channel designs with different interspace widths (Designs: 1, 2, 3, 4, 5, 31,
32, 33, 34 and 35) were monitored with fluoresceine (0.1 mg/ml) and an inverted fluorescence
microscope (Olympus IX71). PDMS stamps were filled 0 min, 90 min and 180 min after
PDMS bonding in triplicate. For every test the percentage of channels filled with fluid
was calculated. Kruskal-Wallis tests were performed to determine whether differences were
present between the various channel types for the three different time intervals. Wilcoxon
rang-sum tests were executed to look at difference between the three different time intervals.
Non-parametric tests were chosen since the data was not normally distributed (evaluated
with a Shapiro-Wilk test).

To examine the effect of the number of inlets/outlets in the PDMS on the performance of the
stamp, nine PDMS stamps with one 3 mm inlet/outlet at each side, nine PDMS stamps with
one 8 mm inlet/outlet at each side (by punching several times with 3 mm biopsy puncher),
and nine PDMS stamps with two 3 mm inlets/outlets at each side were fabricated and tested
by inserting fluoresceine (0.1 mg/ml) directly after bonding and imaging with an inverted
fluorescence microscope (Olympus IX71).

Apart from glass slides, PDMS stamps were also bonded on Synaptrode chips that were
treated with or without oxygen plasma.

3.4 Modeling

Two phenomena were modeled: first, the ability of microchannels to fluidically isolate the
two well regions [11], which could be useful for selectively functionalizing one of the two
arrays of electrodes. The second modeled phenomenon is the characteristics of antibody
diffusion, useful to determine the effectiveness of immunostaining techniques to visualize
biological structures.
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3.4.1 Fluidic isolation

All modeling was performed in COMSOL Multiphysics 5.3.0. Due to the symmetry of
the problem it was sufficient to model only one channel with corresponding well regions
(see Figure 3.7). The concentration at the inlet well (i.e. the location where possible
functionalization takes place) was specified to be constant at 1 mM (as applied in the
Synaptrode project). The initial concentrations of the channel and the second well region
(i.e. the region which did not needed to be functionalized) were assumed to be 0 mM. Two
types of molecules were modeled: antibodies and PEG-biotine, which respectively have the
largest and smallest diffusion constant of the molecules used in the functionalization process
(see Table 3.2). Diffusion was modeled using Fick’s laws (see equations (3.1) and (3.2)).
The diffusion constant was obtained with the help of equation (3.3), equation (3.4) and the
constants in Table 3.2. J being the massflux in mol/m?s, C the concentration of antibody
or PEG-biotine dependant on the model in mol/m? and t the time in s. The fluid level is
assumed to be equal in both wells, as such no fluid flow is present.

7i=Fixed concentration

i Side view Front view
£ =N flux
| Well
100 pm i
Channel i
2.3 pmI]
i } i §  H=H
500 um 2000 pm 535
g pm

FIGURE 3.7: Model overview, one channel (3 ym width and 10 pm interspace) and
its corresponding outlet well region were modeled. At the inlet the concentration
was assumed to be constant.

oC
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Antibody PEG-Biotine
Mw (Da): Molecular weight 1.50 -10° [120] 5.89-10% [121]
r(nm): Hydrodynamic radius 4.30377 0.67885
D(m?/s): Diffusion constant 5.1736 - 10~ 3.2378-10710
k(J/K): Boltzman constant 1.38065 - 10~ [122]
T(K): Temperature 294.15
n(Pa- s): Dynamic viscosity (water) 9.76 - 10~% [122]

TABLE 3.2: Constants and variables for modeling diffusion of antibodies and PEG-
biotine through microchannels.

A mesh dependency study was executed to find the optimal balance between calculation
time and accuracy. For this study, the mean concentration of antibodies in both channel and
well area was calculated after 3600s for different mesh densities. Secondly, the diffusion of
both PEG-biotine and antibodies was investigated for channels with a width of 3 ym, 5 ym
and 10 pm, all with 10 gm interspace and length of 500 ym. Finally, the diffusion of the two
types of molecules in channels with lengths of 100 pm, 200 pgm, 300 pm, 400 pm and 500
pm and width of 3 ym with 10 pum interspace was determined.

In practise, the well areas will be larger due to the punching of inlets/outlets. A new
model with a well height of 2000 pum instead of 100 um was instantiated for both antibodies
and PEG-biotine. Additionally, the effect of a pressure difference over the channel region
working against the concentration gradient was modeled. With the help of equation (3.5) the
hydrostatic pressure difference was calculated based on a water level difference of 1000 pm
(fluid level of 1000 pm in one well and 2000 pym in the opposite well). This pressure difference,
together with the hydraulic resistance (calculated with equation (3.6) for Poiseuille flow in
rectangular channels and the constants in Table 3.3) were used as an input for equation (3.7).
The flow velocity U was incorporated into the model as an extra convection term inside the
channel, this term was assumed to be constant in time. The flow velocity of fluid inside the
well region was assumed to be zero.

AP =p-g- Ah[122] (3.5)
120 L 1

Rhydr = h . xR w[ ] (36)

1—-0.63—

w

AP

U= —— 3.7
Rromr 51291 (3.7)
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p(kg/m3): Density (water) 998.004 [122]
g(m/s?): Gravitational acceleration 9.81 [122]
Ah(m): Water level difference 1.00- 1073
Ap(Pa): Pressure difference 0.9799

n(Pa- s): Dynamic viscosity (water) 9.76 - 10~ [122]
L(m): Channel length 5.00 - 10~*
w(m): Channel width 3.00-107¢
h(m): Channel height 2.30-1076
A(m?): Cross-section 6.9 - 10712
Rpyar(Pa- s/m3): Hydraulic resistance 3.104 - 107
U(m/s): Flow velocity 4.571-107°

TAaBLE 3.3: Constants and variables for calculating fluid flow due to a pressure
difference inside a rectangular microchannel.

3.4.2 Immunohistochemical staining

Fluidic isolation could possibly be problematic for the immunostaining of axons inside the
channels. Therefore, this phenomenon was modeled to get an idea of the diffusion times
of antibodies (and thus staining times) through the channel. A new model with only one
channel was created (see Figure 3.8). At both sides a concentration of 1 mM was applied.
The same formulas and constants were used as in the previous model. Different lengths of
100 pm, 200 pm, 300 pum, 400 pum and 500 um were investigated.

i—Fixed concentration
Side view Front view
Channel ;
] W
i -
500 pm 3 um

FIGURE 3.8: Model overview, one channel was modeled. The concentration was
assumed to be constant in the well regions.
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3.5 Groove etching

The following protocol was used in combination with the first photomask to produce grooves
with a depth of £ 3 pum (see Figure 3.9).
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FIGURE 3.9: Picture (A) and 3D illustration (B) of grooves etched in silicon.

Spin coat IX845 at 4000 rpm for 30s (acceleration 1333 rpm/s)
Bake 60s at 120 °C

Expose wafer to 341.6 mJ/cm? (Karl Suss MAG6, hard contact)
Develop 1 min in OPD5262

Bake 10s at 120 °C

Rinse with H2O and dry with Na

Expose to O2/SFg plasma for 7 min (RF: 60 W, ICP: 100 W, Oy: 10 sccm, SFg: 40
sccm) with the Oxford plasmalab 100

Submerse in acetone until all resist is removed

Rinse with H20O and dry with Na

Clean in hot IPA for 30s and dry with Na

Inspect for defects and measure thickness with stylus profilometer (Dektak XT)



3.6. Cell growth

3.6 Cell growth

After plasma bonding the PDMS stamps were immediately loaded with H>O or 70% ethanol,
the inlets were then covered with scotch tape to prevent leakage during transportation.
Grooves can be directly transported to the cell lab after fabrication. Once arrived at the cell
lab the stamps/grooves were sterilized.

Stamps/grooves preparation and cell culture:

e Sterilise the channels by exposing the samples to UV radiation for 60 min

e Coat overnight with 0.1 mg/ml PLO and 0.01 mg/ml laminin in sterile borate buffer
1x

e Seed approximately 50 000 (in the channels) or 25 000 (on the grooves) E19 embryonic
mouse hippocampal cells with DMEM + horse serum

e Use Neurobasal + B27 as subsequent growth medium, replace half of the medium
every two days

e Incubate at 37 °C and 5% CO,

3.7 Summary
An overview was given of the collection of protocols used for master fabrication, PDMS

molding, channel modeling and groove etching. At last the steps that have to be taken for in
vitro cell culture were presented.
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Chapter 4

Results and Discussion

This chapter will sequentially discuss the results regarding master template and PDMS
microchannel device fabrication and characterization, diffusion modelling using the COMSOL
Multiphysics software and microgroove etching fabrication and characterization. Next a
Corona section describes the experiments that would have been carried out in the normal
course of the thesis. Finally this chapter finishes with three new stamp designs.

4.1 Master fabrication

4.1.1 Layer 1: SU-8 2002

An existing SU-8 protocol (Appendix B: SU-8 2002 (1.6 pm), used previously at imec) was
optimized to obtain a desired layer thickness of approximately 2-3 pm with the best possible
resolution (resolution limited by the 3 um resolution of the mask).

