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ABSTRACT

Temperature plays an important role in regulating the biological function
of cellular development. Over the past few decades, the development
of microfabrication technology has enabled highly localized temperature
control at the scale of a few microns. This allows the study of thermal
influences on biological microsystems. In this context, the present thesis
investigates the changes of cellular behavior depending on temperature
gradients using microwire arrays. In addition, the thesis also introduces
a sacrificial layer approach to fabricate microchannels for studying neu-
ronal guidance. The integration of the microwire array into microchan-
nels presented in this thesis proposes a novel method for governing neu-
ronal networks under the influences of temperature gradients.

The first part of this thesis presents the application of microwire arrays
to study the effects of localized temperature gradients on signal propaga-
tion in cardiac cell networks. In order to investigate the effects of temper-
ature on cellular networks, a monolayer of cardiomyocytes is cultured
onto the chip. The localized temperature is induced by using a power
supply connected to microwire arrays. A calcium imaging method is
performed to evaluate changes in signal propagation under local heat
stimulation. Calcium signals are recorded using a high speed and low
light camera. Also in this part, the velocity of the calcium signal prop-
agation in cellular networks is locally increased upon heat stimulation.
Additionally, this part presents a relocation of the pacemaker cell and a
deformation of the calcium wavefront caused by an increase of the local
temperature.



In the second part, the growth of neurons is investigated under the in-
fluence of temperature gradients. In this study, the PC12 neuron-like cells
are cultured on the microwire array chip. The effects of temperature gra-
dients on neurons are examined, focusing on the speed and direction of
neurite outgrowth. The growth of neurites under local heat stimulation
is recorded using a time-lapse imaging method. The images are then ana-
lyzed to estimate the development of neurons within temperature gradi-
ents. The result indicates that the growth speed of neurons increases with
heat stimulation. Moreover, the evidence that temperature gradients af-
fect the growth direction of neurites is observed in a long-term period
experiment (24 h after heating).

The last part of the thesis presents a promising fabrication approach,
based on standard clean room fabrication and sacrificial layer etching, for
combining microwire arrays with a set of perpendicular axon-guiding mi-
crochannels. This approach enables the positioning of neurites, as well
as control over their polarity. In particular, an array of asymmetrical mi-
crochannels with wide inlets and narrow outlets is fabricated to allow
neurites to grow in one direction. The experiment with neurites from
PC12 cells demonstrates that neurites can grow from the entrance to the
exit of the microchannels. Furthermore, the fabrication of microchannels,
integrated with microwire arrays, allows the study of temperature gradi-
ents effects on the formation of functional neuronal networks.

Overall, this thesis focuses on investigating thermal impacts on cellu-
lar behavior using the localized heating generated by microwire arrays.
This work demonstrates the important role of microscopic heating in reg-
ulating signal propagation, as well as the growing properties of cellu-
lar networks. Specifically, the temperature highly confined in a small
area governs the calcium signal propagation of cardiomyocytes and the
growth of neurites towards the heat source. Other than that, concerning
the technical aspects, the fabrication of thin microwire enables us to con-
trol high temperature in a microscopic area. Furthermore, the fabrication

of sacrificial microchannels contributes benefits for neuronal guidance,




such as reducing a number of fabrication steps and improving the adhe-

sion between microchannels and the chip’s surface.
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CHAPTER 1

INTRODUCTION

Temperature is an important physical parameter affecting every life pro-
cess. In mammals, temperature is well known as an essential vital sign
that indicates sickness or health. Additionally, temperature plays a cru-
cial role in regulating a variety of mechanisms in biological systems. It
has been demonstrated that cells decrease their growth rate under low
temperature conditions [1, 2]. Conversely, the proliferation rate of cells
rises in response to an increase of ambient temperature [3]. In line with
this, the previous study of Kang et al. [4] shows that temperature has a
comprehensive influence on intracellular calcium dynamics, which ma-
nipulates most biochemical processes such as neural transmission, mus-
cle contraction, and heart beat. In fact, many studies have demonstrated
that temperature has a profound effect on living systems such as birth
length [5], life span [6] and aging-associated diseases [7].

Together with temperature itself, temperature gradients also play a sig-
nificant role in regulating the living systems. Spatial and temporal vari-
ation of temperature induces changes in the nature of chemical reactions
and alters the configuration of atoms that build up nucleic acids, pro-
teins, lipids and other biomolecules [8]. A spatial temperature gradient
has been demonstrated to be a guidance cue for the migration of organ-
isms. Many studies indicate that thermotaxis can cause an organism to
move up or down according to a gradient temperature [9-11]. An exper-
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iment with Caenorhabditis elegans, a transparent nematode (roundworm),
has shown that Caenorhabditis elegans migrates to a certain temperature
when subjected to a spatial temperature gradient [12]. While the temper-
ature sensitivity of organisms is well known, it has been not well under-
stood how individual cells respond to different temperatures. The study
of temperature sensitivity at a cellular level has been a challenging engi-
neering problem, possibly due to the lack of microscopic systems which
can produce temperature at microscales.

Over the past few decades, microtechnology has been developed as a
new approach for studies in biophysics and physical chemistry [13-15].
Microtechnology employs fabrication methods (e.g. photolithography)
to create microsystems on chips, such as lab-on-a-chip or micro-total-
analysis-systems. As a result of the development of microelectromechan-
ical systems (MEMS) and microfluidic devices, scientists are now able
to investigate and manipulate biological systems at a cellular level [16—
19]. MEMS offer the ability to precisely manipulate cells on microscales,
which makes it possible to study cellular interactions with physical and
chemical microenvironments surrounding them [17, 20]. These interac-
tions offer deep insights into the fundamental behaviors of biological mi-
crosystems, such as pacemaker cells, calcium concentrations, neuronal
outgrowth, cellular viability, and cellular locomotion.

This thesis aims to study cellular networks regulating and responding
to local heating generated by microwire array chips. Particularly, the in-
fluence of localized temperature gradients on calcium signal propagation
in cardiomyocytes will be investigated. A rise of local temperature will
cause an increase in the propagation speed of these signals. This results
in a deformation of the calcium wave in the cardiac networks. Addition-
ally, the local temperature will be used to stimulate cells in the heated
zone. This stimulation causes the cells to become more active. This re-
sults in the relocation of pacemaker cells to the heated area. Moreover,
the effects of temperature gradients on neuron-like cells will be exam-
ined in this work. Temperature gradients could accelerate the speed of

neurite outgrowth and be a guidance cue for neurites. To access cellular




behavior in response to localized heating, a fabrication approach which
combines microheaters and microfluidic channels for neurite guidance
will be introduced in this thesis.

The local heating with high spatial accuracy induced from microwire
array chips provides an effective approach to study heat effects at cellu-
lar levels. Studying the influence of heat on living cells at a microscale
creates a pathway to understanding how cells are sensed by the adja-
cent cells and communicate with each other in response to temperature
changes.

The thesis contains six chapters. In the introduction, the motivation for
the research is presented. The second chapter takes up the fundamentals
and methods. This chapter describes the basic concepts of biology and
physics which are used in the following experiments and studies. The
third chapter presents the study of local heat stimulation for modulating
signal propagation in cardiomyocyte-like cell (HL-1 cells) networks. The
study of the effect of heat activation on the guidance of neurite outgrowth
will be conducted in the fourth chapter. The next chapter describes the
fabrication of microchannels perpendicular to microwire arrays for study-
ing the effects of thermal gradients on neurite outgrowth and neuronal
guidance. The last chapter presents the conclusions and outlook, which
suggests possible applications of microwire arrays in studies of neuronal

regeneration, cell migration, and dopamine releases.
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2. FUNDAMENTALS & THEORY

2.1 THE CELL

2.1.1 THE CELL STRUCTURE

The cell is the basic unit of biological activity. The name “cell” was
suggested by Robert Hooke in 1665. The meaning is derived from the
Latin cella which means storeroom or chamber [21]. There are two dif-
ferent types of cells, prokaryotic cells and eukaryotic cells. The structure
of prokaryotic cells is very simple, whereas the structure of eukaryotic
cells is more complex. The cells from plants and animals are all eukary-
otic cells. Since the cells used in this work are cardiomyocyte-like cells
and neuron-like cells, only the structure of eukaryotic cells is described
in detail.

The size of eukaryotic cells is between 1and 100 pm. The structure of
eukaryotes is shown in Figure 2.1. Surrounding the cell is the plasma
membrane, which protects and separates the cell from the external envi-
ronment. The cell membrane contains many biomolecules such as pro-
teins. These proteins form ion channels which are embedded in the mem-
brane to allow substances to cross through the cell membrane. Inside the
cell, many subcellular components work together to maintain the cell’s
activity. The nucleus contains genetic information, which controls the ac-
tivity of the cell by regulating gene expression. Gene expression is the
process used to synthesize a functional protein from a gene [22]. Within
the nucleus is the nucleolus where ribosomes are synthesized. Ribosomes
are found “free” in the cytoplasm or attached to the rough endoplasmic
reticulum to produce proteins.

Another type of endoplasmic reticulum is the smooth endoplasmic
reticulum, which plays an important role in the metabolism and the syn-
thesis of lipids. In muscle cells, the sarcoplasmic reticulum is a special
type of the smooth endoplasmic reticulum that stores and releases cal-
cium for moderating the excitation and contraction process. Proteins pro-
duced in the endoplasmic reticulum are transported to the membrane

or lysosomes by vesicles via the Golgi apparatus. Inside the lysosome,
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FIGURE 2.1: Structure of the eukaryotic cell contains many structural subunits:
1) Nucleolus, 2) Nucleus, 3) Ribosome, 4) Vesicle, 5) Rough endoplasmic reticu-
lum, 6) Golgi apparatus, 7) Cytoskeleton, 8) Smooth endoplasmic reticulum, 9)
Mitochodria, 10) Vacuoles, 11) Cytoplasm, 12) Lysosomes, 13) Centriole.

biomolecules, including macromolecules such as proteins, nucleic acids,
or small molecules, are disassembled by hydrolytic enzymes. This pro-
cess is similar to the activity of digestion [22].

Besides the degradation process of molecules, lysosomes also partic-
ipate in recycling processes inside the cell. To maintain the shape and
the size of the cell, the cytoskeleton is present in all cells. The cytoskele-
ton is a dynamic structure which is involved in the rapid growth of the
cell. Three main kinds of cytoskeletal filaments are microfilaments, micro-
tubules, and intermediate filaments [22]. Microfilaments are also called
actin filaments, which are made of actin proteins that act as tracks for the
movement of myosin molecules.

In muscle cells, the binding of myosin on actin generates forces which
perform the contraction in cardiomyocyte. Microtubules serve as tracks
for organelles to move along within the cell. Interactions between mi-
crotubules and microflilaments play a crucial role in processes of neurite
outgrowth and neurite guidance [23]. Intermediate filaments together
with microfilaments maintain the cell shape and form cell-cell connec-
tions. The centriole consists of two bundles of microtubules which are
involved in cell polarity. To supply energy for the cell, mitochondria gen-
erate the energy and transform it into adenoine triphosphate (ATP). For
this reason, they are sometimes considered as the “powerhouse” of the
cell.
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2.1.2 MEMBRANE POTENTIAL

As described in subsection 2.1.1, numerous types of ion channels are
embedded in the cell membranes. These ion channels serve as conduits
that regulate the flow of ions through the cell membrane. The influx and
efflux of ions through the cell membrane result in a difference in electrical
potential between the intracellular and extracellular environment. This
potential difference is called membrane potential.

Signals are transmitted through the cell by opening or closing the ion
channels in the membrane, causing a local change of membrane potential.
The movement of ions results in an asymmetric distribution, causing ion
gradients to cross through the cell membrane. Cells control and use the
ion gradients in different ways to help them communicate with their sur-
rounding environment. In electrogenic cells such as neurons and muscle
cells, the membrane potential triggers action potentials to transmit sig-
nals.

When the influx and the efflux of ions are in balance, the cell is at rest
and this state is called the resting membrane potential. The equilibrium
distribution of ions through the membrane is maintained by the move-
ment of ions. Three important ions which contribute to the membrane
potential are sodium (Na*), potassium (K) and chloride (C17). These
ions are distributed inside and outside of the cell. Their concentrations
are given in Table 2.1 [24]. Since the membrane is more permeable for
K* than for other ions, the outflow of K* is the dominant process needed
to maintain the resting potential. The voltage at which the net ion flow

through the membrane is zero is called the equilibrium potential. The

TABLE 2.1: Approximate concentrations of intracellular and extrallular ions in
mammalian cells (Note: these are concentrations of free ions).

Intracellular Extracellular
Ion ] .
concentration (mM) concentration (mMm)
Na* 15 140
Kt 140 45
Cl- 10 120
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equilibrium potential of an ion can be calculated using the Nernst equa-
tion. This equation calculates the equilibrium potential for an ion based
on the charge of the ion and its concentration gradient across the mem-
brane. For example, the equilibrium potential for K* can be calculated as
follows:

RT . [K"out

E =_"1 2.1
eq,K+ ZFa n [K+]in ’ ( )

where Eeq,K* is the equilibrium potential for K" (V), R is the universal gas
constant (J mol~! K1), T is the absolute temperature (K), z is the number
of elementary charges of the ion, F, is the Faraday constant, [K™]oyt is
the extracellular concentration of ion K*, and [K™];, is the intracellular
concentration of ion K*.

The above equation is calculated only for K*. In real cells, the resting
membrane potential is estimated for the ions which give the strongest cur-
rent through the membrane. In fact, there are contributions from ions C1~
and Na*; therefore three ions K*, C1~ and Na* must be considered. The
resting membrane potential for these three ions is given by the Goldman-
Hodgkin-Katz equation:

_ E Px [K+]0ut + Pna [Na+]out + Pct[Cl Jin

E 7
M F, PK[K+]in + Pna [Na+]in + P [Cl_]OUt

(2.2)

where Pk, Py, and P are the relative permeabilities of the ion K¥, Na*
and Cl™ respectively. Normally, permeability values are reported as rel-
ative permeability with Px. In most cells at resting membrane potential,
the permeability of K* is higher than Na® and Cl~. The charge z is not
explicitly present as it was considered within the terms of the individual
K*. A sketch of various ion channels embedded in the plasma membrane

is shown in Figure 2.2.

2.1.3 ACTION POTENTIALS AND SIGNAL PROPAGATION

As described in subsection 2.1.2, the electrical potential difference is
caused by the different concentrations of ions through the membrane.
Rapid changes in the membrane potential result in changes in the volt-
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FIGURE 2.2: Schematic of the ion channels are embedded in the plasma mem-
brane. Image reprinted with permission from [25].

age through the membrane, which leads to the propagation of action po-
tentials. The action potential can be divided into three main phases. A
typical action potential is shown in Figure 2.3. The initial phase is a rapid
change in membrane potential from resting state to the equilibrium po-
tential of the ions. This phase is called depolarization. In this phase, a
stimulus causes the channels to open, leading to an influx of Na* ions,
which in turn produces an increase in the membrane potential from neg-
ative to positive values. For example, in neuronal cells, the membrane
potential changes from —70mV at rest to 40mV in the depolarization
phase [26].

The second phase is called repolarization, which is a return to resting
membrane potential. In this phase, potassium channels are opened, lead-
ing to an outward flow of K* ions, which causes the membrane to return
to the resting state. The third phase is a short period of time after repo-
larization, which is called the refractory period. In this phase, sodium
channels are inactivated and some potassium ion channels are still open
to let the K™ ions flow out of the membrane. After this phase, Na*/K"
pumps eventually bring the membrane back to the resting state.

