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Abstract

With scientific advances in biological research, cultured cells are being used as
simulations of living organisms with the goal of building synthetic biosystems for research in
the fields of bioengineering and medical applications. One of the most important of these uses
is studying the adhesion and separation of cultured cells on surfaces. In addition, studying their
life and death is important as a result of exposure to stimuli and chemical pressures. The study
of cell morphology is important in these studies, as it shows changes in the shapes of cells as a
result of the influence of stimuli or inhibitors on them. Moreover, cultured cells differ in their
shapes depending on the type of surface and type of extracellular matrix (ECM).

In order to observe cell morphology and the effects of ECM in response to an antitumor
reagent for cultured cells and monitor the attachment process, I have developed a quartz crystal
microbalance (QCM) system with a micro-CMOS camera and a Peltier device. The system
enables microphotograph imaging and temperature controlling simultaneously with QCM
measurement, where I have improved imaging and measurement performance to get more
repeatable data. The lighting unit and electronic focus control of the lens have been added, and
linked to the thermoregulatory unit for precise control and rapid temperature change. This
system was used in a CO; incubator. The electrodes of QCM were made after optimizing and
tuning their working conditions from transparent indium tin oxide (ITO) electrodes with a thin
thickness and high transmittance, which enable to obtain a transparent mode microphotograph.

I have studied different types of ECM that will contribute to cell attachment on ITO
electrical surfaces to monitor and analyze changes in cells. After forming poly-L-lysine (PLL),

collagen, and thermoresponsive polymer poly(N-isopropylacrylamide) (PNIPAM) layers on

QCM surfaces, human hepatoma cell line (HepG2) cells were cultured at 37 °C. The attachment

process of cells cultured on poly-L-lysine (PLL), collagen, and thermo-responsive polymeric
polymer (N-isopropylacrylamide) (PNIPAM) were studied. At the same time, micro
photographs of the cells were recorded to observe the morphological changes.

During cell attachment process, resonance frequency decreased and resonance
resistance increased, which meant that cells attached on the quartz crystal surface. In case of
PLL and collagen the resonance frequency and resonance resistance showed the attachment
finished within 24 h. This corresponded to the cell image observed with the micro-CMOS
camera. To determine the relationship between change of resonant frequency and cell number
on a QCM, a cell-cell interaction model has been proposed using the binomial equation in the

model mass effect. In the proposed equation, the variable mass ratio (variable mass: m, / steady
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mass: ms) was 1.75, and the close contact probability of cells was 1/2400, which was
determined to correct the resonance frequency modeling curves of the experimental results.
Analysis of the fitting curves showed that the curves fitted to the first order lag response and
the time constants of the first order lag response were 11 h for PLL, 16 h for collagen and 38 h
for PNIPAM films. These findings were supported by photographic images showing wider
spread cells on PLL and collagen than PNIPAM. The response of cells on PNIPAM was
measured during a thermal cycle from 37 to 20 °C and then from 20 °C to 37 °C.

For the cell response process after injection of the antitumor cisplatin, two response
steps were observed in both QCM data and microscopic images, where the cells loosened in
the first step and shrank in the second step. Log-normal distributions were applied to match
both steps by the resonant frequency responses of both processes. The measured curves and the
modeling curves are in good agreement with QCM data. By fitting results, I obtained survival
rates of 0.1 and 0.2 when the cisplatin concentrations were 83.3 and 16.7 umol/L, respectively.

In this thesis, I have developed a measurement system that allows monitoring of cells
in a COz incubator. Using this system, I observed how the cell interacts with ECM and attaches
to surfaces, as well as the structural changes associated with these interactions. In addition to
monitoring the effects of chemical and stress stimuli, and analyzing the physical properties of
cells, transition of the state of cytoskeleton and antitumor drag activity was measured.
Moreover, fitting curves of the model equations were investigated by matching them with the
experimental curves of the resonant frequency change. The resonance frequency analysis could
provide analysis of mass, viscosity, life and death of cells that are difficult to obtain through
microscopic measurements alone.

When using traditional measurement methods for determine cell death, only the state
of an elapsed time is measured since the measurement is performed after a certain period of
time has passed. Similarly, these methods cannot show the progress or status when more time
has passed. On the other hand, the method of this study is possible to measure how the
morphology is continuously changing. In addition, the method in this study is also possible to
analyze the mechanism of cell change. Through this system, it can be used to analyze the cell
adhesion process of various ECMs. Also, it can be used to analyze changes in cell responses

over time and evaluate the rate of cell death that were not able to do before.



Chapter 1: General introduction

1.1 Motivation of the study

In vitro cultured cells are widely used for research in biological instrumentation and
biological analyses as simulations of organisms. One of the most important uses in these
research works is the test of adhesion and detachment of cultured cells on surfaces by chemical
stimuli. In addition, monitoring their life and death due to exposure to some chemical stresses
is an important application. The study of cell morphology is of great importance in the fields
of biological research, as the morphology changes as a result of effect by stimuli or inhibitors
to the cultured cells. Moreover, cultured cells differ in their shapes when spread on surfaces by
means of adjuvants (ECM: extracellular matrix) [1,2,3], depending on the type of ECM [4].
Where adheres to surfaces over time based on its interaction with the ECM through four stages:
The first stage is spherical with no legs (filiform). The second stage is spherical with one or
two filamentous legs. The third stage is spherical with more than two legs. The fourth stage
extends on the surface [5].

To understand the effect chemical stimuli and stresses, on cell shape physical properties
of cells are analyzed on their cytoskeletal state and activity. One of the common uses for
analyzing the physical properties of cells is the use of quartz crystal microbalance (QCM)
sensor with transparent electrodes (indium tin oxide: ITO), which enables the monitoring of
subtle changes in mass and viscosity in real time and capturing images through it due to its
high transparency. On the other hand, the quartz crystal microbalance can evaluate cells without
any damage. While the elasticity of cells and the changes in them can be measured directly,
and this cannot be done through ordinary microscopes.

Current techniques for cytoskeletal analysis include microscopic observation, dead cell
measurement (Lactate dehydrogenase : LDH, LDH Assay), live cell measurement, staining of
live and dead cells separately, quartz crystal microbalance, and others. In this chapter, I will

show these technology. Also, the aim and contents of this thesis will be described.

1.2 Cell evaluation methods
1.2.1 Dead cell measurement method (LDH assay)

The LDH assay is a method for examining enzyme activity caused by dead cells. LDH
is an enzyme present in the cytoplasm that normally does not permeate the cell membrane, but
in dead cells, LDH in the cytoplasm leaks out due to damage to the cell membrane. As shown

in Figure 2-1, LDH catalyzes the dehydrogenation of lactate to produce pyruvate and NADH.



NAD (nicotinamide adenine dinucleotide) is used as a coenzyme to catalyze the
dehydrogenation of lactic acid to produce pyruvic acid and NADH. The resulting NADH
reduces WST (water soluble tetrazolium salt) (colorless) to WST formazan (orange) with an
absorption of 490 nm via an electron mediator. The amount of formazan produced is
proportional to the released LDH activity and is an indicator of the number of injured cells.
The characteristics of this measurement method are said to be reliability, speed, and simple

evaluation [6].

Lactic acid : I NAD* : ] WST
Formazan
LDH Electron
mediator
Pyruvic . "NADH
acid - - - - WST

Figure 2-1. LDH assay principle.

1.2.2 Live cell measurement method
1.2.2.1 MTT assay
The MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assay is a
common measurement method for assessing the activity of antitumor compounds. The activity
of mitochondrial dehydrogenase (particularly succinate dehydrogenase) causes the reduction
of the MTT tetrazolium salt to formazan in the mitochondria of living cells. Since the amount
of formazan produced correlates with the number of living cells, it is used as a method for

measuring the number of living cells [7].

1.2.2.2 Cell Counting Kit-8 (CCK-8)

CCK-8 is a viable cell number measurement kit using a water-soluble tetrazolium salt
(WST-8) as a coloring reagent. As shown in Figure 3-1, NADH produced by intracellular
dehydrogenase reduces WST-8 to orange water-soluble formazan via 1-Methoxy PMS. When
reduced, this reduced water-soluble formazan produces a maximum absorption wavelength
near 460 nm. Such live cell measurement methods are mainly used for drug sensitivity

evaluation [8,9].
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Figure 3-1. Principle of viable cell number measurement method.

1.2.3 Dyeing live cells and dead cells separately (fluorescence staining)

Cellstain ® Double Staining Kit [Cellstain Cell Double Staining Kit] is composed of
Calcein-AM, this method is used to staining both live and dead cells. It contains a fluorescent
dye to stain dead cells. Calcein-AM has the property of permeating the cell membrane to
enhance the conversion of the four carboxyl groups of the fluorescent dye Calcein into
acetoxymethyl (AM). When it penetrates the membrane of a living cell and enters the cell, it is
hydrolyzed by intracellular esterase and releases strong yellow-greenish fluorescence. While
PI enters dead cells and stains their DNA by intercalating the double helix structure of
intracellular DNA, emitting a uniquely strong red fluorescence.

By applying this method, living cells can be stained yellow-greenish and dead cells can
be stained red. This method enables observation of cells under a fluorescence microscope, in

addition to flow cytometry [10, 11, 12].



1.2.4 Quartz crystal microbalance

(QCM) used as a sensor for various purposes (Figure 5-1). The frequency resonates
changes by mass loading onto the surface of electrodes at nanogram level [ 13]. It has been used
to evaluate physical properties of cells [14, 15, 16, 17, 18, 19, 20], as it can monitor mass
change in real time and even quantitatively. This is an important advantage of QCM because
the mass sensitivity enables it to be used as an accurate sensor. It has been used to evaluate
changes in cultured cells in several previous studies, and it is classified as one of the accurate

methods of evaluating cells. For this, QCM is used for monitoring the cells in this study.

Figure 5-1. Quartz crystal microbalance.

When applying the other current techniques for cells analysis and monitor, the change
state in cells is measured only after a period of time, and these techniques cannot show progress
or status as more time has passed. Therefore, I made a system consisting of a quartz crystal
microbalance and a micro CMOS camera simultaneously. It can be used to analyze the cell
adhesion process with various ECMs. In addition, it can be used to study the effect of antitumor

on cells that was not able to do before.
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1.3 The aim of this thesis

A lot of research works used multiple methods to monitor cells, and some of them
used quartz crystal microbalance in cellular measurements. Through this study, I studied the
initial stage of the cellular attachment process using a quartz crystals microbalance. I also
studied the resonance frequency change to determine its correlation with cell number. The
cellular changes with the response curve of attachment process of were studied by
mathematical modeling. The response of a cell attachment process in the presence antitumor
reagents were also studied by calculating fitting curves of the model equations onto the
experimental curves of the resonant frequency change. In addition, not only the measurement
with quartz crystal microbalance, but also a microscopic observation was provided that was
useful for simultaneously monitoring the change in cell morphology. The aim of this study is
to revel the cell attachment process and response process of cell death by antitumor reagent.

In this thesis, a new quartz crystal microbalance system has been developed which is
considered the first method in the world. This system supports the previous methods, but uses
QCM measurement technology and a micro-CMOS camera simultaneously with a model for
analysis. In addition, it works with easy and low cost applications and gives quick results
without exposure to experiments on humans or animals. This system can help in studying and
evaluating some drugs or toxins on cultured cells and conducting preliminary tests on them in
simple and quick ways, and knowing their effectiveness before applying them directly to
humans or animals. This system is mainly composed of quartz crystal microbalance and a micro
CMOS camera. The system includes a Peltier device for precise and rapid temperature
controlled, and can work inside a CO; incubator. With this system, extracellular matrixes can
be investigated their effect on the attachment of cells cultured to quartz crystal microbalance
surfaces with precise temperature control. Extracellular matrices (PLL, Collagen, PNIPAM)
were used as structural support for cells to adhere and bind on quartz crystal microbalance
surfaces. I monitored the changes in the cytoskeleton using quartz crystal microbalance and
then analyzed them by the response curve of the attachment process by mathematical equations.
In addition to the morphological monitoring accompanying these changes at real time, it is
possible to assess the morphology and physical properties that reflect and to describe the state
of the cell, such as the change in the cytoskeleton, the characteristics of the attachment of cells
cultured to the surface of the quartz crystal microbalance, and the cell activity. In addition, the
measurement system was applied on studying with antitumor drug to the effect of on cells.

Also, I compared them with the mathematical curve of response to attachment process.
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According to reflections of the state of cytoskeleton and activity as a result of exposure to such
antitumor on the surfaces of the quartz crystal microbalance.

In order to describe these contents, the thesis is composed as follows. In Chapter 1, a
motivation of the study, cell evaluation methods, and the aim of this thesis are described. In
Chapter 2, the principle of the quartz crystal microbalance and its utility in measurements,
biological assessments, and pharmacological responses are explained. In addition to explaining
the curves of the model equations applied to experimental curves of the resonance frequency
change, as well as the improvement and preparation of the quartz crystal microbalance for ITO
electrodes and its use in extracellular matrixes (ECM) and drug toxicity evaluations. In Chapter
3, the development of the measuring device is explained. In Chapter 4, the cell matrix (ECM),
the types that were used, and methods for assessing cell adhesion are described in relation to
their use with cultured HepG2 cells. Finally, in Chapter 5, the results of monitoring HepG2
cells under the application of chemical stress factors are presented and their effect on cell
activity is discussed via the curves of the mathematical equations applied and according to the

changes in the cytoskeleton of the cultured cells, and the conclusions are stated.
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Chapter 2: Quartz crystal microbalance

2.1 Background and Purpose of this section

Bioanalytical methods are used in several fields, one of the most important of these
methods is measurement using QCM, which can be used in biofilm analysis and cultured cells
analysis because of its ability to monitor mass and viscosity changes in real time. Since the
fifties of the last century, Sauerbery revealed that quartz crystal microbalance has the ability to
detect changes in mass through changes in resonance frequency [13], as it has the ability to
detect very small changes in mass of about 1 nanogram due to its high sensitivity. Since his
discovery, QCM has been used in the field of analytical chemistry, but its use was limited at
that time, as it was believed that QCM could not oscillate in the liquid phase. In the 1980s,
Nomura and Minemura were able to use it in the liquid phase [21,22]. The effect of the liquid
viscosity on the QCM resonance frequency was also studied, in addition to clarifying the
relationship of QCM resonance resistance to the liquid viscosity and density [23, 24]. The
resonance resistance has also been used as a method to show the energy dissipation on QCM,
in addition to its use in analyzing thin films viscosity [25, 26]. The plotting method of
comparing resonance frequency versus the resonant resistance was considered a valuable
method in analyzing the changes in QCM [27]. The damping factor was also used as a similar
index of resonance resistance [28].