Thickness: Based on the MicroChem datasheet [124] spin speeds of 3000, 1000, 900 and
800 rpm were evaluated. Thicknesses of resulting structures were measured with a stylus
profilometer (Dektak XT). A spin coating speed of 1000 rpm resulted in the desired thickness
and uniformity of 2.29 pym £ 0.04 pm, which would result in microchannels high enough for
axons to enter. The uniformity of the layer was determined by measuring the thickness of 10
channels at five different locations (see Figure 4.1). With a standard deviation of 0.04 pm,
we show uniformity in layer thickness across the sample using our protocol (see Table 4.1).

Mean (pm)  SD (um)

N 2.309 0.002
E 2.309 0.002
S 2.22 0.02
w 2.308 0.003
Mid 2.297 0.007
Overall  2.29 0.04

TABLE 4.1: Thickness measurement at 5 different locations, measured with a stylus
profilometer (Dektak XT). At each location the thickness of 10 channels was measured.
The mean and standard deviations were calculated.
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FIGURE 4.1: Locations of thickness measurements on the master.

Exposure: The exposure dose was varied to determine optimal development conditions
for the SU-8 layer. Exposure doses of 89.6 m.J/cm?, 3x89.6 mJ/cm?, 2x196 m.J/cm? and
4x184.8 m.J/cm? were assessed. Insufficient exposure resulted in SU-8 delamination as a
result of only partial cross-linking of the SU-8 close to the substrate. Larger exposures
resulted in a deterioration of pattern resolution due to pattern broadening. An exposure
dose of 3x89.6 m.J/cm? resulted in the best achievable resolution without delamination of

patterns (see Figure 4.2).

Exposure: 89.6 mJ/cm? Exposure: 3x89.6 mJicm ?

Release
of channels

Exposure: 2x196 mJ/icm? Exposure: 4x148.8 mJicm?

Overexposure

Overexposure

FIGURE 4.2: Four different exposure doses were evaluated. 89.6 m.J/cm? as recom-
mended by MicroChem [124], 4x184.8 m.J/em? from an existing protocol at imec
(Appendix B: SU-8 2002 (1.6 pm)) and two values in between. Only the lowest two
exposure doses resulted in limited pattern broadening due to overexposure. When
exposing for 89.6 m.J/cm? some of the channels delaminated due to underexposure.
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TABLE 4.2: Obtained SU-8 2002 structures after patterning with
first mask containing the different channel designs. SEM images
were obtained after sputter coating a 0.8 nm Pt layer.

Design Brightfield and SEM

Straight designs

SS ‘ — 100 ym —
uchannell

— 100 ym —
pchannel2
‘ SS ‘ — 100 pm —

— 100 ym —
uchanneld

|

‘ SS ‘ — 100 ym —

Barbed design

S — 100 ym —
lichannel6

Funnel designs

|

:l L R
jchannel7

:| L
jichannelg

|

Split designs

S — 100 ym —
lichannel9

— 100 ym —
uchannel10
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4.1. Master fabrication
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Pattern resolution was evaluated using SEM imaging. In Figure 4.3 and Figure 4.4 it can
be observed that structures smaller than 3 pm were not fully resolved. In channel 6, for
example, some material was left in the barbs, the corners of the diamond structures were
rounded (channels 13, 14, 22 and 24) and spikes smaller than 3 ym were no longer present
(channels 10, 15, 16, 24 and 25). To get a higher resolution a quartz mask can be used
instead of the current soda-lime mask (with resolution of 3 pm).

In a later stage, during removal of the PDMS stamps from the master mold, delamination of
the SU-8 pattern from the substrate occurred. An additional processing step was introduced
to extend the lifetime of the master mold. A Ti-prime layer was deposited under the SU-8
2002 layer. The exposure dose had to be reoptimized as a result of the change in reflectivity
of the surface [125]. An exposure dose of 89.6 m.J/cm? resulted in similar results as earlier
reported for 3x89.6 m.J/cm? without Ti prime layer.
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4. RESULTS AND DISCUSSION

Exposure: 2x89.6 mJ/cm? Channel 6

FIGURE 4.3: Close-up SEM images of SU-8 2002 (red) structures (after sputter

coating a 0.8 nm layer Pt). Even with the optimised protocol (exposure dose of

3x89.6 m.J/cm?) not all structures are fully resolved. SU-8 is still visible in the barbs

of the barbed design and the corners of diamond structures in the splitting designs
are rounded.

FIGURE 4.4: SEM image of channel 13 (SU-8 colored in red). Image obtained after
sputter coating 3 nm of Pt. Structures are not fully resolved.
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4.1. Master fabrication

4.1.2 SU-8 2050

The protocol for the production of the thicker, second SU-8 layer for well formation was
optimized starting from the data stated in the MicroChem datasheet (Appendix B: SU-8
2050 start). Initially, the SU-8 layer remained stuck to the mask, indicating incomplete
baking and/or exposure. Therefore, three preventative measures were taken: 1) the softbake
time was increased from 20 min to 25 min; 2) the exposure dose was increased from 392
mdJ/em? to 8x184.8 mJ/cm?; 3) the mask aligner was used in soft-contact mode to decrease
contact (i.e. pressure) between the mask and the SU-8. The first two measures allow for
more solvent to evaporate and the UV-exposed SU-8 to fully cross-link.

Layer thickness was evaluated with the Dektak XT for two different spin speeds: 1000 rpm
and 1500 rpm (see Table 4.3). Higher spin speeds positively correlate with layer uniformity
but correlate negatively with layer thickness [126]. Eventually a spin speed of 1500 rpm was
chosen resulting in a layer thickness of 120 4+ 20 pm.

To confirm the results obtained with the Dektak XT, a SEM image of the profile was obtained
by cleaving samples at the site of the well structure (i.e. along the channel direction). The
samples were prepared for SEM visualization by sputter coating three nm of Pt on top. As
shown in Figure 4.5, a thickness of 100.17 pm was measured, a value similar to the thickness
measured with the Dektak XT. Additionally, the negative slope at the top of the structure
can be recognized as T-topping. This phenomenon occurs due to the strong absorption of
UV-light shorter than 350 nm by the SU-8 structures, resulting in the accumulation of acid at
the top which diffuses to the sides giving a T-profile [127]. Another cause of this phenomenon
could be the occurrence of small air gaps between the mask and the SU-8 during exposure
(possibly due to the soft contact). Light gets diffracted leading to a broadening of patterns
at the top [128]. T-topping is not problematic for this project as long as the thicker well
structures are transferred to the PDMS.

1500 rpm 1000 rpm

N (um) 105.792 164.405
E (pum) 124.285 173.772
S (um) 157.634 268.175
W (pm) 95.785 210.437

Mid (pm) 103.992 149.490
Mean (pm)  1.2-102 1.9 - 102
SD (um) 2.10 510

TABLE 4.3: Stylus profilmetry (Dektak XT) measurements of patterned SU-8 2050
spin coated at two different spin speeds.

T-topping

100.17 pm

FIGURE 4.5: SEM image of an SU-8 2050 well structure (red). Images were obtained
after sputter coating 3 nm of Pt.
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4. RESULTS AND DISCUSSION

4.1.3 SU-8 2050 on SU-8 2002

As SU-8 2002 and 2050 have a similar refractive index, alignment of both layers was
problematic. In order to facilitate this process we first patterned Au alignment marks under
the first layer (Figure 4.6).

Mask alignment marks
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Stamp designs

FIGURE 4.6: Gold alignment marks were patterned via a lift-off process on the

left and right side of the wafer. In (A) the location on the mask is illustrated. A

brightfield microscopy image of the smallest alignment marks patterned on the silicon
wafer is shown in (B).

During processing, it became apparent that SU-8 2050 tends to delaminate from the underlying
SU-8 2002, likely due to differences in the expansion coefficient between the two SU-8 layers,
which induces stresses throughout the heating and cooling steps of the fabrication protocol
(see Figure 4.7) [129, 106, 130]. Delamination is more apparent in the thicker SU-8 2050 layer
than the thinner SU-8 2002, since the thicker the layer the higher the stresses [129, 106, 131].
To overcome this problem the stresses have to be reduced and/or the adhesion has to be
enhanced. Three different strategies were applied.

Oxygen plasma treatment of the SU-8 2002 layer (1 min at 100W) made the surface more
reactive, leading to stronger adhesion between both SU-8 layers, but still some delamination
was observed [132].

Thermal ramping of all heating and cooling, this was done manually with a ramp of
approximately 5-10 °C/s. Thermal ramping reduces induced stresses [129, 106, 131], but

also here delamination was still observed.

Ti-prime adhesion layer on the SU-8 2002 in combination with thermal ramping. Using
this strategy, the delamination of SU-8 2050 from the substrate was resolved.
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4.2.  PDMS molding

FIGURE 4.7: Delamination of SU-8 2050 well structures from the underlying SU-8
2002 substrate.