10
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FIGURE 2.3: A schematic shows various phases of a typical action potential.

CARDIAC ACTION POTENTIALS Cardiac action potentials differ from ac-
tion potentials found in other electrogenic cells, which are initiated by
nervous activity. The cardiac action potential is generated by specific
cells within cardiac cells (pacemaker cells). A typical action potential of
cardiac cells is shown in Figure 2.4. As shown from the schematic, there
are five phases of the cardiac action potential. Before the action poten-
tial occurs, the membrane potential maintains at a constant level which
is called resting membrane potential (phase 4). At this phase, the mem-
brane potential results from the balance of the influx of ions (e.g. sodium
and calcium) and the efflux of ions (e.g. potassium). Following a stimulus
of the membrane, the fast sodium channels open, causing an increase in
sodium influx, leading to the depolarization of the cell membrane (phase
0). As the sodium channels rapidly close, the potassium channels open
and close rapidly, allowing a small flow of potassium ions out of the cell
and leading to the membrane potential slightly more negative (phase 1).
The abrupt depolarization triggers the opening of calcium and potassium
channels, which allows the calcium influx and the potassium efflux. The
opening of calcium channels and potassium channels results in a balance
of the calcium influx and the potassium efflux. This results in a plateau

11
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4 4

FIGURE 2.4: Schematic of an action potential from a cardiomyocyte. 0 Depo-
larisation. 1 First repolarization. 2 Plateau. 3 Second repolarization. 4 Resting
membrane potential.

of the action potential (phase 2). As the calcium channels close, the potas-
sium channels still open causing the potassium efflux, which leads to a
tull repolarization of the cell (phase 3). Finally, the potasium channels
close and the membrane potential reaches the resting state of membrane
potential (phase 4).

PACEMAKER CELLS Some cells can generate action potentials without
any stimulus, and these are called pacemaker cells. In cardiac cells, these
cells reside in the sinoatrial node of the heart, regulating the beating
rate. At the resting state of an action potential, the pacemaker cells gen-
erate a gradual increase of the membrane potential by allowing an in-
flux of sodium ions. When the membrane potential reaches the threshold
—40mV, it activates an opening of the calcium channels. The influx of
calcium ions initiates depolarization of the cell. Subsequently, potassium
channels open, allowing an efflux of potassium ions and establishing the
repolarization state of the cell. Once the cell is repolarized, leak channels
(e.g sodium channels) cause an instability of the resting potential and
result in a firing of the next action potential [27]. The unstable resting
potentials of pacemaker cells enable spontaneous depolarizations which
are relatively fast and repeat themselves regularly. The fast depolariza-
tions of pacemaker cells control contractile cardiomyocytes by means of a
mechanism called overdrive suppression, which states that the cells with
the most rapid frequency of depolarization control the overall beating of

12
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FIGURE 2.5: Schematic of a gap junction. Adapted from [31].

cardiac cells [27]. The pacemaker cells are connected to neighboring cells
via gap junctions (see below), which allow them to locally depolarize ad-
jacent cells. This function allows pacemaker cells to control contractions
in cardiomyocytes [28].

2.1.4 SIGNAL PROPAGATION IN CARDIAC CELLS

GAP JUNCTIONS Gap junctions are channels shared with the plasma
membrane of neighboring cells (see Figure 2.5). They are formed by pro-
teins called connexons; each connexon consists of six proteins called con-
nexins. Molecules, ions, and electrical impulses can pass through these
channels, allowing cells to communicate with each other. In this way;,
when the cells are depolarized above a certain threshold, this depolariza-
tion triggers the propagation of action potentials in the next cells through
the gap junctions. The propagation of these signals is very fast. The prop-
agation speed of cardiomyocyte-like cells (HL-1 cells) is in the range of
7 —-30mms ™! [29, 30].

EXCITATION-CONTRACTION COUPLING OF CARDIAC CELLS In cardiac
cells, the excitation-contraction coupling is a key process of turning elec-

trical excitations into mechanical contractions. This process is initiated by

13
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T-tubule

FIGURE 2.6: Schematic of excitation-contraction coupling of cardiac cells. Im-
age reprinted with permission from [32].

local membrane depolarization, causing calcium-induced calcium release
from the sarcoplasmic reticulum (SR). The released calcium activates my-
ofilaments that eventually initiate the contraction as explained below.

Membrane depolarization during the action potential leads to an open-
ing of voltage-gated L-type calcium channels (Figure 2.6). The opening
of L-type calcium channels, located in the T-tubule membrane, causes
an influx of calcium, which results in the increase of calcium concentra-
tion. The inward flow of calcium ions binds to ryanodine receptors (RyR)
located on the SR, triggering intracellular calcium release from the sar-
coplasmic reticulum (SR). The increase in the free intracellular calcium
allows calcium ions to bind to troponin C, a protein of the thin filament.
This binding causes tropomyosin to shift, exposing the myosin binding
site on the actin. Once the myosin binds to the actin, a force is generated.
At the end of the cycle, to relax the contraction, calcium is released from
troponin-C and then either pumped out of the cell by the sodium-calcium
exchanger or pumped into the SR by the sarcoplasmic reticulum calcium
ATPase (SERCA) pump [33].

14
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This is the explanation of the process of contraction in an individual
cardiomyocyte. In the standard experiment of this thesis, these cells are
grown as a confluent layer to form gap junctions. Therefore, signals can

propagate across the cell layer via gap junctions (see above).

2.1.5 TRPV CHANNELS AS TEMPERATURE SENSORS

Temperature sensing allows organisms to adapt to changes of environ-
mental conditions. Over the past years, it is known that the temperature
is sensed by means of ion channels located in cellular membrane [34, 35].
The ion channels are sensitive to heat called thermal-transient receptor
potential (TRPV) channels. The temperature dependence of these TRPV
channels is estimated based on Q1 value. Qg is a change in the rate of
reaction when the temperature rises by 10 °C. The Q1 value is calculated

as follows:

Qi = (%)“, (2.3)

where R; and R; are the rate of the reaction at temperature T; and T>,
respectively.

The thermal TRPV channels are characterized for having greater ther-
mal sensitivity with Qqp values much higher than 2 (6 < Qi < 30)
[36, 37]. There are four different types of thermal-sensing ion channels
in the TRPV family called TRPV1, TRPV2, TRPV3, and TRPV4. The
structure of these TRPV channels is similar to the TRP (Transient Recep-
tor Potential) ion channels superfamily, which consists of proteins with
six transmembrane domains. These groups of proteins are assembled to
form cation-permeable ion channels. The rise of temperature causes these
ion channels to open, leading to the influx of ions through open channels.
TRPV1 ion channels are calcium-permeable receptors activated by cap-
saicin with temperature threshold of 43 °C. The activation of TRPV1 is
relatively fast with the time response in a range of a few milliseconds. If
the temperature is kept constant for a while, the sensitivity of the chan-
nels is decreased. The TRPV2 ion channels are activated by noxious tem-

15
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perature up to 53 °C. The temperature for activating TRPV3 channels is
in a range from 23-39 °C, which is lower than the temperature threshold
of TRPV1 and TRPV2 channels. The final member in the TRPV family is
the TRPV4. The TRPV4 channels are open when they are activated with
the temperature from 22 °C. However, these channels desensitize with

the temperature over the range of 24-36 °C [38].

2.2 CELL MODELS

2.2.1 HL-1 CELLS: A CARDIOMYOCYTE CELL LINE

HL-1 cells were derived from the AT-1 mouse atrial cardiomyocyte tu-
mor by Dr. William Claycomb [39]. The cells can be passaged several
times and are able to maintain the contraction activity of cardiac cells
during continuous passage in culture. In addition, the cells can be stored
in liquid nitrogen and recovered from frozen stocks. HL-1 cells show
spontaneous contraction when they form a confluent monolayer. The
beating frequency is driven by pacemaker cells. There are about 30 % of
these cells detected in HL-1 cells [40]. HL-1 cells have been used in a vari-
ety of model systems to study functions of cardiac biology at the cellular
level [28]. Therefore, in order to study the influence of temperature on

cardiomyocytes, HL-1 cells were chosen as a model system for this work.

2.2.2 PC12 CELLS AS A MODEL FOR NEURONS

PC12is a cell line derived from a pheochromocytoma of the rat adrenal
medulla, which is part of the adrenal gland. This cell line was first estab-
lished by Green and Tischler in 1976 [41]. Since then, PC12 cells have
been widely used in neuronal studies because they are able to be pas-
saged several times in culture. Furthermore, they are much easier to cul-
ture compared to their neuronal counterparts. PC12 cells tend to form
small clumps in the culture medium. An important feature of PC12 cells
is their ability to form neurites in response to nerve growth factor (NGF).
The treatment of NGF causes an increase of the microtubule assembly,
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which plays a crucial role in the neuronal extension [42]. NGF-treated
PC12 cells change their phenotype and exhibit a number of properties
characteristic of sympathetic neurons [43]. The neurites growing from
NGF-treated PC12 cells elongate their length during their development
and connect to other neurites to form neuronal networks. The growing
neurites of PC12 cells are terminated at their distal end by growth cones,
which are motile expansions containing filopodia and lamelipodia [44].
They are able to explore the environment and orientate neurites [45]. Be-
cause of these properties, PC12 cells treated with NGF have been com-
monly used as a model for studies of neurite outgrowth [46, 47].

2.3 DEVICES AND FABRICATION TECHNIQUES

In this work, microwire array chips are used to induce microscopic
thermal stimulation for studying the influence of temperature gradients
on cellular behaviors such as cardiac cells and neurons. In order to study
the impact of temperature gradients on neurite outgrowth, it is necessary
to fabricate channel systems for neuronal guidance. These microchannels
are integrated with microwire arrays to employ local heat activation of
neurites growing inside microchannels. For this purpose, microfluidic
channels are fabricated perpendicularly on the surface of microwire array
chips. The following section will introduce fabrication techniques used
for producing microwire array chips and microchannels.

2.3.1 MICROWIRE ARRAY

FABRICATION TECHNIQUE: PHOTO-LITHOGRAPHY The phOtO-
lithographic method, also called optical lithography, is a process used in
micro-fabrication for patterning specific structures on a substrate. The
geometric structures are directly transferred from a photomask to the
substrate using an ultraviolet light (UV) exposure system and photosensi-
tive materials (photoresist). The photoresist consists of three components,
which include a base resin, a photoactive compound, and a solvent. The

photoresist can be classified into positive and negative resists depending
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on changes in its properties in response to the light exposure (see Fig-
ure 2.7). Positive photoresists become soluble in the developer and are
easily removed from particular regions exposed by UV light. Conversely,
negative photoresists become less soluble and form cross-linking after be-
ing exposed. Thus, the unexposed areas can be removed in the developer.
The negative photoresist used in this work is AZ nLOF2020 for patterning
of microwire arrays. For simplicity, the procedure of photolithography as
used in the fabrication of microwires can be described as follows:

Firstly, a thin layer of oxide is grown on the Si wafer by heating it to
between 900 —1150 °C in steam or in a humidified oxygen stream. The sil-
icon oxide serves as an insulator layer. Subsequently, a layer of photore-
sist is deposited on the substrate by spin coating. The thickness of the
photoresist layer is determined empirically depending on spin-coating
speed and the viscosity of the photoresist.

After spin coating, the wafer is soft-baked at a certain temperature
depending on the thickness of the photoresist. In this work, the AZ
nLOF2020 photoresist is soft-baked at 115 °C. The soft-bake time depends
on the resist thickness. For a thin layer of AZ nLOF2020 photoresist, the
soft-bake time is 90s. After soft baking, the resist-coated wafer is trans-
ferred to the exposure system for illumination, where structures from a
mask are transferred onto the resist. The chemical reaction of the resist
is induced by the radiation, causing a change of the solubility property
in the exposed area. After that, post-exposure baking is required to com-
plete the chemical reaction of the resist. The post-exposure baking pro-
cedure reduces the amount of resist left behind after development. The
tinal step is to develop the resist within the solvent and form the desired
structure. Figure 2.8 shows the chip after development (a and b) and
metal deposition and lift-off (c and d).

2.3.2 MICROFLUIDIC CHANNELS FOR CELL CULTURE

NEURONAL GUIDANCE AND ORIENTATION USING MICROFLUIDIC CHAN-
NELS Microfluidic devices have been shown to be a useful tool for study-
ing cellular behavior. Microfluidic platforms allow biologists deep in-
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FIGURE 2.7: The schematic shows changes in characteristics of the negative and
the positive photoresist after being exposed.

m’m
%
FIGURE 2.8: Structure of microwire array chips. a) and b) are the chip’s surface

after development. c) and d) are the chip’s surface after metal deposition and
lift-off. Scale bars correspond to 100 pm.
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sights into cellular functionality due to their ability to precisely control
the micro-environment inside living cells [16, 48-50]. There are many
different microfluidic structures, which have been used depending on
the purpose of the research. In this section, microfluidic structures fo-
cusing on neurite guidance and polarization are introduced to help give
readers an overview of the characteristics of these devices. These mi-
crofluidic devices allow the localization of physical and chemical stim-
ulation on neurites selected for studying neuronal regeneration and de-
generation. A microchannel structure for separating neurite outgrowth
from neurons was first introduced by Taylor et al. [51, 52]. This microflu-
idic structure was designed by using a physical barrier in which micron-
size grooves were embedded to allow neurites to extend into these mi-
crochannels. This device included two separate cell culture chambers, a
somata compartment, and an axonal compartment. Two compartments
were connected by microchannels (Figure 2.9). The dimensions of the
microchannels were 10 pm wide and 3 pm high. The small structure pre-
vented neuronal cell bodies (somata) from entering microchannels. Fur-
thermore, this structure allows quantifying the properties of neuron out-
growth such as growth length, growth rate, and retraction rate due to
straight growth along the microchannels of neurites [53].

Another microfluidic structure for neurites orientation was introduced
by Peyrin et al. [54]. This is an asymmetrical structure with wide in-
lets and narrow outlets. This structure allows a selective filter in a sin-
gle direction for neurites and orientation of axons. These microchannels
thereby act as a “diode” for axonal projection. Using this funnel structure,
with 15 pm inlet and 3 um outlet as shown in Figure 2.10, the number of
neurites seen reaching the opposite chamber from the chamber outlet is
drastically reduced. This microfluidic platform performs as a directional

model for neural networks which could not be obtained before [54].
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Axonal side

Somal side
20 mm

FIGURE 2.9: The microfluidic platform for neuron culture, images reprinted
with permission from [52]. a) The culture chambers contain two compartments,
somal side (black) and axonal side (yellow), connected by microchannels in
between. b) The neurites extended from the somal side into the axonal side
through the microchannels.