With the beginning of the 1990s, QCM began to be used in studies of cultured cells [29,
30]. The resonant frequency and resonance resistance of QCM has been used in many studies
on cultured cells, through these studies the characteristics of QCM with cells have been studied
to understand the initial attachment of cells [31-35]. Also studied the effects of cellular
attachment in the ECM, such as effects of hydrophilicity and hydrophobicity [36-41].
Furthermore, QCM has been used to study the effects of applying chemical stressors and
stimuli on cells [42-52], and cell cycle monitoring has also been reported [53,54].

The change in the resonance frequency was also studied to clarify its association with the
number of cells, and the cellular correlation with the mathematical structure curve was also
studied. Several studies have shown that frequency change did not show a linear relationship
with cells number [29,31,34,43,55], while the logarithmic plots of the resonance frequency
change and the resonant resistance showed a linear relationship with the number of cells [48].
As reported by Redepenning et al., the first-order attachment process curve of cells is fit to the

initial frequency change [29], and Wuzhou et al, also stated that the response curves for cell
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attachment process can be fit to the exponential curves [56].

To study the response of a cell cultured with QCM , it is important to understand its
characteristics. When the surface of the QCM contacts with liquid or viscous materials, the
horizontal surface vibrations of the QCM propagate to the materials that have contacted its
surface, but the amplitude of the vibration decreases with increasing distance. The depth limit
of propagation of vibrations is the depth of penetration, as the penetration depth limits the effect
of mass on the QCM, it also limits the resonant frequency change. This effect has been reported
in the previous reports to study cells cultured with QCM [35,51]. Therefore, it is necessary
when analyzing the resonance frequency, considering the depth of penetration.

Several important studies of the responses of cells cultured without QCM have been
performed. Ozawa et al. studied the simulation of cell death using a chemical kinetics model
[57]. Also Montalenti et al. studied cells kinetics with cisplatin considering cell cycle delay
[58]. Areal-time electrical impedance detection method was used on cultured cells to monitor
the cells' response to cisplatin, and the response curves for cisplatin injection were monitored
for 40 h [59].

Through the use of QCM, I monitored the effect of ECM on the adhesion of cultured cells
on the surface of a quartz crystal microbalance is monitored, in addition to monitoring cell
morphology and its changes in a CO; incubator using a device that integrates a quartz crystal
microbalance and a small microscope. One of the purposes of this thesis is to analyze cell
adhesion response based on measurement data using quartz crystal microbalance, as well as
the use of microscopy in real-time of measurement to obtain images of changes, and to
comprehensively understand the response mechanism.

Also, the effect of antitumor drug on cultured cells is continuously monitored at the same
time as cell shape observation in a COz incubator using a device that integrates a quartz crystal
microbalance and a small microscope. Among the purposes of this thesis are the analysis of
cell response to drug and the occurrence of apoptosis based on measurement data using quartz
crystal microbalance, as well as the use microscopy in real-time of measurement to obtain
images of changes, and to comprehensively understand the response mechanism as well. The
resonant frequency response is clarified by building response model equations and determining
the parameters of the equations (Table 1, Table 3) which have been mentioned in this thesis.

In this chapter, I introduce overall quartz crystal microbalance, including a theory of a
quartz crystal microbalance, the principle of quartz crystal microbalance, the equivalent circuit,
the ITO electrodes, and the usefulness of quartz crystal microbalance used for the ECM and

drug toxicity. In addition, I explain fitting curves of model equations to the experimental curves
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of the resonant frequency change.

2.2 Principle of the quartz crystal microbalance

2.2.1 The basic of quartz crystal microbalance resonator

A QCM consists of a piece of crystal that has been cut with an AT type, and has metal
electrodes on both sides. Since the quartz crystal contains 32 groups that are symmetrical across
a trigonal system, It is cut according to the different angles into different pieces of quartz plates,
as there are several types of quartz plates such as AT-, BT-, CT-, DT-, NT- and GT. These
different types are referred to as the Euler group angles. These possess different properties of
elastic, piezoelectric, and dielectric characteristics, which are the basic qualities of QCM. In
this thesis, an AT-cut quartz crystal was used [60,61].

A quartz crystal microbalance is made by sputtering metal thin films on both sides of a
quartz plate obtained by cutting a quartz crystal at an AT-cut (parallel to the X axis and at an
angle of 35 degrees 15 minutes from the Z axis) to form electrodes on both sides. By applying
a voltage to the electrodes, horizontal shear vibration called thickness slip vibration occurs.

The image of the thickness slip vibration is shown in Figure 2-1.

Additional weight

Figure 2-1. Image of thickness slip vibration.

2.2.2 The equivalent circuit of the QCR for physical sensing
In the case of the AT-cut QCR, the vertical electric field generates the shear strain.
Therefore, the electrical resonance and the mechanical resonance of the shear oscillation of the
QCR are coupled with each other. An AT-cut QCR is regarded to be electrically the same as the
equivalent circuit depicted in Figure 2-2. Quantitatively, the left arm of the equivalent circuit

represents the parasitic capacitance of the QCR, while the right arm represents the mechanical

15



oscillation of the QCR. Based on electromechanical analogy, L;, C;, and R; correspond to
energy storage into kinetic energy (i.e., mass), energy storage into elastic energy (i.e.,
compliance), and energy dissipation (i.e., coefficient of viscous friction), respectively. When
certain material, such as a film and/or viscous liquid, contacts with the QCR surface, the L;,
C1, and R, change due to acoustic loading. For this reason, a QCR can be used as a chemical

sensor for surface reaction.

L1

mass
co —— C1 elasticity

R1 viscosity

O

Figure 2-2. A schematic illustration of an AT-cut QCR. In this illustration, a standing
wave of the fundamental mode is formed. The left arm of the equivalent circuit
represents the parasitic capacitance of the QCR. The right arm represents the

mechanical oscillation of the QCR.

When a substance adheres to the electrode portion, the resonance frequency changes
(decreases) due to an increase in mass corresponding to the mass of the substance, so that it is
used as a microbalance. The quartz crystal microbalance has become a tool for real-time
measurements in terms of robustness, low cost, and ease of use [62]. It is also used for various
purposes such as measurement of trace amounts of sublimated substances and measurement as

an odor sensor.

The relationship between the amount of change in frequency and the mass of adherent
substances is expressed by Sauerbrey's equation (1) below [13,63]. When the amount of

adherent substances increases, the frequency decreases, and when the amount of adherent
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substances decreases, the frequency decreases and then increases. In the crystal unit with a
fundamental frequency of 9 MHz used in this thesis, a change of 1 Hz corresponds to a mass

change of about 1 ng.

_ _2f¢ AM
e

Af is the frequency change amount, fj is the fundamental frequency, 4AM is the mass change

amount, A4 is the electrode area, yq is the crystal shear elasticity, and p, is the crystal density.

In the case of measuring physical properties and reactions, a liquid may be brought into
contact with the crystal unit. At that time, the frequency is affected by changes in the viscosity
n and density p of the liquid in contact with the crystal unit [23,24], This relationship is shown

in equation (2).

Af=—f? |22 ()

TThqPq

Further, the resistance component (resonance resistance) in the electrically equivalent
circuit of the crystal microbalance increases reflecting the loss of vibration energy on the
surface of the crystal microbalance. Therefore, when the crystal unit is in contact with a viscous
fluid or a viscoelastic body, the resonance resistance increases [25,26].

Figure 2-4 summarizes the above contents. Figure 2-4 schematically shows the changes
in the resonance frequency and the resonance resistance with respect to the elapsed time. When
either the mass or the viscosity decreases, the resonance frequency increases, and when either
the mass or the viscosity increases, the resonance frequency decreases. Further, when the
viscosity increases, the resonance resistance increases, and when the viscosity decreases, the
resonance resistance decreases.

The plot of the resonance frequency and the resonance impedance is called the FR plot.
Figure 2-5 shows the FR plot of resonance frequency and the resonance resistance with respect
to the elapsed time. In the FR plot, the arrow on the top indicates an increase in viscosity
because it changes both the resonance frequency and the resonance impedance, and the arrow
on the bottom indicates an increase in mass because it only changes the resonant frequency.
Therefore, the mass and viscosity changes can be evaluated by the resonance frequency and

the value of the resonance resistance.
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Figure 2-4. Changes in resonance frequency and resonance resistance with respect to
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Figure 2-5. FR plot of resonance frequency and the resonance resistance with respect to

the elapsed time.
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2.2.3 Advanced QCM with ITO electrodes

The film-forming method used in this thesis is RF sputtering, in which an inert gas
(mainly Ar) is introduced into a vacuum and a high-frequency voltage is applied between the
target and the sample to ionize the inert gas atom. High speed causes gas ions to collide with
the surface of the target. This is a technology that violently ejects particles (atoms/molecules)
of the film-forming material that make up the target and vigorously adheres to and deposits
them on the surface of the base material/substrate to form a thin film. The sputtering method is
described in Appendix 1.

In the film formation of the quartz crystal microbalance, ITO (indium tin oxide) was
used as the electrode. ITO electrodes have a thin thickness and high transmittance that allow
clear images of cell morphological changes to be taken in real time for measurement. Also, it
can monitor these changes by measuring changes in the resonance frequency and the resistance
frequency of the electrodes as a result of the overall load on them. The transmittance of ITO
electrodes is optimized to obtain high-resolution micrographs of morphological changes in real
time for measurement. Table 1 summarizes the film-forming conditions performed this time,
and Figure 2-6 shows the quartz crystal microbalance produced (in Appendix 2, there is a table

showing the ITO electrode film formation, optimization, and setting conditions).

Table 1. ITO electrode film forming conditions.

ITO film Baking
Output Ar flow rate O: flow rate
formation time temperature
400 W 21.0 0.2 23 min 120°C

Figure 2-6. Quartz crystal microbalance manufactured.




2.3 Principle for cell evaluation
2.3.1 Principle of quartz crystal microbalance used for the ECM and cell adhesion
evaluation

The cell adhesion response model in this thesis can be considered as shown in Figure
2-7. Consider the cell as a model of a spring and a dashpot, and consider that the force acts on
the cell to adhere to the surface of the quartz crystal microbalance electrode. On the other hand,
the quartz crystal microbalance measures the mass by vibrating together with the vicinity of
the interface. Therefore, it is considered that the mass detected by the quartz crystal
microbalance also increases because the volume near the interface increases due to cell
adhesion.

In the model of Figure 2-7, when the force y (¢) is a step function, the transfer function
of cell deformation becomes the first-order delayed transfer function, and cell adhesion is
represented by the first-order delayed response model equation (3). In such a first-order lag
response, it is important to obtain the time constant because the shape of the response curve

changes depending on the time constant.

yOryo(1-e) . @)

Height : Yo
Power : y(t) Distance :
Y(t
Cell ®
N
— | e i o |: S —— e —
Vibration intrusion ; Vibration intrusion
distance i | distance
When cells are dropped Cell adhesion process

Quartz crystal microbalance electrode surface

Vibration intrusion
distance

After cell adhesion

Figure 2-7. Schematic diagram of cell adhesion response model.
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Moreover, I have proposed the process of cell—cell interaction with the cell mass model
as shown in Figure 2-3, it expresses the cell-cell increase the height of cells that effects to mass
increase is not linear to the cell numbers. For example, by the model in the case of three cells,
there are three states of “three separate”, “one separate and one pair”, and “triple one”. Using
this simple model, the mass index of the three cells (M3) can be written using the basic

probability of cell—cell interaction p as

M=(3(1-2p)*+2-2p(1-2p)+(2p) )my + 3ms 4)

where a(=m./my) is the mass ratio of the variable mass and the steady mass for a cell.

The index of the mass is the sum of the steady mass mg and the variable mass m,,. The
equation of the mass index can be extended to cell number n using the binomial coefficient and

rewritten as

My = XiZo{(n = K)n-aCe(1 = (n = D)4 H((n = Dp)*}my + 1 - mg
=n—p-(n—DHmy +n-ms
=ms-((n—p-(n—1Ha+n) )
where M, is the mass index, 7 is the number of cells, p is the probability of cell proximity, and

a is the addition ratio of m, /mg.

0 DS

n=1 n=2 n=3 h=4 n=5 n=6

Figure 2-3. A schematic illustration of the proposed model of cell-cell interaction

with the cell mass model.
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Figure 2-9. Cell-cell interaction model for the cells.

The cell adhesion response analysis formula, which is a model formula for the
resonance frequency response, is constructed with cell-cell interaction effect (formula (5)), the
formula for the mass factor (formula (6)), and the formula for the change in the number of cells
due to cell growth (formula (7)). Then, the equation of the resonance frequency change
(Equation (8)) can be obtained. Furthermore, considering that there is a constant mass effect
(m0) at the moment when the cell settles on the surface of the crystal unit, the formula of the
mass factor is rewritten as formula (9). In addition, when cells settle, they do not reach the
surface of the crystal microbalance at exactly the same time. Therefore, if this distribution is
considered as a lognormal distribution, equation (8) can include by equation (10), and the
frequency change can be expressed by equation (11). The mass factor equation shows a first-
order lag response. In the cell number formula, 7> hours represents the time when the cell
number doubles. Finally, the resonance frequency change is obtained by multiplying the mass

factor by the number of cells.

Mass factor formula:

me(®) = me y(®) =me-y(@) (1= F) =me-y@) (1-¢ 7). (6)

Here, m. 1s the basic mass factor (equivalent to one cell), y (?) is the unit distance of cell

deformation (y (0) =1).

t
Cell number formula: n(t) = ny2T: )

Here, n (?) is the number of cells, ny is the number of initial cells, and 77 is the cell doubling

time.
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Resonance frequency change equation:

AF = —K M, = —K,m.- (n—p-(n—1)%)a +n)
=—K-(n—p-(n—=1Ha+n) (8

Here, AF is the resonance frequency change, K, is the mass frequency change coefficient, m.
is the mass factor of a cell, and K (=K,,m.) is the basic frequency change factor for a single
cell. Using equation 8, the resonant frequency change can be calculated from the cell density

by applying the probability p, mass ratio a and cell number in a unit area n.

Formula of initial adhesion mass factor:

_t _t
mo+Kyy(t) _  motKyy()(1-e T2)  p+(1-e T2)
€ mo+Kyy() € motKyy(e) ¢ B+

m.(t) =m t=0) ... 9

Here, m. is the basic mass coefficient, my is the initial attached mass, K, is the mass conversion

me(0) 1s the initial attached mass ratio.
me(o0)

factor from the displacement, and f =

Formula of initial adhesion mass factor:

ﬁ+(1—e_

t
me(t) =m.— = ) . CDF.LN(E. . t;) .. (10

Resonance frequency change equation:

t
B+<1—e_ﬁ>
o CDR.LN(t.tn. ) ..