4.2 PDMS molding

In a first step, PDMS was molded on top of a master with only the first (thin) SU-8 layer. No
fluid flow could be observed when water-based food coloring was added to one of the inlets
(see Figure 4.8). The lack of fluid flow can be explained by the collapse of the well region
between the inlet and the channels. This collapse is the result of the limited height (2.3 pum
in the case of a one-layer master) of the wells and elasticity of the PDMS. Additionally, some
small circles are present on Figure 4.8, which are pillars designed to prevent collapse, but
due to a too large interspacing they were not able to yield sufficient support to the PDMS.

Stamp

Collapse of well region

Food coloring

<

2 o0 o o o o

o @ 9 ® o o@n

FIGURE 4.8: PDMS stamp produced with a one-layer master. No fluid flow was

observed due to collapse of the well region. Inside the well region some circles are

present, these were pillars designed to prevent the collapse of this region, but due to
a too large interspacing they could not give enough support to the PDMS.

When applying PDMS to the two-layer (i.e. completed) master a PDMS stamp as in
Figure 4.9 was obtained. On the SEM images of the cross-section (see Figure 4.10) the
height of the well region was measured to be 98.88 pm and the region did not collapse, which
fits within expectations. Upon addition of colored fluid (i.e. the water-based food coloring)
to the left well region the fluid was transported to the right well region. To look at fluid
flow inside the channels, the fluorescent dye fluoresceine was added and the channels were
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4. RESULTS AND DISCUSSION

observed under a fluorescence microscope (Olympus IX71). In Table 4.4 an overview of all
channel designs filled with fluorescent dye are visualized.

FIGURE 4.9: Brightfield image of the PDMS stamp made with a two-layer master.
Fluid is pipetted inside the inlet which then flows via the channel region from the
left to the right well.

Inlet/Outlet Inlet/Outlet

]98.88 pm

1000 pm M 300 um

FIGURE 4.10: Stereoscopy (A) and SEM images (B, C and D) of the cross-section
of a PDMS stamp. PDMS is colored in blue. SEM images obtained after sputter
coating 3 nm of Pt.

54



4.2.  PDMS molding

It was found that all 25 different channel designs facilitated the passage of fluid. The barbs
of design 6 were transferred to the PDMS despite the fact that these were not being fully
resolved in the master. In Figure 4.11 some of the non-resolved features were imaged with
SEM. Brief overview of missing/unresolved structural features:

e Channel design 10: Two smaller side peaks of 1 ym width
e Channel design 13 and 22: Diamond structures
e Channel design 14 and 23: Diamond structures
e Channel design 15 and 24: Peaks of 2 pym thick
Channel design 16 and 25: Peaks of 1 pum thick

Channel 13

FIGURE 4.11: SEM images of smallest features on PDMS stamps. Features smaller
than 3 pm were not fully resolved. Images were obtained after sputter coating 3 nm
Pt.

TABLE 4.4: Fluorescence microscopy and SEM images. Fluores-

cence microscopy images were obtained after applying fluoresceine

to one of the wells. SEM images were obtained after sputter coating
3 nm of Pt.

Design Fluorescence microscopy and SEM images
Straight designs
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4. RESULTS AND DISCUSSION

4.2.1 Time between bonding and filling

A wide variety of straight channels were designed with a width of 3 ym, 5 pm, 10 um, 20
pm or 30 pm. The channels were designed with different interspace widths which can be
found in Table 3.1. It was hypothesized that the larger the interspace width, the larger the
adherence to the substrate, and thus the smaller the probability would be that a channel
fails (by forming, for example, a connection with a neighboring channel). A second factor
influencing stamp performance is the time between bonding and filling of the stamp: during
the oxygen plasma treatments, the PDMS becomes hydrophilic, enhancing capillary flow
[116, 133, 132]. Over time the PDMS returns to its hydrophobic state, thus reducing stamp
performance. To investigate the effect of interspace width and time between bonding and
filling, different straight channel designs: 1, 2, 3, 4, 5, 31, 32, 33, 34 and 35 were compared
with 0 min, 90 min and 180 min between bonding and filling with fluoresceine.

Of the stamps filled immediately after bonding, 97% (SD: 13%) of the channels contained
fluid (see Table 4.5). At 90 min and 180 min, channels were respectively 15% (SD: 26%)
and 13% (SD: 21%) of the time filled (see Figure 4.12). By applying Wilcoxon rang-sum
tests a significant difference between 0 min & 90 min and 0 min & 180 min was found with
p values of respectively 3.0 - 107!! and 6.6 - 107'2. No significant difference between the
data of 90 min & 180 min was observed (p value of 0.33). Kruskal-Wallis tests to determine
differences between the various channels were performed for the 0 min, 90 min and 180 min
data, p-values of respectively 0.22, 0.27 and 0.07 were obtained. These results indicate that
there is no significant influence of channel or interspace width on channel filling.

Fraction of
channels filled

1.0 A —,— L]
L]

L

0.8 4

0.6 4

> &>

0.4 4

0.2 1

0.0 1

T T T
0 min 90 min 180 min
Time between bonding and filling

FI1GURE 4.12: Influence of the time between the bonding of the PDMS stamp to the
glass substrate and the filling of the stamp on the fraction of channels filled.
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4.2. PDMS molding

0 min 90 min 180 min
Interspace Mean Mean Mean

Type  width (um) fraction filled SD fraction filled SD fraction filled SD
5 pm, 20 pm 2 10 1.00 0.00 0.09 0.11 0.02 0.02
and 30 pm channels 4 20 1.00 0.00 0.45 0.45 0.38 0.42
5 30 0.77 0.40 0.42 0.52 0.51 0.03
3 10 1.00 0.00 0.25 0.33 0.07 0.06
10 pm channels 32 20 1.00 0.00 0.04 0.04 0.09 0.14
34 40 1.00 0.00 0.02 0.02 0.01 0.02
1 10 1.00 0.00 0.06 0.06 0.02 0.02
3 jum channels 31 20 1.00 0.00 0.07 0.10 0.12 0.17
33 40 0.98 0.03 0.08 0.05 0.01 0.01
35 100 0.96 0.05 0.01 0.01 0.03 0.04
Overall 0.97 0.13 0.15 0.26 0.13 0.21

TABLE 4.5: Fluoresceine was added to the inlet of a set of PDMS stamps with
straight channels at 0 min, 90 min or 180 min. Every experiment was done in

triplicate, mean and standard deviation were calculated.

The decrease in stamp performance could possibly be explained by a return of the PDMS to

the hydrophobic state as described above. This can be due to diffusion of uncrosslinked, low

molecular-weight polymer chains to the thermodynamically unstable surface, the reorientation
of surface functional groups and the adsorption of organic contaminants present in the air
[133, 134, 135, 1306, 137, 138]. Since the channels need to be filled with fluid for cells to

grow, it is important to fill them as soon as possible after the oxygen plasma treatment.

Figure 4.13 and Figure 4.14 are examples of images obtained of stamps with and without

fluoresceine inside their channels.

r

+Flugresceine

500 pm

FIGURE 4.13: Fluoresceine was added to the inlet of a PDMS stamp directly after

bonding. Fluorescence signal (Olympus IX71) could be observed in the channel and

in the bottom well region.
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+Fluoresceine

FIGURE 4.14: Fluoresceine was added to the inlet of a PDMS stamp 3 hours after
bonding. Fluorescence signal (Olympus IX71) could not be observed in the channel
or in the bottom well region.

4.2.2 Four inlets/outlets vs two inlets/outlets

Upon comparing the four inlets/outlets configurations (each 3 mm) with the two inlets/outlets
configurations, it was observed that all nine stamps with two inlets/outlets contained an air
bubble inside the inlet well, while none of the four inlets/outlets configurations contained air
bubbles (see Figure 4.15). The air bubbles got trapped since they could not escape through
the channels. Air bubbles should be avoided as they will impede cell growth. Future designs
should therefore incorportate enough space to punch sufficient inlets/outlets for the escape of
air. Here, an alternative method for avoiding air bubbles was used, i.e. by creating a larger
inlet/outlet of 8 mm by punching several times with a 3 mm biopsy puncher. Using this
method, no air bubbles were encountered in the wells.

FIGURE 4.15: Air bubbles were observed in PDMS chips with only one inlet per
well.
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4.2. PDMS molding

4.2.3 Bonding on chip

Oxygen plasma treated PDMS chips, were bonded to Synaptrode chips treated with and
without oxygen plasma. We found that the PDMS adhered well to these chips, irrespective
of the oxygen plasma treatment (see Figure 4.16).

FIGURE 4.16: PDMS stamp bonded to Synaptrode chip.
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4. RESULTS AND DISCUSSION

4.3 Modeling

4.3.1 Mesh dependency study

In Figure 4.17 the influence of the mesh density on the results (average concentration in
channel and well area) is visualized. A swept mesh with 12 442 elements was selected. A
further increase in mesh density was found to produce a minimal change (less than 0.001-10~4
mM) in the mean concentration of antibodies at 1800s (see Figure 4.17). This mesh density
was used throughout the rest of this thesis.