3 um

FIGURE 2.10: The microfluidic platform for neurite polarization and orien-
tation, images reprinted with permission from [54]. a) The culture chambers
contain two compartments connected by the asymmetrical microchannels in be-
tween. b) The dimension of the microchannels’ outlet and inlet.
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2.3.3 FABRICATION TECHNOLOGIES FOR MICROFLUIDIC
CHANNELS

SOFT LITHOGRAPHY The soft lithographic method is a fabrication tech-
nique which uses elastomeric materials such as polymers and gels. The
most common polymer used in this technique is polydimethylsiloxane
(PDMS) due to its useful properties, including low cost, biocompatibillity
and optical transparency. The PDMS prepolymer consists of two compo-
nents, a polymer base and a curing agent. A typical PDMS mixture ratio
between polymer and curing agent is 10:1. For simplicity, a process of soft
lithography is shown in Figure 2.12. Firstly, a master mold is fabricated
by photo-patterning SU-8 microchannel structures on a silicon wafer. SU-
8 is a negative photoresist and commonly used to fabricate high-aspect
ratio three dimensional patterns. In order to form a PDMS microchannel,
the PDMS prepolymer is poured onto the master mold and then cured by
heat. After curing, the PDMS microchannel is removed from the master
mold. Then, a biopsy puncher is used to punch holes through the PDMS
to create chambers for cell culture. To bond the PDMS onto a glass sub-
strate or a chip’s surface, oxygen plasma is used to treat the PDMS and
the substrate’s surface. The treatment of oxygen plasma on PDMS forms
polar functional groups which are mainly silanol groups (5iOH) [55] (see
Figure 2.11a). This changes the surface of PDMS from hydrophobic to hy-
drophilic. By this way, the covalent bonds are formed between the treated
PDMS and the glass substrate when they are brought together. Another
method for bonding PDMS onto the polyimide chip’s surface is silaniza-
tion. This method aims to form a covalent -5i-O-Si- bond between the
PDMS and the polyimide chip’s surface (see Figure 2.11b).

Although the PDMS has been commonly used for microfluidic devices,
its sponge-like structure tends to absorb molecules from solution [56].
The high porousness of PDMS causes the undesirable drying of the sam-
ple, leading to changing osmolarity. Because of these problems, the mi-
crofluidic channel made from PDMS needs to be improved by using an-

other material. The fabrication of SU-8 microfluidic channels using sac-
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FIGURE 2.11: a) The chemical reaction of oxygen plasma and b) silanization.

rificial layer process is probably a promising substitute method. This
method will be described below.

MICROCHANNEL FABRICATION TECHNIQUE This technique concerns de-
position, photolithographic patterning, and selective etching of thin films
to form microchannel structures. A process of microchannel fabrication is
described in Figure 2.13. A sacrificial layer is deposited and patterned us-
ing photolithographic methods. The shape and size of microchannels are
defined by the structure of the sacrificial layer. Then a mechanical layer
is deposited and patterned onto the sacrificial layer. The final step is sac-
rificial etching, in which the first layer is dissolved by the etchant. Many
materials such as metal, polymer, and silicon dioxide have been used to
produce the sacrificial layer. The sacrificial thin-film materials are fabri-
cated using different processing methods such as physical vapor (PVD)
and chemical vapor (CVD) deposition techniques. PVD is a process em-
ployed to deposit thin films on a substrate in low pressure environments
(usually in a vacuum chamber). The most common PVD processes are
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FIGURE 2.12: The soft lithography process. a) and b) are the lithophotogra-
phy processes used to produce a SU-8 master mold, c) Pouring PDMS onto the
master mold d) Releasing PDMS after curing.
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FIGURE 2.13: The microchannel fabrication process using a sacrificial layer. a)
The sacrificial layer is deposited and patterned onto the substrate, b) The me-
chanical layer is deposited and patterned onto the sacrificial layer c) The sacrifi-

cial layer is etched.
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evaporation and sputtering. Evaporation consists of two basic processes,
the vaporization of source materials and their condensation onto the sur-
face of the substrate [57]. Sputtering is a process of ejecting atoms from a
target material by means of energetic particles [57]. The PVD technique
is mostly used to deposit metals [57]. CVD is a process using diffusive-
convective mass transfer to deposit material [57]. The advantage of this
technique is that it is possible to deposit a wide variety of materials. How-
ever, many gases used in the CVD process are toxic and this technique is
relatively expensive.

A different sacrificial layer material used for fabrication of microchan-
nel is a photoresist. It is an alternative choice which can reduce number
of steps necessary for patterning [58]. Photoresist is deposited on the
substrate using the photolithography process. This process can be used
to fabricate a high aspect ratio structure by patterning a thick layer of
photoresist.

2.4 HEAT STIMULATION

The previous sections discussed fundamental aspects of cell biology
and fabrication techniques for producing microwire array chips and mi-
crochannels. The microwire array chips are used to stimulate cellular
networks via resistive heating. Therefore, the following section gives the

reader fundamental theories about resistive heating and heat transfer.

2.4.1 RESISTIVE HEATING

Resistive heating is also known as Joule heating, which is a process
whereby electrical energy is converted into heat by passing an electric
current through a conductor. In particular, when an electric field is ap-
plied to a conductor, it causes a force on the individual charge carriers.
This force accelerates free electrons in the conductor moving in a direc-
tion opposite to that of the electric field. The acceleration caused by the
electric field will be lost quickly due to collisions between the charge car-

riers and atoms, as well as between charge carriers. These collisions cause
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the kinetic energy of the charge carriers to convert to vibrational energy
of the atoms in the lattice. This results in an increase in the temperature
of the conductor [59]. Figure 2.14 shows a simple circuit consisting of a

T

R ]
—

FIGURE 2.14: A circuit consisting of a resistor of resistance R and a battery
having a potential difference V. The movement of charges is measured as a
current I.

battery and a resistor. We assume that a quantity of positive charge is
moving counterclockwise around the circuit through the battery and the
resistor. When the charge passes through the resistor, it loses a part of
its energy as it collides with atoms in the resistor, thereby producing an
internal energy. The rate at which the charge loses energy is equal to the
power P delivered to the resistor:

P=1V, (2.4)

where [ is the current in the circuit, V is the potential difference of the bat-
tery.  According to Ohm’s law, we have the potential difference
V = IR, in which R is the electrical resistance of the wire. The resistance
of the wire is defined following the equation:

l

Where p is the electrical resistivity of material, ! is the length of the wire,

and A is the cross-sectional area of the wire.
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If we substitute the potential difference V = IR into the equation 2.4,
we can express the power delivered to the resistor in other forms:
V2

_ 120 _ 7
P=IR=—. (2.6)

2.4.2 HEAT TRANSFER

In this work, resistive heating of microwires is used as a microscopic
heat source for localized heat stimulation of cellular networks. In order
to evaluate the dissipation of thermal energy depending on the power
supplied, finite element simulations and the experimental method of flu-
orescence lifetime imaging (FLIM) are used to identify the local temper-
ature. The following section will introduce fundamental theories of heat
transfer across the system.

In general, there are three different types of heat transfer: conduction,
convection and radiation, as shown in Figure 2.15. Conduction is the
transfer of heat across the medium when a temperature gradient exists.
Convection is a process of heat transfer which occurs between a surface
and a moving fluid when they are at different temperatures. Radiation
describes heat transfer in the form of electromagnetic waves [60].

T1 > TZ q Tsurface > T°°
Ty T,
/ Viiuidr Too
- q
. q
" / Tsurface surface
T —
Conduction Convection Radiation

FIGURE 2.15: Three types of heat transfer: heat conduction, convection and
radiation.

In this section, the three main heat transfer mechanisms will be re-

viewed and a heat transfer equation will be presented.
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CoNDuCTION Conduction is the microscopic transport of energy from
higher energy particles to less energetic particles, due to particles moving
inside the substance and colliding with each other. Considering a metal
substance for which a temperature gradient exists, particles close to the
higher temperature area vibrate with higher energy. These particles col-
lide with their neighboring particles and transfer some of their energy
into these collisions, which in turn means that the energy of particles far
from the heated area increases. As a result, the process of heat transfer
by conduction in the presence of a temperature gradient occurs in the
direction of decreasing temperature [60].

The rate of heat conduction depends on the properties of the substance
being heated [59]. Metals are good thermal conductors because there are
a large number of electrons that can move freely through the solid struc-
ture. In contrast, glass and polymer are poor thermal conductors. In
order to evaluate the ability of substances to conduct heat, thermal con-
ductivity is introduced. Substances that have high thermal conductivity
are good thermal conductors, whereas substances that have low thermal
conductivity are used as thermal insulation.

For a material to conduct heat, the heat flux goes from a higher tem-
perature to a lower temperature. In order to compute the amount of heat
being transferred per unit time, Fourier’s law of heat conduction was
proposed. For the heat transfer in a one-dimensional system, having tem-
perature distribution T (x), Fourier’s equation is expressed as follows:

aT
Gx = _kE’ (2.7)
where g, is the heat flux (W/ m?), which is the heat transfer rate in
the x-direction, k is the thermal conductivity of a substance (W m~ 1K),
and ffl—z is the temperature gradient in x-direction. The minus sign is used
because the heat is transferred in the direction of decreasing temperature.

The one dimensional formula of Fourier’s law (equation 2.7) can be

extended to a three dimensional equation in space:

j=—kVT, (2.8)
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FIGURE 2.16: A convection mode of heat transfer with fluid moving over a
heated surface.

From the equation 2.8, the heat flux is written as a quantity that has a
specified direction and a specified magnitude. Once the set of boundary
conditions, the temperature gradients, materials and heat conductivity

are known, the heat flux can be evaluated from this equation.

CONVECTION The convection heat transfer is comprised of two mech-
anisms: heat is transferred by random molecular movement (diffusion)
and the fluid movement. The motion of the fluid is associated with the
moving of a large number of molecules, which contributes to heat trans-
fer [60]. In this part, we present the heat transfer in the presence of a
temperature gradient between a heated surface and a moving fluid. Con-
sider a flow of fluid over the heated surface as shown in Figure 2.16. The
velocity of the fluid varies from u; at the fluid-surface interface to a finite
value at the surface of fluid. If the temperature on a surface is T > T,
Tw is the temperature at the surface of the fluid, and the convection heat
transfer will occur from the heated surface to the surface of the flow.
According to the nature of flow, convective heat transfer is classified as
forced convection or natural convection. Forced convection occurs when
the flow is generated by external objects such as a pump or atmospheric
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TABLE 2.2: Typical values of the convective heat transfer coefficient (adapted
from [60]).

Process h (W/m?K)
Free convection
Gas 2-25
Liquids 50-1000
Forced convection
Gas 25-250
Liquids 100-20000

winds. Natural convection is induced by differences in density because
of temperature variations in the fluid.
The rate of convective heat transfer between a surface and a fluid can

be calculated from Newton’s law of cooling as follows:

q=NnT;s — T), (2.9)

where g is the convective heat flux (W/m?), T, and T are the tem-
peratures of the heated surface and the surface of the fluid respectively.
h is the convective heat transfer coefficient (W/m?K). This coefficient
depends on conditions in the boundary layer, which are influenced by
surface geometry, the nature of the fluid motion, and an assortment of
fluid thermodynamic and transport properties. The typical values of the
convective heat transfer coefficient are given in Table 2.2 [60].

In this work, the fluid on the chip’s surface is stilled. Therefore, the
contribution of convective heat transfer is the natural convection.

RADIATION Radiation is the energy emitted by the thermal vibration of
molecules. The energy of radiation is transferred in the form of electro-
magnetic waves. Thermal radiation is emitted by the surface area, and
depends on the thermal energy of matter bounded by the surface.

However, in biological systems, thermal conduction and convection
are the two dominant factors, which are caused by mass transport in the
capillary system.
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Heat source

FIGURE 2.17: A schematic describes heat transfer in a control volume.

HEAT TRANSFER EQUATION Heat dissipation in the system is calculated
based on relevant heat transfer equations. These equations define the re-
lation of the heat generated by the electrical current in a microwire, the
temperature distribution within the wire, and the wire’s surroundings.
The analysis of heat transfer is governed by the first law of thermodynam-

ics. For a closed system, this conservation law can be written as follows:

Eint = Ech + Eout, (2.10)

where E;,; represents the heat generated internally by Joule heating, Ey,
represents the rate of change of internal heat energy, and Eqy: represents
the heat energy coming out of the microwire by conduction.

A volumetric heat release distributed through the volume is g, (W /m?3).
This is the result of resistive heating. Thus the heat generated within the

volume V is:

Eing = / gedV. (2.11)
\%4

The rate of change of internal heat energy is defined by
En = / pca—TdV, (2.12)
vy ot

where p is density (kg/m?), and c is specific heat capacity (Jkg ! K™1).
The outflow of heat energy E,yt is proportional to the surface area. The
surface and an element of the surface are defined as A and dA, respec-
tively (as shown in Figure 2.17). There are two vectors shown on dA: one
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is the unit normal vector 7, and another one is the heat flux vector, 7, at
the point on the surface. The heat energy conducted out of area dA can

be written as following;:

Fou = [ (@)(7dA), @.13)

substitute the heat flux 7 from equation 2.8 to the equation 2.13, the heat

energy transferred out of area dA can be written as follows:

Eout = /A (—kVT)(7idA). (2.14)

Applying Gauss’s theorem, Eqy: can be written as follows:

Eout = /A (—kVT)(fidA) — /V V(—kVT)dV, (2.15)

substitute Eint, Eout, and Egy, to equation 2.10, the equation 2.10 can be
written as follows:

/quV:/pca—TdV—i—/ V(—=kVT)dv. (2.16)
v vy ot 1%

Because the volume V is arbitrary, the integrand can be taken out, so the

equation 2.16 can be written:
gv = pcaa—]; + V(—kVT). (2.17)
Finally, a general form of the heat transfer equation is obtained as follows:
V(VT)+qy = pc%—f. (2.18)

Using the equation 2.18 with the known parameters of the microwires,
such as the dimensions of the wire, the materials of the wire, and the
boundary conditions, the temperature distribution of the wire can be
solved. However, the solution is only feasible for simple geometries and

symmetric boundary conditions. In our work, the numerical method us-
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ing COMSOL Multiphysics has been applied to investigate the heat trans-

fer on microwire arrays.

2.5 OPTICAL DETECTION

2.5.1 CALCIUM IMAGING

As described in the section 2.1.3, the intracellular calcium concentra-
tion plays an important role in regulating the function of cardiomyocytes.
Therefore, the observation of changes in intracellular calcium allows us
to draw conclusions about the functional state of the cells. In order to vi-
sualize the calcium signal, calcium imaging, a remote fluorescence-based
calcium detection technique, was used in this work.

This approach is performed by staining living cells with a fluorescent
dye. In order to record the intensity changes of the fluorescent dye, a fast
and sensitive camera is coupled with a microscope setup and a standard
fluorescent filter set. The basic principles of the calcium imaging tech-
nique are described in the following, referring to Takahashi ef al. [61].
When the fluorescent dye is loaded into the cell, it binds to the intra-
cellular calcium. The binding to the Ca?* causes the dye to change its
fluorescent properties (i.e. intensity or wavelength).

Most fluorescent dyes are impermeable to the cell membrane. In order
to load the dyes into the cells, there are a number of techniques that can
be used such as microinjection, macroinjection, and ester loading [61]. In
the microinjection technique, the calcium indicators can be diluted in a
cytosol-like solution; then, a glass micropipette is used to inject the in-
dicator into the cells. However, this method is difficult to perform with
a large number of cells (the best microinjectors can only load approxi-
mately 100 cells/h). Conversely, macroinjection methods enable us to
load indicators into many cells at once. The disadvantage of the micro
and macroinjection method is that it is invasive and requires specialized

equipments and practice.
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In this thesis, the Fluo-4, a fluorescent calcium sensing dye, has been
used to probe the changing concentration of intracellular calcium. For
loading the Fluo-4 dye into the cells, the carboxylic acids group is mod-
ified by acetoxymethyl (AM) ester groups, resulting in an uncharged
molecule which can cross the cell membrane. After permeating into the
cell, esterases inside the cell cleave off the AM ester groups. This ensures
a high concentration of the dye inside the cell.

