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ABSTRACT

OPTIMIZATION OF A MICROFLUIDIC CHIP DESIGN
FOR NEUROBLASTOMA CELLS AND THEIR
MICROENVIRONMENT STUDIES

Investigating each structural part of a neuron is crucial for clarifying the com-
plex working mechanism of the nervous system. Isolation of axons from their cell
bodies plays an important role in understanding synapse formation, axonal injury and
regeneration mechanisms, and the interaction between the neurons and their microenvi-
ronments. Multi-compartment microfluidic chips are one of the most developed systems
used for axon isolation. In this thesis, the optimization of microfluidic chip produc-
tion has been carried out by changing photoresist types and UV exposure doses, and
the effects of these variables on the microgroove width have been observed. For this
purpose, two-step photolithography processes have been performed using SU-8 3005,
SU-8 3050 SU-8 2005, and SU-8 2050 negative photoresists. Optimum microgroove
width (7.3 pm) to isolate axons has been obtained by using SU-8 3005 and applying
UV exposure for 3 seconds with a power of 21 mW /cm?. A similar microgroove width
(7.7 pm) has also been achieved by using a different mask alignment system operating
outside the cleanroom conditions, and it has been evaluated as promising in terms
of reducing microfluidic chip manufacturing costs. SH-SY5Y neuroblastoma cells have
been seeded into the microfluidic chips with different microgroove geometries (4.4x10.2
pm, 4.4x7.3 pm, and 4x7.7 pm) through filtered micropipette tips and 8 mm wide
reservoirs. The second seeding method has been found more efficient in terms of ap-
plicability and sustainability. It has also been observed that 4.4x10.2 um geometry
allowed cell migration in both cell culture methods while the other two geometries
provided axon isolation. In conclusion, obtained microfluidic chips and improved cell
culture method has been considered suitable to investigate the neurite elongation and

differentiation of SH-SY5HY cells, and their interaction with their microenvironment.

Keywords: Axon isolation, microfluidic neuron chip optimization, photolithography
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OZET

NOROBLASTOM HUCRELERI VE MIKROCEVRE
CALISMALARI ICIN MIKROAKISKAN CIP TASARIMININ
OPTIMIZASYONU

Bir néronun her bir yapisal parcasini aragtirmak, sinir sisteminin karmagik
mekanizmasin agiklamak igin ¢ok Onemlidir. Aksonlarin hiicre gévdelerinden izole
edilmesi; sinaps olugsumu, aksonal hasar ve rejenerasyon mekanizmalarinin ve néron-
lar ile mikrogevreleri arasindaki etkilegsimin anlagilmasinda 6nemli bir rol oynar. Cok
bolmeli mikroakigkan cipler, akson izolasyonu i¢in kullanilan en geligmis sistemlerden
biridir. Bu tezde, fotorezist gesitleri ve UV maruziyet dozlar1 degistirilerek mikroakigkan
¢ip liretiminin optimizasyonu saglanmis ve bu degiskenlerin mikro oluk genisligi iiz-
erindeki etkileri incelenmistir. Bu amagla, SU-8 3005, SU-8 3050 SU-8 2005 ve SU-
8 2050 negatif fotoresistler kullanilarak iki-adimli fotolitografi iglemleri gerceklestir-
ilmigtir. Aksonlar izole etmek i¢in optimum mikro oluk genigligi (7.3 pm), SU-8
3005 kullanilarak ve 21 mW /em? giiciinde 3 saniye UV maruziyeti uygulanarak elde
edilmigtir. Temizoda kosullar1 diginda caligan farkli bir maske hizalama sistemi de
kullanilarak benzer mikro oluk genigligi (7.7 pm) elde edilmis ve mikroakigkan ¢ip iire-
tim maliyetini diiglirmesi acisindan umut verici olarak degerlendirilmistir. SH-SYHY
noroblastom hiicreleri, filtrelenmis mikropipet uglar1 ve 8 mm genigliginde rezervuar-
lar araciligiyla farkli mikro oluk geometrilerine (4.4x10.2 pm, 4.4x7.3pm ve 4x7.7
pm) sahip mikroakiskan ciplere ekilmistir. Ikinci ekim yontemi uygulanabilirlik ve
siirdiiriilebilirlik acisindan daha verimli bulunmustur. Her iki hiicre kiltiiri yonte-
minde de 4.4x10.2 um geometrisinin hiicre gogiline izin verdigi, diger iki geometrinin
ise akson izolasyonu sagladigi goriilmiigtiir. Sonug olarak, optimize edilen mikroakigkan
¢ipler ve hiicre kiiltlirii yontemlerinin; norit uzamasini, SH-SY5Y hiicrelerinin farklilag-

masini ve mikro gevreleri ile etkilegimlerini aragtirmak i¢in uygun oldugu goriilmiigtiir.

Anahtar Sozciikler: Akson izolasyonu, mikroakiskan néron ¢ip optimizasyonu, fotoli-

tografi
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1. INTRODUCTION

The nervous system has a unique complex structure that coordinates all the
activities in the organisms by transmitting the signals through the body to respond to
and adapt to the changes [1, 2, 3]. Neurons are functional units of the nervous system
which contain soma, axon, and dendrites in their structures [4, 5]. This complex system
is one of the most studied areas by researchers to understand the function of neurons
and their interactions with their microenvironment [3, 6]. Understanding the structure
and function of each element of a neuron plays an important role in clarifying the

mechanism of the nervous system [6, 7, 8, 9.

Although some basic studies can be applied in traditional cell culture meth-
ods like cell loading in a petri dish, these methods are not applicable for creating an
extracellular environment or isolation of axons and cell bodies of neurons [3, 6, 10].
Therefore, these in vitro studies need to be supported by animal models to observe the

in vivo physiological results such as immune response and tissue reactions [3, 11].

However, it is not possible to mimic human physiology in animal studies be-
cause human cells cannot directly be applied to animal models. Moreover, ethical
issues, space and effort needed for practicing animal studies, and the high cost of the

applications are some other limitations of practicing in vivo research in animal models

[12, 13].

To eliminate the above-mentioned limitations for researching the nervous sys-
tem, scientists have modified the traditional technologies and developed compartmen-
talized culture systems. These new techniques are mainly based on isolating axons
from the cell body to be able to investigate axonal growth and transportation, axonal
injury and regeneration [9], synapse biology, and interactions between nerve cells and
other cells [6, 10, 14]. Campenot Chamber [15]|, Boyden Chamber [16], and Microflu-

idic Chips [6, 17| are the main compartmentalized culture systems that are used for



nervous system investigations. Microfluidic chips are developed by improving the first
2 techniques [6], and they allow a controllable environment with easy adaption of the
system according to the study requirements [12|. Microfluidic chips provide advanta-
geous cell culturing platforms to imitate the neuron microenvironment [8, 9, 17, 18|.
Multi-compartment microfluidic chips give the opportunity to separate the axonal and

somal sides of the nerve cells for investigating each part individually [9, 17, 18§].

Microfluidic chips have patterned features in micron sizes and these chips mainly
consist of polymers such as polydimethylsiloxane (PDMS) since it is optically transpar-
ent and biocompatible. There are many fabrication methods and materials for manu-
facturing microfluidic chips and those can be chosen depending on the requirements of
the studies. Lithography techniques, molding methods, and 3D printing technologies

are some of the techniques used for microfluidic chip production [12, 19, 20].

Advanced and interdisciplinary technologies are implemented in microfluidic
chip systems for applications in different fields. They can be used in many fields
such as therapy and diagnosis, cell culture studies, organ-on chips, and pharmaceutical
applications. Microfluidic chip technology provides more advantages in terms of sample
amount, required time, and flexible design options compared to traditional methods

[12, 13].

There are many studies in the literature for the investigation of the interac-
tions between nerve cells and different cells in their microenvironments [6, 7, 21|. But
the "know-how" of these studies is clearly explained in the literature. Therefore, the
main purpose of this thesis is to demonstrate the important points of microfluidic chip
production to the researchers. In addition, it is aimed to optimize the fabrication of
a neuron chip with reference to the previous compartmentalized microfluidic chip [6]
studies to investigate nerve cells and their microenvironment. The chip model mainly
consists of two separate channels which are connected through parallel microgrooves.
Photoresist models SU-8 2005 and SU-8 3005 with different densities have been used to
obtain the optimum microgroove size required for axonal isolation, and the efficacy of

those UV light-sensitive liquid coating materials have been compared in different UV



exposure periods. SH-SY5Y neuroblastoma cells have been cultured into the chips with
different microgroove sizes by using two different static culture methods to compare

the effect of the culture method and microgroove size.

This thesis reported the optimum microgroove size and cell culture method
for the axonal isolation of SH-SY5Y neuroblastoma cells. This optimized microfluidic
neuron chip model can be used in future studies for observing SH-SY5Y neuroblastoma
cell differentiation, neurite elongation, and microenvironment interaction in both static

and dynamic cultural environments.



2. BACKGROUND

2.1 Nervous System

The nervous system is responsible for coordinating all activities in the body and
it allows the body to respond and adapt to the changes happening inside or outside
of the body. The nervous system is subdivided into two categories which are Central

Nervous System (CNS) and Peripheral Nervous System (PNS) [1, 2, 22].

The CNS consists of the brain and spinal cord, and it conducts and processes
signals as a control center of the body [22, 23, 24]. The CNS has an important role in the
studies to understand the behavior of humans or animals. It is also related to partner
selection, integration into social systems, or expression and processing of emotions
[1, 24]. The PNS is classified into Somatic Nervous System (SNS) and Autonomic
Nervous System (ANS). Actions occurring in the somatic nervous system are mostly
conscious and subject to voluntary control [1]. Nerve fibers in the somatic nervous
system extend from and to the sense organs, skin, and skeletal muscles, and they
create a response to stimuli coming from the outside environment. On the other hand,
most of the activities happening through the ANS are involuntary processes. This
system consists of efferent neurons, and it mainly functions to regulate the internal
environment of the body by managing the internal organs, circulatory system, and

sexual functions [1, 2|.