AF(t) = —Kp{(n(t) = p- () — DHa +n(t)}-
(11)

Here, the cumulative lognormal distribution function is CDELN (7 is the elapsed time after

cell addition, ¢, is the initial adhesion mean time, and ¢ is the standard deviation).
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2.3.2 Principle of quartz crystal microbalance used for drug toxicity evaluation

Optical methods such as microscopic observation, MTT colorimetry, and flow
cytometry (FCM) are generally used for drug toxicity evaluation performed in vitro. However,
they are not usable to simultaneous, multi-step operation and real-time and continuous
monitoring. Several methods are used to optically assess drug toxicity. In recent years,
magnetic elasticity sensors, electrochemical impedance spectroscopy, and quartz crystal
microbalance techniques have been used [64]. Quartz crystal microbalance was used to monitor
cell dynamics, through it, the adhesion of cultured cells was monitored as mentioned in section
(1-2) [65,66]. In addition to monitoring the process of apoptosis caused by drug toxicity [67,68].
Previous studies have shown that the use of the QCM method is useful in the process of
observing the surface attachment and morphological changes, whether normal or cancerous

cells.

As a drug response model in this thesis, it is considered that the drug response is
performed by the process shown in Figure 2-10. The shape of the cells after seeding the cells
adheres like an amoeba, but the adhesive area gradually decreases due to the antitumor drug,
and the shape of the cells also becomes round. In addition, the cells gradually contract as the

process progresses.

Quartz crystal microbalance electrode surface

Figure 2-10. Schematic diagram of changes in cell shape due to drug response.

In the process of cell shape change by antitumor drug, cells change after a certain period
of time, but it is considered that the change time varies. Therefore, I considered a model that

disperses according to a lognormal distribution centered on the mean response time, integrates
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this lognormal distribution, and considers two cumulative lognormal distribution functions to
act on the drug response. One is the process in which the adhesive area is reduced by the
antitumor drug and the cells are rounded, and the other is the process in which the cells are
contracted by the antitumor drug. For the process of cell contraction, the reverse cumulative
lognormal distribution was considered as a response model. Graphs of the lognormal
distribution density function and the cumulative lognormal distribution function are shown in

Figures 2-11 and 2-12.
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Figure 2-11. Lognormal distribution density function (u = In(x) = 0,0,z = 0.5)
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Figure 2-12. Cumulative lognormal distribution function (u = In(Xx) = 0,64,z = 0.5)

The drug response analysis formula is shown in Equation (12). When the cell viability
1-y after dropping the antitumor drug is low, the amount of change is large, and when the cell
viability is high, the amount of change is small. By drug response analysis, it is possible to
determine the time during which cells are rounded by an antitumor drug, the time during which
cells are involved in contraction, and the survival rate. This makes it possible to compare
parameters according to the type and concentration of antitumor drug. Using the typical values

of parameters, I simulated the response curves for several survival rates in Figure 2-13.

B+ (1 - e_T_tZ)
AF(t) = —Kn{((t) —p - (n(t) — DHa + n(t))}- T - CDF.LN(t. t. t5)
- (1 — y(kyCDF.LN(t — t;5;.my.51) — k,CDF.LN(t — tinj.mz.sz))) . (12)

Here, y is the dead cell rate, t is the elapsed time from cell addition, ¢;,; is the antitumor drug
addition time, m is the mean response time, s is the standard deviation, k, is the mass

coefficient of the first response, and k, is the mass coefficient of the second response.

Figure 2-13(a) shows typical resonant frequency responses when the target seeded cell
density is 320, 630 and 1300 cells/mm?. The amount of change in the resonant frequency
increases with increasing cell density. The important point here is that the shapes of the
response curves differ slightly according to different cell densities. While Figure 2-13(b) shows
the change in resonance frequency versus density of seeded cells based on the results obtained
from Figure 2-13(a). Here the results indicate that the resonance frequency changes 6, 12, 18,
24 h after seeding cells. The relationship between the amount of change in resonance frequency
and the amount of seeded cells density is not linear, the relationship is affected by the
incubation time, and this reason is likely related to the progression of the interaction between
cells. As already shown, the cell-cell interaction makes the resonance frequency change smaller.
Using the equation 11, Figure 2-13(c) shows the curve fitting results for the plot of resonance
frequency change versus cell density when the time has passed 6, 12, 18 and 24 h from seeding

the cell. And figure 2-13(d) shows the estimated modeling curves for figure 2-13 (a).
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Figure 2-13. The figures indicate the resonant frequency response as a result of cell

seeding. (a) The result of typical resonant frequency responses is shown when cells were
seeded at three densities of 320, 630 and 1300 cells/mm2. (b) Shown the plot obtained
depending on the change of resonance frequency as a result of changing the density of

seeded cells which was obtained from Figure 2(a). (C) Shown the curve fitting results for
the plot of resonance frequency change versus cell density when the time has passed 6,

12, 18 and 24 h from seeding the cell. (d) Shown the estimated modeling curves for part

(a).
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Chapter 3: Development and improvement of the experimental devices

3.1 Introduction

In this thesis, a new crystal microbalance system has been developed to monitor the
activity of cultured cells, and to observe the attachment of cells to quartz crystal surfaces by
ECM, as well as its response to chemical stimulation. The system mainly consists of a quartz
crystal microbalance and a CMOS camera that has been linked to a Peltier device for precise
control and for rapid temperature change (Figure 3-1), where the system can work inside a CO»
incubator.

With the system, cell matrix is investigated on the effect of cell attachment quartz
crystal microbalance surfaces with precise temperature control. PLL, Collagen, and PNIPAM
cell matrices were used as structural support for cells to adhered and bind to quartz crystal
microbalance surfaces. I monitored the changes in the cytoskeleton by means of the quartz
crystal microbalance, as it will come in Section 4, and then analyzed them by the response
curve of the attachment process by mathematical equation. In addition to the morphological
monitoring accompanying these changes at real time, it is possible to assess the morphology
and physical properties that reflect and describe the state of the cell, such as the change in the
cytoskeleton, the characteristics of the attachment of cells cultured to the surface of the quartz
crystal microbalance, and the cell activity.

In addition, I cultured cells in the presence of antitumor drug to investigate their effect
on cells, especially programmed cell death, and to compare them with the mathematical curve
of the response to the attachment process through the plasters on the surfaces of the quartz

crystal microbalance as it will come in Chapter 4.
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Figure 3-1. Schematic diagram of device configuration shows the aluminum block is
divided into two compartments for two measuring units. Each measuring unit
comprises a quartz crystal chamber, a small microscope with a CMOS camera at the

lower side, and a focus-controlling motor that has been linked to a Peltier device.

3.2 Purpose

The device has been rebuilt for the purpose of obtaining more repeatable data by
building an improved measurement system. In particular, to improve imaging and measurement
performance, the system was modified by adding a lighting unit, an imaging unit, electronic
focus control of the lens and a unit specialized in thermoregulation. Figure 3-2 refers to the
Peltier device, while Figure 3-3 shows the equipment after improvement of experimental

device.
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Figure 3-3. Experimental device after improvement.
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3.3 Composition of the experiment device

Figure 3-1 shows the schematic illustration of the experimental device. The
experimental device consists of aluminum walls, they are divided into two rooms so that each
a measurement unit is inserted into each room. In addition, some rules and fasteners made by
3D printer have been used to help connect the components of the device (Figure 3-4). Each
room features a small CMOS-camera (LOSKA P68, Japan) from the lower side and a camera-
focus control motor, as well as white LED light from the top. The CMOS-camera size was 168
x 89 x 46 mm. The white LED light was 24 mm diameter, connected with tube was diameter
of 24 mm x 130 mm height, Inside the tube there are 3 lenses to collect and highlight the
chamber of agriculture, it was obtain from a handy microscope (TV-120M, Kenko, Japan). All
rooms are connected to the Peltier-stimulating device (Ampere UTC-1000A, Japan) size
was100 mm x 100 mm to rapid control temperature change during measurement (Figure 3-7).
A thermal sensor was also connected to one of the rooms to regulate the temperature of the
Peltier-stimulating device. The measurement units consist of the QCM inserted between the
agriculture chamber and the sensor holder, and a pair of O rings has been placed to prevent the
infiltration of the culture medium and cells. The dimensions of the agriculture chamber and
sensor holder were width 30 mm % depth 20 mm x height 16 mm. The base resonance frequency
of the quartz crystal was 9.2 MHz (AT cut, 7.9 mm X 7.9 mm). ITO was sputtered onto both
surfaces of the quartz crystal as electrodes, the diameter and thickness of the electrodes were
5 mm and 250 nm, respectively. Which enable to observe the cells on the electrode surface in
transmission mode with the micro-CMOS camera. Thermostat was connected to each room to
monitor room temperature during measurement. To switch camera power and light power, the
camera/light switching unit is built on the Arduino Nano board with a CD4051 to switch the
camera signal via 8-channel mono analog multiplexer for CMOS. In addition, another CD4051
chip and TLP597A photodetector to switch camera power and LED lighting power. To control
focus, the focus controller unit is built on the Arduino Mega 2540 board and Ramps 1.4 board,
the stepper motors are controlled by tact switches. The change in resonance frequency and
resonance resistance was measured by QCA922 (Seiko EG&G, Japan). The experimental
device was autoclaved and put into the incubator (32 °C, 5% CO», humid). The measuring units
were inserted inside each room after autoclaved and the white LED light was turned on the
agriculture chamber during observation with a micro-CMOS camera. The QCA922, Peltier-
stimulating, micro-CMOS, and the white LED were remote-controlled with a PC. All QCM

measurements were performed at 37 °C, except for thermal sweep experiments.
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3.4 Development and improvement of the measuring devices
3.4.1 Development of thermoregulation portion measurement and operation check
For developing the thermoregulation unit, I constructed a representative model from a
group of pieces made by the 3D printer as in Figure 3-4 and simulated it on the ground as in
Figure 3-5. After that, the block of the Peltier device was replaced with aluminum parts as
shown in Figures 3-6, 3-7, and 3-8. Then all the components were joined together to form an

experiment device and the observation unit was encapsulated by polystyrene boards to maintain

\

the temperature (Figures 3-9 and 3-10).
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Figure 3-4. Improved parts of experimental equipment
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The parts: (D Camera block 1pc, @ Camera stand Ipc, 3 Light tube 2pcs, @ System box
1pc, & Motor 2pcs, (6) Motor seat 2pcs, (7) Lens of camera 2pcs, Camera sheet 1pc, 9
Camera lens seat 2pcs, 10 Measurement cell sheet 2pcs, @D Camera sheet space 2pcs, 12 Button
system Ipc, @ CMOS camera 2pcs, 14 Camera body 2pcs, @3 Camera lens sheet space 2pcs,

Motor belt 2pcs.



Figure 3-5. Simulation model.

Figure 3-6. 3D printer block.
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Figure 3-7. Aluminum block parts.

Figure 3-8. Aluminum block.
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Figure 3-9. Experiment device after encapsulated by styrene boards when the cover is
opened.

Figure 3-10. Experiment device after encapsulated by styrene boards when the cover is
closed.
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3.4.1.1 Experimental instruments/reagents

The experimental equipment and reagents used in this experiment are shown below:

* Heat-melting 3D printer

* Camera block 1pc

* CMOS camera 2pcs

* Camera stand Ipc

* Camera sheet space 2pcs

* Camera body 2pcs

* Camera sheet 1pc

* White LED light 2pcs

* Light tube 2pcs

* Lens of light tube 6pcs

* Motor 2pcs

* Motor seat 2pcs

* Motor belt 2pcs

* Lens of camera 2x

+ Camera lens seat 2pcs

+ Camera lens sheet space 2pcs
* Measurement cell sheet 2pcs
* System box 1pc

- Button system Ipc

* Camera focus adjuster — Arduino Mega 2540 board

* Automatic shooting camera switching machine
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* Driver

* Silicon rubber sheet (thickness 0.5 mm)

* CO; incubator (temperature 34 °C)

* Crystal oscillator chemical measurement system QCA922
+ Computer

+ Measurement software

(WinQCM (Seiko EG & G), USB Video Selector & Capture (laboratory original))

+ Sterilized water

+ ABS resin

3.4.1.2 Experiments

After all components were joined together to form an experimental device and the
observation unit was encapsulated by polystyrene boards, the experiment device after being
sterilized was placed in the CO; incubator at a temperature of 34 °C, in order to be able to
electronically control the temperature of the experiment device through the computer. I set the
device to a temperature of 37 °C, while automatically lowering temperature to 17 °C after a
specified period of time. Several experimental measurements were performed to ensure the

precise thermal unit control of both channels.

3.4.2 Development and optimization of device camera and LED light parts and
operation check

For the development and optimization of device camera and LED light parts, I added a
CMOS camera with dimensions: 25 x 23 x 23 mm. This camera is equipped with a high-quality
sensor with a resolution of 720 x 480 pixels, and it has super powerful night vision which
enables us to obtain more accurate and clear images while observing the morphological
changes occurring in the cells. It was connected to a focus controller and a focus-controlling
motor was installed. In addition, the lighting module was attached to the top of the camera,
made of high brightness white LED light and equipped with three lenses at different focus

concentrations, to be able to accurately highlight towards the measurement sample parallel to
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the CMOS camera. In the measuring device, a correction for the normal optical path was
performed with the aim of increasing the contrast in the invisible cellular components of the
captured samples. Although it is not structured to have a special phase difference, the phase
difference is naturally applied due to the deviation of the optical system. Incident and scattered
light in different paths is restricted and converted into straight and regular light by making
holes in the inner tubes that carrying the lenses. The light passing through those holes is
collected by the collecting lenses until the light reaches the measuring cell in a straight line
with increasing contrast in the samples captured during imaging. This unit was connected to

the experiment device and then connected to the computer by camera/light switch unit (Figure
3-1).