Another important characteristic influencing the considerations in
choosing an indicator is the dissociation constant (K;), which is the cal-
cium binding affinity of the indicator. The calcium sensitivity is achieved,
most reliably, in below and near K; [61]. For the high-affinity calcium in-
dicators, they can yield high fluorescence intensity, but they saturate at
relatively low calcium concentration and they likely buffer intracellular
calcium. The low-affinity dyes are used to measure the high level of cal-
cium concentration in subcellular organelles. The rapid measurement of
changes in the calcium concentration is an advantage of the low-affinity
dyes because their reaction kinetics are fast enough to analyze the high
temporal resolution of events.

In order to qualitatively measure the change in intracellular calcium
concentration, a relative change of fluorescence signal R¢ can be calcu-

lated as follows:

Rf _ F— Fbase
Fbase

where F is the measured fluorescent intensity of the calcium indicator,

(2.19)

Fase is the intensity of the calcium indicator before stimulation. Although
the precise concentration of calcium cannot be measured, this ratio can be
used to approximate the intracellular calcium concentration.

The Ca®" measurements in this thesis were recorded using an imaging
software. The imaging was performed using a rolling average filter with
a width of 4 frames and a sequential subtraction of 4 frames to achieve an
increased grey-scale resolution. Because of the live processing, the Ca®*
imaging in this work was analyzed based on the temporal averaging of

the fluorescent intensity as following;:
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F—F
Fnorm - 2 avl (2-20)
av

where F,orm is the normalized fluorescent intensity, Fy is the temporal
average of the fluorescence intensity, and F is the measured fluorescent
intensity of the indicator.

2.5.2 FLUORESCENCE LIFETIME IMAGING (FLIM)

In order to practically measure the temperature dissipation on the mi-
crowire array, fluorescence lifetime imaging microscopy was used in this
work. The following is intended to give the reader a brief overview about
the fundamental theorem of this measurement technique.

FLIM measurement is the method used to evaluate temperature based
on the lifetime of the fluorescent indicator when it is excited by short laser
pulses (i.e. much shorter than the lifetime of the fluorophore). When a
molecule absorbs a photon, it gains energy to jump to an excited state.
Subsequently, the molecule stays in this state for a while and then returns
to its ground state by emitting a photon. By using fast detectors, the
arrival times or decay times of photons are recorded with respect to the
laser pulses and the position of the laser beam [62]. The recorded data
has the information about the spatial distribution, x, y and the fluorescent
decay time. The result is presenting in an array in which each measured
point contains the fluorescent decay time. The fluorescent decay function

[63] is an exponential function given as:
t
I(t) =1y exp(—;), (2.21)

where I(t) is the fluorescent intensity at time ¢, Iy is the fluorescent inten-
sity immediately after the pulse, and 7 is the fluorescent lifetime. From
equation 2.21 the lifetime can be determined. The dependence of temper-
ature on the lifetime of fluorescent dye is calibrated based on a known set
of calibration values. The values are calculated using a curve fitting algo-
rithm [64]. The temperature can be thereby deduced from the lifetime
measurement. The FLIM measurement has been used commonly as the
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noninvasive method to assess the temperature since it does not depend
on the concentration and absorption of the fluorescent indicator. How-
ever, the limit of the FLIM method is that the properties of fluorescent
indicators could be modified responding to change in the environment
such as pH changes. Furthermore, the quenching effects (decrease in the
fluorescent intensity) could also be observed when imaging at a few mi-
crometer distance from the sample.

In this work, the temperature measured from FLIM method is com-
pared with the numerical method to have a reliable temperature distribu-

tion on the microwire.
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CHAPTER 3

HEAT STIMULATION FOR MODULATING
SIGNAL PROPAGATION IN HL-1 CELL
NETWORKS

This chapter was reproduced from the unpublished work “K.M. Dang,
P.Rinklin, D. Afanasenkau, G. Westmeyer, T. Schiirholze, S. Wiegand and
B. Wolfrum, Chip-based heat stimulation for modulating signal propaga-
tion in HL-1 cell networks.” in submission.



3. HEAT STIMULATION FOR MODULATING SIGNAL PROPAGATION IN
HL-1 CELL NETWORKS

3.1 PREAMBLE

The present work aims to study the influence of localized tempera-
ture gradients on signal propagation in cardiac cell networks. Localized
temperature gradients are generated by resistive heating via microwire
arrays on a chip surface, which serves as a substrate for growing a conflu-
ent cell network. In this work, the velocity of the propagating Ca®" wave
in the network is locally increased upon heat stimulation. Furthermore, a
relocation of the pacemaker cell and a deformation of the Ca®" wavefront
caused by an increase of the local temperature will be investigated in this
chapter.

3.2 INTRODUCTION

The healthy body temperature of endotherms falls within a rather nar-
row window. Lowering or increasing the temperature may cause
metabolic and functional problems in cardiac activity [65]. Cardiac mus-
cle contraction depends on intracellular Ca** dynamics [66]. The Ca?*
release from the sarcoplasmic reticulum increases the cytosolic Ca** con-
centration and triggers a propagating Ca®* transient. When the Ca** con-
centration is high enough, contraction of the cardiac muscle cell occurs.
Once the intracellular Ca** concentration decreases again, the cardiac
muscle cell relaxes [67, 68]. Cardiac Ca** signaling relies on a few critical
molecular players like ryanodine receptors, voltage-gated Ca* channels,
and Ca®" pumps [69], which are affected by temperature changes [70-
72]. However, assessing the effects of local temperature inhomogeneities
at the cellular level is still difficult [73, 74]. So far, most investigations
on the effect of temperature on Ca" transients in cardiac myocytes em-
ploy ambient temperature control [75-77]. This way, a global response
is observed potentially masking a possible influence of local temperature
effects. Heating cells in only a localized area can be achieved using a fo-
cused infrared laser [78-80]. This approach has been demonstrated for
the excitation of action potentials in muscle and nerve cells [81, 82]. How-
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ever, it requires the alignment of microscope setups that are difficult to
parallelize and cannot be easily applied in long-term or high-throughput
studies [83]. Alternatively, localized heating using electromagnetically
excited nanoparticles has been applied in several reports [84-86]. How-
ever, heat dissipation for a large number of nanoparticles dispersed in a
macroscopic region of tissue produces a global rise in temperature [87].
Moreover, the toxicity of nanoparticles usually imposes a high risk of cell
damage [88].

Recently, microsystems have created new opportunities for applying
spatially and temporally controlled stimuli and recording cellular activ-
ity [19, 89, 90]. Examples demonstrate the application of microchip de-
vices for electrical stimulation [67, 91-93], parallelized single-vesicle re-
lease measurement [94], or studies of signal propagation in cardiac my-
ocyte networks [95, 96]. The microwire array chips has been introduced
to inflict thermal lesions in cell cultures for separating network connec-
tivity [97]. In this work, the microwire arrays are used to induce local-
ized hyperthermia to modulate signal propagation in cardiomyocyte net-
works. The heating of individual microwires allows to generate highly
localized temperature gradients. We apply this method to study dynamic
changes in intracellular Ca®* signals in response to local heat stimuli in
cardiomyocyte-like HL-1 cells. The HL-1 cell line used in this experiment
was derived from mouse cardiomyocyte tumor [39]. The HL-1 cardiac
muscle cells show spontaneous action potentials and subsequent contrac-
tion after the cells reach confluency. We demonstrate that heating can
lead to localized effects on Ca®* signal propagation influencing the prop-
agation speed, direction and the position of the pacemaker cell.

3.3 MATERIALS AND METHODS

3.3.1 FABRICATION OF MICROWIRE ARRAY CHIPS

I fabricated microwire array chips in the clean room of the Helmholtz
Nanoelectronic Facility. The arrays consist of 17 microwires that were
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structured and isolated using state-of-the-art microfabrication technol-
ogy. The microwire array chip was used for applying resistive heating
to induce thermal stress on cellular networks. The fabrication process
is presented as follows. A thermally oxidized silicon wafer of 4 inches
diameter and 500 pm thickness was used as a substrate. First, a dou-
ble layer resist (LOR3B; Microchem, Newton, MA and AZ nLOF 2020;
MicroChemicals, Ulm, Germany) was spin-coated onto the wafer and
the microwire array structure (comprised of 17 wires with a width of
2.5um and the pitch of two adjacent microwires 30 um) was patterned
using standard photolithographic procedures. After exposure and de-
velopment (MIF326, microresist technology, Berlin, Germany), a metal
stack (10nm Ti/300nm Au/10nm Ti) was deposited by electron-beam
vapor deposition. The titanium layers served to facilitate adhesion of
gold structures to the substrate and the following passivation layer. After
structuring the microwire array, a polyimide layer (P12545, HD Microsys-
tems GmbH, Germany) was spin-coated (6000 rpm, 30 s) to passivate the
chip for cell-culture conditions. For electrical connection of the chip to
the power supply system, a second photolithography was performed to

locally remove the passivation layer on the outer contact pads.

3.3.2 CULTURE OF HL-1 CELLS ON THE MICROWIRE
ARRAY CHIP

HL-1 cells were cultured in T25 flasks at 37 °C and 5 % CO; in Clay-
comb Medium (51800C, Sigma) supplemented with FBS (10 %, ThermoFis-
cher Scientific), penicillin-streptomycin (100 pg mL~!, ThermoFischer Sci-
entific)) —norepinephrine (0.1 mmol, Sigma) and L-glutamine
(2mmol, ThermoFischer Scientific) in a humidified incubator. After the
cells reached confluency and started beating, they were cultured on the
microwire chips. Before plating the cells, the microwire chips were steril-
ized with UV light for 1 h. The chips’ surface was then incubated in a mix-
ture of fibronectin (5ugmL~!, Sigma) and gelatin (0.2mgmL~!, Sigma)
for approximately 60 min. Then 500 puL of cell suspension was seeded on
the chips and incubated under normal conditions (37 °C, 5 % CO,).
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3.3.3 THERMAL STIMULATION AND CA2* IMAGING

The power supply was operated by a custom LabView software [98].
Thermal stimulation was applied to the cells in normal growth medium.
The electrical power was applied to one middle microwire for 30s (P =
0.7W). The resting time between each stimulation pulse was 1 min for
recovery of the cells. In order to observe the dependence of cell activ-
ity on local heating, HL-1 cells were stained with a Ca** sensitive dye
(4 pmol Fluo-4 AM, Thermofisher) for 15-30 min. The medium was then
exchanged and the sample was transferred to the measurement setup.
While performing thermal stimulation, the Ca** fluorescence signal was
recorded via a high speed and low light emCCD camera (Hamamatsu
C9100-13). To assess a possible influence of localize heating on the Ca®*
signal, the analysis of the signal propagation was based on fluorescence
indicator dye (Fluo-4). It is known that the dissociation constant of Fluo-4
decreases within increasing temperature [99]. This effect may change the
intensity and the waveform of the fluorescence signal. To minimize these
effects, we evaluated the Ca* signal relative to the basal fluorescence. In
addition, the signal propagation was measured based on the temporal
correlation of the signals. Thus, the changing properties of the indicator
with increasing temperature should be negligible in these experiments.

3.3.4 CROSS-CORRELATION ANALYSIS

In order to determine the activity in the Ca®" imaging,
the cross-correlation analysis was performed as follows: the images were
down-scaled to a size of 32 x 32 pixels for the purpose of processing speed.
The intensity of the resulting pixels was normalized by calculating the
normalized fluorescent intensity (see the equation 2.20). The active pixels
were discriminated from inactive pixels by their root-mean-square (RMS)
intensity changes. To this end, the RMS of each pixel was calculated and
the minimum RMS value plus half of the standard deviation of all RMS
values were used as a threshold. For the cross-correlation analysis, the

intensity traces of all pixels were smoothed using a Gaussian filter with
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FIGURE 3.1: Microwire arrays for inducing localized thermal stimulation. a) A
photograph of an encapsulated microwire array chip (chip dimension: 24 mm
x 24mm. b) A photomicrograph of the actual microwire array consisting of 17
parallel microwires. c) An optical image of HL-1 cells cultured on the chips
surface. d) A schematic of a localized thermal stimulation experiment. Passing a
current through a wire results in increasing the Ca®* signal’s speed in the heated
area. Scale bars in b and c correspond to 100 pum.

a window width of 300ms. To determine the signals propagation, the
average intensity trace of all pixels was calculated and each pixel was
cross-correlated with this reference trace yielding the relative signal delay
of the individual pixels. The result was plotted as a color map of delay
values, which presents the temporal propagation of the calcium signals.
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3.4 RESULTS AND DISCUSSIONS

HL-1 cardiomyocytes have proven to be useful for studying many as-
pects of cardiac biology in vitro [39]. In order to investigate the effect of
localized heat stimulation on cardiomyocytes, a layer of HL-1 cells was
grown on a microwire array and thermal stimulation was applied to in-
duce confined heating on the cell network. Figure 3.1a and 3.1b show an
exemplary microwire array chip that was used in the experiments. HL-1
cells that were plated on microwire chips formed confluent layers after
2-4 days. The cells began to spontaneously generate contractile activity
(beating) approximately one day after reaching confluency. Figure 3.1c
shows a confluent culture of cardiac cells growing on the microwire ar-
ray. A schematic of a thermal stimulation experiment affecting a linear
region in the cell network is illustrated in Figure 3.1d. To evaluate the
effects of local heating on spatiotemporal Ca** dynamics, Ca** imaging
and Ca** propagation analyses were performed.

3.4.1 EFFECT OF LOCALIZED HEAT STIMULATION ON CA?*
SIGNAL PROPAGATION

In this study, we focused on the influence of localized heat stimulation
on the propagation of Ca?* signals in HL-1 cell cultures using microwire
arrays. Heat was generated by electrical power applied through a wire.
Figure 3.2 shows the time-dependent temperature profile on top of the
stimulating wire. The temperature quickly reaches steady state within
approximately 100 ms after applying a power of 0.7 W (Figure 3.2a). Fig-
ure 3.2b shows the temperature profile on the surface of the chip. As
expected, the temperature exhibits a sharp gradient in the vicinity of the
microwire.

We evaluated the dependence of the cardiac cells activity on tempera-
ture by performing optical recordings during heat stimulation. To visual-
ize the Ca®" signal propagation in the cardiac cell network, cells were
stained with a sensitive fluorescence dye (Fluo-4, AM). Ca** imaging
videos of spontaneous as well as thermally stimulated activity were
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FIGURE 3.2: Comsol simulation of the temperature distribution on the surface
of the chip induced by the microwire array with the power 0.7W. a) Time-
dependence of the temperature on top of the stimulating wire. The temperature
quickly reaches a steady state at 32 °C within 100ms. b) Temperature profile
at the surface of the chip. An x-position of 0 mm indicates the center position
of the stimulating microwire. Due to the rapid equilibration visible in a, the
temperature profiles at 10, 20, and 30s are identical.

recorded. Figure 3.3 shows representative frames of the fluorescent sig-
nal captured with and without thermal stimulation.

In order to evaluate the influence of heat on the Ca" signal prop-
agation, the Ca** imaging video was analyzed by performing a cross-
correlation of the local fluorescence intensity as can be seen for three ex-
emplary cell culture experiments in Figure 3.4a. The colors in the images
indicate the time delay between the occurrences of the Ca®* signal at par-
ticular positions within the network. The signal propagates in the direc-
tion from blue to red. In these experiments, the Ca>" imaging videos were
recorded for 1 min without stimulation (left column) and 30s with ther-
mal stimulation (right column). As evident from Figure 3.4a, the change
of Ca* wave propagation upon heat stimulation is clearly visible.