2.2 Anatomy and Functions of The Neurons

Neurons, the excitable cells that send and receive signals through action po-
tentials, are the nervous system’s basic functional and structural units. Neurons are
structurally composed of soma, axon, and dendrites [1, 2]. Soma has an axon hillock

and the axon originates from here [1]. Axon transfers efferent neural signals to neighbor



neurons and close or distant effectors. Axons generally split up into branches that end
in presynaptic terminals. Dendrites transmit excitatory or inhibitory signals that they
receive from other neurons to the cell body. A single neuron may have many dendrites
resulting from receiving many input signals [1, 24, 25| Axolemma which is the plasma
membrane of the axon is surrounded by Schwann cells in the Peripheral Nervous Sys-
tem while it is surrounded by oligodendrocytes in the Central Nervous System [1, 24].
Axons of some neurons are covered with myelin sheat which accelerates the transmit-
ting of nerve impulses [1]. Neuron structure and function were summarized in Figure

2.1. below.

A Neuron and B Myelinated and unmyelinated nerve fibers
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Figure 2.1 Neuron structure and function (A) Neuron structure and synapse (B) Myelinated and
unmyelinated nerve fibers [1].



A synapse is the communication point of a neuron with neurons or a neuron
with effectors. In this place, signals are conducted from the presynaptic membrane
to the postsynaptic membrane through released neurotransmitters. Neurotransmitter
molecules are bound to receptors of the postsynaptic membrane to create an inhibitory

or excitatory effect |1, 2.

2.3 Axon Isolation Techniques

It has been explained in the previous part that the axons transmit neural signals
through the body. They play an important role in the nervous system by connecting
with other neurons and different cells which makes them crucial in synapse formation
[1, 2]. Moreover, axonal damage is critically involved in CNS injuries and neurodegen-
erative diseases 9] In addition, it is critical to clarify the nervous system controlling
mechanism in homeostatic and pathological conditions by investigating the communi-
cation between nerve cells and other cell types [6]. Therefore, some axonal isolation
methods have been developed to study the human nervous system and clarify its work-

ing mechanism |6, 7].

2.3.1 Campenot Chamber

Campenot Chamber was designed by Robert Campenot to separate neuron cell
bodies from axons to investigate axonal biology [6, 15]. A compartmented Teflon di-
vider is attached to a glass coverslip or a cell culture dish via silicon grease. A cell
culture dish is generally coated with collagen and parallel lines 200 pm apart are cre-
ated by scratching the surface of the dish [15]. The original chip consists of 3 connected
chambers which are one central compartment and two side compartments [10, 14]. Neu-
rons are seeded in the central compartment of the Campenot Chamber, and neurite
elongation through the grease layer to the adjacent compartments is generally provided
with the help of the Neuron Growth Factor(NGF) [9, 10, 26]. Formation of the synapse,

neuronal survival, target-derived neurotrophin-initiated signaling, and retrograde sig-



naling are some of the main studies applied in the Champenot Chamber. Although the
design of the chip is good for fluidic separation, an unstable grease seal tends to create
leaks between the chambers and it might cause the pass of more axons and contami-
nation with somas [10]. The other limitation of this chip is the studied neuron type.
Because of technical reasons, generally, longer axons are needed to use in the chambers
which are promoted with NGF. Since the response of cerebral neurons to the NGF is
different, the studies in these chips have been limited to the neurons of the peripheral

nervous system [26, 27].

Campenot chamber

axon
compartment

axon
compartment

cell body compartment

Figure 2.2 Campenot Chamber [10].

2.3.2 Modified Boyden Chamber

Boyden chamber was designed by Stephen Boyden for investigating leukocyte
migration [16]. This design was then modified to segregate axons from their cell bodies
by changing the pore size of the membrane which separates the compartments [28|.
Boyden Chamber consists of two compartments separated by a porous membrane in-
cluding pores of various sizes that acts as a physical barrier. This porous structure
allows the migration of motile cells into the distal part. Neurons are seeded on the
upper compartment of the chip and extended axons pass through the membrane into

the lower chamber in several days [10, 14].

The simple neuronal culture process and the use of tissue explant without the
need for modification are the main advantages of this method. In addition to that,

collecting axonal samples easily is the other benefit of the chip. On the other hand,
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Figure 2.3 Modified Boyden Chamber [28].

there is a limitation while studying axon-specific stimulation. Since the fluidic separa-
tion between chambers is not possible, cell bodies are required to be removed. Another
disadvantage of the system is having difficulties in getting clear images and limiting

the morphological studies due to the axons grown on the porous membrane [10, 14].

2.3.3 Microfluidic Chips

Designing microfluidic chips for studying neurobiology is developed by modifying
the original idea of the Campenot Chamber. Microfluidic chips have offered a broad
range of study areas in neuroscience by eliminating the restrictions of the Campenot
Chamber which are axonal isolation problems and limited nerve cell type that can be

studied in it [6].

The application of microfluidic technology for neurobiological studies was first
used by Anne M. Taylor [29]. This two-compartment microfluidic chip was designed to
allow fluidic separation of cell bodies from axons. In this design, neurons can be plated
in one compartment of the microfabricated neuronal culture chip and let axons grow
through the microgrooves to reach the adjacent compartment. Polydimethylsiloxane
(PDMS) which is a biologically inert and transparent material is used for the fabrica-
tion of compartmentalized microfluidic chips for neuron studies. Accurately patterned
features are obtained by the photolithography method to use as a mold for PDMS
casting. The chip obtained from PDMS consists of two main channels 100 gm high,



1.5 mm wide, and 8 mm long which are connected by microgrooves 3 um high and
10 pm wide [6, 9, 29]. The fabrication method of this chip is summarized in Figure
2.4. below. A detailed explanation of the fabrication techniques will be explained in
Section 2.4.
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Cast Drill reservoirs and
PDMS ; seal against substrate finished

— —_—

Figure 2.4 Fabrication process of microfluidic neuron chip [29].

This simple chip design has been used by many other researchers as a reference
and has been improved and modified for further studies. Developed microfluidic chips
have been used for researching axonal behaviors for decades. Axonal degeneration,
development of in vitro disease models, drug screening, understanding the synapse
function, and isolation of micro RNAs are some of the studies that have been applied

to microfluidic neuron chips.

In addition, these multicompartment chips allow for studying cocultures. De-
spite most of the coculture studies being based on intra-system cocultures such as
coculture of neurons and oligodendrocytes or neurons and Schwann cells, intersystem
coculture studies have also been carried out in these systems. Observing the interac-
tions between neurons and bone cells, muscle cells, or cancer cells some of the studies
have been made via microfluidic neuron chips [6]. One of the good examples of intersys-
tem coculture studies has been applied to investigate the interactions between cancer

cells and neurons in 2016. The traditional microfluidic chip was used to understand
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the cross-talk between different cancer cells and neurons. In conclusion, cancer cell

migration was observed [6, 7] as demonstrated in Figure 2.5 B below.
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Figure 2.5 (A) Coculture systems in a compartmentalized microfluidic chip (B) Coculture of DRG
neurons (green) and cancer cells (red) (modified from [6]).

Another example of co-culture studies was applied in a modified compartmen-
talized chip to investigate the communications between CNS neurons and glial cells,
axonal specific responses and differentiation, and the development of oligodendrocytes.
Thanks to the special design of this chip six different pharmacological treatments were
applied to observe the effects in a single chip. The detailed shape of the chip was
demonstrated in Figure 2.6. below. As a result of the study, it was demonstrated
that astrocytes induced the development of oligodendrocytes, and it was observed that

mature oligodendrocytes are needed for obtaining a strong myelin sheath [21, 30].

A different chip was designed by modifying one of the first multicompartment
chips developed by Park et al. (2016) by creating a novel 3-compartment microfluidic
chip to investigate in vitro synaptic competition. In this study, it was observed that
axons in the central compartment, which were grown through the untreated neurons,
created more synapses compared to the axons derived from the chamber with inhibited

neuronal culture. It has been demonstrated that axon elongation and synapse forma-
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Figure 2.6 (A) 3D graphic of a neuron-glia co-culture multi-compartment system (B) Axon-glia
interaction with isolated axons (C) Digital image of the system [30].

tion can be affected by decreasing neuronal activity [6, 31]. The design of the chip was

shown in Figure 2.7 below.

One of the main advantages of microfluidic chips is providing fluidic isolation
between compartments by adjusting the volume of the culture medium in each chamber
which creates negative hydrostatic pressure in the microgrooves [9]. Another advantage
is using PDMS-based chips provides optical transparency for cell visualization, and
allows controlled fluid exchange and gas permeation |6, 9, 25|. In addition, these chips
are quite flexible in terms of design which can be modified depending on the cell type
and process. Since microgroove length can be produced shorter than the Campenot

Chamber, neurons extending shorter axons can be studied in these chips [9, 28].

On the other hand, fabrication and application techniques are more expensive
than classical methods and require more experience. Evaporation is another problem
while working with microscale volumes and it changes culture medium osmolarity which
may result in cell death if it is not checked regularly. Shear stress is produced through

laminar flow and is an important variable that can affect sensitive neurons [5, 9].
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Figure 2.7 Three-compartment microfluidic chip for investigation of synapse formation [31].

2.4 Microfluidic Chip Fabrication Techniques

There are a lot of fabrication techniques to produce microfluidic chips depending
on the function of use. Fabrication cost, available types of equipment, required chan-
nel size and geometry, fabrication time, and reproducibility are some of the important
factors while determining the fabrication technique. In this part of the thesis, some
of the popular fabrication techniques including polymer molding methods, 3D printing
technologies, and UV photolithography techniques have been explained. Photolithog-
raphy and soft lithography techniques have been described in more detail since those

were the techniques used in the experimental method of this thesis [12, 19].