3.4.2.1 Experimental instruments/reagents

The experimental equipment and reagents used in this experiment are shown below:

Experimental instruments

* Developed experiment device (Figure 3-1)

* COz incubator (temperature 34 °C)

* Crystal oscillator chemical measurement system QCA922
* Peltier device controller

* Camera/light switch

* Focus controller

+ Computer

+ Measurement software

(WinQCM (Seiko EG & G), USB Video Selector & Capture (laboratory original)) and

thermal control and adjustment program using Visual Basic

* Centrifuge
* Gas burner
* Hemocytometer (counting chamber)

* Culture petri dish (100 mm/Collagen-Coated Dish)
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* 15 mL tube centrifuge tube

* Electric pipettor

* Pipette (2 mL, 5 mL)

* Micropipette (20 nL, 200 L, 1000 pL)
* Chip (20 pL, 200 pL, 1000 puL)

* Driver

* Quartz crystal microbalance

* Measurement cell (attached: O-ring, screw)

Reagents
* DMEM medium (with FBS, Antibiotic-Antimycotic, Amphotericin B solution)

* Trypsin

- PBS

* HepG2 cells

* Polylysine

- Ethanol 76.9-81.4%

+ Sterilized water

3.4.2.2 Checking the device
After the quartz crystal microbalance was collected in the measurement cell with a pair
of O rings (Figures 3-11 and 3-12), the cells were seeded into the measurement cell on the
QCM and deposited inside the experiment device. Several experiments were performed on
samples of cultured cells in a CO; incubator by the device developed (Figure 3-13), and many

high-resolution images of the changes occurring in cells over time were obtained.
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Figure 3-11. The components of the measurement cell, a quartz crystal microbalance, a
pair of O-rings, and four screws.

Figure 3-12. The quartz crystal microbalance after setting in the measurement cell.
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Figure 3-13. The measuring device inside the CO: incubator.

3.5 Results and discussion

3.5.1 Thermoregulatoin portion measurement operation check

Several experimental measurements were made to ensure the precise control of the
thermal unit of the experiment device. For example, as in Figure 3-14, I set the device to
37 °C for 14 h, with the temperature automatically lowered in 30 min to 17 °C. The results
of the measurements showed the success of the experiment device in the ability to control
its temperature accurately. The measurement started at 37 °C and continued to be stable for
14 h, after which it began to lower the temperature within 30 minutes to reach a stable
temperature of 17 °C within 24 h of the measurement. The results of these experiments
constitute the possibility of using the measuring device in conjunction with the real

measurements of this thesis with precise temperature control required.
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Figure 3-14. The measurement result of channels started at 37 °C and continued to
stabilize for 14 h, after which it started automatically lowering the temperature within
30 min to reach a constant temperature of 17 °C within 24 h of the measurement.

3.5.2 Device camera and LED light parts operation check

In Figure 3-15 (a, b), the results of these experiments constitute the possibility of using
the experiment device after developing the monitoring and lighting units in conjunction
with the thermal control unit in the real measurements of this thesis and thus obtaining the

best results as a result of the development of this device.

Figure 3-15. (a,b) The results of culturing cells on the glass surface with collagen coating
and ITO electrodes: (a) status of cells 10 min after seeding, (b) status of cells after 24 h

from seeding the cells.
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Chapter 4: Assessment of cell adhesion using cultured cells and ECM

4.1 Introduction

Cell adhesion is essential in connection and regulation between cell tissues. Cell
adhesive molecules (integrins) allow cells to connection with each other and with structures in
the ECM. Mechanical interactions between cell and ECM can influence cell behavior, function,
and control. They are important in developing methods for measuring and studying cell
adhesion properties.

The ECM is considered as a smart compound, due to its varied nature and composition.
It can help control many cell functions and deliver therapies. In addition, it regulates the
dynamic behavior of the cell, thus helping to understand its complex dynamic movements
through its diffusion in space by attaching it to the matrix surface by integrins present in the
cell surface.

When culturing HepG2 cells on a quartz crystal microbalance, the crystal surface must
be treated with the cell adhesion factor. However, if the cell adhesion factor is too thick, it will
buffer the sliding vibration of the crystal unit, which may affect accurate measurement.
Therefore, the binding properties of cells cultured on the surfaces are studying using ECM.

Collagen and Poly-L-lysine (PLL) have been used in many researches as an ECM [33,
19,47, 69, 70, 71]. In addition, the Poly(N-isopropylacrylamide) (PNIPAM) film has been used
in cell sheet technology research as an ECM as well [72, 73].

Collagen exerts a biological effect on cultured cells as an ECM. It affects cell growth,
differentiation, and proliferation, as it has the ability to form a basement membrane. When cells
are cultured in a Petri dish on collagen, the cells are considered prevented from increasing in
size due to flattening and stretching, and the cells are allowed to maintain their original shape
and size. Thus the traditional collagen coating method may inhibit QCM vibration due to the
thickness of the cell adhesion layer, so the surface should be coated with a thinner layer of
collagen.

When the glass is coated with PLL, the adhesion is improved by changing the charges
on the surface. Furthermore, when a PLL layer is coated on the glass surface, the glass surface
is positively charged, and cells or tissues containing a negative charge are interconnected by
electrostatic bonding. PLL is a kind of basic amino acid, which is a polymer of lysine that has
an amino group (positive charge) in the side chain, and the amino group of PLL is
electrostatically linked to an OH group on the surface of the glass. Adhesion between cells or

tissues and the PLL is electrically coupled by the negative charge on the cell surface and the
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positive charge on the PLL. That is, the glass and cells are attached adhesively via PLL. Since
the negative charge on the cell surface is used as an adhesion base, it is believed that adhesion
of PLL is primarily carried out using adhesion molecules on the microvilli, without integrin-
based adhesion.

Cell sheet technology is useful for transplanting cultured cells into a patient's damaged
tissue, they help recover tissue functions. To be able to obtain cell sheets, some conditions are
required while using thermoresponsive polymer PNIPAM. Whereas, PNIPAM is hydrophobic
at temperatures above the lower critical solution temperature (32 °C) and hydrophilic at
temperatures below those; therefore, the affinity of PNIPAM to cells increases at temperatures
above 32 °C and decreases when it decreases. Thus the sheet of cells can be removed without
disrupting the shape of the sheet.

Therefore, studying the interactions of cells with the ECM and the structural changes
accompanying those interactions and their attaches to surfaces, it is important in order to

understand cell morphology.

4.2 Purpose

To understand cell morphology is important to know how the cell interacts with the
ECM and attaches to surfaces. For this reason, I have studied different types of ECM that will
contribute to cell attachment on ITO surfaces. The aim in this section is study these different
types of ECM and analyzing the interaction between the cultured cells and the surface
previously the experiment with QCM to check ECM preparation and cell response. For this, I
monitor the potential for the cell binding and analyze the binding process for PLL, collagen,
and PNIPAM on a quartz crystal microbalance as well as the cell alteration in PNIPAM films

under a controlled temperature.

4.3 Development of the ECM

4.3.1 Experimental instruments/reagents

The experimental equipment and reagents used in this experiment are shown below:

Experimental instruments

CO; incubator (temperature 37 °C, CO> concentration 5%) "When placed the

developed experiment device inside the CO> incubator, the temperature is lowered to

34 °C; In order to control the temperature of the experiment device at the desired
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temperature by the computer"

* Microscope

+ Camera

+ Computer

* Camera software (DigiCamControl)

+ Developed experiment device (Figure 3-1)

- Crystal oscillator chemical measurement system QCA922
* Peltier device controller

* Camera/light switch

* Focus controller

+ Computer

* Measurement software

(WinQCM (Seiko EG & G), USB Video Selector & Capture (laboratory original)) and

thermal control & adjustment program using Visual Basic

- Centrifuge

* Gas burner

* Hemocytometer (counting chamber)

* Culture petri dish (100 mm/Collagen-Coated Dish)

* Tissue culture test plate 12 wells

* Round slide glass (22 mm/with ITO electrodes & without)
* 15 mL tube centrifuge tube

* Electric pipettor

* Pipette (2 mL, 5 mL)

* Micropipette (20 L, 200 pnL, 1000 pL)
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* Chip (20 uL, 200 uL, 1000 uL)
* Quartz crystal microbalance (ITO electrodes)

* Measurement cell (attached: O-ring, screw)

Reagents

* DMEM medium (with FBS, Antibiotic-Antimycotic, Amphotericin B solution)
* Trypsin

- PBS

* HepG2 cells

* Poly-L-lysine (PLL)

* Collagen

* Poly(N-isopropylacrylamide) (PNIPAM)

* Ethanol 76.9-81.4%

+ Acetone 99.8%

+ Sterilized water

4.3.2 Experiments
4.3.2.1 Experiments on the slides glass

After rinsing the round glass slides with sterile water and acetone, 5 glass slides were
deposited in the wells of a tissue culture test plate (3 slides with ITO electrodes, 2 slides
without). In the first time, 1 of the slices with ITO electrode was coated with PLL. In addition
to using the 2 slides without ITO electrodes, 1 slice was also coated with PLL and the other
was not coated. After that, the culture medium had 1 mL/well added, and the wells were placed
in a CO» incubator for one hour. After a full hour, the cells were seeded at 3 x 10° cells/well
and waited for 10 minutes for the cells to settle on the surface, after which the images were
taken through the microscope by camera. After a full day, all samples were confirmed, and the

images were taken again and results were drawn. After confirming the cells adhesion to the
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ITO surfaces coated with PLL, the same method was applied to the remaining slides with ITO
electrodes, so that 1 slice was coated with collagen and the other slice coated with PNIPAM.
Then the results were compared, to confirm the effectiveness of using these types of ECM to

adhesion cultured cells on ITO surfaces.

4.3.2.1.1 Surface modification of the slides glass
4.3.2.1.1.1 Poly-L-lysine coating
PLL is a polypeptide of lysin -[NH-CH(C4HsNH;)-CO]n— that is widely used as an
ECM. The PLL (0.01%, Sigma-Aldrich, USA) was used as an ECM to contribute to the
adhesion of cells to the ITO. After 2h measurement by an empty chamber, 60ul of the PLL
solution that was diluted 10 times with the filtered sterilization water was dropped onto the
electrode surface. The PLL film was deposited in 1h at 37 °C. After careful rinsing with PBS,

200ul of the culture medium was filled the measurement chamber.

4.3.2.1.1.2 Collagen coating
Collagen is a triple helix peptide consisting of glycine, proline, 4-hydroxyproline
alanine, lysine, and 5-hydroxylysine residues. Lysine residues and 5-hydroxylysine residue —
[NH-CH(CH>—CH>—CH(OH)—-CH>—NH)-CO]- possess amino groups. The Collagen - A2 mg
mL™! Atelocollagen solution - (DME-02, KOKEN, Japan) was used as an another ECM to
contribute to the adhesion of cells to the ITO. After 2h measurement by an empty chamber,
60ul of the Collagen solution that was diluted 5 times with 1 mmol L™ hydrochloric acid

solution was also dropped onto the electrode surface. The Collagen film was deposited in 30

min at 37 °C. After careful rinsing with PBS, 200ul of the culture medium was filled the

measurement chamber.

4.3.2.1.1.3 Preparation of temperature-responsive polymer
The Triethoxysilane-terminated PNIPAM (Mn: 5000; Sigma-Aldrich, USA) was used
as an another ECM also to contribute to the adhesion of cells to the ITO. To prepare the
PNIPAM films, the ITO surface was thoroughly washed with methanol for 10 min, then heated
at 150 °C for 30 min. The surface was then further treated with a solution of 5% triethoxysilane
terminated with PNIPAM in methanol for 10 min and treated at 150 °C for 60 min. After which

it was rinsed with distilled water and deposited again at 150 °C for 30 min.
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4.3.2.1.1.4 Cell culture

With regard to observing the change in the shape and physical properties of cells, the
human hepatoma cell line HepG2 was used in the experiments. I used DMEM (Sigma, USA)
as culture media additionally supplemented with 1% (v/v) antibiotic—antimycotic (Gibco,
Germany) and 10% (v/v) fetal bovine serum (Gibco, USA). The cells were cultured into a 10
cm diameter petri dish in a humidified 5% CO; air atmosphere at 37 °C inside a CO> incubator.
In order to obtain and seed the cells for the culturing chamber, the cells were detached from a
Petri dish by rinsing three times with phosphate-buffered saline (PBS without divalent cations)
and treated with trypsin/EDTA for 6 min at 37 °C in the CO» incubator, then culture medium
was added and the cell solution was centrifuged for 4 min with 1500rpm. The pellets were then
resuspended in culture medium, then the cell suspension of 0.63 x 107 [cell/ml] was transferred

to the culture chamber.

4.3.2.2 Experiments on the quartz crystal microbalance

Before the measurement, the measurement cell for the crystal unit was assembled.
Figure 3-12 shows a photograph of the measurement cell parts and quartz crystal microbalance,
and Figure 3-13 shows the procedure after they are collected in the measurement cell. An
experiment to measure the effect of cell concentration was done [74]. The target cell
concentration in this experiment was 0.63 x 10° cells/chamber. Experiments to measure and
evaluate the adhesion of cells grown on a quartz crystal microbalance surface with ECM were
performed by the following procedures, and then the results of HepG2 cell response were
described.

The quartz crystal microbalance was integrated into the measuring cell and washed with
sterile water. The measuring cell was connected to the experiment device by QCA multiplier
in the incubator, the measuring program “WinQCM” was started, and the measuring cell was
allowed to stand about 1 to 2 h until the resonant frequency and resonant resistance became
stable. After resonant frequency and resonant resistance became stabled, when measured with
ECM, the ECM coated on QCM surface according to the measurement objective. When
measured with collagen film, 100 pL of collagen solution was added and when measured with
PLL film, 60 uL of PLL (100 uL/mL) was added dropwise to the measurement cell for surface
treatment on the crystal unit substrate. When measurement with PNIPAM film, the
measurement was paused and the quartz crystal was removed from the measurement cell, after

which the quartz crystal was washed with methanol for 10 minutes and heated at 150 °C for 30

48



min, after which its surface was treated with PNIPAM — triethoxysilane 5% — in methanol for
10 min. After heating the crystal at 150 °C for 60 min, its surface was rinsed with distilled
water. The crystal was then heated again at 150 °C for 30 min. After the PNIPAM film was
formed, the quartz crystal was returned to the measuring cell. After 1 hour of adding ECM, the
ECM was removed with 100 pL of added PBS and gently removed to wash the surface of the
quartz crystal microbalance, and then 200 puL of medium was added dropwise, and the mixture
was allowed to stand for 2 h. After culturing the HepG2 cells, the cells were seeded into the
measurement cell at the target concentration. In a cell reduction monitoring experiment, the
temperature was lowered from 37 °C to 20 °C for half an hour, after which the temperature was
raised to 37 °C. After 10 minutes of seeding the cells into the measuring cell, the “USB Video
Selector & Capture” turned on, and then CMOS camera focus was set, after which cells were
imaged at 30 min intervals. The measurement was completed approximately 72 h after seeding

the cell. For details of measurement procedures, please refer to Appendix 3.

4.3.3 Response analysis setting items

Table 1 shows the setting items for cell adhesion response analysis. In the cell adhesion
response analysis, Excel VBA is used based on the measurement data to obtain the values of
these items so that the coefficient of determination of the measurement curve and the model
curve is maximized by fitting curves of model equations to the experimental curves of the

resonant frequency change as mentioned in Section 2.3.