We analyzed the velocity of signal propagation by dividing the spa-
tial extension by the difference of maximum and minimum delay values
within a circular region (Figure 3.4b). Using this approach, the difference
in the propagation direction of the signal was intentionally neglected. Al-
though the absolute velocities as well as the relative changes in velocity
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FIGURE 3.3: Exemplary frames from the Ca** imaging sequence of the sample
without (top) and with (bottom) thermal stimulation. In the top row, the signal
spontaneously propagates from the top left corner to the bottom right corner
while, in the bottom row, the signal travels along the heated area and appears to
be faster.

(Figure 3.4c) vary significantly between different cell culture experiments,
we observe an increase of Ca** wave propagation velocity upon heating
in approximately 87 % of all the samples investigated (n = 15).

While these results give a qualitative indication on the effect of heat
stimulation on HL-1 cells, they do not provide a quantitative measure
of the local propagation velocity within heated zones compared to non-
heated zones. To investigate the influence of the stimulus on the local
propagation velocity of the Ca®* signals, we therefore analyzed correla-
tion plots of multiple stimulation experiments shown in Figure 3.5.

In these experiments, Ca®* imaging videos from the same cells were
recorded during repetitive stimulation and subsequent recovery phases.
The change in the Ca®* propagation pattern was reversible upon succes-
sive application of thermal stimuli as can be seen by comparing the pat-
terns in the recovery phase (Figure 3.5, left column) with the patterns dur-
ing stimulation conditions (Figure 3.5, right column). The time delay of
the signals in the different experiments clearly indicates that the Ca** sig-
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FIGURE 3.4: Signal propagation direction and velocity with and without heat
stimulation. a) A comparison of signal propagation with and without heat stim-
ulation for three independent cell culture experiments. b) Global signal velocity
with and without heat stimulation of all experiments. c) The normalized velocity
is calculated by the ratio of the velocity with and without heat stimulation com-
paring signals of the same sample. The dashed blue line indicates the threshold
for equal signal velocities with and without heat stimulation.
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FIGURE 3.5: Reversible effect of localized heating in cardiac myocytes pre-
sented by cross-correlation analysis of Ca** imaging videos. The time delay of
the propagating action potential is color-coded, referring to the color scale in (a).
x- and y-axes give the dimensions of the observed sample section. A thermal
stimulation was applied (b, d, £, h) on a center wire for 30s and a recovery time
of 1min in between (c, e, g) to locally change the Ca* signal behavior of the
cardiac myocyte cells. Every image represents the same position on the same
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FIGURE 3.6: Plots show the speed of Ca** signal propagation with and without
heat stimulation. a) Delay time versus signal progression in the corresponding
frames. The red and blue traces describe signal propagation with and without
heat stimulation, respectively. b) A plot of the signal velocity of the HL-1 cells
shows the correlation between the power and velocity of Ca?* signal when the
power supplies switched on and off.
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FIGURE 3.7: A plot of the signal delay (along y-axis) recorded at the heated
wire (red) and at a position 300 pm away from the heated wire (blue). The data
was fitted using linear function.

nal propagates faster during thermal stimulation as described above. As
we were interested in the propagation velocity within high-temperature
zones, we now evaluated the delay time along the propagation direction
of the Ca** signal with and without heating. Figure 3.6a shows the delay
time versus the distance of signal propagation, evaluated along the diag-
onal of the frame without thermal stimulation (blue trace) and along the
y-axis in the frame with thermal activation (red trace).

The data was fitted using a linear function assuming a constant speed
along the propagation direction. The inverse slope of this fit yields the
propagation speed of the Ca®* signal. As can be seen, the slope without
thermal stimulation is steeper than the one with stimulation. Quantita-
tive values of the propagation velocity for repetitive experiments with
and without stimulation are shown in Figure 3.6b. During heat activa-
tion, the propagation speeds are higher than 35 um ms~!, whereas with-
out heating, the propagation speeds range between 16-20 umms~'. We
attribute the slight increase of signal velocity in the recovery phase to a
minor global rise in temperature due to repeated heat stimulation. Inter-

estingly, as the propagation appears to be affected in the vicinity of the
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heated region, this results in a deformation of the signal wavefront. In
order to investigate the effect of local velocity changes in the heated area,
we compared the propagation speed within the network along regions of
different temperatures. The result is shown in Figure 3.7. The red trace
indicates the Ca" signal propagation directly on the heated wire and the
blue trace indicates the Ca* signal propagation at a distance of 300 pm
from the heated wire. Both traces were evaluated along the vertical axis.
The observed difference in propagation speed of the Ca®* signals is in
the range of 10 um ms~!. This demonstrates that microscopic heating can
induce local variations of Ca** signal propagation speed within a con-
nected network.

3.4.2 EFFECT OF LOCALIZED HEAT STIMULATION ON THE
PACEMAKER POSITION

The observed alterations in the propagation direction of the Ca** wave
upon thermal stimulations might be caused by two effects: First, the local
change in propagation velocity can cause an effective shift of the propa-
gation direction along the wire. Second, the position of the pacemaker of
the cell layer can be directly affected by the thermal stimulation leading
to an alteration of the propagation direction. Such a scenario is shown
in Figure 3.8. In Figure 3.8a we see the propagation pattern without ther-
mal stimulation. Here the origin of the intrinsic Ca®* signal starts in the
top left corner and propagates to the bottom right corner. When apply-
ing thermal stimulation, the signal origin in the field of view relocates to
a position on the microwire and the propagation direction shifts along
the y-direction (Fig 3.8b). A shift in signal origin towards regions of the
heated area was detected in about 27 % (n = 15) of the experiments. Possi-
bly, the mechanism of changing the pacemaker location can be explained
by a local modulation of the kinetics of cellular processes affecting the
beating pattern. Similar to effects observed during electrical stimulation
[95, 100] a cell beating faster than the intrinsic pacemaker, can “hijack”
the network and become the new pacemaker cell.
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FIGURE 3.8: The effect of heat on the origin of the Ca®* signals. a) The intrinsic
Ca?* signal propagate from the top left corner down to the bottom right corner.
b) Localized thermal activation changes the propagation of the Ca®* signal from
the top to the bottom along the heated wire.

An increase of the beating frequency has been previously observed for
global temperature stimulation [101]. To assess if, correspondingly, the
Ca%* signal direction is influenced by local heat activation, we compared
the average angle distribution of spontaneous signal propagation direc-
tions with those during local heat stimulation. As can be seen in Figure
3.9, the Ca®* signal directions tend to be shifted by the local heat stimu-
lation clustering along the direction of the heated wire (90°). Yet, further
experiments on geometrically defined cell-network structures should be
conducted to assess the required conditions for pacemaker relocation dur-
ing heat stimulation. Such an approach might make it possible to eluci-
date the underlying mechanisms for heat-controlled pacemaker activa-

tion.

3.5 CONCLUSIONS AND OUTLOOK

Microwire arrays are effective tools for applying localized thermal stim-
ulation to cells in culture. Overall, Figure 3.10 shows a schematic illustra-
tion of two possible phenomena arising during localized heat stimulation
via an individual microwire. In the example shown in the schematic, the
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FIGURE 3.9: Distribution of propagation angles of the spontaneous signals (a,
n = 15) and of the heat-stimulated signals (b, n = 15). The percentage of signals
distributed along the direction of the heated wire with an angle 60° < a < 90°
changes from 20 % to 47 % after stimulation.

Ca** wave originally propagates from the upper left corner down to the
bottom right. We conclude that a locally increased temperature can yield
two possible effects in the cell network. Effect A is the disturbance of the
Ca”" wave pattern in the heated area due to localized changes in the prop-
agation speed. Effect B is the thermal activation of another pacemaker in
the heated area. The combination of these two effects can be seen in the
center of the schematic, which is the disturbance of the signal wavefront
together with the relocation of the pacemaker in the heated region.

We believe that heat stimulation in structured networks or tissues will
allow more specific studies on pacemaker selection and local Ca** ef-
fects. This can be achieved by employing nanofabrication technologies
to modify the geometry of the structured heating zones and confining
cell growth to specific regions e.g. within a microfluidic compartment
[102].
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FIGURE 3.10: Schematic illustrating two possible effects of local heating to the
Ca®" dynamics of cardiac cells. Effect A: the Ca®" wave is perturbed in the
heated area by a local change in signal velocity. Effect B: a different pacemaker
is activated in the heated area. Both effects may occur simultaneously.
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4. HEAT ACTIVATION AND GUIDANCE OF NEURITE OUTGROWTH

4.1 PREAMBLE

The present work aims to study the influence of temperature gradients
on neurite outgrowth. This influence is studied using microwire array
chips to generate local heat stimuli of PC12 neuron-like cells cultured
on the chip. This chapter presents an experimental setup for neuronal
heat activation. Additionally, the effects of localized temperature on the
speed and direction of neurite outgrowth are investigated using an image
processing method.

4.2 INTRODUCTION

Neurite outgrowth is a process of neuronal development in which neu-
rites, either axons or dendrites, project from neuronal cell bodies to form
neuronal networks. The leading edges of neurites, called growth cones,
are motile structures that play a crucial role in neurite outgrowth and neu-
rite guidance [103]. Research of Tischler et al. [41] has shown that PC12
cells have the capacity to grow neurite-like processes in response to nerve
growth factor (NGF). In particular, it has been shown that the growth
cones of PC12 cells contain microtubules and actin filaments, which play
an important role in the process of neurite outgrowth [44]. In fact, the
turning of neuronal outgrowth is thought to be driven by microtubules,
and the protrusion of neurites is regulated by the polymerization of actin
filaments [103, 104].

The response of growth cones to different external stimuli (guidance
factors) causes the retraction or protrusion of neurites. In addition, the
direction of neurite development is manipulated by the detection of guid-
ance cues found in the surrounding environment [105]. Therefore, in or-
der to improve neurite outgrowth and accurately orientate neurites to-
wards a target indicated by guidance cues after injury, it is necessary
to develop optimal cues that can induce neuronal regeneration. Over
a few decades, it has become known that neurites can be guided by us-
ing several chemical cues [105, 106]. Other than that, physical cues such
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as optical stimulation have been proposed as effective factors in regulat-
ing neurite outgrowth and neurite guidance [107-113]. Recently, it has
been shown that spatial temperature gradients caused by near-infrared
laser beams are capable of guiding neuronal growth [114]. The notice-
able result of this study is that laser powers can drive neurite outgrowth
towards the close vicinity of the infrared heat source. However, it is still
unclear whether neurites react to the temperature gradient or the optical
light generated from the near-infrared laser [115].

In this study, the influence of purely thermal stimulation on the neuron-
like cellular growth will be inspected. In particular, temperature gradi-
ents produced by the microwire array chip will be presented here as a
microscopic heating method to study the effects of temperature on the
growth of neuron-like cells. Specifically, this study will investigate the
speed and orientation of the neuronal growth depending on localized

heat application.

4.3 MATERIALS AND METHODS

4.3.1 PC12 CELL CULTURE ON CHIPS

PC12 cells were cultured in RPMI-1640 (Sigma-Aldrich) supplemented
with FBS (5%, ThermoFisher Scientific), horse serum (10 %,
Sigma-Aldrich), L-glutamine (1%, ThermoFisher Scientific), and peni-
cillin/streptomycin (0.5 %, ThermoFisher Scientific) in a humidified in-
cubator at 37 °C and 5 % CO,. The cells were passaged every 3-4 days.

Before cell plating, the chip was sterilized with UV light for 1h and
coated with Collagen IV (30pgmL~!, C5533-5mg, Sigma-Aldrich)
overnight to enhance cell adhesion.

Cells were then detached from the Petri dish with trypsin-EDTA
(Sigma-Aldrich) and collected in a 15mL Falcon tube. After centrifuga-
tion, the cell pellet was resuspended in 500 puL of cell culture medium. A
volume of cell suspension was pipetted on the chip’s surface for a final
concentration of approximately 1.5 x 10° cells/mm?. The cells were then
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incubated at 37 °C and 5 % COj in the culture medium and 50 ng mL ™! of
NGF-beta (SRP4304-20ug, Sigma-Aldrich) was pipetted into the reservoir

to induce neurite outgrowth.

4.3.2 HEAT STIMULATION SETUP

The power supply on the chip was operated by software that had been
developed in a previous project [98]. A voltage source capable of sup-
plying an individual microwire with a computer controlled voltage was
developed and built in Forschungszentrum Jiilich. A detailed descrip-
tion of this system can be found in the dissertation of Philipp Rinklin
[98]. Briefly, an overview of the main system shall be given here.

A schematic of the electronics setup is shown in Figure 4.1. A micro-
controller is used to define the DC voltage for each channel. This system
consists of a chip socket integrated into printed circuit boards (PCBs),
which is then used to transfer input values from the micro-controller to
the chip. In order to provide controlled powers for each channel on the
chip, a software was used to enter power values. The program is able to
measure the resistivity of the corresponding wire. Therefore, the voltages
that correspond to the electrical power can be calculated using V = /PR,
where V is the applied voltage, P is the power supply, and R is the resis-
tance of the wire. The temperature across the microwire was measured
using the FLIM method and then the outcome was compared to the sim-
ulation result using COMSOL Multiphysics.

4.3.3 THERMAL STIMULATION AND IMAGING

In order to investigate the effects of localized temperature on neuronal
outgrowth, thermal stimulation was applied to a single microwire for
5min (P = 1W). The heat stimulation was applied three times. The rest-
ing time for the cells to recover between each stimulation was 10 min. The
growth of the cells during heating was recorded using the Leica camera
attached to the microscope. Images were taken with a 40x magnification
objective. Before performing the experiment, the medium was replaced

with fresh medium supplemented with NGF.
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FIGURE 4.1: A schematic of the electronic setup. a) Screenshot of the software
[98]. In this mode, the user is enabled to give a desired electrical power to each
microwire. b) and c) The chip socket is fixed in the microscope. d) Schematic
of the individual connections. The power supply is controlled via a custom Lab-
View © program connected via USB. The output of the power supply is directed
to the contact pads via cables and custom PCBs [98].
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4.3.4 IMAGE PROCESSING USING THE OPTICAL FLOW
METHOD

To assess the growth of cells during the heat stimulation, the optical
flow method was used to approximate the motion of image objects be-
tween two frames. Firstly, the frames were scaled down to 512 x 512
pixels to improve the speed of analysis. The frames were then filtered to
subtract the background of microwire arrays. In order to eliminate the
displacement of the frames during the experiment, the two frames were
aligned before analysis using the cross-correlation method. Then the opti-
cal flow method was applied to plot a vector field, in which magnitudes
of vectors indicate the velocity of moving objects between two frames.
The assumption of this method is that the brightness of each pixel is con-
stant in two analyzed frames. Therefore, the location of individual pixels
is tracked based on the constant intensity using a spatial and temporal
correlation analysis. The corresponding frames are correlated for deter-
mining the average spatial displacement of each pixel. The ratio of the
displacement and the time scale between two frames gives the average
velocity in each pixel. The details of this method can be found in the
paper of Sun et al. [116].