2.4.1 Photolithography

Lithography is the general name of the technique of creating patterns on a
surface [32]. Photolithography is one of the most popular fabrication methods for
obtaining microscale topographies. This technique is used to produce the master molds.
In this process, a substrate which can be a silicon wafer or a glass, coated with the
photoresist material is exposed to UV light with 365 nm or 405 nm wavelength through
a predesigned photomask containing the desired patterns on it [33, 34].
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Preparing the photomasks is the starting point for photolithography applica-
tions. High-resolution transparencies or chrome masks can be used as a photomask.
While the patterns generally larger than 8 pm can be obtained through transparency
photomasks, chrome masks allow having smaller feature sizes [19]. Chrome photomasks
can be produced through laser writing devices that use a direct lithography technique.
Even though this technique is expensive and time-consuming, it is preferred to ob-
tain accurate and smaller microstructures on the masks [35]. In figure 2.8 A below,
Heidelberg DWL 66fs Direct Writing Lithography Device in the cleanroom of Gebze

Technical University was shown which can be used for printing the chrome photo mask.

Other components required for photolithography are a light source for UV ex-
posure and photoresist material to transfer the designed patterns on a substrate as a
result of chemical reaction [36]. SUSS-MJB4 mask aligner system in the cleanroom
of Gebze Technical University was demonstrated in Figure 2.8 B. After mask prepa-
ration, the substrate is cleaned and coated with a photosensitive material, which is
called photoresist, by spin coating. The coated substrate is soft-baked to densify the
photoresist by evaporating the solvent from the resist and provide better adhesion to
the substrate surface. Then it is exposed to UV light to transfer the patterns on the
photomask to the substrate. UV light results in a chemical change in the areas that
are exposed to UV light. This change is different depending on the photosensitivity
of the photoresist material. There are two types of photoresists which are positive
photoresists and negative photoresists. Negative photoresists harden after exposure to

UV light, while UV light produces an opposite effect on positive photoresists.

After UV exposure, different steps are followed depending on the photoresist.
In case of using a negative photoresist, there should be a post-exposure bake step to
complete the photoreaction initiated during exposure. On the other hand, the devel-
opment step can be directly followed after UV exposure when a positive photoresist is
used. The developing stage is used to remove some of the photoresists in a special solu-
tion. When substrates coated with negative photoresist are immersed in the developer,
parts not exposed to UV dissolve. Conversely, because of becoming soluble after UV

exposure, UV-exposed areas of positive photoresist can be removed easily. Photoresist
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Figure 2.8 (A) Heidelberg DWL 66fs Direct Writing Lithography Device (B) SUSS-MJB4 Mask
Aligner System.

types and their viscosity are important to determine the spin coating protocols, UV
exposure period, and development time. These variables play an important role in
determining the thickness of the microstructures [36, 37, 38, 39, 40]. The general steps
of the photolithography process are summarized in Figure 2.9 below [37].

2.4.1.1 SU-8 Permanent Negative Epoxy Photoresist. SU-8 is a thermoset-

ting polymer, that is epoxy-based and near-ultraviolet radiation sensitive, and it is one
of the most preferred materials for the fabrication of microfluidic chips. Since they
are thermosets, they cross-link to form rigid structures when they are exposed to heat
or radiation. Once cured, it is not possible to reshape them [41, 42|. This negative
photoresist has suitable mechanical and chemical features to be used in producing
thick structures up to 1,5 mm high in a photolithographic single step. It is possible to
produce very high aspect ratio (25:1) structures with SU-8 photoresists [42, 43, 44, 45|.
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Figure 2.9 Photolithography application steps with different photoresist types [37].

SU-8 photoresists provide many advantages thanks to their high strength and
stiffness, transparency, and solvent resistance in microfluidic applications [41] On the
other hand, challenges in the processing steps make the repeatability of the master
molds difficult. The homogeneous coating is one of the most important steps because
edge bed formation during coating causes thickness variations on the substrate surface.
The same problem might happen during the soft baking of photoresists. Non-uniform
exposure is the other critical problem that affects reproducibility. Above mentioned
problems can lead to lift-off of the whole SU-8 pattern, feature degradation, and crack-
like distortions [42].

Figure 2.10 SEM image of a three-level SU-8 microstructure [42].
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2.4.2 Soft Lithography

Soft lithography also known as the casting process is one of the most preferred
fabrication techniques used in microfluidic chip production. In this technique, elas-
tomeric materials are used as a stamp for creating the microstructures or to have
a mold of containing the microstructures. Soft lithography is divided into different
subunits such as replica molding, micro-transfer molding, microcontact printing, and
solvent-assisted micro molding. In this thesis, the replica molding technique was pre-

ferred because it is the most suitable method for our needs [12, 38|.

The replica molding method is applied after the photolithography process in
which master mold production occurs. Polydimethylsiloxane (PDMS) is generally pre-
ferred as a silicon-based elastomer to create a replica mold. As a first step, PDMS
liquid polymer is prepared by mixing the curing agent and base elastomer. Degassing
of the mixture is suggested to remove the bubbles which can affect the microstructures.
It is followed by pouring silicon-based elastomer onto the master mold and the curing
process by heat for a certain time. As the last step, PDMS is peeled off from the
master mold [19, 38|. For producing the final microfluidic chip, a PDMS replica can be
reversibly sealed to different materials or irreversible bonding of PDMS with a glass or

another PDMS piece can be provided by plasma cleaning [19, 37|.

Soft lithography provides the advantage to obtain high-resolution replicas and
complex three-dimensional structures. Another advantage of soft lithography is that

it is a soft and low-cost process |19, 46].

On the other hand, the molds may deform as they are used, or even if the
molds are intact, defects may occur during removing the PDMS molds from the master
mold [46]. Fabrication steps of master mold production with SU-8 photoresist through
photolithography and PDMS chip fabrication via soft lithography are demonstrated in
Figure 2.11 below.
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Figure 2.11 (A) SU-8 master mold fabrication (B) Soft Lithography of PDMS (C) Integration PDMS
microfluidic chip with tubing [4].

2.4.2.1 Polydimethylsiloxane (PDMS). PDMS is a polymer in the class of

silicone elastomers and its elasticity and biocompatibility offer a broad range of appli-
cations in the biomedical field [47, 48, 49]. PDMS contains repeated silicon and oxygen
bonds and methyl groups in its chemical structure. The structure of PDMS can be
modified for different applications if the methyl groups are substituted by other groups
which allow for bonding between organic and inorganic groups [48, 50]. The good mi-
crostructural characteristics of PDMS material results in having good manufacturing
ability by decreasing the cost. It has been proven that PDMS offers better features in
microfluidic applications compared to materials like glass and silicon which were pre-
ferred in the old techniques [51, 52|. Thanks to its nontoxic, biocompatible structure
with good gas permeability properties, it provides a good environment for long-term
cell culture studies, screening of cells, and biochemical tests [53, 54|. Its optical trans-

parency provides another advantage in cell culture studies for the visualization of cells

[12, 55].
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Even though having many advantages, PDMS has some drawbacks. Some of
the advantages might also turn into disadvantages and lead to some problems during
biological microfluidic applications [38]. Having a hydrophobic surface because of the
methyl groups is one of the main disadvantages of PDMS for biomedical applications
[48, 56]. This feature causes a problem when wetting the surface with aqueous solvents.
In microfluidic applications, it can create air bubbles in the microchannels easily and
leads to the absorption of hydrophobic solvents from the microchannels [19, 48, 57|.
While the gas permeability of PDMS is an advantage for cell culture experiments,
this porous structure can lead to some molecules diffusing into the structure. PDMS
is incompatible with nonpolar, organic solvents and it swells through the adsorption
of molecules of these solvents into the microchannel walls in microfluidic chips. It
causes a problem in maintaining the sizes of patterned structures. In addition to that,
water evaporation through the porous structure can result in a change in the solution
concentration [12, 54, 55|. Another issue is thermal expansion and the softness of
PDMS can cause collapsing of microstructures [38]. Although it has some drawbacks,
PDMS is still preferred and widely used in biomedical applications because of its useful

characteristics [38, 48|.

2.4.2.2 Plasma Surface Treatment. Plasma treatment is a method used for

cleaning and activating the surfaces of solid materials. Oxygen is the most used gas
in the plasma treatment but nitrogen, argon, chlorine, and hydrogen bromide can also
be used in this technique. Organic compounds react with the activated oxygen and
form volatile products that are moved through a gas flow [58, 59, 60]. It is generally
used for the activation of PDMS surfaces in microfluidic applications. PDMS has a
hydrophobic surface due to the repeating -OSi(CHj3)z- groups in its chemical structure.
When PDMS is exposed to air or oxygen plasma, hydrocarbon groups are removed and
polar silanol (Si-OH) groups are introduced so that the hydrophobic surface of PDMS is
converted to a hydrophilic surface [57, 58, 60, 61]. These silanol groups on the PDMS
surface can create siloxane bonds (Si-O-Si) with another activated surface that has
similar silanol groups [60]. The activated surface of PDMS can regain its hydrophobic

property in a short time due to the decreased surface energy when it contacts air [64].
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Therefore, PDMS should be bonded either with another activated PDMS or activated
glass right after plasma treatment for microfluidic chip production [60, 62]. Pressure,
exposure time, and plasma power are the variables that should be optimized for an
effective bonding [60]. The changes on the PDMS surface with the help of plasma

treatment are demonstrated in figure 2.12.

Oxidised by

0, Plasma

PDMS surface Oxidised PDMS surface

Figure 2.12 Surface modification of PDMS after oxygen plasma treatment [58].

2.4.3 Hot Embosing

The hot embossing method is used for transferring the patterns on the master
mold to thermoplastic materials using heat and pressure. Thermoplastics that are used
in the hot embossing process are polycarbonate, polymethylmethacrylate, cyclic olefin
copolymer, and polyethylene terephthalate glycol, polystyrene, and polyvinyl chloride.
This technique takes advantage of the ability of thermoplastics to be reshaped near
their glass transition temperatures |19, 63, 64|. Silicon or metal materials are generally
used for the fabrication of master molds. The micromachining technique can be applied

to silicon wafers to obtain the silicon stamp.