Table 1. Setting items for cell adhesion response analysis.

Time constant 1 7; (h)
Doubling time 2 7, (h)

Number of cells z,

Basic mass coefficient K (Hz/cell)

Initial adhesion mass coefficient f

Initial adhesion average time ¢, (h)

Initial adhesion standard deviation 7, (&)
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4.3.4 Results
4.3.4.1 ECM on the slides glass

Figures 4-1 and 4-2 show the results of cell adhesion testing using PLL, Collagen, and
PNIPAM on ITO electrodes.

Figure 4-1 (al,2) shows the results of culturing cells directly on the glass surface
without coating and without ITO electrodes; (al) shows the status of cells 10 min after seeding,
while (a2) shows the status of cells after 24 hours from seeding the cells. In this case, I find
cells clustering in mini groups and not spreading over the surface. Figure 4-1 (b1,2) shows the
results of culturing cells on the glass surface with PLL coating and without ITO electrodes;
(bl) shows the status of cells 10 minutes after seeding, while (b2) shows the status of cells after
24 h from seeding the cells. In this case, we find that cells multiply and spread on the surface
which means an effective adhesion to the surface. Figure 4-1 (c1,2) shows the results of
culturing cells on the glass surface with PLL coating and ITO electrodes; (c1) shows the status
of cells 10 minutes after seeding, while (c2) shows the status of cells after 24 h from seeding
the cells. In this case, I find that cells also multiply and spread on the surface which means an
effective adhesion to the surface.

In Figure 4-2, the experiment was performed directly on the glass surface with ITO
electrodes for both collagen and PNIPAM coating. Figure 4-2 (d1,2) shows the results of
culturing cells on the glass surface with collagen coating and ITO electrodes; (d1) shows the
status of cells 10 min after seeding, while (d2) shows the status of cells after 24 h from seeding
the cells. In this case, I find that cells multiply and spread on the surface which means an
effective adhesion to the surface. Figure 4-2 (e1,2) shows the results of culturing cells on the
glass surface with PNIPAM coating and ITO electrodes; (e1) shows the status of cells 10 min
after seeding, while (e2) shows the status of cells after 24 h from seeding the cells. In this case,
I find that cells also multiply and spread on the surface which means an effective adhesion to
the surface. By comparing these results, the efficacy of using these types of ECM in adhesion

of cultured cells to ITO surfaces is evident.
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Figure 4-1. (al,2) The results of culturing cells directly on the glass surface without
coating and without I'TO electrodes: (al) status of cells 10 min after seeding, (a2) status
of cells after 24 h from seeding the cells. (b1,2) The results of culturing cells on the glass

surface with PLL coating and without ITO electrodes: (b1) status of cells 10 min after
seeding, (b2) status of cells after 24 h from seeding the cells. (c1,2) The results of
culturing cells on the glass surface with PLL coating and ITO electrodes: (c1) status of
cells 10 min after seeding, (c2) status of cells after 24 h from seeding the cells.
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Figure 4-2. (d1,2) The results of culturing cells on the glass surface with collagen coating
and ITO electrodes: (d1) status of cells 10 min after seeding, (d2) status of cells after 24
h from seeding the cells. (e1,2) The results of culturing cells on the glass surface with
PNIPAM coating and ITO electrodes: (el) status of cells 10 min after seeding, (e2) status
of cells after 24 h from seeding the cells.
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4.3.4.2 ECM on the quartz crystal microbalance
4.3.4.2.1 Quartz crystal microbalance with only a culture medium
Figure 4-3 shows the changes in resonance frequency and resonance resistance with
respect to the elapsed time of the measurement using only culture medium. After adding the
medium in the chamber, the resonance frequency decreased and the resonance resistance
increased due to overall loading on the quartz crystal microbalance, after which they were in a

steady and stable state. Therefore, it was judged that evaluation by cell measurement was

possible.
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Figure 4-3. Changes in resonance frequency and resonance resistance with respect to the
elapsed time of the measurement using only culture medium.
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4.3.4.2.2 Adhesion of cultured cells to the surface of the quartz crystal microbalance
with the blank mode

Figure 4-4 shows the changes in resonance frequency and resonance resistance with
respect to the elapsed time of the experiment of adhesion of cultured cells to the surface of the
quartz crystal microbalance with the blank mode. In Figure 4-4, the result when seeding cells
directly and the result of seeding cells after 24 h of measurement are shown. After adding the
medium in the chamber, the cells were seeded, and then the resonance frequency decreased
slightly and the resonance resistance increased due to the loading of cells on the quartz crystal
microbalance, after which they started to increase slightly over time due to the cell divisions
taking place into the measurement chamber. In addition to the contact of some cells with the

surface of the quartz crystal microbalance, as shown in Figure 4-5.
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Figure 4-4. Changes in resonance frequency and resonance resistance with respect to the
elapsed time of the experiment of adhesion of cultured cells to the surface of the quartz
crystal microbalance with the blank mode, seeding cell densities of 0.63 x 10° cells/mm?.

Figure 4-5. Changes in the cultured cells with respect to the elapsed time of the
experiment of adhesion of cultured cells to the surface of the quartz crystal
microbalance with the blank mode. (a) Result of cultured cells after 10 min of seeding
the cells, (b) result of cultured cells after 24 h of seeding.

55



4.3.4.2.3 Adhesion of cultured cells to the surface of the quartz crystal microbalance
with collagen

Figure 4-6 shows the changes in resonance frequency and resonance resistance with
respect to the elapsed time of the experiment of adhesion of cultured cells to the surface of the
quartz crystal microbalance with a collagen layer. Figure 4-6 shows the result when seeding
cells directly on the collagen layer as well as the result of seeding cells after 24 h of
measurement. After seeding the cells into the chamber, the resonance frequency decreased
greatly and the resonance resistance also increased due to the loading of cells on the quartz
crystal microbalance. Then, the resonance frequency began to decrease gradually over time due
to the partial adhesion to the surface. Then it continued to decrease as a result of cells
proliferation into the measurement chamber. In addition to its spread and adhesion to the
surface of the quartz crystal microbalance, which means that the cells adhered to the collagen

layer as shown in Figure 4-7.
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Figure 4-6. Changes in resonance frequency and resonance resistance with respect to the
elapsed time of the experiment of adhesion of cultured cells to the surface of the quartz
crystal microbalance with collagen, seeding cell densities of 0.63 x 10° cells/mm?.

Figure 4-7. Changes in the cultured cells with respect to the elapsed time of the
experiment of adhesion of cultured cells to the surface of the quartz crystal
microbalance with collagen. (a) Result of cultured cells after 10 min of seeding the cells,
(b) result of cultured cells after 24 h of seeding.
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4.3.4.2.4 Adhesion of cultured cells to the surface of the quartz crystal microbalance
with poly-L-lysine

Figure 4-8 shows the changes in resonance frequency and resonance resistance with
respect to the elapsed time of the experiment of adhesion of cultured cells to the surface of the
quartz crystal microbalance with a poly-L-lysine layer. Figure 4-8 shows the result when
seeding cells directly on the PLL layer as well as the result of seeding cells after 24 h of
measurement. After seeding the cells into the chamber, the resonance frequency decreased and
the resonance resistance also increased due to the loading of cells on the quartz crystal
microbalance. Then, the resonance frequency began to gradually decrease and the resonance
resistance increased over time and they kept increasing. The result of cells' increase, spread,
and adhesion to the surface, means that PLL is useful in the process of attaching cells to the

surfaces as shown in Figure 4-9.
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Figure 4-8. Changes in resonance frequency and resonance resistance with respect to the
elapsed time of the experiment of adhesion of cultured cells to the surface of the quartz
crystal microbalance with poly-L-lysine, seeding cell densities of 0.63 x 10° cells/mm?.

Figure 4-9. Changes in the cultured cells with respect to the elapsed time of the
experiment of adhesion of cultured cells to the surface of the quartz crystal
microbalance with poly-L-lysine. (a) Result of cultured cells after 10 min of seeding the
cells, (b) result of cultured cells after 24 h of seeding.
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4.3.4.2.5 Adhesion of cultured cells to the surface of the quartz crystal microbalance
with PNIPAM polymer
Figure 4-10 shows the changes in resonance frequency and resonance resistance with
respect to the elapsed time of the experiment of adhesion of cultured cells to the surface of the
quartz crystal microbalance with a PNIPAM polymer. Figure 4-10 shows the result when
seeding cells directly on the PNIPAM layer as well as the result of seeding cells over time to
measurement. After seeding the cells into the chamber, the resonance frequency decreased
slightly and the resonance resistance increased further due to the loading of cells on the quartz
crystal microbalance. Then, the resonance frequency began to slightly decrease gradually due
to the delay of cell adhesion to the surface while the resonance resistance increased over time
as a result of cells viscosity factor. This means that the response of the cell-binding process to
the PNIPAM polymer layer was delayed as shown in Figure 4-11, which I believe is due to the
thermal factors of the PNIPAM polymer.
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Figure 4-10. Changes in resonance frequency and resonance resistance with respect to
the elapsed time of the experiment of adhesion of cultured cells to the surface of the
quartz crystal microbalance with PNIPAM polymer, seeding cell densities of 0.63 x 103
cells/mm?,

Figure 4-11. Changes in the cultured cells with respect to the elapsed time of the
experiment of adhesion of cultured cells to the surface of the quartz crystal
microbalance with PNIPAM polymer. (a) Result of cultured cells after 10 min of seeding
the cells, (b) result of cultured cells after 24 h of seeding.
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4.3.4.2.6 Adhesion of cultured cells to the surface of the quartz crystal microbalance
with PLL on PNIPAM polymer

Figure 4-12 shows the changes in resonance frequency and resonance resistance with
respect to the elapsed time of the experiment of adhesion of cultured cells to the surface of the
quartz crystal microbalance with PLL on PNIPAM polymer. Figure 4-12 shows the result when
seeding cells directly on the layers as well as the result of seeding cells after 24 hours of
measurement. After seeding the cells into the chamber, the resonance frequency decreased and
the resonance resistance was also increased due to the loading of cells on the quartz crystal
microbalance. Then, the resonance frequency began to gradually decrease and the resonance
resistance increased over time, and it continued to increase more quickly than measurements
of the previous layers. The reason for this result is the increase of cells attachment and adhesion
to the surface after cells divisions, which means that the coated PNIPAM polymer with PLL
shows a high adherence layer that contributes to the attachment of cells to the surfaces as

evidenced by this measurement and the images in Figure 4-13.
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Figure 4-12. Changes in resonance frequency and resonance resistance with respect to
the elapsed time of the experiment of adhesion of cultured cells to the surface of the
quartz crystal microbalance with PLL on PNIPAM polymer, seeding cell densities of

0.63 x 10° cells/mm?.

Figure 4-13. Changes in the cultured cells with respect to the elapsed time of the
experiment of adhesion of cultured cells to the surface of the quartz crystal
microbalance with PLL on PNIPAM polymer. (a) Result of cultured cells after 10 min of
seeding the cells, (b) result of cultured cells after 24 h of seeding.
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4.3.5 Discussion

All of the measurements show the changes in the resonance frequency and the
resonance resistance in accordance to the elapsed time of the experiments of adhesion of
cultured cells to the surface of the quartz crystal microbalance with the ECM treated surfaces,
as well as the images of those measurements confirming proliferation and adhesion of cells to
those surfaces. The changes in both the resonance frequency and resonance resistance were
observed after cells seeding, and the response of the cells with the ECM over time was observed
through proliferation and adhesion as well as the differences in the increase in cell mass and
viscosity on the surface of the quartz crystal microbalance. This confirms the difference in the
response of the resonance frequency and the resonance resistance according to the difference
of the ECM treated surface on the quartz crystal microbalance.

PLL and collagen are widely used as ECM. PLL and ITO bind by ionic bonding
between the amino groups of PLL and the hydroxy groups on ITO. Meanwhile, collagen
molecules include amino acid residuals with amino groups that also ionically bond to the ITO
surface. PNIPAM covalently bonds to the hydroxy groups on the ITO surface because it is
triethoxysilane terminated. The CH3OH molecules were eliminated during the binding reaction.
The PLL coating on the PNIPAM surface can form hydrophobic bonds because PNIPAM is
hydrophobic at 37 °C [75].

To check the surface modification, the resonant frequency changes of PLL and
PNIPAM were measured before and after the modification. The typical resonant frequency
changes on the PLL and PNIPAM coatings were 53 Hz and 321 Hz in air, respectively. The
resonant frequency change of collagen, measured during modification in solution, was typically
103 Hz. The resonant frequency change of the PLL coating on PNIPAM, also measured during
modification in solution, was typically 13 Hz.

Figure 4-6 and Figure 4-8 show typical resonant frequency responses corresponding to
cell attachment to a collagen-coated surface and a PLL-coated surface, respectively. In the two
figures, the changes in frequency at 20 h are 1150 and 1380 Hz, respectively. The difference in
the frequency change values is 15%. Figure 4-10 shows a typical resonant frequency response
of the cell attachment to the PNIPAM-modified surface. The frequency change was 130 Hz at
20 h for the PNIPAM modified surface, which is 10 times smaller than the frequency changes
for the PLL- and collagen-modified surfaces. This small resonant frequency change is
attributed to the transverse vibration of the quartz crystal being damped in the PNIPAM layer.
I further investigated this possibility in an experiment where PLL was additionally coated onto

the PNIPAM, with the aim of checking whether the film was thick and unresponsive, the
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response was obtained by performing the experiment with PLL, so collagen was not tried. The
resonant frequency response of the cell attachment to the surface of PNIPAM with PLL is
shown in Figure 4-12. The resonant frequency changed 880 Hz at 20 h, indicating that the small
resonant frequency change for the PNIPAM-modified surface was caused by the interaction
between the cells and the PNIPAM surface.

As shown in Figures 4-6, 4-8, 4-10, and 4-12, the resonant resistance changes were
correlated with the resonant frequency responses of the PLL, PNIPAM, and PNIPAM with PLL
surfaces. These changes reflected the increasing viscous effect of the cells as the attachment
progressed. In contrast, the resonant resistance of the collagen surface changed scarcely,
possibly because the binding protein was more active on the collagen surface than on the other
surfaces. As the binding protein connects to the cytoskeleton inside the cell, its activity
increases the cell rigidity and decreases the effect of the viscous property of the cell.