4.4 RESULTS AND DISCUSSION

4.4.1 EFFECT OF TEMPERATURE GRADIENTS ON
CELLULAR GROWTH

To investigate the influence of temperature gradients on neurite
outgrowth, the microwire was supplied with 1 W of power for 5 min. The
localized heat in a small region generates a temperature gradient, which
can activate cells located in the vicinity of the heated wire. The neurite
outgrowth during heating was observed and recorded by a Leica camera
(DFC9000 GT). As can be seen from Figure 4.2b and 4.2c, a slight increase
in the neurites” length can be observed in comparison to Figure 4.2a. Fur-
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a) neurite b) neurite neurite

neurite neurite

FIGURE 4.2: Neurite outgrowth in the presence of temperature gradients. a)
before heating, b) at 150s, c) at 300 s. The red and blue lines are the positions of
the microwire with and without heat applied, respectively. The scale bar corre-
sponds to 30 pm.

thermore, a localized temperature gradient across the microwire resulted
in the protrusion of new neurites from PC12 cells within the first several
minutes, as can be seen in the Figure 4.2b and Figure 4.2c.

In order to evaluate the rate of cellular growth or neurite outgrowth
during stimulation, two frames, one at 0s and one at 300s, as shown in
Figure 4.3a and 4.3b, were analyzed using the optical flow method. Be-
fore applying this method, the images were filtered to subtract the back-
ground as shown in Figure 4.3c. After that, a vector field was plotted
using the optical method. Then, a descriptive vector plot was created, in
which the number of pixels was scaled down 10 times for visual purposes,
as shown in Figure 4.3d. From this figure, the vectors can be clearly seen
at the edges of the cells after 300 s of heating. This indicates the extension
of the cells, with the noticeable changes on their edges. As evidenced
from Figure 4.3d, most of the changes occur in the edges of cells, which
are the location of neurites. To quantify the speed of neurite extension,
firstly a binary image using a threshold following Otsu’s method [117]
(Figure 4.4b) was calculated based on the magnitude of the original vec-
tor field to identify changing areas. Figure 4.4a shows the original vector
field in which the vectors are indicated the rate of change at each pixel.
The vectors are too small that the magnitude is practically invisible in the
plot. The changing areas are blue and yellow colors, as can be seen in Fig-
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FIGURE 4.3: An analysis of the speed of cell extension via image processing. a)
An image of the PC12 cells on the microwire chip at 0s. b) An image of PC12
cells on the microwire chip after 300 s heat stimulation. c) A filtered image after
subtracting the background of microwire array. d) A descriptive vector field plot

depicts the cells extension analyzed by the optical flow method. The scale bar
corresponds to 60 pm.

62



4.4. RESULTS AND DISCUSSION

FIGURE 4.4: Two images describe changing areas during heat stimulation.
a) The blue areas describe a group of vectors resulting from the optical flow
method. These areas exhibit changing parts of the cells. The red line is the po-
sition of the heated wire. b) A binary image describes the non-changing (blue)
and changing (yellow) parts of the cells.

ure 4.4a and Figure 4.4b, respectively. Subsequently, the changing areas
were localized and marked with numbers as shown in Figure 4.4a. After
that, the velocity of each changing cell area was calculated for cases with-
out and with heat stimulation. Finally, the average velocity of the cell ex-
tension or neurite outgrowth without and with heat stimulation was eval-
uated as shown in Figure 4.5. As can be seen from the figure, the average
velocity of cell extension is increased during heating. The average speed
of the first heat stimulation is (0.06 4-0.03) um min~!, which is higher

L at

than the average speed of spontaneous growth (0.03 + 0.01) pm min ™~
room temperature.

This result is consistent with a previous report of neurite outgrowth
under the influence of an infrared laser, which claims that the growth rate
of neurites from PCI12 cells with heat stimulation is higher than
0.03 ummin~—! [110]. A decrease of the growth rate during the second
heat stimulation is visible (Figure 4.5). However, the growth rate of cells
seems to recover in the third heat stimulation ((0.04 & 0.01) pm min~—1).

Furthermore, the increase in the growth rate of the cells with the first
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FIGURE 4.5: The average speed of the cellular growth without and with heat
stimulation. The error bars present the standard deviation.

heat stimulation was observed in 80 % of samples (n = 10) (Figure 4.6).
This result indicates that the temperature gradient created by a sudden
rise of temperature affects the increase of the cellular growth. The abrupt
increase of temperature is the key factor for triggering the high speed of
neurite growth, which is in agreement with the conclusion of Oyama et
al. [78]. Though, the kinetic effect of enzymatic activity has not been in-
vestigated in this experiment, the rapid increase in temperature could re-
sult in an unbalanced equilibrium of tubulin polymerization and enhance
the polymerization of microtubules. This process mediates the sliding
of neurite outgrowth during heating [118]. Moreover, temperature gra-
dients generated by microscopic heating activate actin polymerization,
which could contribute to the elongation of neurites [119]. Further exper-
iments on the influence of heat on cytoskeletal components, either actin
filaments or microtubules, and molecular motors should be conducted to
assess proteins involved in the growth of cells as well as how the inter-

action between these proteins affects the stabilization of actin filaments
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FIGURE 4.6: The average growth speed of the cellular growth without and with
the first heat stimulation of the samples.

and microtubules. This approach may make it possible to elucidate the

underlying mechanism of heat-induced neurite outgrowth.

4.4.2 INFLUENCE OF TEMPERATURE GRADIENTS ON THE
DIRECTION OF CELLULAR GROWTH

In order to examine the effect of temperature gradients on the guid-
ance of cellular growth, various directions of cell development were eval-
uated based on the vector plot (Figure 4.4a). The location of cell areas
was marked by numbers as shown in the Figure 4.4a. The mean angle of
the direction of cellular growth was evaluated for each cell area. Figure
4.7 shows the directions and the rates of cell development in each area.

In Figure 4.7, the cells located in areas two, three, and four show visible
growth towards the heated wire. However, the growth direction of cells
located in areas one and five varied each time heat was applied. This
effect might be caused by the heated wire’s close proximity to the leading
edges of these cells. The distance of these areas from the heated wire was

approximately 10-30 pm.
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growth in area one, two, three, four, and five. The cell areas are marked on the

vector field from the Figure 4.4a.
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FIGURE 4.8: Percentage of cellular growth towards the heated wire in cases
of no heat, first-heat, second-heat and third-heat stimulation (0° < a < 180°),
n = 41.

To further investigate the role of microscopic heating on cellular de-
velopment, the percentage of cellular growth towards the heated wire
was calculated as shown in Figure 4.8. The cells developed towards the
heat source with a defined angle a (0° < a < 180° see Figure 4.7). It
can be seen that the percentage of cell areas which developed towards
the heat source increased with the heat stimulation (70 %, 62 %, and 72 %
at the first-heat, second-heat, and third-heat stimulation, respectively),
whereas the spontaneous growth was 54 % (n = 41). This result indicates
that the temperature gradient was a guidance cue affecting the develop-
ment of neuron-like cells. This effect is in line with studies on the neurite
attraction of a laser-based micro-heater or optical guidance [110, 120].

In order to investigate the development of PC12 cells in the long term
after heat stimulation, the cells were observed 24 h after the heat experi-
ment. The effect of localized heating on neurite guidance can be clearly
visualized in Figure 4.9, which shows that the neurites elongated towards
the heated wire 24 h after heating. It can also be seen that some new cells
migrated towards the heated wire. Furthermore, the growth of the cells
located in close proximity to the heat source (area five) degraded, while
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FIGURE 4.9: a) Exemplary image of neurite outgrowth before heating compared
to b) neurite outgrowth towards the heat source after 24 h heating. The scales bar
correspond to 60 pm.

the growth of the cells located far from the heat source continued to elon-
gate after heating. This observation indicates that the growth of neurites
is guided by the temperature gradient on the microwire array chip.

Overall, microscopic heating based on microwire array chips showed
an ability to guide neurites by means of localized thermal stimulation.
The underlying mechanisms of the turning direction behind growing neu-
rites has not been further studied in this work. However, the research of
Henley et al. showed that the growing neurites’ directions were influ-
enced by the concentration of intracellular calcium [106]. On the other
hand, Furukawa et al. demonstrated that the thermal fluctuation near the
cells induced rapid changes in the intracellular calcium gradients of cell
membrane [121]. This resulted in the influx of calcium through plasma
membrane, which contributes to the increase of calcium concentration on
the tips of neurites. The local increase of calcium concentration may acti-
vate calcium sensitive kinases, phosphatases (e.g. calcineurin) and other
effectors (e.g. Rho-GTPases), which in turn modulate the dynamics of
actin and microtubule elements to steer the growth cone [106, 122].
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FIGURE 4.10: a) Temperature profile on the top of the microwire is determined
experimentally (FLIM) and b) via FEM simulation. The ambient temperature is
To =26°C.

4.4.3 TEMPERATURE DISTRIBUTION ON MICROWIRE

In order to identify the temperature distribution on the microwire, the
temperature was first measured using the FLIM method. The microwire
was supplied with 1 W of electrical power for 1 min. The ambient temper-
ature was 26 °C. For this measurement, a rhodamine B was encapsulated
on the chip and then placed under a confocal laser scanning microscope.
The microscope was focused on the heated wire and then moved up to
a plane 5 pm from this point. Figure 4.10a shows the temperature profile
of the heat distribution measured by the experimental method. Figure
4.10b shows the temperature on the top of the microwire as determined
by COMSOL simulations. In both cases, the plots show a clearly localized
high temperature region over the heated wire. Comparison of the experi-
mental data with the simulation result shows that the temperature in this
region is close to 42 °C. However, the width of the high-temperature re-
gion in the experimental data is slightly broader than in the simulation
method. This result may cause from the temperature at the chip’s sur-
face being captured at a plane 5um away from the wire when using a
microscope in the FLIM method.
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FIGURE 4.11: Temperature profile on the surface of the chip at 300 s simulated
by COMSOL Multiphysics. The temperature rapidly increases and reaches the
constant value at 37.9 °C. The temperature at 200s and 300s is identical, there-
fore, the temperature at 200 s is invisible on the plot. The ambient temperature
is Tp =21 °C.

To determine the temperature profile in the real experimental condi-
tions with neuron-like cells, the COMSOL simulation was used. The am-
bient temperature was at 21 °C. The power supply was 1W for 5min.
The result is shown in Figure 4.11. As can be seen from the graph, the
temperature of the microwire rapidly reaches its peak of 37.9 °C. It then

remains constant for 5 min.

4.5 CONCLUSIONS AND OUTLOOK

In conclusion, the study confirmed that the neuron-like cells (PC12
cells) can sense and respond to the temperature gradients. These results
indicate that the increase of temperature in the vicinity of the cells can
be considered as a physical guidance cue for neurite outgrowth. These
findings support previous reports regarding laser-based studies, which
also use temperature gradients for the stimulation of neurons [78, 114].
Additionally, the results provide a promising approach for neurite regen-
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eration studies, in which temperature gradients can be used as a factor to

promote high speed neurite outgrowth.
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5. FABRICATION OF MICROCHANNEL STRUCTURES FOR NEURONAL
GUIDANCE TOWARDS HEAT ACTIVATION

5.1 PREAMBLE

In this chapter, the author presents a new fabrication approach, based
on standard clean room fabrication and sacrificial layer etching, for com-
bining microwire arrays with a set of orthogonal axon-guiding microchan-
nels on-chip. This approach allows the positioning of neurites, as well as
control over their polarity. The system permits the application of strong
temperature gradients, enabling localized thermal stimulation inside mi-

crochannels.

5.2 INTRODUCTION

Neurite outgrowth is a key process in the development of functional
neuronal circuits and the regeneration of the nervous system following
injury [123]. Understanding the regulation of neurite outgrowth is cru-
cial for developing therapies to promote axon regeneration after injury or
in neurodegenerative diseases [124, 125]. Chapter 4 shows that localized
heat induces an increase in the speed of cell growth as well as influences
the direction of the cell growth. In order to investigate the changing be-
haviour of isolated neurites under the influence of thermal stress, it is
desirable to grow neurons into specific regions where functional compo-
nents are located.

In recent years, microfluidics and micropatterning have become promis-
ing tools for neuroscience, as they allow the construction of guided neu-
ronal networks [50, 54, 126-129]. Furthermore, these methods enable
high-throughput screening of neurite outgrowth [18]. The main advan-
tages of microfluidic cell culture techniques are a reduced sample vol-
ume and the opportunity to precisely manipulate the extracellular envi-
ronment.

Two fabrication approaches for axon-guiding channels are presented
in this chapter. These are a soft-lithography (for fabrication of PDMS mi-
crochannels) and a sacrificial layer (for fabrication of SU-8 microchannels)
technique.
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In order to assess the ability of neurites to grow into the fabricated
microchannels, PC12 cells are cultured on the chip. The PC12 cell line is
derived from a transplantable rat pheochromocytoma [41] and has been
widely used as an in vitro model for Parkinson’s disease (PD) [130]. A
notable feature of PC12 cells is that they respond to the nerve growth
factor (NGF). In response to NGF, PC12 cells develop neurites and form
neuronal networks [42]. These cells are used for studies regarding neurite
outgrowth. This chapter shows the ability of neurites to grow inside the

microchannel in the direction induced by the axonal guiding channels.

5.3 MATERIALS AND METHODS

5.3.1 FABRICATION OF PDMS MICROCHANNELS

In order to fabricate PDMS microchannels, PDMS prepolymer mix-
ture (10:1) was poured into a master mold produced by patterning SU-
8 on the silicon wafer. The structure of the master mold is shown in
Figure 5.1. The PDMS mixture was then cured at 64 °C for 24h in an
oven. Then, the PDMS structure was peeled off the master and the struc-
ture was cleaned with Isopropanol and Mili-Q water. Subsequently, a
biopsy punch with a diameter of 6 mm was used to create reservoirs for
placing cells. Two reservoirs were punched on the left and right, which
serve as inlets and outlets for loading cells and the culture medium. Fig-
ure 5.1b shows an array of microchannels which offer bridges to con-
nect the inlets and outlets of the device. As can be seen in Figure 5.1c,
this microchannel structure is asymmetrical with an inlet width of 15 um
and an outlet width of 3pum. The height and length of the microchan-
nel are 3 um and 500 pm, respectively. To bond the microchannel to the
chip, the PDMS structure and the microwire array chip were treated with
oxygen plasma (0.8 mbar, 20 min, 80 W). Then, the PDMS and the chip
were immersed in (3-Mercaptopropyl)trimethoxysilane (MPTMS) and (3-
Glycidyloxyropyl)trimethoxysilane (GPTMS), respectively, for 1h. Finally,
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FIGURE 5.1: a) The structure of a master mold on a silicon wafer. b) The struc-
ture of a single device. ¢) An array of microfluidic channels structure.

the PDMS microchannel was aligned with and bonded to the microwire
array chip under a pressure of 30 kPa overnight.