On the other hand, metal master molds can be obtained by electroplating them
against micromachined silicon masters [19]. Polymers are used in the film form in this
technique. After the preparation of the master mold, the polymer film and master mold
are heated to the glass transition temperature of the selected thermoplastic material,

and the softened polymer is reshaped by applying contact pressure with the master
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mold. It is followed by a cooling process of all parts and the demolding of the polymer
[38]. In conclusion, a polymer containing a reversed image of the patterns on the master
is obtained. The processing steps of the hot embossing technique are demonstrated in

Figure 2.13 below [65].
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Figure 2.13 Processing steps of hot embossing technique [65].

One of the advantages of the hot embossing method is that it requires less
pressure, lower flow rate, and cooling rate of polymer than used in the injection molding
technique. This can result in lower internal stress and a higher aspect ratio in the final
product. However, longer heating and cooling period for both polymer and mold is
required compared to the injection molding technique. The whole process can take
4 to 15 minutes and sometimes it might reach 30 minutes. Some factors affect the
processing steps and final product. For instance; to prevent cavity formation in the
embossed polymer as a result of air trapped in the master mold, a vacuum environment
is required. Temperature differences across the mold might result in bending of the
produced part because of internal stress. High friction can damage the master mold and
fabricated microstructures on the polymer during demolding. Having a non-sticking
and smooth surface of the mold and polymer can create a solution for this problem

[38].
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2.4.4 Injection Molding

Injection molding is the technique commonly used to produce everyday objects
by processing polymers [12; 19]. Its high throughput and precision during production
and cost efficiency make this method preferable and attractive for the microfluidic chip

fabrication field [12, 46].
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Figure 2.14 Injection molding steps|38§].

It is generally known as micro-injection molding and thermoplastics are used
for processing. In the first step, prepolimerized thermoplastic pellets such as PMMA
are melted to a liquid state and injected into the mold cavity under high pressure [12,
19, 38, 46]. Then the temperature is decreased below the glass transition temperature

of the polymer and it is cooled to have a solidified material for the demolding process

66, 67].

The steps of injection molding are summarized in the Figure 2.14 above. There
are different materials and techniques for the production of the molds and the required
production life of the mold plays an important role before choosing them. While silicon-

based materials are preferred for short-term production, metals are used for creating
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molds which are useful for long-term production. Resolution is dependent on the mold
production method. For instance; whilst electron beam lithography holds the potential
of creating a sub-micron resolution, the achieved resolution level is generally around
25 pm in the method of milling metals [46, 68]. Repeatability and lower process cycle
time which can finish in a few seconds for each mold are some of the advantages of
large volume productions. On the other hand, because of the fabrication costs of molds

and the need of using complex equipment make it preferable for industrial production

[19, 46].

2.4.5 3D Printing Technologies

Three-dimensional (3D) printing is another technique that is implemented for
microfluidic channel formation. Different microfluidic chip designs can be created
through this technology [55, 69, 70|. The general approach to this technology is using
an additive manufacturing method. The 3D digital model is designed and 3D object
is created by adding a new layer of material on top of the previous layer with the help

of a 3D printer.

There are different 3D printing technologies and some of the most common meth-
ods have been explained briefly in this chapter [12, 38, 46|. The fundamental difference
among those technologies is the method of processing the polymers while producing
the layers. While polymer is softened in some technologies, the liquid materials are

cured with different techniques in others [12].

One of the most commonly used 3D printing technology is fused deposition
modeling (FDM) which is based on the extrusion method. In this technology, a ther-
moplastic filament is melted and it is extruded through a nozzle onto a surface where
it is cooled below its thermoplastic temperature for solidification. Different polymers
such as acrylonitrile butadiene styrene (ABS), polycarbonate (PC), and polylactic acid
(PLA) can be used in this technique |71, 72|. FDM is an affordable, simple, and rapid

method for material printing but it has some limitations. It might cause shape de-
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formation and leakage if printing parameters are not arranged precisely according to
the thermoplastic polymer |71, 73]. Figure 2.15 demonstrates the presentation of dual-
headed fused deposition modeling 3D printer [71].
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Figure 2.15 Representation of dual-headed fused deposition modeling 3D printer.

Another 3D printing technology is multi-jet modeling in which photosensitive
material is used for printing. The photosensitive resin is ejected as a droplet from the
printhead and cured by a light source. Above mentioned techniques are limited to
print products with microscale resolutions. On the other hand, 3D printers using two-
photon polymerization technology provide an advantage for producing nanometer-sized
structures. Two light sources are required for this technology and it is more expensive

compared to others [46].

Apart from the advantages of 3D printing technologies, there are some challenges
in the fabrication of microfluidic chips. Having a microchannel size of less than 100 pym
is difficult to achieve with standard 3D printing techniques. Even though microchannels
having less than 100 pm in width and height is possible to produce through 3D printing,
removal of the support material might damage the printed patterns [46, 74].
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3. MATERIALS AND METHODS

The main purpose of this thesis is to optimize a microfluidic chip design and
fabrication for providing axon isolation which can be used for investigating the inter-
action between nerve cells and their microenvironment in future studies. The overall
chip design was created by modifying the designs used in the previous studies |6, 75]
and the optimum chip was obtained by changing photoresist models and exposure dose
during UV photolithography. According to the design, 5 ym width microgrooves were
inserted between two main cell channels to isolate the axons from their cell bodies.
SH-SY5Y neuroblastoma cells were loaded to one channel and their movement through
the microgrooves was observed to determine the ideal microgroove size, and 2 different
cell loading techniques were applied to observe the effects on cell movement and ease
of application. A schematic representation of the microfluidic chip design according
to the values included in the photomask design has been demonstrated in Figure 3.1

below.
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Figure 3.1 Schematic representation of the chip design (A) Top view (B) Cross sectional view of the
chip showing the length of main channels (1,5 mm) and microgrooves (450 pm) (C) Cross sectional
view showing the width of microgrooves (5 um) and distance between each microgroove (20 pm).

Experimental steps followed during the microfluidic chip design and fabrication,

and the cell culture studies were summarized in Figure 3.2 below.
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Figure 3.2 Flow chart of the experimental steps.

3.1 Microfluidic Chip Design and Fabrication

Photomask design and its preparation are initial steps to produce master molds
through the UV photolithography technique. In this part of the thesis, photomask
design and preparation steps were explained. This was followed by the preparation of

master molds and PDMS negative templates.

3.1.1 Photomask Design

Patterns required for microfluidic chip production were designed by using CleWin
5 software (WieWeb software, Netherlands). The design was placed in a circular area
with a diameter of 4 inches and divided into 3 sections for use in different photolithog-
raphy applications as shown in Figure 3.3 below. While the 1st section was designed
for a single-layer photolithography method, the 2nd and the 3rd sections were designed

to form the layers of the two-step photolithography.
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Figure 3.3 A representative image of the 5 inch mask design.

Each microfluidic chip design consists of 2 different cell channels which are in
the size of 1.5 mm wide and 8 mm long. The main channels are connected to each other
by microgrooves 5 um wide and 400 pum long. There are 320 microgrooves between the
main channels and the space between each microgroove is 20 ym. There are support
structures extending vertically with a width of 50 gm on both sides of the microchannels
for easy alignment. 25 pum from each side of these structures will be covered by the
main channels and the total microgroove length will be 450 pym. Those microgrooves
were designed to prevent the cell migration to the other channel and to observe the
neurite elongation. In the 2nd and 3rd sections of the design, microgrooves and main
channels were drawn separately to apply two-step photolithography. Each section has
2 almost identical microchip designs, but the only difference is the size of the inlets.

The 8 mm and 2 mm inlets are designed to observe the effects of the different cell
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Figure 3.4 1st section of the mask design.

culture methods.

3.1.2 Photomask Writing And Preparation

Designed patterns were printed on the commercial 5-inch chrome photomask
(Nanofilm) by using HEIDELBERG DWL 66 fs laser lithography system in the clean-
room of Gebze Technical University. This photomask has a 100 nm Chrome layer which

is coated by a 500 nm AZ1505 positive photoresist on the top.

After the printing process, the photomask was kept in the AZ726 MIF developer
for 60 seconds to clear the areas which were exposed to the laser light. Following the
development, the mask was immersed in the Cr etcher solution for 100 seconds. The
patterns were checked under a light microscope. Since all the patterns were clearly seen
under the microscope, remover was used to clean the remaining photoresist material
from the mask. AZ100 remover was used for 10 minutes at 80 °C to remove the
excessive material. As the last step, the mask was rinsed with D.I. water and dried

with N,. Mask was checked under the light microscope again to make sure it is clean
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enough. A photo of the mask was demonstrated in Figure 3.5 below.

Figure 3.5 Photo of the mask.

3.1.3 Preparation of SU-8 Master Molds on Si/SiO, Wafers

Different types of master molds were prepared to compare and observe the
effects on the cell culture experiments. Two-step photolithography was applied to
obtain structures at different heights. SU-8 2005, SU-8 2050, SU-8 3005, and SU-
8 3050 negative photoresists were supplied by Kayaku Chemicals to carry out the

photolithography process. Properties of different master molds were listed below.

1. Preparation with SU-8 3005 and SU-8 3050 to see the effect of UV exposure dose
on microgroove width by using SUSS Mirotech MJB4 Mask Aligner.

2. Preparation with SU-8 2005 and SU-8 2050 to see the effect of UV exposure dose
on microgroove width by using SUSS Mirotech MJB4 Mask Aligner.

3. Preparation with SU-8 3005 and SU-8 3050 to have a similar microgroove width
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with the first part by using UV-EX Pioneer Lithography System from Mikronya
Lithography Systems Ltd.

Master molds which were prepared in the first and third steps were used to
fabricate microfluidic chips with 2 mm and 8 mm inlets to see the effects on the cell

culture studies.