Figure 4-5 (a, b) shows simultaneously obtained microscope images of cells with the
blank mode surface at 1 h and 24 h after the cells seeding in Figure 4-4. Figure 4-7 (a, b) shows
simultaneously obtained microscope images of cells on the collagen-coated surface at 1 h and
24 h after the cell seeding in Figure 4-6. Figure 4-9 (a, b) shows simultaneously obtained
microscope images of cells on the PLL-coated surface at 1 h and 24 h after the cell seeding in
Figure 4-8. Figure 4-11 (a, b) shows simultaneously obtained microscope images of cells on
the PNIPAM-coated surface at 1 h and 24 h after the cell seeding in Figure 4-10. Figure 4-13
(a, b) shows simultaneously obtained microscope images of cells on the PNIPAM-coated
surface at 1 h and 24 h after the cell seeding in Figure 4-12.

The resonant frequency change curves resulting from the cells attachment process were
analyzed by their fit to the model equation reported previously [47,48]. The model equation is
expressed by three factors affecting the resonant frequency change. The density of adherent
cells on the surface of a quartz crystal is one of these three factors, as cell numbers increase
with cells divisions. The second factor is the effective mass, which depends on its distance from
the quartz crystal, where the effect of mass appears with a delayed response of the first-order
to the process of cells binding. The third factor is the extent of the effect of cellular
communication resulting from cell-to-cell contact, as restricting their spread causes an effective
increase in mass because it limits their spread and maintains the height of cells. In addition, the
distribution of cells on the surface influences the initial difference of sedimentation.

I compared the differences among the curves by comparing the fitting parameters of the
equations. Figures 4-14 to 4-17 show the fitting results of the modeling curves calculated using

Microsoft Excel, where the calculation was carried out to obtain the maximum value of the
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determination coefficient R2. The determination factor was calculated by regressing the
experimental data against the data calculated using the modeling equation of the resonant
frequency change. The resulting correlation plot should be a straight line with a slope of 1.0
passing through the origin. The modeling curves well fit the experimental curves; the calculated
parameters are listed in Table 2.

In Figure 4-14, the curves for collagen show that the time constant for the first-order
lag response for the cell attachment (77) is 16 h, but in Figure 4-15, the curves for PLL show
that the time constant for the first-order lag response for the cell attachment (77) is 11 h. These
results indicate that the cell attachment process for collagen takes slightly longer than that for
PLL.
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-1500

0 6 12 18 24
Time (h)

Figure 4-14. The fitting curve of the collagen obtained using the modeling equation of
response curves of Figure 4-21.
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Figure 4-15. The fitting curve of the PLL obtained using the modeling equation of
response curves of Figure 4-23.
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Figure 4-16. The fitting curve of the PNIPAM obtained using the modeling equation of
response curves of Figure 4-25.
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Figure 4-17. The fitting curve of the PNIPAM with PLL obtained using the modeling
equation of response curves of Figure 4-27.
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Table 2. Parameters used for the modeling curves in Figures 4-14 to 4-17.

Curves n(0) T,(h) T, () (H;;e 1) p t, (h) t.(h) R?
Collagen 900 16 70 0.68 0.2 In(1) In(2) 0.9998
PLL 900 11 70 0.72 0.2 In(1.1) In(3) 0.9997
PNIPAM 650 38 65 0.12 0.2 1n(0.8) In(3) 0.9934
PN;P&M = 650 17 65 0.67 0.2 In(0.6) In(3) 0.9997

In Figure 4-16, for the cell attachment process for PNIPAM, the conversion factor K is
approximately six times smaller than that for PLL and collagen. This result means that the mass
loading effect is smaller in PNIPAM than in PLL and collagen.

In Figure 4-17, the case of PLL-coated PNIPAM, the obtained time constant (7;) was
17 h and the other parameters were similar to those for PLL and collagen. This result can be
explained on the basis of the differences between the microscope images of cells on collagen
and PNIPAM (Figure 4-7 (b) and Figure 4-11 (b), respectively). In the case of collagen (Figure
4-7 (b)), the widely spread cells on the surface provide a large mass effect because the mass
effect of the viscoelastic material depends on its distance from the quartz crystal surface. In the
case of PNIPAM (Figure 4-11 (b)), the cells are not as widely spread as those on PLL and
collagen, resulting in a smaller total resonant frequency change. This weak cell spreading on
PNIPAM results in a small total resonant frequency change. The value of time constant 77 for
PNIPAM was 38, which is triple as large as that for PLL. These results suggest that the
attachment strength of cells to the PNIPAM surface was low and that the cells attached weakly
onto the surface. The weak attachment strength of PNIPAM can be explained by the binding
mechanism.

In PLL, the amino residues are targeted by binding the protein or forming ionic bonds
with negatively charged molecules on the cell, whereas collagen includes amino groups in its
amino acid residues (e.g., 5S-hydroxylysine). In addition, the cell-binding proteins should have
an affinity to the peptide sequence of collagen. Ionic and hydrogen bonds form between
collagen and cells. On the contrary, the binding force of PNIPAM occurs by hydrophobic
bonding. When not bound to a surface, a cell is spherical because a sphere is the most stable
shape of a vesicle. When the binding strength is weak, the cell spreading cannot sufficiently

overcome the force to retain its spherical form.
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Figure 4-18 (a, b, c) shows a typical time course of the resonant frequency, resonant
resistance, and temperature, respectively, of a PNIPAM-coated quartz crystal during a
temperature cycle. Twenty-four hours after cell seeding, the temperature was lowered from 37
to 20°C; after the culture medium was replaced at the same temperature, the temperature was
increased from 20 to 37 °C. Replacement of the culture medium was intended to provide an
external force for detaching the PNIPAM film. The resonant frequency decreased during the
cell attachment process (step A in Figure 4-18) and further decreased when the temperature
was lowered to 20 °C (step B in Figure 4-18). The resonant frequency recovered when the
temperature was increased to 37 °C and gradually decreased with an elapsed time (step C in
Figure 4-18). The change in the resonant resistance of the quartz crystal was basically opposite
the change in the resonant frequency. The microscope images of cells on the quartz crystal
simultaneously obtained immediately before the temperature was lowered and immediately
after the medium was replaced and the temperature was increased show no obvious change so
they were not added. Replacing the medium apparently did not provide sufficient external force
to remove the cells, even at 20 °C.

To analyze the change in the process, I plotted the resonant resistance as a function of
the resonant frequency (Figure 4-18). In Figure 4-18 c, region A shows the initial cell
attachment process. In this region, the slope of the decrease in resonant frequency and that of
the increase in resonant resistance are almost constant. Region B corresponds to the
temperature decrease. In region B, the slope of the resonant frequency and resonant resistance
reflect the temperature change; that is, the viscosity of the medium increases with decreasing
temperature.

In Figure 4-18 c, point X and point Y corresponded before and after the temperature
cycle, respectively. After the temperature cycle, an increase in the resonance frequency and a
decrease in the resonance resistance were observed. When the temperature was cycling, the
interaction between cells and PNIPAM was temporarily weakened when the temperature was
lowered, while the process was the opposite when the temperature was raised. However, when
point X turns into point Y, this shows that the reverse process was not perfect. After increasing
the temperature to 37 °C, there is a change in the resonance frequency and resonance resistance
as shown in the region C in the (F — R) diagram. By comparing regions A and C, I find that the
resonant frequency of region C has shifted to higher values than that of region A. This shift
indicates an increase in the resonance frequency after the temperature cycle, due to the
weakening of the mass loading effect by the temperature cycle. This is explained due to

PNIPAM molecular brushes remain deformed after a temperature cycle.
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Figure 4-18. The typical time course of the cell reduction monitoring using the
PNIPAM-coated quartz crystal. (a) Resonant frequency and resonant resistance, (b)
temperature in the experiment, and (c¢) diagram of the resonant frequency and resonant
resistance during the temperature cycle.



Finally, I have developed a measuring system that includes quartz crystals and a
monitoring unit as well as a rapid temperature-control that can operate inside the CO2 incubator.
Cell adhesion and spreading on surfaces were monitored using three types of ECM, PLL,
collagen and PNIPAM, then, the results of that monitoring were compared using modeling
equations based on the response of the first-lag to curve fitting. These results also showed the
time constants of the first-lag response, which was 11 h for PLL, 16 h for collagen and 38 h for
PNIPAM. Through the results of the total resonance frequency change in the three coating
materials, it was found that PNIPAM is the smallest among those changes, due to the low
adhesion force between cells and the surface of PNIPAM. Microphotographs obtained at the
same time supported this speculation. The F-R schematic diagram of the PNIPAM thermal
cycle experiments showed the process of cells adhesion to the surface, as the strength of cells-
attached were decreased due to the heat cycle and the effect of the PNIPAM molecular brush
remained disturbed after the thermal cycle.

In fact, the number of cells is higher than the target cell concentration in some previous
experiments. This is because the cells are not mixed evenly in the medium due to insufficient
pipettes. Also, some of these experiences took place at varying lengths. This led to the repetition
of culturing the original cells with the aim of conducting more of these experiments,
consequently extending the life of these cells until they are used. This caused an increase in

their number and then poor visibility of all cells in the counting chamber during their counting.

71



Chapter 5: Evaluation and analysis of cell response to antitumor using
quartz crystal microbalance

5.1 Introduction

According to recent stastical data shown in Cancer Today, cancer is a leading cause of
death worldwide, accounting for nearly 10 million deaths in 2020 [76]. Cancer is a disease in
which some of the body’s cells grow uncontrollably and spread to other parts of the body, and
thus it can cause damage to some or all of the human body's systems, or even death. Therefore,
it is important to cure this disease.

In general, the primary goal of cancer therapy is to prolong the life span of patient.
Improving the patient's quality of life is also an important goal. Many cancers can be removed
if diagnosed early and treated appropriately [76]. Treatment usually includes radiotherapy,
chemotherapy, and/or surgery. Chemotherapy is one of cancer treatment that uses drugs to kill
cancer cells. Traditional chemotherapeutic agents kill cells that divide rapidly, a critical
property of most cancer cells and some of normal cells. Therefore, these treatments help you
fight a life-threatening disease.

Cisplatin, cisplatinum, or cis-diamminedichloroplatinum (II) is an antitumor that is
widely used in the treatment of cancerous tumors. It has been used to treat many human cancers
including head and neck, lung, bladder, ovarian, and testicular cancers. It is effective against
different types of cancers. It is generally considered a cytotoxic drug, as it has the ability to
cross-link with purine bases on DNA and Interfering with the mechanisms of DNA repair,
causing DNA damage and inhibiting its synthesis, thereby inducing apoptosis in cancer cells
[77].

In this thesis, I have developed a measurement system that allows live cell monitoring
cultured cells a CO; incubator. Using this system, I monitored and analyzed cell response to
antitumor using quartz crystal microbalance. This is to understand the effects of chemical
stimuli and stress and to analyze the physical properties of cells according to the reversals of
the state of the cytoskeleton and the state of activity as a result of exposure to such antitumor.
This is also studied by fitting curves of the model equations onto the experimental curves of

the resonant frequency change. It will also appear in the content of this chapter.

5.2 Purpose
In this chapter, I monitor the life and death process of cultured cells as a result of their

antitumor response using quartz crystal microbalance, in addition to the analysis of apoptosis
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based on the measurement results. The process of cells attachment to surfaces as well as the
response to the antitumor reagent cisplatin were studied using the fitting of model equations
curves on the experimental curves of the resonance frequency change. Also their response were
explained by building response model equations and defining the parameters of the equations.
The purpose is to comprehensively understand the response of cells with antitumor drugs by
measuring using quartz crystal microbalance, therefore to be able to analyze their response to

the drugs.

5.3 Experimental instruments/reagents

The experimental equipment and reagents used in this experiment are shown below:

Experimental instruments

* Developed experiment device (Figure 3-1)

* COgz incubator (temperature 37 °C, CO2 concentration 5%)
* Crystal oscillator chemical measurement system QCA922
* Peltier device controller

* Camera/light switch

* Focus controller

+ Computer

* Measurement software

(WinQCM (Seiko EG & G), USB Video Selector & Capture (laboratory original)) and

thermal control & adjustment program using Visual Basic

* Centrifuge

* Gas burner

* Hemocytometer (counting chamber)

* Culture petri dish (100 mm/Collagen-Coated Dish)

15 mL tube centrifuge tube
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* Electric pipettor

* Pipette (2 mL, 5 mL)

* Micropipette (20 pnL, 200 nL, 1000 pL)

* Chip (20 puL, 200 pL, 1000 uL)

* Driver

* Quartz crystal microbalance (ITO electrodes)

* Measurement cell (attached: O-ring, screw)

Reagents

* DMEM medium (with FBS, Antibiotic-Antimycotic, Amphotericin B solution)
* Trypsin

- PBS

* HepG2 cells

* Poly-L-lysine (PLL)

* Cisplatin

* Ethanol 76.9-81.4%

* Acetone 99.8%

+ Sterilized water

5.4 Experiments

Before the measurement, the measurement cell for the crystal unit was assembled.
Figure 3-12 shows a photograph of the measurement cell parts and quartz crystal microbalance,
and Figure 3-13 shows the procedure after they are collected in the measurement cell. The
target cells' concentration in these experiments was 0.63 x 10° cells/chamber. Experiments to
evaluate and analyze the cell response to antitumor were performed using quartz crystal

microbalance with poly-L-lysine (PLL), and then the results of the cells' response to the
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antitumor were described.

5.4.1 Cisplatin

A drug effect evaluation trial was conducted using cisplatin. The cell concentration was

0.63 x 10° cells/mm?, and the final cisplatin concentration was 83.3 uM and 16.7 uM. The

procedure of the experiment is shown below.

5.4.2 Evaluation and analysis of cells cultured under cisplatin

1.

The quartz crystal microbalance was integrated into the measuring cell and washed
with sterile water.

The measuring cell was connected to the experiment device by QCA multiplier in the
incubator, the measuring program “WinQCM” was started, and the measuring cell was
allowed to stand about 1 to 2 h until the resonant frequency and resonant resistance
became stable.

60 uL of PLL (100 uL/mL) was added dropwise to the measurement cell for surface
treatment on the crystal unit substrate.

After 1 h of adding PLL, the PLL was removed with 100 uL of added PBS and gently
removed to wash the surface of the quartz crystal microbalance, and then 200 pL of
medium was added dropwise, and the mixture was allowed to stand for 2 h.

After culturing the HepG2 cells, the cells were seeded into the measurement cell at
the target concentration.

After 10 min of seeding the cells into the measuring cell, the “USB Video Selector &
Capture” turned on, and then CMOS camera focus was set, after which cells were
imaged at 30 min intervals.

Once imaging was completed after 24 h, the target concentration of cisplatin was
added dropwise.

The measurement was completed approximately 72 h after seeding the cell.