5.3.2 FABRICATION OF ALIGNED SU-8 MICROCHANNEL

Microfluidic axon guiding channels were fabricated perpendicular to
the microwire array on the chip. A schematic of the microwire array and
microchannel fabrication process is shown in Figure 5.2. The geometrical
feature of the microchannels was determined by a sacrificial layer of re-
sist (LOR30B, Microchem). In order to achieve a high thickness of 4 pm
for the microchannels, the first layer of resist (LOR30B) was spin-coated
at 2000 rpm for 30s. The resist was then soft-baked at 150 °C for 5min.
A second layer of negative photoresist AZ nLOF 2020 (MicroChemicals,
Ulm, Germany) was spin-coated at 3000 rpm for 30s and soft-baked at
115°C for 90s. After exposure, the wafer was post-baked at 115°C for
90s. Then, MIF 326 (micro resist technology GmbH, Berlin, Germany)
was used to develop the resist for 46 s. To form the LOR30B microchannel
as a sacrificial layer, acetone was used to strip off AZ nLOF 2020 within
1h. A layer of SU-8 (GM 1075, Gersteltec Sarl, Switzerland), which is an
epoxy-based resist for fabrication of thick layer structures (>100 pm), was
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M Borosilicate wafer | Gold [ SU8
" Polyimide - LOR30B

FIGURE 5.2: Schematic of the microwire array and microchannel fabrication
process. a) Microwire arrays were patterned on a borosilicate wafer. b) Poly-
imide was spin-coated on top of microwires. c) The microchannel structure of
LORBO0B resist was patterned on top of polyimide. d) The SU-8 structure was
deposited to make microchannels after etching LOR30B.

spin-coated at 950 rpm for 100s, and then soft-baked at 40 °C for 1.5h.
Subsequently, the wafer was left overnight at room temperature to en-
hance the adhesion of SU-8 to the surface of the wafer. After this resting
time, a soft-bake with a temperature ramp from 40 °C to 120 °C in 15 min
followed by a plateau at 120 °C for 20 min was carried out. Finally, the
wafer was cooled to room temperature. Subsequently, wall structures en-
closing the sacrificial layer resist were patterned using photolithography.
After exposure, the SU-8 was post-baked using a temperature ramp from
40 °C to 95°C in 15 min and kept at 95 °C for 1h before cooling down to
room temperature. Subsequently, mr-DeV 600 (micro resist technology
GmbH, Berlin, Germany) developer was used to develop SU-8 for 4 min.
Finally, to create the axon guiding channels, the developer (MIF326, mi-
cro resist technology GmbH, Berlin, Germany) was used to etch away the
LORB0B sacrificial layer. A diagram describing the individual steps for

microchannel fabrication is shown in Figure 5.3.
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FIGURE 5.3: Schematic diagram describing the steps of the microchannel fab-
rication. The figures show the cross section of a single channel structure. a)
Ti/Au/Ti and polyimide were deposited on a borosilicate wafer. b) LOR30B sac-
rificial layer (4 pum) was deposited and c) a thick layer of SU-8 was deposited on
the top of LOR30B photoresist. d) The actual microchannel was fabricated by
wet etching the LOR30B photoresist layer.

—
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FIGURE 5.4: Neurite outgrowth from PC12 cells at DIV4. Scale bar corresponds
to 50 pm.

5.3.3 CELL CULTURE

CULTURE OF PC12 CELLS ON THE SU-8 MICROCHANNEL CHIPS PC12
cells were cultured in RPMI-1640 (Sigma-Aldrich) supplemented with
FBS (5%, ThermoFisher Scientific), horse serum (10 %, Sigma-Aldrich),
L-glutamine (1 %, ThermoFisher Scientific) and penicillin streptomycin
(0.5 %, ThermoFisher Scientific) in a humidified incubator at 37 °C with
5% CO;. The cells were passaged every 3-4 days. Figure 5.4 shows the
differentiated state of PC12 cells on DIV4.

Before cell plating, oxygen plasma treatment (0.8 mbar, 80 W, 2 min)
was used to hydrophilize the chip surface. Immediately after plasma
treatment, 300 uL of Milli-Q water were pipetted onto the chips. Sub-
sequently, the chips were sterilized with UV light for 1 h and coated with
Collagen IV (30 pgmL~!, C5533, Sigma-Aldrich) to enhance cell adhe-
sion.

The cells were then detached from the Petri dish using trypsin-EDTA
(Sigma-Aldrich) and collected in a 15mL Falcon tube. After centrifuga-
tion, the cell pellet was resuspended in 500 pL of cell culture medium. A
volume of 10 uL of the cell suspension was pipetted onto the side of the
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microchannel inlet for a final concentration of approximately
10° cells/mm?. The cells were then incubated at 37 °C for 15min. Sub-
sequently, 10 uL of the cell suspension was pipetted onto the outlet side
of the microchannel. After 15min incubation at 37 °C with 5% CO, to
enhance the attachment between cells and the substrate, 500 uL of cul-
ture medium supplied with 50 ng mL~! of NGF-B (SRP4304-20ug, Sigma-
Aldrich) was pipetted into the reservoir to induce neurite outgrowth.

5.3.4 FLUORESCENCE IMAGING OF THE NEURITE LENGTH
IN MICROCHANNELS

In order to clearly observe the cells inside the microchannels, a green
fluorescent dye, calcein-AM (17783-1mg, Life Technology), was used to
stain the cells. The cells cultured on the chip (DIV14) were incubated with
calcein-AM at a concentration of 4 uM diluted in serum free RPMI for
10 min at 37 °C to allow the dye to penetrate the cell membrane. The cells
were then incubated in fresh pre-warmed culture medium (see above)
for 30 min at 37 °C. Images were taken with a 20x magnification objective.
The length of the neurites was measured using the Image] software.

In order to maintain the viability of neurites and keep tracking the de-
velopment of neurites inside the microchannels, CellTracker Green
(CMFDA, C2925, ThermoFisher Scientific) was used to stain the cells. The
cells were incubated at 37 °C with 10 uM CMFDA dissolved in serum-free
RPMI for 30 min. Subsequently, the cells were washed with the medium
and then incubated for 30 min in culture medium with NGF at 37 °C. Af-

ter that, the cells were transferred to the microscope for imaging.

5.4 RESULTS AND DISCUSSION

5.4.1 PDMS MICROCHANNELS AND ITS DRAWBACKS

The PDMS microchannel structure and the microwire chip are shown

in Figure 5.5. There are two reservoirs on both sides of the PDMS struc-
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FIGURE 5.5: a) A PDMS microchannel structure and b) a microwire array chip.
The scales bar correspond to 6 mm.

ture for cell loading. The diameter of each reservoir is 6 mm. Cells were
first pipetted into the chamber. The cells form neurites in the chamber
responding to NGF treatment. Subsequently, the neurites grow along
the microchannels and reach the opposite chamber. Figure 5.6 shows the
PDMS microchannel aligned on the microwire array chip’s surface and
PC12 cells cultured on the chip. From Figure 5.6, it is visual that some
neurites protrude into microchannels. The Figure shows perfect align-
ment between the PDMS microchannels and microwire arrays. However,
the PDMS microchannels have some limitations that should be consid-
ered while doing the experiment with the cells. Firstly, misalignment of
the PDMS microchannel and the microwire structure of the chip could
occur for practical reasons. Additionally, the delamination of PDMS mi-
crochannels from the chip’s surface is a problem in the long-term cell
culture experiment. Figure 5.7 shows neurites growing into the gap be-
tween microchannels and the surface at DIV4. Another problem of PDMS
microchannels is that the PDMS microchannels are non-reusable. Once
the PDMS microchannels are bonded to the chip, the bond is permanent.
Therefore, this device can be only used for one batch of the cell culture be-
cause the cells may not be completely removed from the complex PDMS
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FIGURE 5.6: Aligned PDMS microchannel and PC12 cell culture on the chip. a)
top side, b) bottom side. Scale bars correspond to 100 um.

structure. For these reasons, the fabrication of microchannels using an-

other method is desirable for cellular studies.

5.4.2 MICROWIRE ARRAY AND SU-8 MICROCHANNEL
STRUCTURES

The fabrication of the microwire arrays was presented in section 3.3.1.
Briefly, the microwire array structures include 17 microwires patterned
in parallel. The width of each wire is approximately 2.5 um. The thin de-
signs of the microwires enable high temperature confined on a small area
surrounding the microwire. This allows thermal stimulation of neurites
growing inside microchannels without harming the cell somata, which
are located outside the microchannel.

To fabricate the SU-8 microchannel structures, LOR30B resist was used
as a sacrificial material in the microchannel fabrication process. While
chromium sacrificial layers are routinely used for the fabrication of
nanofluidic channels and nanocavity devices [131], chromium deposition
and lift-off procedures are typically of limited value concerning the fab-
rication of structures several micro-meters in height. Here, LOR30B pro-
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5.4. RESULTS AND DISCUSSION

FIGURE 5.7: Neurites grow into the gap between microchannel and suface be-
cause of the delamination. Scale bar corresponds to 50 pm.

vides advantages, as it can readily be used for the fabrication of sacrificial
layer structures in the micro-meter regime. Moreover, the LOR30B resist
is based on poly-dimethylglutarimide (PMGI), a deep-UV positive resist
used mainly for bilayer lift-off processes. PMGl is a good sacrificial layer
candidate compatible with SU-8 [132, 133]. It complies with a variety
of thicknesses and has a glass transition temperature of 190 °C, which is
greater than the processing temperatures required for SU-8 [133]. Thus,
the resist is compatible with the post-bake and development process of
SU-8 due to its high thermal and chemical stability. The structure of the
microchannels is shown in Figure 5.8a. The wall structure of SU-8 above
the microchannels is shown in Figure 5.8b. The final structure of the mi-
crochannel is shown in Figure 5.8c. The tapered shape of the microfluidic
structure was chosen to allow control over the neurites” polarity [134].
The final height of the microchannel is determined by the thickness of
the LOR30B resist, which was spin-coated to a thickness of 4pm. The
height of the resist layer was chosen to prevent the cell bodies from enter-
ing the axon guiding channels. Figure 5.9 shows SEM images of the SU-8
wall structure and the microfluidic channel after sacrificial layer etching.
As can be seen in Figure 5.9a, the height of the SU-8 wall is in the range of
120 pm. Figure 5.9b shows the outlet of an individual microchannel with
a width of 8 pym and a height of 4 pm.
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il i

channel outlet

T N

FIGURE 5.8: a) Structure of the LOR30B resist microchannels patterned on the
top of microwire arrays, b) as well as the wall structure of SU-8, and c) the mi-
crochannel structure and microwire array. Scale bars correspond to 50 pm.
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FIGURE 5.9: a) SEM images of the SU-8 wall structure and b) an enlarged view
of an individual microchannel outlet.

Microwire

Neurite

Microchannel

FIGURE 5.10: Neurite outgrowth inside microchannel. a) Phase contrast and b)
fluorescent image of neurite growth directed into a microchannel. The arrows
indicate the position of the neurite.

5.4.3 NEURITE OUTGROWTH INTO SU-8 MICROCHANNELS

Proof-of-principle experiments were performed to investigate the neu-
rite extension of PC12 cells into the microchannels. Figure 5.10 shows
neurite extension into the microchannels over the course of several days
in culture, using a combination of microscopy techniques including phase
contrast and fluorescence microscopy. In Figure 5.10a, the outline of the
channel perpendicular to the microwire array can be seen. A neurite is
growing from left to right. The fluorescent image confirms the penetra-
tion of the neurite to the end of the microchannel (Figure 5.10b).
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FIGURE 5.11: Neurite length within the microchannels over the course of 5
days. The blue error bars are the standard deviation and the red error bars are
the standard error of mean (n = 40).

Figure 5.11 shows the neurite length inside of the microchannels over
the course of 5 days. Standard deviation and standard error of the mean
are indicated by blue and red error bars, respectively. It can be seen that
the average neurite progression slows down over time. This could be
partially explained by deflection or a restricted supply of nutrients near
the narrow region of the microchannels.

The data in Figure 5.11 exhibit a large variance which is caused by the
heterogeneous progression and retraction of individual neurons, leading
to a broad distribution of neurite lengths in the microchannels. This be-
havior is reflected in Figure 5.12, which shows a histogram of the daily
extension and retraction of the individual neurites. A rather broad distri-
bution with a maximum neurite extension in the range of 200 pm per day
was observed.
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FIGURE 5.12: Distribution of neurite extension and retraction length per day.
Forty neurites within the microfluidic guiding channels have been investigated
over the time course of 5 days.

5.5 CONCLUSION AND OUTLOOK

In summary, a microfluidic platform with an asymmetric geometry
for neurite outgrowth based on selective etching of LOR30B sacrificial
layer structures has been developed. An array of individually address-
able microwires for localized thermal stimulation are integrated into the
microfluidic system. The new fabrication method combines microwire ar-
rays and SU-8 microchannels on one chip in a straighforward fabrication
approach. It therefore eliminates alignment issues of PDMS-bonded mi-
crofluidic structures on devices with functional structures. Additionally;,
problems of delaminating microfluidic structures from the chip surface
can be avoided. The outgrowth of neurites from PC12 cells within the
microchannel structures have been demonstrated.

This approach will be useful for future studies on functional neural
networks, in particular, the investigations into the impact of temperature

on neurite growth or thermal axotomy and regeneration studies.
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6. CONCLUSIONS AND OUTLOOK

6.1 SUMMARY OF THE THESIS

The main findings of this thesis are as follows: first, the signal propa-
gation in cardiac cells can be controlled using localized heating. Second,
the growth rate and direction of neurite outgrowth are determined by
temperature gradients. Third, the combination of microwire arrays and
microchannels for investigating the effects of temperature gradients on
neuronal guidance is introduced in this work. The summary of the thesis
is presented below.

The thesis descibes an approach using microwire arrays to study the
effects of local heating on cellular behavior. The fabrication of thin mi-
crowires on a chip enabled highly localized temperature gradients to
be generated, which was used efficiently for studies of thermal stimu-
lation on cellular networks. In comparison to local heating induced from
nanoparticles and lasers, the heating stimulation of microwire array chips
has many advantages because the method is not only non-toxic but also
a practical set-up for cellular experiments.

The microwire array chips have been demonstrated to be useful tools
for applying microscopic heating to regulate calcium signal propagation
in cardiomyocyte-like HL1 cells. In particular, the velocity of calcium
signal propagation was locally increased as a result of heat stimulation.
Furthermore, the localized heating resulted in the disturbance of the cal-
cium wavefront over the heated region. The calcium signals shifted into
the heated area is evidence for the activation of pacemaker cells using
thermal stimulation.

Additionally, the microwire array chips have shown to be practical de-
vices for investigating the effects of temperature gradients on neuronal
development and growing directions. The temperature gradient has been
considered as a guidance cue for neurite outgrowth. A rapid rise in tem-
perature causes an increase in the growth rate of neuronal cells. This find-
ing provides an alternative approach to the studies of neuronal formation
using heat stimulation.
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The combination of microheaters and an array of asymmetrical mi-
crochannels fabricated on the chip’s surface has been introduced to in-
vestigate the effects of temperature gradients on neurite outgrowth inside
microchannels. The fabrication of microchannels enables researchers to
separate and control the polarity of neuronal networks. The experiment
with neurites from PC12 cells has demonstrated that neurites can grow
from the inlet to the outlet of these channels. In addition, the fabrication
of SU-8 microchannels using the photoresist sacrificial layer has shown
to be more beneficial than the conventional approach using chromium
in terms of reducing the number of steps for photolithography and en-
hancing the thickness of channel structures up to a few micron. The fabri-
cation of perpendicular microchannels integrated into microwire arrays
serves as a novel approach for studying the impact of temperature gradi-
ents on certain parts of neurons, either cellular bodies or neurites.

Overall, this thesis has demonstrated that heat can be used to manipu-
late the calcium signal propagation in cardiac networks. The changes of
calcium wave upon local heat stimulation provide possible applications
including cells analysis (e.g. pacemaker interference or induced pace-
maker switching) and medical applications such as defibrillator triggered
by heat. Moreover, temperature gradients have been shown as signaling
cues to accelerate the speed of neurite outgrowth and guiding neurites.
This work provides preliminary indications for studies in neuronal regen-
eration. As such, the investigation of changes in the intracellular reaction

kinetics can be conducted in the future.