3.1.3.1 Preparation of the Master Molds With SU-8 3000 Series. Process-

ing steps suggested in the datasheet of SU-8 3000 series supplied by Kayaku Chemicals
have been followed to obtain the microgroove and main channel structures with thick-
ness of 5 um and 100 pm, respectively. 2 inch Si/SiOy wafers and a small rectangular
Si/SiOy wafer pieces were used for preparing the different master molds. While all
parameters were kept constant for each sample, only UV exposure time was changed.
Optimum UV exposure time was tried to be determined for obtaining the required

microgroove width at this part of the experiment.

e Si/SiO, wafers were cleaned in an ultrasonic bath for 5 minutes by keeping them
in acetone and IPA, respectively. Si/SiO, wafers then were dried with nitrogen
gas ( Ny ), and were placed on a hot plate at 95 °C for 3 minutes to eliminate
water or other molecules that may remain on the surface. Si/SiO, wafers were

kept in a room temperature for cooling down before the photoresist coating.

e Cleaned Si/SiO, wafers were placed on the center of a spin coating device for
the first layer coating as demonstrated in Figure 3.6 below. 1 mL of SU-8 3005
negative photoresist for each inch (25 mm) of substrate diameter was dispensed
on the cleaned Si/SiO, wafers surface and coating was applied according to the
recipe that was suggested in the datasheet of SU-8 3005. In the first step, the
coated Si/SiOy wafers were spun at 500 rpm for 10 seconds with an acceleration
of 100 rpm/second which was followed by spinning at 3000 rpm for 30 seconds

with the acceleration of 300 rpm/second as a second step.
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Figure 3.6 Spin coating of the first layer.

Photoresist coated Si/SiO, wafers were kept on the hot plate at 95°C for 2,5
minutes for the soft bake stage. After baking, Si/SiO, wafers were kept in a

room temperature for 2 minutes.

After that, coated Si/SiO, wafer and designed Cr mask were placed in a mask
alignment system (KARL SUSS-MJB4 mask aligner) which has a UV light source
(365nm) with 21 mW /cm? power. SU-8 coated Si/SiO, wafers were exposed to
UV light through the photomask by using hard contact mode for 54,3 and 2

seconds, respectively.

Cured Si/SiO, wafers were placed on a hot plate directly after the UV exposure
for post exposure bake stage. They were kept on the hot plate at 65°C for 1

minute and then at 95°C for 1,5 minutes.

Samples were kept at room temperature for a few minutes to cool down before the
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Figure 3.7 UV exposure for the first layer.

development stage. Cooled SU-8 coated Si/SiO, wafers were immersed into Mr-
Dev-600 developer and kept for 1,5 minutes to remove the uncured SU-8 polymer.

Substrates were washed with IPA and dried with N, gas.

Finally, the samples were hard baked at 150 °C for 5 minutes to improve resis-

tance. Microgroove sizes were measured using an optical microscope.

After measurement of the microgroove sizes, samples were placed on the spin
coater again for the 2nd layer coating. 1 mL of SU-8 3050 negative photoresist
for each inch (25 mm) of substrate diameter was dispensed on the Si/SiO, wafer
and coating was applied according to the recipe that was suggested in the SU-8
3050 datasheet. In the first step, a rotating speed of 500 rpm was implemented
by increasing the speed in 100 rpm steps gradually for 10 seconds and it was

followed by the second step which applied the rotating speed of 2000 rpm for 30
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Figure 3.8 SU-8 on Si/SiOy wafer after the first development.

seconds in increments of 300 rpm.

Figure 3.9 Soft bake after second layer coating of SU-8 3050.

e Same steps in the first layer coating process were followed by changing the pa-
rameters. Si/SiO, wafers were soft-baked at 95 °C for 35 minutes, and they were
cooled down to room temperature and kept for 15 minutes for relaxation. After
that, they were exposed to UV light for 11 seconds in the same mask alignment

system.

e Samples were heated on the hot plate at 65 °C for 1 minute and then at 95 °C

for 5 minutes.

e After cooling down of SU-8 coated Si/SiOy wafers, they were developed for 13

minutes with an additional 2 minutes in an ultrasonic bath. After they were
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rinsed with IPA and dried with Nitrogen gas, samples were checked by the optical

microscope.

e As the last step, master molds were hard baked at 150 °C for 5 minutes to improve

the mechanical strength.

Figure 3.10 (A) Development after 2nd UV exposure (B) Hard bake after 2nd development.

Figure 3.11 Microscope image after 2nd development (Magnification factor: 10x)

3.1.3.2 Preparation of the Master Molds With SU-8 2000 Series. In this

part, master molds were prepared by using the SU-8 2000 negative photoresist series.
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For the first layer, SU-8 2005 photoresist was used and optimum microgroove size was
tried to obtain by changing the UV exposure time. SU-2050 photoresist was used for

coating the second layer.

Application steps were the same as the 1st and 2nd master molds preparation.
2 inch Si/SiOy wafers were used and production steps were followed by changing the
variables according to SU-8 2005 datasheet. Details of the application steps were
demonstrated in Table 3.1 below. Microgroove sizes in all samples were measured after

the first layer of coating. Different microgroove widths were obtained depending on

the UV exposure time.

Table 3.1
Preparation steps of the master molds by using SU-8 2000 photoresist series.

Preparation

Steps

1st layer coating with SU-8
2005 (for ~ 5 pm thickness)

2nd layer coating with SU-8
3050 (for ~ 120 pm thickness)

Spin coating

-500rpm for 10 sec (100rpm ramp)
-3000rpm for 30 sec (300rpm ramp)

-500rpm for 10 sec (100rpm ramp)
-1500rpm for 30 sec (300rpm ramp)

Soft Bake At 95 °C for 2 minutes First at 65°C for 5 minutes, Second
at 95 °C for 22 minutes

Relaxation 2 minutes 15 minutes

Time

UV Exposure

21mW /cm? power for 5,4,3,2 sec-

onds with vacuum contact

21mW /em? power for 13 seconds

PEB -At 95 °C for 3 minutes First at 65 °C for 5 minutes, Second
at 10 °C for 5 minutes
Development, 1 minute development followed by | 13 minutes of development followed

Rinse and Dry

IPA rinsing and Ny drying

by IPA rinsing and Ny drying

Hard Bake

At 150°C for 5 minutes

At 150°C for 5 minutes

3.1.3.3 Preparation of the Master Mold With Different UV Light Source.

2 inch Si/SiOy wafer was coated with SU-8 3005 and SU-8 3050 photoresists in this
part of the experiment. The same application steps in part 3.1.3.1 were applied by
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changing only the UV light source and first layer spin coating properties.

A UV-EX Pioneer Lithography System (Mikronya Lithography Systems Ltd.) in
the Microfluidic Chip Laboratory at Gebze Technical University was used as a UV light
source for producing the first layer of the master mold. The second layer photolithog-
raphy application was made in the cleanroom because of the alignment requirements.

The details of the preparation steps were demonstrated in Table 3.2 below.

Figure 3.12 Rectangular substrate images (A) After first development (B) After second development.

Figure 3.13 UV-EX Pioneer Lithography System in Microfluidic Chip Laboratory at GTU.
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Preparation steps of the master mold by using SU-8 3000 photoresist series with a different light

source.

Preparation

Steps

1st layer coating with SU-8
3005 (for ~ 4 pm thickness)

2nd layer coating with SU-8
3050 (for ~ 100 pm thickness)

Spin coating

-500rpm for 10 sec (100rpm ramp)
-4000rpm for 30 sec (300rpm ramp)

-500rpm for 10 sec (100rpm ramp)
-2000rpm for 30 sec (300rpm ramp)

Soft Bake At 95 °C for 2,5 minutes At 95 °C for 35 minutes
Relaxation 2 minutes 15 minutes
Time

UV Exposure

58 mW /cm? power for 4 seconds

with vacuum contact

21 mW /cm? power for 11 seconds

PEB First at 65 °C for 1 minute, Second | First at 65 °C for 1 minute, Second
at 95 °C for 1,5 minutes at 95 °C for 5 minutes
Development, 1,5 minutes of development followed | 13+2 (in UB) minutes of develop-

Rinse and Dry

by IPA rinsing and Ny drying

ment followed by IPA rinsing and

N5 drying
Hard Bake At 150 °C for 5 minutes At 150°C for 5 minutes
3.1.4 Preparation of the PDMS Negative Templates

In this part of the experiment, the soft lithography technique was implemented
to prepare the PDMS negative templates. PDMS (Sylgard 184 silicone elastomer and
curing agent) is supplied by Dow Silanes and silicone elastomer was mixed homoge-
neously with the curing agent at a w/w ratio of 10:1 for 10 minutes. The mixture was

kept in the vacuum desiccator for about 40 minutes to eliminate the bubbles.

Aluminum foil was placed in a 6 cm glass petri dish to form an outer template
for 2-inch master molds. Master molds were placed into an aluminum foil template as
demonstrated in Figure 3.14 below. On the other hand, the rectangular master mold
was directly placed in the 6 cm petri dish without using an aluminum foil template as
demonstrated in Figure 3.15. PDMS mixture was poured on master molds carefully.

Then they were kept on the hot plate at 80 °C for 1 hour for curing. 3 different master



37

molds were used for PDMS casting.

Figure 3.15 Master mold placed in a glass petri dish for PDMS curing.

After curing stage, cured PMDS mold was cooled down for about 60 minutes at
room temperature. PDMS negative template was slightly peeled off from the master
mold with the help of surgical blade. While some of PDMS molds were directly peeled
off from the master mold, others were treated with trimethylchlorosilane vapor to
decrease the adhesion between the PDMS mold and SU-8 master mold. SU-8 master
molds and a few drops of trimethylchlorosilane in an open glass petri dish were kept
in a desiccator for 40 minutes at room temperature to cover the SU-8 surface |76, 77|.
PDMS mold containing the microchannels was cut off to have the final microfluidic chip.