Mean
concentration
(mM) x10°
2.315
9.310
9.305
9.300

9,295

9.290

0 5000 10000 15000 20000 25000
Number of mesh elements

FI1GURE 4.17: Mesh dependency study. The mean antibody concentration at 1800s
modeled for different mesh densities. A mesh with 12 442 elements provided a good
trade-off between accuracy and computational complexity.

4.3.2 Electrode functionalization

For the in vitro Synaptrode paradigm, electrodes are functionalized with synapse-inducing
proteins at a location physically remote to the cell culture. The two-well design of the PDMS
stamps accommodate for this prerequisite. Selective functionalization of the electrodes in
one of the wells requires comparatively much lower concentration of protein in the opposite
well. In-house functionalization protocols suggest incubation times of no longer than thirty
minutes. To estimate diffusion of reagents from one well to the other through the connecting
microchannels, biotin-PEG and average commercial antibodies were selected to model
diffusion profiles. As the diffusion coefficient of molecules depends largely on their size, the
selected molecules were chosen to represent the smallest and largest reagents involved in the
Synaptrode functionalization protocol.

In Figure 4.18 the diffusion of the two selected molecules is visualized for different channel
widths. Diffusion laws (equations (3.1) and (3.2)) predict that wider channels will lead to
higher average concentrations at 1800s. In all cases, the concentration of the molecules
in the opposite well at 1800s is at least three orders of magnitude smaller than the inlet
concentration (see Table 4.6). More experiments will need to be performed to show whether
these concentrations are low enough to avoid functionalization of the incorrect electrodes.
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concentration
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FIGURE 4.18: Diffusion of the smallest (PEG-biotine) and largest (antibody)
molecules to the other well region through different channel types during the func-
tionalization process.

Molecule Width (pm) Cn at 1800s (mM)
PEG-biotine 10 6.1-1073
PEG-Biotine 5 4.1-1073
PEG-Biotine 3 2.8-1073
Ab 10 5.9-107%
Ab 5 3.9-107*
Ab 3 2.7-107*

TABLE 4.6: Concentration in the opposite well region at 1800s for different molecules
and different channel widths.

In Figure 4.19 the diffusion of both modeled molecules in channels with different lengths
(100 to 500 pm) and a width of 3 pm is visualized. As can be expected from the Fickean
diffusion theory (equations (3.1) and (3.2)), the longer the channel the longer it will take for
the wells to reach their final concentration. In all cases, the concentration at 1800s remained
two orders of magnitude lower than the final concentration (see Table 4.7). Whether this is
low enough for avoiding functionalization of the incorrect electrodes should be demonstrated
in future experiments. On the current mask all channels have a length of 500 ym, thus in
order to test these shorter channels the design of a new photomask is required.
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Mean
concentration
(mM) %1072
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FIGURE 4.19: Effect of channel length on the diffusion process of the smallest (PEG-
biotine) and the largest (antibody) molecules during electrode functionalization.

Molecule Length (pm) Cn at 1800s (mM)
PEG-biotine 100 1.5-1072
PEG-Biotine 200 7.5-1073
PEG-Biotine 300 49-1073
PEG-biotine 400 3.6-1073
PEG-Biotine 500 2.8-1073
Ab 100 2.4-1073
Ab 200 1.1-1073
Ab 300 6.8-10~*
Ab 400 4.4.107*
Ab 500 2.7-107%

TABLE 4.7: Concentration in the opposite well region at 1800s for different molecules
and different channel lengths, for a 3 um wide channel.

In the subsequent model the effect of larger well regions (as a result of inlet/outlet punching)
and fluid flow due to a hydrostatic pressure difference was modeled. In the case of zero
pressure difference, the mean concentration in the well region (after half an hour) remains
four orders of magnitude lower than the final concentration. In a second case, a pressure
difference of 0.979 Pa resulted in a concentration seven orders of magnitude lower than the
final concentration (for antibodies even 22 orders of magnitude). As a result, the well are
virtually isolated.
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FIGURE 4.20: Effect of a larger well region (2000 pm high) due to inlet/outlet

punching and hydrostatic pressure difference (0.979 Pa) on the diffusion of antibodies

and PEG-biotine. U is the flow velocity in the channel due to a pressure difference
working against the diffusion.

In this and all previous models a whole range of assumptions were applied. Examples
are Poiseuille flow, no interactions between molecules and channel walls, constant pressure
difference, and no flow inside the well area. Validation will, however, be necessary. In future
experiments this could be performed by adding a fluorophore to one well and looking at the
evolution of fluorescence intensity in the opposite well. These results could then be compared
to a diffusion model made in COMSOL Multiphysics where the diffusion constant of the
fluorophore is used. Next, in a second experiment the functionalization could be performed.
The amount of functionalization of the electrodes in the opposite well could be quantified by
binding an antibody connected to a fluorophore and utilization of fluorescence microscopy.

4.3.3 Immuno staining

In Figure 4.21 it can be seen that all channels reach 95% of their final concentration after
approximately 1320s. As can be expected from the Fickean diffusion laws ((3.1) and (3.2)),
the longer the channel the longer it will take for the channel to reach its final concentration.
It can be concluded that upon use of 500 pm the immunostaining steps should take at least
1320 s. As this is the case in the current protocol, no influence of the channels in the staining
process is expected. For further channel designs even longer channels could be chosen.
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FIGURE 4.21: Diffusion of antibodies through different channel types during the
immunostaining process.
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FIGURE 4.22: Evolution of concentration profile during the immunostaining process
in a 500 pm channel.
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4.4. Groove etching

4.4 Groove etching

In Table 4.8 an overview of all the different grooves etched into silicon is given. All different
designs with features larger then 3 pm could be transferred. Smaller features are not fully
resolved (see Figure 4.23 and Figure 4.24).

e Channel design 10: Two smaller side peaks of 1 ym width

e Channel design 13 and 22: Diamond structures

Channel design 14 and 23: Diamond structures
Channel design 15 and 24: Peaks of 2 ym thick
Channel design 16 and 25: Peaks of 1 pum thick

The resolution is slightly better compared to that of the SU-8 patterns. The 1 pm peaks in
design 16 were, for example, partially resolved in the grooves but non-existent in the SU-8
patterns. The square structures of design 13 were less rounded in the etched patterns than
in the SU-8 structures. The better resolution of the etched patterns could be the result of
thinner resist films used in the etching procedure compared to the SU-8. Thinner resist
layers typically show less variations in thickness and straighter slopes [139].

Channel 16

FIGURE 4.23: Brightfield images of the smallest features of Si etched grooves.
Features smaller than 3 um were not fully resolved.
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Channel 13

FIGURE 4.24: SEM images of the smallest features of Si etched grooves. Features
smaller than 3 pym were not fully resolved.

TABLE 4.8: Brightfield and SEM images of different groove designs.

Design Brightfield and SEM
Straight designs
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In Table 4.9 the depths of the channels measured with a stylus profilometer (Dektak XT)
used in subsequent cell experiments are summarized. Each channel type was produced in
triplicate and 10 channels were measured per unit. With the applied protocol grooves with a
depth of 2.96 + 0.06 pm can be fabricated.
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4.5. Cell growth

Channel type Mean(um)  SD(pm)
2 A 2.90 0.05
B 2.95 0.04
C 2.97 0.08
Total(2) 2.94 0.07
5 A 2.980 0.003
B 2.96 0.01
C 2.95 0.02
Total(5) 2.96 0.02
11 A 3.0 0.1
B 2.99 0.04
C 2.92 0.06
Total(11) 2.98 0.08
Total(2,5 and 11)  2.96 0.06

TABLE 4.9: Profilometry measurements of etched grooves (types 2, 5 and 11). Every
type was produced in triplicate (A, B and C), on each the height of 10 different
channels was measured.

4.5 Cell growth

The first three cultures suffered from a lack of cell medium due to evaporation. After every
failure the following measures were subsequently taken to reduce this evaporation and the
effects of it: check the humidity regulation system in the incubator, surround the PDMS
stamp with DI water and replacement of medium every two days to avoid a too high ion
concentration and replenish the nutrients.

The three subsequent cell cultures suffered bacterial contamination. This could be the result
of insufficient sterilization prior to cell seeding, but since other non-related experiments
suffered in the same way, it was assumed to be more of a structural problem in the cell-lab,
the source has not yet been identified and the search had to be paused due to the Corona
crisis.

Upon softening of the measures taken to prevent the spread of the Corona virus, some of

the cell experiments were reinitiated. The impact of the Corona crisis and some of the final
results are described below.
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4. RESULTS AND DISCUSSION

4.6 Impact of the Corona crisis

Cell experiments had to be paused due to the Corona crisis. The following section is a
combination of hypothetical experiments that were initially planned and some final results
of experiments that in the end were performed.