5.4.3 Response analysis setting items for cisplatin

Table 3 shows the setting items for drugs response analysis. In the response analysis of

cells with antitumor drugs, Excel VBA is used based on the measurement data to obtain the

values of these items so that the coefficient of determination of the measurement curve and the

model curve is maximized by fitting curves of model equations to the experimental curves of

the resonant frequency change as mentioned in Section 2.3.
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Table 3. Setting items for drugs response analysis.

Time constant 1 7; (h)
Doubling time 7, (h)
Number of cells n,

Basic mass coefficient K (Hz/cell)

Initial adhesion mass coefficient f

Initial adhesion average time £, (4)

Initial adhesion standard deviation £, (h)

Average response time 1 7,,; (h)
Standard deviation 1 £; (h)
Cell viability
Addition time ;,,; (h)
Mass coefficient 1 k;

Average response time 2 7, (h)
Standard deviation 2 7, (h)
Mass coefficient 2 k,

5.5 Results and discussion
5.5.1 Results and discussion of evaluation and analysis of cells cultured

under cisplatin

Figure 5-1 shows the changes in resonance frequency and resonance resistance with
respect to the elapsed time of a cisplatin measurement experiment at a concentration of 16.7
uM. Figure 5-2 shows the diagram of the resonant frequency and resonant resistance for the
same experiment. Also, changes in the cultured cells with respect to the elapsed time of the
cisplatin measurement experiment at a concentration of 16.7 uM are shown. The figure shows
(a) the result of cultured cells after 10 min of seeding the cells, (b) the result of cultured cells
after 24 h of seeding, (c) the result of cultured cells after 24 h after adding of cisplatin, (d) the

result of cultured cells after 72 h after adding of cisplatin.
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Figure 5-1. Changes in resonance frequency and resonance resistance with respect to the
elapsed time of a cisplatin measurement experiment at a concentration of 16.7 pM,
seeding cell densities of 0.63 x 10° cells/mm?.
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Figure 5-2. The diagram of the resonant frequency and resonant resistance of a cisplatin
measurement experiment at a concentration of 16.7 pM.
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Figure 5-3. Changes in the cultured cells with respect to the elapsed time of the cisplatin
measurement experiment at a concentration of 16.7 pM. (a) Result of cultured cells after
10 min of seeding the cells, (b) result of cultured cells after 24 h of seeding, (c) result of
cultured cells after 24 h after adding of cisplatin, (d) result of cultured cells after 72 h
after adding of cisplatin.
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Figure 5-4. The fitting curve of the cisplatin obtained using the modeling equation of

78



response curves of Figure 5-1 at cisplatin concentration of 16.7 pM.

Figure 5-5. Illustration of the cell morphology change in the cell attachment process.

Table 4. Parameters used for the modeling curves in Figure 5-4 at cisplatin

concentration of 16.7 pM.

Curves n(0) T,(h) T, (h) K (Hz/cell) p t, (h) t.(h)
16.7 pM 460 12 65 0.82 0.2 In(2.8) 1n(3)

83.3 M 510 8.5 65 0.75 0.2 In(2.8) In(3)
Curves Y k; t,: (h) t; (h) k, t,.(h) t, (h) R’
16.7 pM 0.2 0.66 In(12) In(2.2) 0.7 In(54) In(1.25) 0.9989
83.3 M 0.1 0.66 In(12.5) In(4.2) 0.7 In(64) In(1.4) 0.9989

When the measurement was made, several changes in the structure of cells over time,
which were observed through the microscopic images obtained in conjunction with the
measurement, as the cells began to shrink until they reached the stage of atrophy with the stop
proliferation and spread, and they appear in black. This reason is attributed to programmed
death or necrosis as cells are known to die as a result of their response to the antitumor drug
[78, 79, 80, 81, 85, 86]. These changes correspond to the amount of changes in the resonant
frequency, from which the amount of change is analyzed and the rate of cell death vy is
determined.

Figure 5-2 shows the result of the resonant frequency-resonant resistance plot of cells
after exposure to cisplatin. In the (part A), refers to the process of cells adhesion, in which the

resonance frequency was decreased and the resonance resistance increased, this change
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corresponds to the change in cells morphology as in Fig. 5-3(a, b). In particular, the resonance
resistance showed a sharp increase in the initial part of the Al part, due to the shift of cells
from the spherical phase in the initial state (part A1) to the viscous, rubbery phase as seen in
(part A2). This change is consistent with the change in cells adhesion reported in the literature
[20,43,44]. In contrast, in the first half of the cell response to cisplatin as seen in (Part B), the
change was partially reversed than in (Part A2). This change also corresponds to the change in
the morphology of the cells as in Figure 5-3(b, c), this change indicates that there are many
cells transformed into a spherical state while retaining their viscosity and flexibility. This
change is consistent with the cell removing process reported in the literature [44], but the
amount of change is lower than in the case of the literature [44], in which cells are still adherent
to the ECM. In the last step (part C) the curve shows a decrease in the resonance frequency and
almost no change in the resonance resistance, this change corresponds to the morphological
changes of the cells in Figure 5-3(c, d). This change is due to an increase in the mass factor on
the QCM surface due to the cellular decrease due to apoptosis and solidification of its
molecules.

This can be explained by damage to the cells membranes, which led to the leakage of
fluids inside the cells, and thus their particles became nearly semi-solid. In general, the cells
remain attached to the QCM surface by the ECM. Basically, the response of cells to cisplatin
can be understood as a cell necrosis or apoptosis reaction, since cisplatin binds to DNA in cells
and thus disrupts cells generation leading to cells death [78—80]. The process of apoptosis is
related to the cell cycle. Although the response of cells to cisplatin stresses is expected to be a
first-order delay response, thus the frequency-change curve cannot be fitted through a first-
order lag curve only. Cisplatin diffuses into the cell very rapidly [81]; therefore, the response
does not appear to occur via the rate-controlling step. Namely, the response curve can be
explained by the sum of different cells responses resulting from cell cycle shifts. Figure 5-4
shows the obtained modeling curve. The modeling curve corresponds well to the experimental
data.

Table 4 shows the determined parameters of the modeling curves which were obtained
from Figure 5-4. Through the parameters of Table 4 T;, 1>, Ko, p, tm, and ¢, it is clear that
attaching cells is not much different from the parameters of Table 2 in Chapter 4. In parameters
of cell response to cisplatin, the survival rate is estimated as 0.2 when the cisplatin
concentration is 16.7 pumol/L while it is estimated as 0.1 when the cisplatin concentration is
83.3 umol/L. The survival rate in the reference literature [82, 83] was 0.1 to 0.9 from 10 to 150

umol/L cisplatin. The survival rate I obtained in our analysis does not appear to be very
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different from the values found in the literature, due to the variability of the rate by
determination methods [86]. The reaction time course has not been extensively studied with
traditional experimental methods and techniques, so QCM technique is an effective way to
study the mechanism of drugs action. In Table 4, the first response parameters, ¢tm;, and
standard deviation, zs;, are shown to be similar for both concentrations, as for the second
response parameters, the tm> value for a concentration of 16.7 pmol/L of cisplatin is smaller
than the concentration value of 83.3 pumol/L. It is possible that these values are within the
variable if the value of #m> does not depend on the concentration of cisplatin.

The obtained k; value is shown in Table 4 as 0.66 for the amplitude of the first response
to cisplatin. This indicates a 66% decreasing mass effect in cells during the reverse process of
cells attachment from the attached state. For the second response to cisplatin, the k> value

obtained was 0.7. This indicates a 70% mass increase by contraction effect in the cells.

5.5.2 Simulation of responsive curve

When apoptosis begins, the frequency begins to change and this change increases with
increasing cell death. By this change, the amount of cell death can be calculated which is
obtained by survival rates y. The response time for the antitumor reagent is calculated by
simulation curves of the resonant frequency change for the cell response to cisplatin when
cisplatin is injected 24 hours after seeding the cells, the survival rates are y =0, 0.25, 0.5, 0.75,
1, with which I can evaluate the antitumor reagent as Figure 5-6.

In future applications, it is possible that our obtaining the cell death ratio from the
response curve will be useful in evaluating the effects of drugs. Using the other parameters, it
is possible to simulate the response curve as a function of cell density and survival rate, in
addition to using typical values of the parameters I was able to simulate response curves for

several survival rates as in Figure 5-6.
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Figure 5-6. The curves simulate the change in resonant frequency of the cell response to
cisplatin when cisplatin was injected 24 h after cell transplantation, survival rates are y
=0, 0.25, 0.5, 0.75, 1.

82



Chapter 6: Conclusions

In this thesis, a new quartz crystal microbalance system has been developed which is
considered the first method in the world. This system supports the previous methods, but uses
QCM measurement technology and a micro-CMOS camera simultaneously with a model for
analysis. In addition, it works with easy and low cost applications and gives quick results
without exposure to experiments on humans or animals. This system can help in studying and
evaluating some drugs or toxins on cultured cells and conducting preliminary tests on them in
simple and quick ways, and knowing their effectiveness before applying them directly to
humans or animals.

Through this system, to analyze the results and determine the relationship between the
change of resonant frequency and the cell number on a QCM, the cell-cell interaction model
has been proposed using the binomial equation to determine the relationship between the
resonance frequency change and the number of cells on the QCM. In the proposed equation the
variable mass ratio was 1.75, and the close contact probability 1/2400, which was determined
to correct the resonance frequency modeling curves of the experimental results obtained. For
the cell attachment process, a first-order lag response model for cell attachment was also
proposed, and cell generation was also considered. The generation time T2 = 65 to 70 h, and
the constant response time T = 8.5 to 16.5 h were calculated. In addition, two steps of cell
response to cisplatin were observed, and log-normal distributions were applied to match both
steps. The measured curves and the modeling curves are in good agreement with the two
cisplatin concentration results. By fitting results, I obtained survival rates of 0.1 and 0.2 when
the cisplatin concentrations were 83.3 and 16.7 pmol/L, respectively.

The results showed that QCM could be used to monitor and analyze the physical and
morphological changes of cells. Through this system, chemical stresses applied directly to cells
can be monitored and their effect analyzed, which helps in understanding their mechanism of
action. It was found through previous experiments that:

1) Cell attachment onto the QCM surface.
2) Cells adhere to the surface.
3) Shrinkage and decrease in cell size when cisplatin is added.

For the cell attachment onto the QCM surface, when cells were seeded on the surface
treated with ECM, it was confirmed that the cells were attached to the QCM surface over time
of measurement. This was observed by the resonance frequency results and micrographs.

For cell adhered to the surface, all of the measurements show the changes in both the

resonance frequency and the resonance resistance were observed after cells seeding and

83



attached to the QCM surface, the response of the cells with the ECM over time was observed
through proliferation and adhesion as well as the differences in the increase in cell mass and
viscosity on the surface of the QCM. This system was able to confirm the difference in the
resonant frequency response and the resonant resistance according to the difference of the
ECM-treated surface on the QCM. It can therefore help to study and evaluate different types
of ECM and understand their mechanism of action, thus contributing to new diagnoses and
potential therapeutic targets.

When cisplatin was added to cells, the micrographs showed shrinkage and decrease in
cell size over time. Shrinkage and decrease in cell size on the surface is the typical cell-death
process. These results found through the microscope image and QCM resonance frequency
data. The images showed a typical cell-death process, in which surface adhering cells shrink
and decrease, these results are consistent with changes in resonance frequency. This system
was also able to monitor the life and death of programmed cells. It can help in studying and
evaluating some drugs or toxins on cultured cells, and knowing their effectiveness without
applying them directly to humans or animals.

I expect that more future additional experiments will provide information regarding the
dependence of response model parameters on cisplatin concentration. It is necessary to work
on improving the response model to be able to obtain a better fit through future studies and

applying it in evaluating the effects of drugs or toxins on cultured cells.
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Appendix 1:

Operation manual for sputtering equipment (CFS-4ES)

1 Outline of the device
1-1 Front view of sputtering equipment
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Figure 1-1 Front view of CFS-4ES.
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1-2 Front view of RF power supply
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Figure 1-2 Front view of RF power supply.

2 Operation method
2-1 Start of exhaust system

(D Open the water supply valve (0.2 to 0.3 MPa) and supply cooling water to the device.

(2) Turn on the power breakers on the wall surface (two places) to supply power to the device.
@ Pull-out valve (Fig. 1-1 ®), auxiliary valve (Fig. 1-1 ®), roughing valve (Fig. 1-1 (D),
chamber leak valve (Fig. 1-1 0), gas introduction valve (Fig. 1-1 D), after confirming that the
rotary pump leak valve (Fig. 1-1 @) and turbo pump leak valve (Fig. 1-1 (9) are all closed,
turn on the power breaker (Fig. 1-1 (D) of the device. .. (The power POWER lamp (Fig. 1-1
(2)) lights up).

(@) When the rotary pump switch (Fig. 1-1 ) is turned on, the lamp lights up.

(5 When the operating noise stabilizes, open the auxiliary valve and exhaust the turbo pump.

Note) Before turning on the turbo pump, turn on the turbo pump OK (Fig. 1-1 ®) Lamp lights
up to confirm. If the turbo pump ON OK lamp does not light, check the following items.

@ Is cooling water flowing in the turbo pump?

(2) Is setting 1 of PG2 (Pirani vacuum gauge (Fig. 1-1 02)) turned on?

Note) When turning on the turbo pump, make sure that the internal pressure of the pump is 100
Pa or less.

(©® After confirming the above precautions, turn on the turbo pump switch (Fig. 1-1 @).

Make sure the turbo controller display is LOCAL and press START.
% When the number of revolutions exceeds 800 rpm, the exhaust system is ready.
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2-2 Sample installation

(1) Make sure the Pull-out valve and roughing valve are closed.

(2) Open the main plug of the N2 gas cylinder and adjust the gas pressure to 0.1 MPa with a
regulator.

(@ Open the chamber leak valve and let N2 gas flow.

When you hear the gas leaking, close the chamber leak valve.

% Atmospheric pressure inside the chamber allows samples to be taken in and out.

(@ Attach the sample to the holder and close the lid.

2-3 Vacuum tank exhaust

D Close the auxiliary valve and open the roughing valve.

When the inside of the vacuum chamber is exhausted and becomes 2 KPa or less, the pointer
of the Pirani vacuum gauge starts to move.

PG1 exhaust (inside the chamber) lights up when SET1 is (about 100Pa).

Note) If the degree of vacuum does not rise, press the lid of the vacuum chamber for a few
seconds.

() Wait for a few minutes after SET1 of PG1 lights up.

Then close the roughing valve and open the auxiliary valve.

* The reason why the roughing valve is not closed immediately is that gas is released from the
vacuum chamber and the sample.