2 mm and 8mm biopsy punches were used to obtain inlets for cell culture applications.
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3.1.5 Packaging of Microfluidic Chips by Plasma Cleaning

PDMS mold was cleaned before plasma bonding. Firstly, Scotch brand vinyl
tape was used to remove any dust from PDMS surface. Then, PDMS mold was held
with tweezers and washed with D.I. water. It was sonicated in D.I. water for 5 minutes
by placing it in a glass petri dish then it was rinsed with D.I. water a few times. After
that, it was sonicated in 70 % EtOH for 5 minutes and was rinsed with 70 % EtOH
twice. After the cleaning process PDMS mold was dried with Ny. The cleaned PDMS
negative template was placed in a clean glass petri dish by turning the patterned side
face up. Petri dish was covered with a clean aluminum folio including small holes and
was kept in a laminar hood for 15 minutes to dry completely. Scotch tape was covered
on the patterned side of the mold after the drying process to eliminate any dust to

attach and remove the remaining debris.

The cover glass was cleaned with acetone and IPA for 5 minutes respectively and
was dried with nitrogen gas. Cleaned cover glass and PDMS negative template were
placed by facing up the patterned side of the template in a plasma cleaner chamber
of PTL-VM500 vacuum plasma treatment system at GTU and waited for 2 minutes
(~ 107! mbar at room temperature) for plasma turning the surfaces hydrophilic and

providing permanent bonding.

Figure 3.16 Plasma cleaning with PTL-VM500 vacuum plasma treatment system at GTU.
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Plasma-treated surfaces of the cover glass and PDMS mold were contacted each
other immediately after the plasma treatment by applying a slight pressure to help
bonding. The chip was kept on a 65°C hot plate for 30 minutes by putting a light
weight on it to provide better bonding.

Figure 3.18 (A) Microfluidic chip with 8 mm inlets (B) Microfluidic chip with 8 mm inlets including
extra reservoirs for water (C) Microfluidic chips with 2 mm inlets

Scotch brand vinyl tape was used to cover the surface and inlets of the microflu-
idic chips and kept in a closed petri dish until cell culture experiments. Since PDMS
easily turns back to its hydrophobic structure in a short time when it is exposed to air

[54], it is important to cover the reservoirs.



40

Figure 3.19 Microscopic image of the microfluidic chip after channel staining.

3.2 Sterilization

The outer and inner surfaces of the microfluidic chips and Petri dishes were
rinsed with 70 % EtOH and they were placed into the laminar hood. The liquid on the
surface and in the reservoirs of the chip was aspirated and channels were washed with
70 % EtOH for twice. Microchannels were filled with fresh 70 % EtOH and enough
amount of 70 % EtOH was added to the petri dish to cover the whole microfluidic chip
surface. After 15 minutes, 70 % EtOH was aspirated from the inner channels and outer
surfaces of the chips. Inner channels were washed with 70 % EtOH twice again and
they were filled with 70 % EtOH to let them wait for additional 5 minutes. EtOH was
aspirated from the channels and chips were left in the hood for a few minutes to dry.
Microfluidic chips were exposed to UV light for 15 minutes and they were transferred

to the sterile Petri dishes as a last step of the sterilization.

3.3 Cell Culture Studies

3 different microfluidic chip models were used for cell culture studies. SH-SY5Y

neuroblastoma cells were cultured in microfluidic chips to observe the cell migration to
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the other microchannel and the separation of axons from the somas. Cells were loaded
by using filtered micropipette tips in the first method, and directly through the wide
reservoirs with 8 mm diameter in the second method. The cross-sectional views of the

fabricated microfluidic chips were demonstrated in Figure 3.20 below.

Cross Sectional View

A B

450 um

~ ml
— 1

1.5mm ~4um

Figure 3.20 Schematic representation of fabricated chips. (A) Cross-sectional view of the main
channels and microgrooves demonstrating the length and thickness. Cross-sectional side view of large
(B), small (C) microgrooves.

3.3.1 Cell Seeding With Filtered Micropipette Tips

Microfluidic chips which have 2 mm inlets with a width of 7.3 ym microgrooves
and 10.2 pm microgrooves were used for cell seeding and the effect of microgroove
width on cell migration was observed. 1000 pum filtered micropipette tips were used for
static cell seeding and changing the medium. After sterilization, 200 pL. phosphate-
buffered saline (PBS) was filled into the right channels and it was waited for a few
minutes to fill the microgrooves. Then, the left channels were filled with PBS. After
PBS wash, channels were aspirated, and then 200 pL of 0.1 mg/mL poly L-lysine
(PLL) solution was added with filtered pipette tips into each channel, and chips were
placed in an incubator at 37 °C for 1 h for providing effective coating. After 1 hour,
the PBS wash step was repeated 2 times to remove the excess PLL. Channels were

filled with cell culture media and chips were placed in an incubator at 37 °C until the
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cells were ready. RPMI 1640 (Pan Biotech, Germany) supplemented with 10 % FBS
(fetal bovine serum) (ATCC 30-200TM), and 1 % penicillin-streptomycin (Biosera, 45

Nuaille, France) were used for the routine cell culture process of SH-SY5Y cells.

Figure 3.21 Digital image of the microfluidic chip with 2 mm inlets before cell culture change.

SH-SY5Y cell suspension was prepared with the density of 2x10° cells/mL from
the 11th passage of the cells. An empty 1000 pm filtered micropipette tip was fixed to
the lower left inlet while the other pipette tip was filled with 1000 pL cell suspension
which was then placed in the upper left inlet. The cell suspension was loaded to the
left channel by slightly pressing the micropipette and the same pressure was used until
the pipette tip in the lower left inlet was filled with cell suspension with the same level.
Cells were kept in the culture hood for 5 minutes for the attachment. After that, the
right channel was filled with fresh culture medium by using the same steps with cell
loading. After checking the cells through an optical microscope, microfluidic chips were
placed in an incubator with humidified 5 % carbon dioxide (CO3) atmosphere at 37
°C. Pipette tips and culture media were changed at the 96th hour. A digital image of
the microfluidic chip before the cell culture change was demonstrated in Figure 3.21

above.
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Figure 3.22 Microscope image of microfluidic chips before cell culture (A) Chip with smaller (7.3
pm) microgrooves (B) Chip with larger (10.2 ym) microgrooves.

3.3.2 Cell Seeding Through Wide Reservoirs With 8 mm Diameter

Two different microfluidic chips containing 7.7 pm and 10.2 pm width mi-
crogrooves were used in this part of the experiment. The main difference from the
chips used for the first cell culture technique was the size of the inlets. The chips
with 8 mm diameter inlets were used for the cell culture process by using the inlets
as reservoirs for the culture media. Cell seeding and culture media change were pro-
cessed through the reservoirs in a static environment. Some of the microfluidic chips
were placed angled in a petri dish and waited for 5 minutes in the incubator after cell

seeding to place the cells closer to the microgroove openings.

The cell seeding process in the study sponsored by Xona Microfluidics was fol-
lowed by modifying some steps [78]. After the sterilization process, 150 uL. PBS was
added to the upper left reservoir and waited for 1,5 minutes to allow it to flow through
the main channel. Then another 150 L. PBS was added to the lower left reservoir and
it was waited for 5 minutes for providing liquid to reach the microgrooves and flow
through them. 150 puL. PBS was added to the upper right and lower right reservoirs

respectively and the chips were left in the hood for 10 minutes.

After PBS wash, channels were coated with 0.1 mg/mL poly L-lysine (PLL). 100
uL PLL solution was added to the upper left reservoir and after 1,5 minutes another

100 L PLL solution was added to the lower left reservoir. It was repeated for the
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right channel too. Then microfluidic chips were placed in an incubator at 37 °C for 1
hour for coating. Microchannels were washed with PBS for 2 times as mentioned above
to eliminate the PLL excess. Then, the chips were filled with fresh culture media by
following the same steps with PLL coating, and they were kept in the incubator at 37

°C until the cells were ready.

Figure 3.23 Microfluidic chip with 8 mm inlets in a cell culture hood during cell seeding.

SH-SY5Y cell suspension was prepared with a density of ~ 12x10° cells/mL.
The majority of culture media was moved from the reservoirs by aspirating the liquid
away from the main channels to leave the media in the channels. 5 uL of cell suspension
was loaded to the upper left reservoir and another 5 pL of cell suspension was loaded
to the lower left reservoir (totally ~ 120.000 cells) by placing the pipette tip close to
the main channels. Some of the chips were placed angled in the hood to direct the cells
closer to the microgrooves. All chips were kept in the hood for 5 minutes to provide

cell attachment.

Two-step cell loading method was tried to keep more cells in the main channels
and prevent them from moving to the reservoirs. After loading 5 ul. cell suspension
from each upper and lower left reservoir with the density of ~ 6x10° cells/mL, they
were kept in the hood for 5 minutes for cell attachment. This step was repeated for the
second loading to have around 120.000 cells in total. After cell attachment cells were
checked under the microscope. 150 uL culture media was added to each of the upper
left and lower left reservoirs and then it was repeated for each reservoir on the right.

1,8 mL cryovials were filled with autoclaved water and vials were placed in a petri dish
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next to the microfluidic chips with the lid open to prevent evaporation. Chips were
placed in an incubator with humidified 37 °C 5 % carbon dioxide (CO, ) atmosphere

at 37 °C. Culture media was changed every 24 hours for 7 seven days.

Figure 3.24 Microscope image of the microfluidic chip with 7.7 pm width microgrooves before cell
seeding.
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4. RESULTS

4.1 Microfluidic Chip Fabrication Results

Different master molds were prepared by using SU-8 negative photoresists in
different viscosities. SU-8 2005 and SU-8 3005 photoresists were used by changing the
UV exposure time to observe the effect on the microgroove sizes. Different microgroove

widths were obtained as demonstrated in Table 4.1. below.

Table 4.1
Microgroove width results depending on the UV exposure energy and photoresist types.