4.6.1 Channels

Every time new hippocampal neurons are extracted from mice, stamps 2, 5 and 11 will be
seeded with 450 000 cells per well. Channels need a higher cell density compared to the
grooves to assure a sufficient amount of cells close to the channels. Additionally, a PDMS
insert will be bonded to a glass slide which will be seeded as a control (see Figure 4.25).
Experiments will be performed until three successful samples are obtained for every channel
type. Stamps 2, 5 and 11 were chosen since they are all fully resolved. Secondly, by comparing
stamp 2 with 5 the effect of entrance width on neurite capture can be investigated. Lastly,
with stamp 11 the ability of a channel splitting structures for splitting fasciculating axons
can be compared with normal straight channels. Later on, other channel types could be
examined, for example 17, 18 or 19, to examine the effect of zigzag structures, or stamp 6 to
examine the effect of barbs inside the channels.

8.h 0

8.4 mm

5 mm

FIGURE 4.25: PDMS insert from [110] can be bonded to a glass slide and seeded
with cells as a control.

Throughout the experiment cells can be monitored with a brightfield inverted micro-
scope (Olympus IX71) and a live cell imaging fluorescent dye such as calcein-AM (calcein-
acetoxymethyl) imaged with an epifluorescence inverted microscope (Olympus IX71). Calcein-
AM is lipid soluble and can pass the lipid membrane. Inside the cell calcein-AM is converted
by intracellular esterases to a molecule with a bright green fluorescence. These molecules
will be retained by the cell as long as the cell is alive [35, 1411]. Every two days the cells will
be visualized with both techniques, a special heating plate will be employed that can be
fitted on the microscope to keep the cells at 37°C during imaging. From the obtained images
the progress of the neurites in the channels can be plotted (see Figure 4.26 for an example of
a hypothetical graph). This graph could later be used to estimate neurite growth on a chip
and determine when to start electrophysiology measurements, since imaging is obstructed by
the silicon die.
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FIGURE 4.26: Theoretical graph of the progress of neurites inside microchannels
that could possibly be obtained by life cell imaging.

At the end of the experiments (10 DIV) cells will be fixed and permeated after which they
will be stained with antibodies for Tau (for the visualization of axons) and MAP2 (for the
visualization of dendrites), the nucleus can be visualized with DAPL

Tau: A protein associated with microtubules. The protein is preferentially expressed in axons
making it a good candidate for axon visualization by immunostaining [34, 85, 41, 38, .

MAP2: A microtubule associated protein that is more abundant in dendrites. When
visualizing MAP2 with immunostaining, soma/dendrites can be distinguished from the axons

[ ) ) ) }

DAPI (4’,6-diamidino-2-phenylindole): A widely used dye for visualization of dsDNA.
DAPI binds to the minor groove of AT-rich sequences. Since the DNA of a cell is located in
the nucleus, DAPI can be employed to visualize individual cell nuclei. An alternative for
this are Hoechst dyes [37, 41, .

Protocol for staining:

e Fixate with 4% PFA and 4% sucrose in PBS for 15 min at RT

e Rinse 2 times in PBS (5 min)

e Permeabilize with 0.25% Triton X100 in PBS for 5 min at 4 °C. Wash twice in PBS
e Add 20% BSA as blocking agent in PBS for 1 h at RT

e Incubate the primary Abs overnight at 4 °C (for more details on the specific types of
antibodies used see Appendix A)

o Wash with PBS 3 times at RT
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4. RESULTS AND DISCUSSION

e Incubate with secondary Abs in PBS for 1 h at RT (for more details on the specific
types of antibodies used see Appendix A)

e Wash 3 times with PBS at RT
e Store in PBS at 4 °C till visualization

Several metrics can be determined to compare PDMS channels. The following metrics can
be calculated by analyzing the images of the immunostained samples (with ImagelJ) imaged
with a (confocal) fluorescence microscope (Nikon C2 Eclipse Ni-E).

A first metric is the percentage of channels that contain neurites reaching the other well
area (Channels filled: CF), influenced by the entrance width. Channels 2, 5 and 11 have an
entrance width of 5 ym, 30 pm and 5 pm, respectively. Channel 5 is thus expected to have a
higher CF. With this metric the effect of entrance width can be evaluated.

A second metric is the number of channels containing neurites (NCF). The NCF is both
determined by channel width and the amount of channels on a stamp. Stamps 2, 5 and 11
have respectively 426, 106 and 320 channels on their stamp and an entrance width of 5 pm,
30 pm, and 5 pm. It is expected that the NCF will increase with channel width and with
the number of channels on the stamp.

A last metric is the amount of channels with single neurites at their outlet (SN). It is expected
that stamp 11 will have the highest SN due to its splitting ability.

Dependant on the experiments performed with the Synaptrode chip, one of the metrics can
become more important. In a first experiment it could be important to only look at synapse
formation. In such a case it could be critical to have as many neurites on the other side as
possible. To boost the probability of synapse formation, the NFC metric can then be used
to determine the best stamp. In more advanced experiments where single-axon activity is
investigated it could be important to have a single neurite forming a synapse at the electrode.
For such a case SN is a more appropriate metric.

Upon start of the Corona exit strategy in wvitro cell cultures were reinitiated with the stamps
left from previous experiments. Stamps with channel design 11, 21 and 25 were seeded with
mouse hippocampal cells and fixated after respectively 5, 7 and 11 DIV. The fixated samples
were stained with anti-Tau and anti-MAP2 antibodies (using the protocol described above).
No more contamination issues were observed. In Figure 4.27 it can be noticed that axons were
able to grow through the produced microchannels. Additionally, these experiments suggest a
minimum of 6 to 7 DIV for the axons to reach the other side, which is comparable to the

data described in literature [39, 78, 40]. Another phenomenon that could be observed is the
the tendency of the axons to follow the edges of the channel (edge guidance) as described by
Holloway and coworkers [36]. A relatively large amount of aspecifically bound antibody is

present, which could be explained by the difficulty experienced in washing due to the small
volumes involved, suggesting that bigger well areas would improve image quality. At last it
can be concluded that it is possible to stain axons in small microchannels as was modeled in
COMSOL Multiphysics.
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FIGURE 4.27: In wvitro cell cultures in stamps with channel design 11, 21 and 25
fixated and stained for Tau (red) and MAP2 (green) after respectively 5, 7 and 10
DIV.
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4. RESULTS AND DISCUSSION

4.6.2 Grooves

Grooves 2, 5 and 11 (tested in triplicate) will be treated similarly to their PDMS counterparts,
after fabrication they will be sterilized and coated with laminin and PLO. Subsequent cell
seeding will be executed with a PDMS insert (from [140]) which will be removed upon further
incubation in neural basal medium + B27 for 10 DIV. No visualization can be done during
the growth process. After the 10 DIV the cells will be fixed, permeated and stained in the
same fashion as the cells inside the PDMS stamps. Cells will be visualized with a Nikon
spinning disk microscope.

4.6.3 Comparison stamps/channels

Grooves will be compared to microchannels by calculating the distance travelled in the
direction parallel to the channels/grooves (d) for the 100 farthest grown neurons (see
Figure 4.28). The d metric can be calculated in ImageJ based on the immunostained samples
imaged with a confocal microscope. It is expected that the d metric will be on average higher
for the channels compared to the grooves. Since neurites on grooves can grow from one to
the other groove, slowing down their progress in the desired direction.

d: Distance travelled
in direction parallel to } T !
groove/channel

FIGURE 4.28: Illustration of metric d (distance travelled in direction parallel to
groove/channel) for comparing grooves with channels.
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4.7. New stamp designs

4.7 New stamp designs

3 new masks were designed based on the knowledge gathered in this thesis (see Figure 4.29).

FIGURE 4.29: 3D models of three new possible master designs. Design 1 (A), design
2 (B) and design 3 (C).

4.7.1 New design 1

In Figure 4.30 the two masks for a new design are represented. In this first new design
the area of the well region is decreased to reduce the stresses during master fabrication.
Additionally, for each well there is room to punch two inlets/outlets.

Mask 1

“-_ Channels
' H

Ssrsessl] roseszl]

Mask 2

500 um ISOO Hm
—

2000 pm

6400 pm

—
500 um

FIGURE 4.30: Schematic preview of masks for a first new stamp design.
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4.7.2 New design 2

In Figure 4.31 the two masks for a second new design are represented. In this second new
design two channel regions are present. By punching the inlet/outlet at the right location
these regions can possibly be isolated from each other facilitating two experiments on one
chip. Or the stamp can be punched in such a way that a fluid connection is created. Upon
plating cells at both outer sides chemoattractive species will be exchanged enhancing growth
and directionality of both compartments.

Mask 2
500 ym
1000 um 500 um I
— —
2000 pm
— —_— —
500 um 5000 ym 500 um

FIGURE 4.31: Schematic preview of masks for a second new stamp design. Channel

regions can either be isolated by punching inlets/outlets in the black dotted regions

or channel regions can be connected by punching an inlet/outlet in the red dotted
region.

4.7.3 New design 3

In Figure 4.31 the two masks for a third new design are represented. This circular design
can be combined with different channel types. In this case a splitting design can make use of
the larger circumference of the outer ring compared to the inner ring. This design can fit
within a cell culture ring.