6.2 OUTLOOK

Microwire array chips show great potential for on-chip localized heat-
ing stimulation. The microwire array chips could be applied as an effi-
cient tool to generate a microscopic lesion on neuronal networks. This
performance can be useful for the study of regeneration of axonal con-
nections after injury. In order to assess the ability of microwire arrays

to separate neuronal networks using localized heating, we performed
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The heated wire

FIGURE 6.1: a) Rat cortical neurons growing on microwire array chips. b)
Live/dead staining of a sample subjected to a lesion on an individual wire. The
red fluorescence (indicating cell death) is restricted to the region directly on the
heated wire. The green fluorescence indicating live cells exhibits throughout the
remaining part of the image. The scale bar corresponds to 60 pum.

the experiment with rat cortical neurons cultured on the microwire ar-
ray chip as shown in Figure 6.1a. A fluorescent staining of heat-activated
neurons was employed to visualize live and dead cells (Figure 6.1b). The
red fluorescent is limited to a vertical line of the heated wire, while the
green fluorescence exhibits throughout the remaining image. This indi-
cates that the cell death is restricted to a region directly on the heated
wire while the cells in the vicinity of the heated wire remain alive. This
preliminary result demonstrates that neuronal networks can be success-
tully dissected using microscopic heating induced on an individual wire.
Further experiments could investigate underlying mechanisms of axonal
connections, such as molecules involved in the regeneration process.

The second interesting research field of localized heating is the appli-
cation of microwire arrays in studying the effects of heating on dopamine
release. Dopamine is a catecholamine neurotransmitter which plays an
important role in physiological functions. Any disorders in the neuro-
transmission of dopamine can cause neurological diseases such as Parkin-
sons disease. Many studies have been proposed to regulate dopamine
release, either through chemical inhibition or electrical stimulation [135-
137]. Recently, the research of Cheng et al. [138] indicated that dopaminer-
gic release also depends on thermal stimulation. To record the dopamine
release, microelectrodes can be integrated into microwire array chips. Fig-
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icrochannel
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microwires
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FIGURE 6.2: The outline of a chip integrated microwire arrays, microchannels
and microelectrodes. Localized heating on the chip can be used to study the
dopamine released from PC12 cells.

ure 6.2 shows a schematic of the microwire and microelectrode arrays
combined with microchannels for neuronal guidance. Integrating micro-
electrode arrays into the chip could allow the recording of the dopamine
release from neurons during the heat stimulation of neurons growing in-
side microchannels.

The study of the influence of temperature gradients on the directional-
ity of cell migration is another promising application of microwire array
chips. Directional cell migration is crucial to many physiological pro-
cesses such as embryogenesis, tissue formation, immune response, and
wound healing [139]. Recently, fibroblast cells have been shown to be a
model for cell migration studies due to their ability to synthesize the ex-
tracellular matrix and collagen, which is essential in wound healing [140].
The locomotion of fibroblasts is driven by a variety of external stimuli
either chemical signals or electrical stimulation [141-143]. Furthermore,
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the study of Parkinson [144] demonstrates that the motility of fibroblast
cells also responds to thermal stimulation. In this context, the microwire
array chips can be utilized to generate temperature gradients to study the
moving direction of fibroblast cells in response of heat stimulation. This
study proposes an approach in manipulating tissue growth within the

stimulation of temperature gradients.

94



APPENDIX A

GEOMETRY AND PARAMETERS FOR
TEMPERATURE SIMULATION

Figure 3.2, Figure 4.10b, and Figure 4.11

The height of microwire = 300 nm

The width of microwire = 2.5 um

The height of silicon dioxide = 1 pm

The width of silicon substrate = 6 mm

The height of substrate = 500 um

The height of polyimide = 1 pm

The height of water = 2mm

The height of aluminum holder = 2 mm

Heat source for the power of 0.7 W = 1.8436 x 10* Wm™3
Heat source for the power of 1W =2.6337 x 10* Wm 3



A. GEOMETRY AND PARAMETERS FOR TEMPERATURE SIMULATION
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FIGURE A.1: The geometry for temperature simulation.




APPENDIX B

PROTOCOL FOR BONDING PDMS 10 A
POLYIMIDE SURFACE

MATERIALS
e PDMS (10:1)
Polyimide chips

MPTMS (3-mercaptopropyl trimethoxysilane) 1 % in methanol

GPTMS (3-glycidyloxypropyl trimethoxysilane) 1 % in methanol

oxygen plasma
Mili-Q water (or distilled water)

PROCEDURE
1. Rinse PDMS structures using isopropanol and then clean in an ul-

trasound bath with mili-Q water for 15 min.

2. Rinse chips with isopropanol and subsequently with mili-Q water

in an ultrasound bath for 15 min.

3. Put the chips and the PDMS in oxygen plasma chamber (80 mW,
0.8 mbar, 20 min).

4. Immerse the PDMS and the chips in MPTMS and GPTMS, respec-
tively for 1 h under a fume hood.



B. PROTOCOL FOR BONDING PDMS TO A POLYIMIDE SURFACE

Then, rinse the PDMS and chips with mili-Q water. After that, dry

with pressure air.

Use a fineplacer device to align the PDMS structures on the mi-

crowire chips.

In order to form a permanent bonding between PDMS and chip,
the PDMS and chips are left overnight at room temperature under
pressure of 30 kPa. To remain a hydrophilic environment inside
the PDMS microchannel, 50 pL of mili-Q water is pipetted into one

reservoir of each side.
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APPENDIX C

PROTOCOL FOR HL-1 CELL CULTURE

MEDIUM FOR HL-1 CELL

¢ Claycomb Medium 100 mL
Fetal bovine serum (FBS) 11.2mL
Penicillin/Streptomycin 1.14 mL

Norepinephrine 1.14 mL
L-Glutamine (200 mM stock) 1.14 mL

THAWING AND PLATING HL-1 CELLS
1. HL-1 cells are stored in a frozen state in a cryotube containing a
complete medium supplemented with 5% DMSO in liquid nitro-
gen.

2. Prepare a sterile falcon tube with 10 mL of warm complete medium
(37°C).

3. Thaw the cryotube containing HL-1 cells at 37 °C in a water bath.
This step should be done quickly to diminish the toxicity of DMSO.
If the cells are not completely thawed, add warm medium to cry-
otube and remove thawed solution immediately. Repeat until empty.

4. Add the thawed content of the cryotube to the 10 mL of complete
medium (the prepared falcon).



C. PRoTOCOL FOR HL-1 CELL CULTURE

Mix well and centrifuge the cells at 1700 rpm for 5 min at room
temperature.

Remove the supernatant (containing DMSO) and add 1 mL of fresh

complete medium to resuspend the cell pellet.

Mix well by trituration in a pipette and plate the contents in the
flask. Then add 5 mL of medium into the flask.

. When the cells reach a high confluency, passage the cell using the

standard sub-culturing technique.

FEEDING

Feed the cells every day. On Friday leave the cells until Monday
with 10 mL of medium

Warm up medium in water bath at 37 °C for 5-10 min before feeding
the cells.

Aspirate a whole medium inside the flask gently using serological
pipette (5mL).

Add 5mL of fresh medium to the flask.

PASSAGING

When the cells are confluent, they are ready to passage.

Warm up the trypsin EDTA at 37 °C in a warm bath.

Rinse the cell in the flask with 1 mL of trypsin EDTA, then aspirate
the trypsin out.

Add another 1 mL of trypsin EDTA and transfer into the incubator
at 37 °C, 5% CO; for approximately 4-5min.

Add 5mL of cell culture medium into the dish and carefully wash-
ing the cells and transfer entirely the cells into falcon tube.
Centrifuge at 1700 rpm for 5 min.

Aspirate the supernatant in the falcon tube and add 1 mL of medium
to resuspend
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¢ Pipette the cell suspension into the T25 flask follow the formula:

1
2n—1

This is the resuspended percentage of the concentrated cell solution,
n is the number of days after which the cells should reach a conflu-

ence level.

¢ Shake the flask gently for the cells spread on the surface of flask.

o Add 5mL of cell culture medium into the flask and transfer to the

incubator.

FREEZING

1.

Prepare freezing medium: Growth medium supplemented with 5 %
of DMSO. Use a 0.22 pum filter to sterile DMSO before adding to
medium, prepare 9.5mL + 500 pL of DMSO.

. Prepare 9 flasks with 90 % of cell confluence for aliquot.
. Rinse the cell with 1mL of trypsin.

. Pipette away and add another 1mL of trypsin and put the cells in

the incubator about 4-5 min.

Add 5mL of the medium into the flask, carefully wash the cells,

and transfer all the cells from 9 flasks into a falcon tube (50 mL).

. Centrifuge at 1700 rpm for 5 min.

Aspirate the supernatant in the falcon tube and add 2mL of freez-

ing medium to resuspend.

. Add the rest of prepared medium to the falcon tube and pipette

1 mL of cell suspension in each cryotube.

. Put the cryotubes into a pre-cooled (4 °C) chamber and store at

—80°C for 24 h and then transfer all of them to the liquid nitrogen.
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APPENDIX D

PROTOCOL FOR PC12 CELL CULTURE

PREPARE COLLAGEN IV

¢ Dilution collagen IV 5mg in DPBS +/+ and split to different con-
centration for coating:

e 120pugmL~! collagen IV for culture dishes

» 60pgmL~! collagen IV for differentiation dishes

* 30pgmL~! collagen IV for chips

¢ In order to make collagen IV with a concentration of 120 ugmL !,
5mg of collagen IV is diluted into 42 mL of DPBS +/+. To have an
appropriate concentration of collagen for differentiation medium
and chips, this solution is then diluted into DPBS +/+ again.

¢ Aliquot 1000 pL of collagen IV into each Eppendorf.

¢ Store them at —20 °C.

PREPARE NGF 50 ugmL~! (1000x)
¢ Centrifuge the vial before opening. Avoid freeze-thaw cycles.

Sterilize DPBS +/+ using 0.2 pm filter
Dissolve 20 ng of NGF into 400 uL DPBS +/+
Aliquot 3L into each Eppendorf

Store at —20°C

PROLIFERATION MEDIUM (INGREDIENT FOR 50 mL)



D. PROTOCOL FOR PC12 CELL CULTURE

RPMI 1640 41.75mL

L-Glutamine (Stock 200mM) 0.5 mL

Horse serum 5mL

Fetal Bovine Serum (FBS) 2.5 mL
Penicillin Streptomycin (Penstrep) 0.25mL

INGREDIENTS FOR 50 ML DIFFERENTIATION MEDIUM

RPMI 1640 49.25 mL

Horse serum 0.5 mL

Penstrep 0.25mL

Add NGF 50 ng/mL to the medium before each feeding

COATING DISHES WITH COLAGEN IV (120 ug mL~1)

Coat 1000 uL collagen IV into a Petri-dish

Keep the coated dishes overnight in the fridge at 4 °C

Rinse the coated dished by washing first with DPBS +/+ and then
with 1 mL of RPMI 1640 before seeding the cells

THAWING AND PLATING PC12 CELLS

1.

PC12 cells are stored in a frozen state in a complete medium sup-
plemented with 5% DMSO in liquid nitrogen.

Prepare a sterile Falcon tube with 10 mL of warm (37 °C) complete

medium.

Thaw the cryotube at 37 °C in a water bath. This step should be
done quickly to diminish the toxicity of DMSO. If the cells are not
completely thawed, add warm medium into cryotube and remove

thawed solution immediately.

Add the thawed content of the cryotube into the 10 mL of complete

medium.

Mix well and centrifuge the cells at 1200 rpm for 4 min 30 second at

room temperature.
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6.

7.

8.

Remove the supernatant (containing DMSO) and add 10 mL of fresh
complete medium to resuspend the cell pellet.

Mix well by trituration and pipette the contents into a coated Petri-
dish. This steps also help to break up cell clumps.

Shake the plate well, back and forth and left to right, to spread the
cells uniformly. Avoid shaking circularly otherwise the cells will

tend to concentrate at the center of the plate.

FEEDING

Feed the cells every second day. On Friday leave the cells until
Monday with 12mL of medium

Prepare differentiation medium with NGF (1 pL mL~!) in medium
and warm up medium in 37 °C right before feeding the cells.
Replace about half of the proliferation medium (remove 5mL).
Replace about half of the differentiation medium (remove 5mL).

SPLITTING

Cells should be split above 90 % confluence. Should be kept at as
high confluence percentage as possible all the time.

Warm up the trypsin at 37 °C in the warm bath.

Prepare differentiation medium with NGF stock solution in medium,
the concentration of NGF is 1uL mL~! (5uL NGF in 5 mL replaced
medium)

Add 3mL of trypsin and put in the incubator for 1 min

Pipette away and add another 3mL of trypsin and put in the incu-
bator about 6 min.

Add 7mL of proliferation medium in the dish and carefully wash-
ing cell, get all the cells, then pipette into falcon tube.

Centrifuge at 1200 rpm for 4 min 30s.

Aspirate the supernatant in the falcon tube and add 1 mL of medium
to resuspend.
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D. PROTOCOL FOR PC12 CELL CULTURE

Pipette the cell suspension into the Petri-dish follow ratio: 1/4 (250 uL)
in proliferation dish and 1/10 (100 uL) to 1/50 (20 uL) for differenti-
ation. This step can be done by counting the number of cells in the
disk and decide how many cells need to pipette.

FREEZING

Prepare freezing medium: Growth medium supplemented with 5 %
DMSO. Use 0.22 pm to sterile DMSO before adding to the medium,
prepare 9.5 mL + 500 uL of DMSO.

Prepare 9 dishes with 90 % cell confluence for aliquot.

Add 2mL of trypsin and put in the incubator for 1 min.

Pipette away and add another 2mL of trypsin and put in the incu-
bator about 6 min.

Add 3mL of proliferation medium in the dish and carefully wash-
ing cell and get all the cells, then pipette all the cells from 9 dishes
into falcon tube (50 mL).

Centrifuge at 1200 rpm in 4 min 30's.

Aspirate the supernatant in the falcon tube and add 2mL of freez-
ing medium to resuspend.

Add the rest of prepared medium to the falcon tube and pipette
1mL of cell suspension in each cryotube.

Put the cryotubes into a pre-cooled (4°C) chamber and store at
—80°C for 24 h and then transfer all of them to the liquid nitrogen.
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APPENDIX E

PROTOCOL FOR PREPARING DYES

E.1 FLuo-4

¢ Filter DMSO using 0.22 pm filter
¢ Dilute 45.6 uL of DMSO into 50 pg of Fluo-4 to get a concentration
of 1 mM, then pipette 5 pL of Fluo-4 into each Eppendorf tube.

E.2 CALCEIN-AM/ETHIDIUM HOMODIMER(ETHD)

¢ Filter DMSO using 0.22 ym filter

¢ Dilute 251 pL of DMSO into 1 mg of Calcein-AM to get a concentra-
tion of 4 mM, then pipette 2 uL of Calcein-AM into each Eppendorf
tube.

¢ Dilute EthD into 171 pL of DMSO and 467 uL of Mili-Q water in
1mg of ethD, then pipette 2 L of EthD into each Eppendorf tube.

E.3 CELLTRACKER GREEN

¢ Put the vial at room temperature 15 min before opening.
¢ Dissolve CellTracke Green into DMSO to get a final concentration
of 10mM (1 mg CellTracker Green in 215 uL DMSO).



E. PROTOCOL FOR PREPARING DYES

¢ To stain PC12 cells, prepare 1000 uL of RPMI serum free, then add
1L of CellTracker Green into 1000 uL of RPMI serum free for stain-
ing the cells.
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