Microgroove Width
SU-8 3005 coating | SU-8 2005 coating | SU-8 3005 coating | UV exposure

(power:21mW /cm?)| (power:21mW /cm?)| (power:58mW /cm?) | time

15 pm 13.7 pm - 5 seconds
10.2 pm 10.2 pm 7.7 pm 4 seconds
7.3 pm 8.6 ym - 3 seconds
7.5 pm 8.5 pm - 2 seconds

Smaller microgroove sizes were obtained by decreasing the UV exposure time.
It was observed that 2 seconds of exposure time was not enough because of inefficient
cross-linking and damaging the microgroove structures during development. While
similar results were obtained with different photoresist types, minimum microgroove
width was obtained by using SU-8 3005 photoresist type. Microgroove widths of two
different master molds which were produced by using SU-8 3005 and applying different
exposure doses were demonstrated in Figure 4.1 below. These molds were used to fab-
ricate microfluidic chips for cell culture studies. Microscope images of the microgroove
widths obtained by using SU-2005 after applying different UV exposure doses were
shown in Figure 4.2 below. In addition to that, similar microgroove width (7.7 pm),
which was demonstrated in Figure 4.3, could be obtained with SU-8 3005 with a diffrent
UV light source.
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Length = 10,16 pm

Length = 7,31 pm

Figure 4.1 Microgroove width measurement under microscope (A) Patterns obtained with SU-8
3005 coating after applying exposure energy of 84 mJ/cm? (21 mW /cm? power for 4 s) (magnification
factor: 50x) (B) Patterns obtained with SU-8 3005 coating after applying exposure energy of 63
mJ/em? (21 mW /cm? power for 3 s) (magnification factor: 100x).

Microgroove depths of the master molds were measured by using a profilometer
in the cleanroom at Bogazici University. Since spin coating speed was slightly increased,
and a different photolithography device was used in the last master mold production;
a slight change was observed in the depth of the microgrooves. While ~ 4.4 pym
channel depth was obtained in the first production step, ~4 pum channel depth was
reached in the production of the last master mold. The values were demonstrated
in Figures 4.4 and 4.5 A below. In addition, the main microchannel depth of the
microfluidic chip fabricated by using a SU-8 3050 photoresist was also measured by
using the same profilometer, and the channel depth was measured as ~ 132 ym which

was demonstrated in Figure 4.5 B below.

SU-8 photoresist coating caused some problems during master mold production
when trying to get thicker channels. Especially after SU-8 2050 coating, coated sub-
strates stuck to the photomask during UV exposure. To prevent this problem, coated
substrates were kept at room temperature for 15 minutes. This modification in the
fabrication step helped to get better results. In addition, increasing the temperature

gradually in the soft baking process was another solution.
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j Length =13,57 pm
S I : Length = 10,23 ym

Figure 4.2 Microscope images of microgroove widths were obtained after SU-8 2005 coating. UV
exposure (21 mW /cm? power) for (A) 5 seconds (B) 4 seconds (C) 3 seconds (magnification factor:
50x).

Figure 4.3 Measurement of microgrooves obtained after photolithography with a UV-EX Pioneer
Lithography System.

Another problem faced after coating the second layer with SU-8 2050 was the
blurring of the patterns obtained after the first development stage. This was an im-
portant problem during the alignment of the photomask. To eliminate this problem,
one of the alignment markers was colored with AZ1505 positive photoresist material.
Although this step provided some help to find the location of alignment marks, mi-
crogrooves and alignment marks were not clearly seen under the optical microscope
during the alignment. At this point, bigger and more alignment marks in the pho-
tomask design would be suggested to improve alignment quality. Colored SU-8 coated
Si/Si0Oy wafer before and after the 2nd layer coating was demonstrated in Figure 4.6

below.
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Figure 4.4 Microgroove depth measurement results using a profilometer (A) 7.3 pm microgroove
width (B) 7.7 pm microgroove width (Microgroove structures were produced by using SU-8 3005).
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Figure 4.5 (A) Microgroove depth measurement results using a profilometer (10.2 pm width mi-
crogroove obtained by using SU-8 3005) (B) Microchannel depth measurement with a profilometer
(Microchannel structures were produced by using SU-8 3050).

There were also some challenges during the separation of the PDMS mold from
the master mold. It was experienced that some microchannels broke during the peeling
off PDMS mold from the rectangular master adhered to the petri dish. Since PDMS
was poured onto the rectangular master mold which was placed into the glass petri
dish directly without aluminum foil, it caused the master mold to adhere to the petri
dish. The applied pressure during the peeling off resulted in broken microgrooves
in some areas as it was demonstrated in Figure 4.8. To prevent this, other master
molds were placed in aluminum foil templates and it resulted in having final products
without a problem. To be able to use the master mold for a longer time, an additional
trimethylchlorosilane treatment by using Chemical Vapor Deposition (CVD) method

was applied.



50

Figure 4.6 AZ1505 photoresist coloring of the alignment markers on the first SU-8 layer on Si/SiOq
wafer (A) coloring before the 2nd layer coating (B) coloring after the 2nd layer coating.

Figure 4.7 Microscope image of alignment markers (Magnification factor: 5x).

The last problem was related to PDMS bonding to the cover glass. Some mi-
crogrooves and supporting units were also bonded to the cover glass because of the
pressure applied to the PDMS. It was observed that these bonded structures prevent
fluid flow. Applying less and homogenous pressure after plasma treatment helped to
solve this problem. The microscope image of the incorrectly bonded structures in the

microfluidic chip was demonstrated in Figure 4.9 below.
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Figure 4.8 Microscope image of the microfluidic chip with broken microgrooves.

Figure 4.9 Incorrectly bonded structures after plasma treatment. Scale bar: 50 pm.

4.2 Cell Culture Results

Cell culture studies by using filtered micropipette tips have been applied on
the microfluidic chips with different microgroove widths, respectively 7.3 pm, and 10.2
pm. A different cell culture technique has been applied to the microfluidic chips with
7.7 pm and 10.2 pm microgroove width by opening 8 mm inlets. Optical microscope
images were obtained to demonstrate the effects of different cell culture techniques and

microgroove widths.
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4.2.1 Cell Seeding With a Filtered Micropipette Tip

It has been observed that microgroove width has play an important role in the
migration of cells. In figure 4.10, microscope images demonstrated how microgrooves
with 10.2 pym width permit the cell migration to the other channel in the same cell

culture technique.

Figure 4.10 Cell migration right after cell loading into the chips with different microgroove widths
in cell culture with micropipette tips (A) Microscope image of SH-SY5Y cells cultured in the chip (mi-
crogroove width: 10.2 pm) (B) Microscope image of SH-SY5Y cells cultured in the chip (microgroove
width: 7.3 pm).

~7.31pm x ~4,4 um

~10,16pm x ~4.4 pm

Figure 4.11 Microscope images of SH-SY5Y cells cultured through micropipette tips in different
chips after 96 hours. Scale bar: 200 pum (A) Microfluidic chip (microgroove width: 7.3 pm) (B)
Microfluidic chip (microgroove width: 10.2 pm).

SH-SY5Y cells which were cultured in microfluidic chips were checked after 96
hours through the optical microscope and attached cells were observed in the right

channel of the chip with larger microgrooves in Figure 4.11.B. On the other hand, no
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cells were observed in the right channel of the chip in Figure 4.11.A. Since cells were
checked right after cell seeding, additional control was required to observe any cell
movement happening after the first cell attachment. It proved that no cells migrated
to the adjacent channel through a liquid flow that can occur because of any movement,

and microgroove size was evaluated enough for a barrier role.

Before cell After cell
culture change culture change

Microfluidic device with
7,3 pm microgrooves

Microfluidic device with
10,2 pm microgrooves

Figure 4.12 Change in cell number and cell attachment after cell culture change on the 4th day.
Scale bar: 200 pm.

It was observed that 1000 pum filtered micropipette tips were applied pressure
on the cells because of high flow during cell culture change and it affected the cell at-
tachment which caused some of the cells to stay suspended in the chip as demonstrated

in Figure 4.12.

Figure 4.13 Bubble formation in the microgrooves.

Buble formation was observed in the microgrooves during the cleaning of the
microchannels and the cell seeding process. It was associated with the high flow rate

caused by the pressure created through the pipette tips.



4.2.2 Cell Seeding Through 8 mm Wide Reservoirs

Cell seeding process through 8mm wide reservoirs in microfluidic chips with
different microgroove widths which are 7.7 ym and 10.2 pm was demonstrated that
cells could not cross to the adjacent channel through 7.7 ym wide microgrooves while
there were a few cells observed in the adjacent channel in the chip having 10.2 pm
width microgroove. Even though fewer cells could pass through the microgrooves with
this method compared to the first cell seeding method, 10.2 ym width of microgrooves

was not found suitable for axon isolation. Cell migration images taken through an

optical microscope were demonstrated in Figure 4.14 below.

Figure 4.14 Cell migration right after cell seeding into the chips with different microgroove widths
through 8 mm wide reservoirs (A) Microscope image of SH-SY5Y cells cultured in the chip with 10.2

pum width. (B) Microscope image of SH-SY5Y cells cultured in the chip with 7.7 pm width.

Table 4.2

Cell migration results depending on the microgroove size and cell culture technique.

with angle

Cell culture method Microgroove Microgroove Cell migration
width height

Pipette tip method 10.2 pm 4.4 pm Positive

Pipette tip method 7.3 pm 4.4 pm Negative

Through 8mm wide reservoirs | 7.7 um 4 pm Negative

Through 8mm wide reservoirs | 10.2 pym 4.4 pm Positive

Through 8mm wide reservoirs | 7.7 ym 4 pm Negative
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Figure 4.15 Cell positions right after seeding into the microfluidic chips having 7.7 ym width. Scale
bar: 200 pm (A) Microfluidic chip positioned without an angle after cell seeding (B) Microfluidic chip
positioned at an angle after cell seeding.