The channel length in the three new designs can possibly be reduced to shorten the time
needed for the separation of synapse and soma decreasing the risk of denatured synaptogenic
proteins although also decreasing synapse soma separation. For designs two and three a new
type of Synaptrode chip will have to be fabricated.
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4.8. Summary

Mask 1
Well
Channels / \\\
Well r .“‘
‘ ‘/ ;,“
. \ /
Mask 2

500 pm 5000 UM 500 ym

FIGURE 4.32: Schematic preview of masks for a third new stamp design.

4.8 Summary

A wide variety of different channels and grooves were obtained with features as small as
3 pm. All models created in COMSOL Multiphysics suggest that the fabricated channels
enable selective functionalization of one array of electrodes and do not interfere with the
immunostaining process. Cell experiments were started, but as a result of the Corona
crisis these had to be stopped prematurely. Hypothetical future experiments were presented
together with some of the preliminary results. At last three new stamp designs were proposed.
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Chapter 5

Conclusion

In light of the Synaptrode project, the goal of this thesis was to design, fabricate and test
various microchannel /microgroove structures to enable the separation of neuronal synapses
from the soma in order to allow future measurements of single synapses.

Both RIE and PDMS/SU-8 soft lithography techniques allowed the creation of patterns with
feature sizes down to 3 um. The resolution of RIE was slightly better due to the utilization
of thinner resist layers. The resolution could possibly be further enhanced upon using a
quartz photolithography mask with higher resolution.

A two-layer SU-8 master was produced. A first layer of 2.29 + 0.04 pym with the channel
designs and a second layer, the well region with a thickness of 120 + 20 pym. To avoid
delamination a Ti prime layer was introduced before each spinning step. This was essential
for the adhesion of the second layer which has a tendency to delaminate due to a buildup
of stresses as a result of the large surface area and many heating/cooling steps. In the
two-layer lithography procedure it was essential to pattern gold alignment marks to enable
later alignment of layer one and layer two.

SU-8 patterns were converted to PDMS via a molding procedure. All different types of
channels facilitated fluid transport, no influence of channel or interspace width was observed.
The greater thickness of the second layer (with wells) was essential for avoiding the collapse of
this region. Oxygen plasma-treated PDMS stamps can be bonded to the silicon oxide surface
of the Synaptrode chips, the Synaptrode chips do not need an oxygen plasma treatment
for this. To enable filling of the channels they have to be filled directly after bonding.
Already after one and a half hours channel filling was limited. Probably due to a return
to the hydrophobic state [134, , ]. Stamp design should incorporate enough/large
inlets/outlets to enable the escape of air bubbles.

From the diffusion models it can be concluded that the PDMS microchannels in combination
with a pressure difference result in virtually isolated well regions. This phenomenon can
possibly be of use when selectively functionalizing the electrodes in one of the two well
regions. These models need to be further validated.

The fabricated microchannels facilitate guided axon growth in wvitro. A separation of 500 ym

is achieved after 6-7 DIV. Future experiments will have to determine which channels design
is most suited for the Synaptrode project.
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5. CONCLUSION

Grooves with a depth of 2.96 £+ 0.06 pm can be created with the help of a Os/SFs plasma
for 7 min. The effectiveness of grooves to guide axon growth remains untested.

In Table 5.1 and Table 5.2 the pros and cons of PDMS microchannels and silicon etched
grooves are displayed. It can be concluded that for this specific application, separation
of synapse and soma, the PDMS microchannels provides the best solution as long as a
micromanipulator is present for aligning the PDMS stamps with the chip.

Pros

Cons

Selective functionalization of elec-
trodes possible due to partial fluidic

Stamps need to be aligned with help
of micromanipulator.

isolation. Protocol for master production needs

Neurites are fully confined, they can- to be optimized for every design.
not cross to neighboring guiding struc-

High density of neurons needed to get
tures.

cells close to channel region.
Can be bonded directly on chip, with
no damage done to the chip.

Extra diffusional gradient of chemoat-
tractant/chemorepellant  can  be
applied by adding these guiding
molecules selectively to one well.

Once the protocol for master produc-

tion is established, stamps can be cre-
ated fast in large amounts.

Amplification of signal when measured
inside channel.

TABLE 5.1: Pros and cons of using PDMS microchannels for synapse soma separation.
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5.1. Future work

Pros

Cons

Grooves can be created with higher
resolution than PDMS stamps.

Easy alignment with chip via standard
photolithography alignment tools.

Lower density of neurons can be used.

For selective functionalization of elec-
trodes an extra step with a PDMS in-
sert needs to be introduced.

Grooves interfere with growth of verti-
cal CNT electrodes.

Possible damage of chip during etching.

No full confinement of growing neu-
rites.

Difficult to combine with chemical gra-
dient.

TABLE 5.2: Pros and cons of using silicon grooves for synapse soma separation.

5.1 Future work

Future work will now need to focus on the cell experiments using the channels and grooves
fabricated in this thesis. More specifically, more work has to be done regarding the visualiza-
tion of the neurons growing inside the channels, and on thoroughly comparing the various
channel designs. Future data will then shed new light on the creation of possible novel stamps
and channel designs. Another important step is thorough testing of the Synaptrode chip,
including selective functionalization of the electrodes and, ultimately, the electrophysiological

measurements of neurons.
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Appendix A

Tools and Chemicals

An overview of all tools and chemicals used in this thesis.

A.1 Tools

In this section extra information on some of the tools is given.

Mask aligner: Karl suss MAG [1414]

e Exposure time: protocol dependant

e Alignment gap: 30 um

e Exposure type: hard or soft, protocol dependant
e HC wait: 3s

e WEC Type: Cont

e WEC offset: off

e Exposure(J): 56 mW/cm?

e Exposure time: t = desired exposure (mJ/cm?)/J
e Peak wavelength: UV-400

e Max resolution: 0.6 ym
Stylus Profiler: Dektak XT [145]

e Vertical resolution: 0.1 nm max
e Step height repeatability: 0.4 nm
e Tip size: 2 ym
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Oxygen plasma oven for PDMS bonding: Plasma cleaner PDC-002-CE

e 3 settings: Low, Medium and High. High is used in all protocols
e Maximum RF power: 30 W

e Gass: air

A.2 Chemicals

In this section an overview is given of the chemicals used in the various protocols.

A.2.1 Master fabrication

From Kayaku advanced materials:

o SU-8 2002 [121]
o SU-8 2050 [110]

e SU-8 developer
Standard IMEC cleanroom chemicals:

e TPA (KMG Ultra Pure Chemicals SAS)

o Aceton (KMG Ultra Pure Chemicals SAS)

e Microstrip (KMG Ultra Pure Chemicals SAS)
e OPD5262 (KMG Ultra Pure Chemicals SAS)

e Ti-prime (MERCK)

e Isopropanol (KMG Ultra Pure Chemicals SAS)

e IX845 (KMG Ultra Pure Chemicals SAS)
Si-wafer (4" Polishing wafer):

e Type: P/Boron

Crystal axis: <100>

Resistivity: 10-20 ohm-cm

Diameter: 99.5-100.5 mm

Thickness: 500-550 pm
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A.2.2 PDMS molding
PDMS: Polydimethlsiloxane

e Sylgard 184 (Mavom nv)[147]

Glass slides: Corning microscope slides (Merck |

Fluoresceine (ThermoFisher [149]):

e Excitation max: 490nm
e Emission max: 525 nm

e Concentration: 0.1 mg/ml
Water-based food coloring:

e Bought in local supermarket

)

e Prepared in dionised water (1:10) purified with a Milli-Q 50 ultrapure water system

(Millipore, Belgium)

A.2.3 Cell experiments

Chemicals from Merck:

e PLO

e Laminin

e Borate buffer

e DMEM + horse serum
e Neurobasal + B27

e PFA

e PBS

e Triton X100

e BSA

e DAPI

Primary antibodies:

e Chicken anti-MAP2 (Jackson ImmunoResearch)

e Mouse anti-Tau (Abcam)
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Secondary antibodies:

e Anti-chicken (408) (Invitrogen)
e Donkey anti-mouse (555) (Invitrogen)
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Appendix B

Protocols

An overview of all protocols used in this thesis.

B.1

Gold alignment marks

Dehydration bake wafer for 5 min at 190 °C

Spin coat a layer of IX845G positive resist at 4000 rpm (30s, acceleration 1333 rpm/s)
Bake for 1 min at 120 °C

Expose wafer to 134.4 m.J/cm? (Karl Suss MA6, hard contact)
Develop for 1 min in OPD5262

Rinse with HyO and dry with Ny

Postbake for 30s at 120 °C

Sputtercoat 10 nm Ti and 40 nm Au on the wafer

Lift-off the Ti/Au in hot microstrip for 5 hours at 80 °C
Transfer wafer to ultrasonic bath for 5 min

Clean with IPA and dry with No

Inspect for defects

SU-8 protocol: SU-8 2002 (1.6 um) start

Apply SU-8 to the wafer by spin coating, 5s at 500 rpm (100 rpms/s) and 30s at 2000
rpm (300 rpm/s)

Wait 15 minutes for wafer relaxation

Prebake 2 min at 65 °C and 2 min at 95 °C. (Gradual T transition by holding wafer
10s above hotplate)

Expose wafer to 4x184.8 m.J/cm? (Karl Suss MA6, hard contact)
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B.