(@ After confirming that the turbo pump ON OK lamp is lit and that the rotation speed of the
turbo controller has reached 48000 rpm, open the main valve.

@ Turn on the POWER of the ionization vacuum gauge IG1 (Fig. 1-1 @3), and turn on Filament
(green button) after the change in the numerical value has subsided.

* If an error occurs, press OFF (red button) once, and then press ON again.

(® Wait until the pressure drops below 3x107 Pa. (15-20 minutes)

(©® Turn off Filament when it becomes 3x10-3 Pa or less.
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2-4 RF sputtering

Target Membrane formation Gas used (introduction
rate [nm/min] amount)
Ti 3.50
Cr 7 Ar (21.0)
Au 20.5
S{Oz : Ar (21.0)
e = 02(0.20)
ITO 10 .

(D Open the main plug of the gas cylinder according to the target to be used, and adjust the gas
pressure with the regulator. (Both pressures are 0.25 to 0.30 MPa)

@ Open the gas introduction valve and turn the knob of the mass control box to adjust the
amount of gas introduced.

(@ After adjusting the gas introduction amount, turn on the Filament of IG1 and wait for a few
minutes until it stabilizes at a vacuum degree of about 0.5 to 0.6 Pa.

Note) When flowing O2, immediately after checking the degree of vacuum to protect the
Filament.

Turn off Filament and perform subsequent operations with Filament OFF.

@ Turn the P-GUN cooling water valve (Fig. 1-1 (0)) at the bottom left of the front of the
device upward on both the left and right sides. This prepares the target for cooling water. (Water
does not flow unless the SPUTTER INTERLOCK OK switch is pressed)

(® The chamber cooling water valve (Fig. 1-1 o 51) and the etching table cooling water valve
(Fig. 1-1 o 52) also flow cooling water upward on both the left and right sides.
Note) Be sure to check if the pressure of the cooling water has dropped. (0.2-0.3 MPa)

® Press and hold the SPUTTER INTERLOCK OK switch (Fig. 1-1 @) to turn on the lamp.

Note) If the lamp does not light up, check the following items.

(D Is the cooling water flowing sufficiently?

@ Is the safety cover firmly attached?

(7) Target selection Select the target number for RF sputtering with the shutter and P-GUN
switch.

Note) When changing the target number with the P-GUN switch, be sure to pull the handle
toward you before rotating it. If you rotate it forcibly, the shaft will be damaged.

Turn on JIG ROTATION and set the rotation speed to 20 rpm.

© Adjust MATCHING and TUNING. (Refer to the magnet sheet for the value)

Turn on the POWER switch of the RF power supply (Fig. 1-1 o 60).

@ When the RF ON switch (Fig. 1-1 o 61) is pressed, the ON lamp lights up and the RF power
supply oscillates.

@2 Turn the POWER CONT (Fig. 1-1 o 62) dial to set FORWARD POWER to about 30W, and
press the SPUTTER INTERLOCK OK switch. The glow starter lights up and discharge starts.
Confirm that REFLECTED POWER becomes O.

% [f REFLECTED POWER does not reach 0 (discharge does not start), refer to "3 Supplement".
@ Turn the POWER CONT dial to set it to the specified value. (100 W)
Rematch so that REFLECTED POWER is minimized.
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(FORWARD POWER: REFLECTED POWER = 10: 1 or less)
@ Set the SPUTTER TIMER (Fig. 1-1 @) according to the target film thickness.

Turn the shutter open / close knob (Fig. 1-1 30) to open the shutter.

Start sputtering.

@ Immediately turn on the switch of SPUTTER TIMER.

When the sputtering is completed and the buzzer sounds for a few seconds, close the shutter.
Turn off the IG1 Filament and turn off the IG1 power.

Turn off JIG ROTATION, stop the rotation of the jig, and return the rotation speed dial to 0.

@) Return the POWER CONT dial to 0.

22 Close the gas introduction valve. Twice

% When performing continuous sputtering work, repeat the operations of "2 Operation
method" 2-3 to 2-5 as necessary.

When performing continuous sputtering by switching only the target: 2-4 — 2-4 — 2-5

When performing sputtering again after exchanging the sample: 2-4 — 2-5 — 2-3 — 24 —
2-5

% If you do not want to perform continuous sputtering, return the dial to 0 with @D and then
turn off the main power of the RF device.
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2-5 Leakage in vacuum tank, sample removal

D Close the main valve.

@ Open the chamber leak valve and let N2 gas flow.

(3@ Take out the sample when the vacuum chamber reaches atmospheric pressure.

* When performing sputtering again, attach the sample to the holder and close the lid.

2-6 Stopping the device

(D Perform the operation of "2-3 Exhaust of vacuum chamber (page 97)" to exhaust the
inside of the vacuum chamber.

@ Turn off the POWER of IG1.

(@ Close the main valve.

@ Press STOP on the turbo controller and wait until the turbo pump stops. (About 5 minutes)
(® After stopping the turbo pump, close the auxiliary valve.

(® Turn off the turbo pump switch.

(@ Open the turbo pump leak valve (Fig. 1-1 @®) and introduce N2 gas into the turbo pump.
After about 20 seconds, close the turbopump leak valve.

Turn off the rotary pump switch.

@ Open the rotary pump leak valve and introduce N2 gas into the rotary pump. After about 10
seconds, close the turbopump leak valve.

Make sure that all valves are completely closed and all pumps are turned off, and then turn
off the power breaker of the device.

@ Close the main plug of the used gas (N2, Ar, O2).

@2 Close the P-GUN cooling water valve, chamber cooling water valve, and table cooling water
valve, and close the main cooling water valve.

@3 Turn off the power breaker on the wall.
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3 Supplement

3-1 When discharge does not start in 2 of "2-4 RF sputtering"

(D Press the SPUTTER INTERLOCK OK switch at the same time as opening the shutter, and
close the shutter immediately. If the discharge still does not start, perform @).

@ Close the gas introduction valve once, wait for a few seconds, and then open the gas
introduction valve again.

3-2 Processing at the time of power failure

D Close the main valve.

@ Close the gas introduction valve.

(@ Close the auxiliary valve and roughing valve.

(@ Turn off the switches of the rotary pump and turbo pump.
(® Wait until the turbo pump stops. (About 10 minutes)

® Open the turbo pump leak valve.

(@ Open the rotary pump leak valve.

3-3 Target replacement procedure * Be sure to turn off the power.

(D Turn the P-GUN cooling water valve downward. (Cooling water in the target is discharged)
(2) Open the main plug of the N2 gas cylinder and adjust the gas pressure to 0.1 MPa with a
regulator.

(@ Open the chamber leak valve and let N2 gas flow.

When you hear the gas leaking, close the chamber leak valve and open the sample chamber.
(@ Remove the cover on the main valve and cover it with aluminum foil to prevent water from
entering.

(® Remove the shutter, shutter plate, anode, and target in this order with a hexagon.

® If there is dirt, wipe it off with alcohol and reapply grease to the O-ring.

(@ Reassemble in order.

Install the shutter at a position slightly away from the shutter plate.

Please note that the shutter cannot be opened and closed smoothly if they are in close contact
with each other.

Don't forget to change the target display magnet.
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ITO Film transmittance results
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(a) ITO Film transmittance results, the condition of spattering when 400
W, A0 when no film.
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(b) ITO Film transmittance results after heat treatment , the condition of
spattering when 400 W and the heat treatment temperature when Al:

200°C, A2: 120°C, A3: 160°C, A0 when no film.
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(¢) ITO Film transmittance results, the condition of spattering when 300 W,
A0 when no film.
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(d) ITO Film transmittance results after heat treatment , the condition of
spattering when 300 W and the heat treatment temperature when Al:

200°C, A2: 120°C, A3: 160°C, A0 when no film.
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Appendix 3:

Experimental procedures for consideration to using quartz crystal microbalance with

ECM:

1. Experimental procedure for consideration to using quartz crystal microbalance with

only a culture medium

1.

The quartz crystal microbalance was integrated into the measuring cell and washed with
sterile water.

The measuring cell was connected to the experiment device by QCA multiplier in the
incubator, the measuring program “WinQCM” was started, and the measuring cell was
allowed to stand about 1 to 2 h until the resonant frequency and resonant resistance
became stable.

After resonant frequency and resonant resistance became stabled, 200 puL of the medium

was added dropwise and the measurement was allowed to complete about 24 h.

2. Experimental procedure for the adhesion of cultured cells to the surface of the quartz

crystal microbalance with the blank mode

1.

The quartz crystal microbalance was integrated into the measuring cell and washed with
sterile water.

The measuring cell was connected to the experiment device by QCA multiplier in the
incubator, the measuring program “WinQCM” was started, and the measuring cell was
allowed to stand about 1 to 2 h until the resonant frequency and resonant resistance
became stable.

After two hours, 200 puL of the medium was added dropwise, and the mixture was
allowed to stand for two hours.

After culturing the HepG2 cells, the cells were seeded into the measurement cell at the
target concentration.

After 10 minutes of seeding the cells into the measuring cell, the “USB Video Selector
& Capture” turned on, and then CMOS camera focus was set, after which cells were
imaged at 30 min intervals.

The measurement was completed approximately 72 h after seeding the cell.
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3. Experimental procedure for the adhesion of cultured cells to the surface of the quartz

crystal microbalance with collagen

1.

The quartz crystal microbalance was integrated into the measuring cell and washed with
sterile water.

The measuring cell was connected to the experiment device by QCA multiplier in the
incubator, the measuring program “WinQCM” was started, and the measuring cell was
allowed to stand about 1 to 2 h until the resonant frequency and resonant resistance
became stable.

100 pL of collagen solution was added dropwise to the measurement cell for surface
treatment on the crystal unit substrate.

After 1 h of adding collagen solution, the collagen solution was removed with 100 pL
of added PBS and gently removed to wash the surface of the quartz crystal
microbalance, and then 200 pL of medium and cells at target concentration were added
dropwise into the measuring cell.

After 10 min of seeding the cells into the measuring cell, the “USB Video Selector &
Capture” turned on, and then CMOS camera focus was set, after which cells were
imaged at 30 min intervals.

The measurement was completed approximately 72 h after seeding the cell.

4. Experimental procedure for adhesion of cultured cells to the surface of quartz crystal

microbalance with poly-L-lysine

The quartz crystal microbalance was integrated into the measuring cell and washed with
sterile water.

The measuring cell was connected to the experiment device by QCA multiplier in the
incubator, the measuring program “WinQCM” was started, and the measuring cell was
allowed to stand about 1 to 2 h until the resonant frequency and resonant resistance
became stable.

60 pL of PLL (100 uL/mL) was added dropwise to the measurement cell for surface
treatment on the crystal unit substrate.

After 1 hour of adding PLL, the PLL was removed with 100 uL of added PBS and gently
removed to wash the surface of the quartz crystal microbalance, and then 200 pL of
medium was added dropwise, and the mixture was allowed to stand for 2 h.

After culturing HepG2 cells, cells were seeded into the measurement cell at the target

concentration.

106



After 10 minutes of seeding the cells into the measuring cell, the “USB Video Selector
& Capture” turned on, and then CMOS camera focus was set, after which cells were
imaged at 30 min intervals.

The measurement was completed approximately 72 h after seeding the cell.

5. Experimental procedure for the adhesion of cultured cells to the surface of the quartz

crystal microbalance with PNIPAM polymer

1.

The quartz crystal microbalance was integrated into the measuring cell and washed with
sterile water.

The measuring cell was connected to the experiment device by QCA multiplier in the
incubator, the measuring program “WinQCM” was started, and the measuring cell was
allowed to stand about 1 to 2 h until the resonant frequency and resonant resistance
became stable.

To form a PNIPAM film, the measurement was paused and the quartz crystal was
removed from the measurement cell, after which the quartz crystal was washed with
methanol for 10 minutes and heated at 150 °C for 30 min, after which its surface was
treated with PNIPAM — triethoxysilane 5% — in methanol for 10 min. After heating the
crystal at 150 °C for 60 min, its surface was rinsed with distilled water. The crystal was
then heated again at 150 °C for 30 min.

After the PNIPAM film was formed, the quartz crystal was returned to the measuring
cell, the measurement was continued after being paused, the measuring cell was
allowed to stand for 2 h, after which 200 pL of the medium was added dropwise, and
the mixture was left for 2 h as well.

After culturing HepG2 cells, cells were seeded into the measurement cell at the target
concentration.

After 10 minutes of seeding the cells into the measuring cell, the “USB Video Selector
& Capture” turned on, and then CMOS camera focus was set, after which cells were
imaged at 30 min intervals.

In a cell reduction monitoring experiment, the temperature was lowered from 37 °C to
20 °C for half an hour, after which the temperature was raised to 37 °C.

The measurement was completed approximately 72 h after seeding the cell.
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6. Experimental procedure for the adhesion of cultured cells to the surface of the quartz

crystal microbalance with PLL on PNIPAM polymer

1.

The quartz crystal microbalance was integrated into the measuring cell and washed with
sterile water.

The measuring cell was connected to the experiment device by QCA multiplier in the
incubator, the measuring program “WinQCM” was started, and the measuring cell was
allowed to stand about 1 to 2 h until the resonant frequency and resonant resistance
became stable.

To form a PNIPAM film, the measurement was paused and the quartz crystal was
removed from the measurement cell, after which the quartz crystal was washed with
methanol for 10 min and heated at 150 °C for 30 min, after which its surface was treated
with PNIPAM — triethoxysilane 5% — in methanol for 10 min. After heating the crystal
at 150 °C for 60 min, its surface was rinsed with distilled water. The crystal was then
heated again at 150 °C for 30 min.

After the PNIPAM film was formed, the quartz crystal was returned to the measuring
cell and connected to the experiment device by QCA multiplier in the incubator, the
measurement was continued after being paused, the measuring cell was allowed to stand
for 2 h, after which 200 pL of the medium was added dropwise, and the mixture was
left for 2 h as well.

To form a PLL film, 50 uL of PLL (100 puL/mL) was added dropwise to the
measurement cell for surface treatment on the PNIPAM film.

After 1 hour of adding PLL, the PLL was removed with 100 puL of added PBS and
gently removed to wash the surface of the quartz crystal microbalance, and then 200 pL
of medium was added dropwise, and the mixture was allowed to stand for 2 hours.
After culturing HepG2 cells, cells were seeded into the measurement cell at the target
concentration.

After 10 min of seeding the cells into the measuring cell, the “USB Video Selector &
Capture” turned on, and then CMOS camera focus was set, after which cells were
imaged at 30 min intervals.

The measurement was completed approximately 72 h after seeding the cell.
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