After the cell culture experiments through different methods in different mi-
crofluidic chips, it was observed that microgrooves with the geometry of 4.4x10.2 pym
allow cell migration to the opposite channel while microgrooves having smaller geome-
try (4.4x7.7 pm) play a barrier role and prevent cells to pass through. Cell migration
depending on microgroove size and cell culture method was demonstrated in table 4.2.
Since microgrooves 10.2 um wide didn’t prevent cell migration, angled cell seeding and

two-step cell seeding methods were not carried out in this microfluidic chip.

Microscope images were taken to demonstrate the effect of chip angel during
the cell seeding process. Cells were cultured by giving the chips an angle to direct the
cells closer to microgrooves while the other chips with the exact same properties was
cultured without an angle. Figure 4.15.B demonstrates that giving an angle to the
microfluidic chip for 5 minutes after seeding can direct the cells to the microgrooves.
This method can provide better observation of the neurite elongation because of the
closeness to the microgrooves. There were no cells detected on the right channels of the
chips in both methods which proves that 4x7.7 pm microgroove geometry is applicable

to observe the separation of neurites from the somas.



56

Figure 4.16 Microscope images of cells in the microfluidic chips with 7.7 pm width microgrooves. A)
Cells after loading with the first method B) Cells after loading through the two-step loading method.

During the cell seeding process, some cells showed a tendency to move through
the main channel and gather around in the opposite reservoir because of the flow. To
eliminate this problem, two-step cell loading method was applied as it was mentioned
in the experimental method section. This method provided more cells to stay in the
main channel compared to the first cell seeding method. In Figure 4.16, the difference
between the first method and two-step cell seeding in terms of the number of cells was

demonstrated.

Neurite elongation of SH-SY5HY cells through microgrooves was observed on
the 3rd day of cell culture. Figure 4.17 demonstrates that cell medium change does
not affect cell growth in a negative way and cell growth continues for 7 days without

contamination by this method.
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Figure 4.17 Microscope images of SH-SY5Y cell growth in the 7 days. Scale bar: 100 pm.



o8

5. DISCUSSION

The complex structure and physiology of the nervous system have been searched
by scientists for years. Scientists have developed different techniques such as compart-
mentalized systems for investigating the nerve cells which are the functional units of
this complex system [6, 10, 14]. Compartmentalized microfluidic chips are one of the
systems developed to investigate the function of nerve cells by isolating axons from
their cell bodies. Different designs were implemented depending on the purpose of the

studies [7, 9, 75].

In this thesis, a microfluidic neuron chip was designed by taking references from
previous studies [6, 75] and the manufacturing process was tried to optimize to achieve
axon isolation. Different SU-8 photoresist types and UV exposure doses were applied

to obtain the ideal microgroove width.

Different microgroove width sizes between 5 um and 10 pum in different depths
were reported in different studies [7, 9, 75|. In one of those studies, [3], axon isolation of
SH-SY5Y cells from microgrooves with different height x width sections was evaluated.
According to this study, it was observed that microgrooves having 2.5 pym height and
10 pm width weren’t efficient for isolating axons and this result was compatible with
the results in this thesis. On the other hand, in the same study, it was demonstrated
that microgrooves having 2.5x5 um geometry played a barrier role in preventing the
migration of the soma part of the cells. In addition to this, in this thesis, it was
observed that microgrooves having larger geometry which is 4x7.7 yum also acted like

a barrier for the same cell type and prevented soma migration.

Two different cell culture methods were applied to evaluate the efficiency of
the fabricated microfluidic chip. For optimizing an easy and cost-efficient cell seeding
method, filtered microfluidic pipette tips were used to seed the cells into the microchan-

nels. Changing the pipette tips during the media change, as well as the applied pressure
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and high flow rate caused the detachment of the cells from the channel surface and stay
suspended in the liquid. Some of the suspended cells were lost through pipette tips
during culture media change. In addition, during the pipette change, the liquid outflow
was observed from the channel to the inlet part and this method was not found to be
effective since this situation created a risk of contamination. Therefore, this method
was not evaluated as an efficient and applicable way of cell seeding in terms of the risk

of contamination, cell damage, and bubble formation.

In the second part of the cell culture process, cell seeding through reservoirs with
an 8 mm diameter was applied by following the instructions in the study [78| under the
Xona Microfluidics Sponsorship. Even though having a similar size of microchannels
to the chip in the study, some problems were experienced during the cell loading to
the channels in terms of the distance from the microgrooves and cell migration to the
reservoir. To eliminate this problem, the cell seeding angle was changed and two-step

cell seeding method was tried. Cells were located closer to the microgrooves.

There are many variables affecting the master mold production during SU-8 pho-
tolithography since it requires many steps to follow. Soft bake is one of these variables
which is required for solvent evaporation and improving the adhesion quality between
the substrate and SU-8 layer. Obtaining thicker layers, especially more than 100 um
requires better optimization to be able to have a sufficient amount of residual solvent.
While over-baking causes crack formation, under-baking might cause bubble formation
and stick to the photomask [79]. Sticking to the mask was one of the problems that
occurred during the production of the 2nd layer. To prevent this problem relaxation
time was increased up to 15 minutes for both SU-8 3050 and SU-8 2050 coatings. Since
SU-8 2050 photoresist is more viscous, the temperature was increased gradually from
65°C to 95°C after the first baking step instead of contacting coated substrate directly
with the hot plate at 95°C. These additional steps highly prevented sticking the SU-8

photoresist layer to the photomask.

Variables that were mentioned above such as homogenous SU-8 photoresist coat-

ing, baking time, UV exposure dose, and development quality affect the thickness of
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patterns on the master molds [42, 79]. Having thicker SU-8 3050 patterns than it was
aimed in the second layer of the master mold was associated with nonhomogeneous
coating and adding relaxation period after the soft bake process. In addition, some of
the variables such as the applied gradual heating method, soft baking and PEB times
during SU-8 3005 coating were associated with obtaining different microgroove widths
than SU-8 2005 model. Since SU-8 2005 is more viscous and required different baking
procedures, this might affect the size of the final structure. These variables were found

to be crucial for the reproducibility of the desired results.

Another challenge that is experienced during the production of microfluidic
chip fabrication is the adhesion between the PDMS negative templates and the mas-
ter molds during the peeling-off. Even though PDMS is a flexible material, formed
structures on the PDMS negative template and patterns on the master mold might
be damaged because of the adhesion. Therefore, the master mold surface was coated
with trimethylchlorosilane by the CVD method to eliminate the adhesion problem
[76, 77]. This method was used to prevent the PDMS negative mold from lifting off
the microgroove patterns during detachment. Using aluminum foil templates during
the PDMS curing process and increasing the waiting time at room temperature after

the curing step were the other steps added to prevent adhesion.

For future studies, investigating the nerve cells and their interaction with cancer
cells can be applied to this microfluidic chip. It has been reported that there is an
important interaction between cancer cells and neurons [7]. Some studies suggest that
nerve filtration is important to prevent cancer progression, especially prostate cancer
progression. Because prostate cancer cells are associated with the overexpression of
the precursor of nerve growth factor (proNGF) which triggers axonogenesis. In the
literature, Boyden Chamber was used to demonstrate this effect and neurite outgrowth
[80]. But there are some disadvantages of this system such as not controlling fluidic
separation and axon growth on a porous membrane [10, 4]. To be able to have better
axon isolation and observe neurite elongation, multicompartment microfluidic chips are
suggested to use. For this purpose, the fabricated microfluidic neuron chip in this thesis

study can be used for investigating prostate cancer cell-neuron interaction. SH-SYHY
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cells can be used for observing their reaction against the overexpression of proNGF by
prostate cancer cells. The other nerve cell types would also be used by checking their
sizes. In addition, this optimized chip can be used with a perfusion control system by
opening small inlets. Thus, a dynamic cell culture environment might be created to
mimic blood flow and by adding shear stress. In conclusion, cell behaviors might be

compared between dynamic and static environments.
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6. CONCLUSION

In this thesis study, the effects of different photoresist viscosities, photolithog-
raphy devices, and UV exposure doses on the microgroove width of microfluidic chips
were investigated for neuronal cell culture studies. Ease and repeatability of applica-
tion and effect of microgroove size on axon isolation were observed by experimenting
with two different cell culture methods. During both cell seeding methods, it has been
demonstrated that different microgroove widths significantly affect cell migration. Cell
migration was observed through the microgrooves with 4.4 pym height and 10.2 pm
width while smaller microgroove geometries (4x7.7 pm and 4.4x7.3 pm) played a

barrier role and provided axon isolation.

Ideal microgroove geometry (4.4x7.3 um) was obtained by using SU-8 3005 pho-
toresist coating and 3 seconds of UV exposure time with 21 mW/ cm? UV source power.
Another master mold with ideal microgroove geometry (4x7.7 pum) was prepared by
using the same SU-8 3005 photoresist and different UV lithography system present in
the Microfluidic Chip Laboratories of GTU. 4 seconds of UV exposure with 58 mW /cm?
power was found to be optimum to have the ideal geometry. The main purpose of using
this chip was to demonstrate the efficacy of a more economical photolithography device
that can be used outside of a cleanroom. And it provided promising results for future

studies.

On the other hand, cell seeding through 8 mm wide reservoirs was founded to be
a more efficient and replicable cell culture method than the other method. This method
was developed and obtained better results by giving an angle to the chips for a short
time after cell seeding to make cells contact with microgrooves. Applying a two-step
cell seeding method to increase the number of cells by preventing cell migration to the
reservoirs was the other modification added to the method. The second cell seeding
method with modifications was observed as an optimum method for isolating axons,

and carrying out an easy and longer cell culture process without contamination.
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In conclusion, the optimized microfluidic chip fabrication and modified cell cul-
ture method provided promising results for performing nerve cell culture studies. The
fabricated microfluidic chips were evaluated as suitable for future studies to investi-
gate neurite elongation and differentiation of SH-SY5HY cells and their interaction with
their microenvironment. Moreover, it is thought that the designed chips can be used
in dynamic cell culture studies to mimic in vivo environments by reducing the inlet

dimensions.
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