ProT1ocoLs

e Post-illumination bake wafer with resist on hotplate 2 min at 65 °C and 2.5 min at 95
°C (Gradual T transition by holding wafer 10s above hotplate)

e Develop illuminated wafer in SU-8 developer 5 min in first beaker and 5 min in second
beaker

e Take wafer out beaker and rinse with SU-8 developer, dry with Ns
e Spin dry with SU-8 developer and IPA. 30s at 2000 rpm

e Hard bake wafer with resist on hotplate 10 min at 130 °C

e Place wafer in hot IPA and dry with Ny

e Optional clean with O2 plasma, can give too much adhesion when PDMS is poured on
top

e Inspect defects

B.3 SU-8 protocol: SU-8 2002 (2.3 um) without

Ti-prime

e Apply SU-8 to the wafer by spin coating, 5s at 500 rpm (acceleration 100 rpms/s) and
30 s at 1000 rpm (acceleration 300 rpm/s)

e Wait 15 min for wafer relaxation

e Prebake 2 min at 65 °C and 2 min at 95 °C (Gradual T transition by holding wafer
10 s above hotplate)

e Expose wafer to 3x89.6 m.J/em? (Karl Suss MA6, hard contact)

e Post-illumination bake wafer on hotplate 2 min at 65 °C and 2.5 min at 95 °C (Gradual
T transition by holding wafer 10s above hotplate)

e Develop illuminated wafer for 1 min in SU-8 developer

e Take wafer out beaker and rinse with SU-8 developer, dry with Ns
e Hard bake wafer on hotplate 10 min at 130 °C

e Place wafer in hot IPA and dry with No

e Inspect defects

B.4 SU-8 protocol: SU-8 2002 (2.3 yum) with Ti-prime
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e Dehydrate the wafer by baking for 5 min at 190 °C
e Spin coat Ti-prime at 2000 rpm (30s, acceleration 667 rpm/s)
e Bake the wafer for 5 min at 190 °C

e Apply SU-8 to the wafer by spin coating, 5s at 500 rpm (acceleration 100 rpms/s) and
30s at 1000 rpm (acceleration 300 rpm/s)



B.5. SU-8 protocol: SU-8 2050 start

e Wait 15 min for wafer relaxation

e Prebake 2 min at 65 °C and 2 min at 95 °C. (Gradual T transition by holding wafer
10 s above hotplate)

e Expose wafer to 89.6 mJ/cm? (Karl Suss MAG6, hard contact)

e Post-illumination bake wafer on hotplate for 2 min at 65 °C and 2.5 min at 95°C
(Gradual T transition by holding wafer 10s above hotplate)

e Develop illuminated wafer for 1 min in SU-8 developer

e Take wafer out beaker and rinse with SU-8 developer, dry with Ns
e Hard bake wafer on hotplate 10 min at 130 °C

e Place wafer in hot IPA and dry with Ny

e Inspect for defects and measure thickness with stylus profilometer (Dektak XT)
B.5 SU-8 protocol: SU-8 2050 start

e Apply SU-8 to the wafer by spin coating, 5s at 500 rpm (acceleration 100 rpms/s) and
30s at 1000 rpm (acceleration 300 rpm/s)

e Edge bead removal
e Wait 15 min for wafer relaxation

e Prebake 7 min at 65°C and 35 min at 95 °C. (Gradual T transition by holding wafer
10s above hotplate)

e Expose wafer to 392 m.J/cm? (Karl Suss MAG6)

e Post-illumination bake wafer with resist on hotplate 5 min at 65 °C and 15 min at 95
°C (Gradual T transition by holding wafer 10 s above hotplate)

e Develop illuminated wafer 20 min in SU-8 developer

e Take wafer out beaker and rinse with SU-8 developer, dry with Ns
e Hard bake wafer with resist on hotplate 10 min at 130 °C

e Place wafer in hot IPA and dry with Ny

e Inspect defects

B.6 SU-8 protocol: SU-8 2050 (120 ym) with Ti prime
layer

e Dehydrate the wafer by baking for 5 min at 190 °C
e Spin coat Ti-prime at 2000 rpm (30s, acceleration 667 rpm/s)
e Bake the wafer for 5 min at 190 °C

e Apply SU-8 to the wafer by spin coating, 5s at 500 rpm (acceleration 100 rpms/s) and
30s at 1500 rpm (acceleration 300 rpm/s)
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e Wait 60 minutes for wafer relaxation

e Heat wafer on a hotplate from room temperature till 95 °C over 20 min. Keep the
wafer for 20 min at 190 °C and then eventually let the wafer gradually cool down for
30 min

e Expose wafer to 8x184.8 m.J/cm? with 14s between every cycle (Karl Suss MA6, soft
contact)

e Post-illumination bake wafer on hotplate by gradually increasing the temperature to
95 °C in 20 min followed by 10 min at 95 °C and a gradual decrease in temperature
over 30 min

e Develop illuminated wafer for 20 min
e Take wafer out beaker, rinse with SU-8 developer and IPA, dry with Ng

e Hard bake wafer on hotplate by gradually increasing the temperature to 130 °C in
20 min, bake for 5 min at 130 °C and gradually let the wafer cool again to room
temperature

e Place wafer in hot IPA and dry with Ny

e Inspect for defects and measure thickness with stylus profilometer (Dektak XT)
B.7 Ti-prime

e Dehydrate the wafer by baking for 5 min at 190 °C
e Spin coat Ti-prime at 2000 rpm (acceleration 667 rpm/s)
e Bake the wafer for 5 min at 190 °C

B.8 PDMS molding

The PDMS used in the following protocol is Sylgard 184

A Preparing PDMS (Sylgard 184)

e Weigh 50 mg (for 4" wafer) of PDMS
e Add curing agent (10% off the mass of PDMS), mix the solutions well

e De-gas the solution by applying negative pressure, wait around 20 min until no
more bubbles are visible and a clear PDMS solution appears

e Use a container to put the wafer inside, can be a petridish or an aluminium
crucible.

e Pour the degassed PDMS carefully on the mold
B curing PDMS

o Cure the PDMS in an oven at 50 °C for 2 h
C PDMS bonding
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B.9. Mask cleaning

B.9

e Remove container and peel PDMS off the SU-8 mold
e Puncture inlet and outlet holes (3 mm biopsypuncher, Miltex)

e Use the plasma cleaner to activate the surface of stamp and glass slide/chip. 2
min at high level (RF power: 30 W, Pressure: 0.380 Torr). Transforming the
Si-CHjz of the PDMS to a Si-OH. When in contact with the same functional
groups strong and permanent Si-O-Si links are formed

e Bring glass/chip in contact and squeeze gently to ensure contact without closing
the channels

Mask cleaning

Wash in ultrasone hot acetone at 75 °C for 15 min
Wash in dirty IPA for 5 min

Rinse with water

Wash in clean IPA for 5 min

Wash in isopropanol for 5 min

Dry with Ny

B.10 Groove etching

Spin coat IX845 at 4000 rpm for 30s (acceleration 1333 rpm/s)
Bake 60s at 120 °C

Expose wafer to 341.6 m.J/cm? (Karl Suss MA6, hard contact)
Develop 1 min in OPD5262

Bake 10 s at 120 °C

Rinse with HyO and dry with Ny

Expose to O2/SFg plasma for 7 min (RF: 60 W, ICP: 100 W, Oy: 10 sccm, SFg: 40
sccm) with the Oxford plasmalab 100

Submerse in aceton until all resist is removed
Rinse with HoO and dry with Ny
Clean in hot IPA for 30 s and dry with Ny

B.11 Channel/groove preparation and cell culture

Sterilise the channels/grooves by exposing the samples to UV radiation for 60 min

Coat overnight with 0.1 mg/ml PLO and 0.01 mg/ml laminin in sterile borate buffer
1x
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B. ProrTocoLs

e Seed approximately 25 000 for the grooves and 50 000 for the channels, E19 embryonic
mouse hippocampal cells inside the well regions with DMEM + horse serum

e Use Neurobasal + B27 as subsequent growth medium, replace half of the medium
every two days

B.12 Cell fixation and staining

o Fixate with 4% PFA and 4% sucrose in PBS for 15 min at RT
e Rinse 2 times in PBS (5 min)

e Permeabilize with 0.25% Triton X100 in PBS for 5 min at 4 °C. Wash 2 times in PBS
(5 min)

e Add 20% BSA as blocking agent in PBS for 1 h at RT
e Incubate the primary Abs overnight at 4 °C

e Wash with PBS 3 times at RT (5 min)

e Incubate with secondary Abs in PBS for 1 h at RT

e Wash 3 times with PBS at RT (5 min)

e Store in PBS at 4 °C till visualization
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Appendix C

Supplementary Data

All data collected during this thesis

C.1 SU-8 2002 and SU-8 2050

SU-8 2002 at 1000 rpm: Thickness was measured (Dektak XT) in north, east, south, west
10 channels were measured each time. The mean and standard

and middle of the wafer.
deviation was calculated.

1 2 3 4 5 6 7 8 9 10 Mean  SD
N (pm) 2.3070  2.3079 2.3082 2.3079 2.3092  2.3086  2.3110 2.3109 2.3125  2.3111 2.309 0.002
E (pm) 2.3096 2.3088 2.3074 2.3074 2.3130 2.3088 2.3067 2.3070  2.3099  2.3106 2.309 0.002
S (pm) 2.2500 2.2416 2.2378 2.2312 2.2278 2.2186 2.2144 2.2054 2.1975 2.1922 2.22 0.02
W (pm) 2.3129  2.3095 2.3108 2.3087  2.3080 2.3075  2.3029 2.3083  2.3040 2.3064 2.308 0.003
Mid (pum) 2.3080  2.3048 2.3023 2.2998 2.2978 2.2948  2.2946  2.2918 2.2896  2.2851 2.297 0.007
Overall (pm)  2.29 0.04

TABLE C.1: Thickness measurements (Dektak XT) of patterned SU8-2002 spincoated
at 1000 rpm. 10 channels were measured at each location.

SU-8 2050 spincoated at 1500 rpm and 1000 rpm. Thickness is measured in north, east,
south, west and middle of the wafer.

1500 rpm 1000 rpm

N (pm) 105.792 164.405
E (pm) 124.285 173.772
S (um) 157.634 268.175
W (um) 95.785 210.437
Mid (pum) 103.992 149.490
Mean (pum)  1.2-102 1.9 - 102
SD (um) 2-10 5-10

TABLE C.2: Stylus profilmetry (Dektak XT) measurements of patterned SU-8 2050
spincoated at 1500 rpm and 1000 rpm.
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C. SUPPLEMENTARY DATA

C.2 PDMS-molding data

1 2 3 Mean SD
Fraction Fraction Fraction
Type #Channels #Filled Filled #Filled Filled #Filled Filled Fraction Filled
2 426 426 1.00 426 1.00 426 1.00 1.00 0.00
4 160 160 1.00 160 1.00 160 1.00 1.00 0.00
5 106 106 1.00 106 1.00 33 0.31 0.77 0.40
3 320 320 1.00 320 1.00 320 1.00 1.00 0.00
32 213 213 1.00 213 1.00 213 1.00 1.00 0.00
34 128 128 1.00 128 1.00 128 1.00 1.00 0.00
1 492 492 1.00 492 1.00 492 1.00 1.00 0.00
31 278 278 1.00 278 1.00 278 1.00 1.00 0.00
33 148 148 1.00 148 1.00 141 0.95 1.00 0.03
35 62 62 1.00 61 0.98 56 0.90 1.00 0.05

TaBLE C.3: Different types of straight channel PDMS stamps produced with
fluoresceine added at 0 min after bonding. The number and percentage of channels
filled with fluorescent fluid was measured (Olympus IX71). Experiment was done in

triplicate.
1 2 3 Mean SD
Fraction Fraction Fraction

Type #Channels #Filled Filled #Filled Filled #Filled Filled Fraction Filled
2 426 1 0.00 25 0.06 90 0.21 0.09 0.11
4 160 13 0.08 51 0.32 151 0.90 0.45 0.45
5 106 2 0.02 25 0.24 106 1.00 0.42 0.52
3 320 3 0.01 36 0.11 200 0.63 0.25 0.33
32 213 1 0.00 17 0.08 7 0.03 0.04 0.04
34 128 6 0.05 3 0.02 0 0.00 0.02 0.02
1 492 5 0.01 66 0.13 21 0.04 0.06 0.06
31 278 5 0.02 2 0.01 52 0.19 0.07 0.10
33 148 15 0.10 17 0.11 3 0.02 0.08 0.05
35 62 1 0.02 0 0.00 1 0.02 0.01 0.01

TABLE C.4: Different types of straight channel PDMS stamps produced with

fluoresceine added at 90 min after bonding. The number and percentage of channels

filled with fluorescent fluid was measured (Olympus IX71). Experiment was done in
triplicate.
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C.2. PDMS-molding data

1 2 3 Mean SD
Fraction Fraction Fraction

Type #Channels #Filled Filled #Filled Filled #Filled Filled Fraction Filled
2 426 5 0.01 0 0.00 16 0.04 0.02 0.02
4 160 139 0.87 15 0.09 30 0.19 0.38 0.42
5 106 51 0.48 56 0.53 56 0.53 0.51 0.03
3 320 38 0.12 0 0.00 28 0.09 0.07 0.06
32 213 55 0.26 0 0.00 5 0.02 0.09 0.14
34 128 4 0.03 0 0.00 0 0.00 0.01 0.02
1 492 0 0.00 15 0.03 18 0.04 0.02 0.02
31 278 3 0.01 88 0.32 9 0.03 0.12 0.17
33 148 2 0.01 1 0.01 0 0.00 0.01 0.01
35 62 5 0.08 1 0.02 0 0.00 0.03 0.04

TABLE C.5: Different types of straight channel PDMS stamps produced with
fluoresceine added at 180 min after bonding. The number and percentage of channels
filled with fluorescent fluid was measured (Olympus IX71). Experiment was done in

triplicate.
0 min 90 min 180 min
Interspace Mean Mean Mean
Type  width (pm)  fraction filled SD fraction filled SD fraction filled SD
5 pum, 20 pm 2 10 1.00 0.00 0.09 0.11 0.02 0.02
and 30 um channels 4 20 1.00 0.00 0.45 0.45 0.38 0.42
i 5 30 0.77 0.40 0.42 0.52 0.51 0.03
3 10 1.00 0.00 0.25 0.33 0.07 0.06
10 pm channels 32 20 1.00 0.00 0.04 0.04 0.09 0.14
34 40 1.00 0.00 0.02 0.02 0.01 0.02
1 10 1.00 0.00 0.06 0.06 0.02 0.02
3 um channels 31 20 1.00 0.00 0.07 0.10 0.12 0.17
pm e ; 33 40 0.98 0.03 0.08 0.05 0.01 0.01
35 100 0.96 0.05 0.01 0.01 0.03 0.04
Overall 0.97 0.13 0.15 0.26 0.13 0.21

TABLE C.6: Fluoresceine was added to the inlet of a set PDMS stamps with straight
channels at 0 min, 90 min or 180 min. Every experiment was done in triplicate,
mean and standard deviation were calculated.

C.2.1 Grooves

Groove depth is measured with a stylus profilometer (Dektak XT) for the grooves used in
cell experiments (2, 5 and 11). Each of the types were fabricated in triplicate from which 10
channels were measured, mean and standard deviation were calculated.

Experimental conditions: RF: 60 W, ICP: 100 W, O5: 10 sccm, SFg: 40 sccm, time: 7 min.
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SUPPLEMENTARY DATA

C.

Type Repeats 1 (pm) 2 (pm) 3 (pm) 4 (pm) 5 (pm) 6 (um) 7 (um) 8 (um) 9 (um) 10 (pm) Mean (pm)  SD (um)
A 2.9201 2.8236 2.9405 2.9255 2.9156 2.8869 2.8047 2.9249 2.8998 2.9230 2.90 0.05
2 B 2.9584 2.9905 2.9506 2.9711 2.9751 2.9712 2.8429 2.9639 2.9603 2.9579 2.95 0.04
C 3.0075 3.0002 3.0064 3.0082 2.8346 2.8870 3.0066 2.9967 2.8879 3.1028 2.97 0.08
Total(2) 2.94 0.07
A 2.9787 2.9854 2.9784 2.9827 2.9782 2.9802 2.9781 2.9801 2.9772 2.9770 2.980 0.003
5 B 2.9529 2.9538 2.9561 2.9533 2.9527 2.9510 2.9677 2.9708 2.9660 2.9581 2.96 0.01
C 2.9381 2.9359 2.9351 2.9336 2.9370 2.9325 2.9704 2.9673 2.9706 2.9705 2.95 0.02
Total(5) 2.96 0.02
A 3.0011 2.8825 3.0015 3.3003 3.0055 2.9978 3.0040 2.9983 3.0055 3.0073 3.0 0.1
11 B 2.8884 3.0025 3.0026 3.0031 2.9985 3.0015 3.0151 3.0008 3.0043 2.9987 2.99 0.04
C 2.9717 2.8571 2.8562 2.9759 2.9329 2.8552 2.8620 2.9787 2.9716 2.9691 2.92 0.06
Total(11) 2.98 0.08
Total (2,5,11)  2.96 0.06
TABLE C.7: Dektak XT measurements of etched grooves (types 2, 5 and 11). Every type was produced in triplicate (A, B and

C), on each the height of 10 different channels was measured.
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