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ABSTRACT

Microfluidic System Development for Detection of Single-Cell

Mechanical Properties

Gizem AYDEMIR

Department of Mechatronics Engineering

Master of Science Thesis

Advisor: Asst. Prof. Dr. Huseyin UVET

Co-advisor: Prof. Dr. Ali KOSAR

This thesis aims to microfluidic systems have been developed to determine the
mechanical properties of cancer cells and healthy cells as a single cell with a
holographic imaging technique. The most important innovations brought by
microfluidic chips are that they can perform many operations at the same time,
cell separation processes, and the microchannels can be continuously identified
and followed. They also provide a suitable environment for processing and
analyzing cells in a narrow and restricted area. Therefore, the use of microfluidic
chip applications in processes such as analysis, evaluation, replication on cells has
become widespread. In the microfluidic systems developed within the scope of the
thesis PDMS based microchips are produced and designed as a platform in which
microchannels are contained, the cells can be immobilized individually and
exposed to acoustic effects. HCT-116 (Colon Cancer), ONCO-DG-1 (Ovarian

Cancer), MDA-MB-1 (Mammary Cancer) were chosen as the appropriate cancer

xvii



cell line and HUVECs (Human Umbilical Vein Endothelial Cells) selected as a
healthy cell line for the experiments. First of all, a microfluidic system has been
developed in which cells can be controlled. In order to control microfluidic
systems, the flow must also be controlled. For this reason, a flow rate in the
microfluidic system was measured by developing a micro-flow sensor based on
diamagnetic levitation. Thanks to this developed sensor, optimum values were
determined in the micro-flow system for cell culture studies. Afterward, ultrasonic
transducers were integrated into the microfluidic system. Acoustic surface waves
were created on cell surfaces using acoustic transducers. These transducers have
been used to create discernible waves on the cell surface due to their high-
frequency modes. As a result, the acoustic mechanical effect on cancer cells was

obtained by the holographic imaging technique.

In experiments, acoustic waves were sent in the frequency range between 1 Hz
and 2kHz and amplitude range between 3Vpp and 5Vpp applied to determine the
mechanical stiffness of cancer cells. Optimum frequency ranges are determined,
and results are compared. With these studies conducted in the thesis, a
microfluidic system that can reveal the morphological structures of cancer cells

based on acousto-holographic has been developed.

Keywords: Microfluidic, LoC (Lab-on-Chip), cancer, acoustic, holography

YILDIZ TECHNICAL UNIVERSITY
GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
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OZET

Tek Hiicrelerin Mekanik Ozelliklerinin Tespiti icin

Mikroakiskan Sistem Gelistirilmesi

Gizem AYDEMIR

Mekatronik Miithendisligi Boliimii

Master Tezi

Damisman: Dr.Ogr.Uyesi Hiiseyin Uvet

Es-Danigman: Prof. Dr. Ali Kosar

Bu tez kapsaminda, holografik goriintiileme teknigiyle tek bir hiicre olarak kanser
hiicrelerinin ve saglikli hiicrelerin mekanik o0zelliklerini belirlemek ic¢in
mikroakigkan sistem gelistirilmistir. Mikroakiskan ciplerin getirdigi en 6nemli
yenilikler, ayn1 anda bir¢ok islemi gerceklestirebilmeleri, hiicre ayirma siirecleri
ve mikrokanallarin siirekli olarak tanimlanip takip edilebilmeleridir. Ayrica dar ve
kisith bir alanda hiicreleri islemek ve analiz etmek icin uygun bir ortam saglarlar.
Bu nedenle, analiz, degerlendirme, hiicreler iizerinde replikasyon gibi islemlerde
mikroakiskan c¢ip uygulamalarinin kullanimi yayginlasmistir. Tez kapsaminda
gelistirilen mikroakigkan sistemlerde PDMS esasli mikrocipler fiiretilir ve
mikrokanallarin bulundugu bir platform olarak tasarlanir, hiicreler ayri ayr
hareketsiz hale getirilebilir ve akustik etkilere maruz kalabilir. Deneyler esnasinda

uygun kanser hiicre hatti olarak HCT-116 (Kolon Kanseri), ONCO-DG-1

XiX



(Yumurtalik Kanseri), MDA-MB-1 (Meme Kanseri) ve saglikli bir hiicre hatti olarak
HUVECler (Insan Gobek Damari Endotelyal Hiicreleri) kullanildi. Oncelikle,
hiicrelerin kontrol edilebildigi bir mikroakiskan sistem gelistirilmistir.
Mikroakigskan sistemleri kontrol etmek icin de akisin kontrolii biiyilk 6nem
tasimaktadir. Bu nedenle, mikroakiskan sistemdeki akis hizi diyamanyetik
levitasyona dayali1 bir mikro-akis sensorii gelistirilerek 6lciilmiistiir. Gelistirilen bu
sensor sayesinde, mikrokiiltiir sisteminde hiicre kiiltiirii caligmalar1 icin optimum
degerler belirlenmistir. Daha sonra, ultrasonik transdiiserler mikroakiskan sisteme
entegre edilmistir. Akustik transdiiserler kullanilarak hiicre yiizeylerinde akustik
ylizey dalgalari olusturuldu. Bu akustik transdiiserler, yiiksek frekans modlari
nedeniyle hiicre yiizeyinde fark edilebilir dalgalar olusturmak icin kullanilmistur.
Sonug olarak, holografik goriintiileme teknigi ile kanser hiicreleri {izerindeki

akustik mekanik etki elde edildi.

Sonug olarak, deneylerde, kanser hiicrelerinin mekanik sertligini belirlemek icin 1
Hz ile 2 kHz frekans araliginda ve 3Vpp ile 5Vpp genlik araliginda akustik dalgalar
gonderilmistir. Optimum  frekans araliklar1  belirlenmis ve sonuclar
karsilastirilmistir. Tezde yapilan bu calismalarla, kanser hiicrelerinin morfolojik
yapilarini akustik-holografik olarak ortaya cikarabilen mikroakiskan bir sistem

gelistirilmistir.

Anahtar Kelimeler: Mikroakigskan, yonga tistii sistemler (Lab-on-Chip), kanser,

akustik, holografi

YILDIZ TECHNICAL UNIVERSITY
GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
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1

INTRODUCTION

1.1 Literature Review

Cancer is a leading cause of death worldwide, and tumor heterogeneity presents
a challenge for the clinical management of the disease. The techniques used in
determining the properties of cancer focus still contain some deficiencies.
Traditional diagnostic methods require time-consuming, complex processes, and
strict laboratory conditions. In classical approaches, it is widely used to consider
and examine cells as a group to understand properties such as cell proliferation,
differentiation, protein or gene expression, drug response, and toxicity
experiments. However, examining the cell groups gives information about the
average values. It is not a correct approach to make group analysis especially in
heterogeneous diseases such as cancer. Due to the heterogeneous nature of
cancer, individual examination of the morphological features of the single-cells is

of great importance for drug trials [1-7].

Lab-on-chip systems scale down one or more laboratory functions on a single chip.
This miniaturization has many advantages: it reduces costs by reducing the
consumption of expensive reagents, the fluid flow is easy to control because the
small dimensions often result in laminar flows, and the small dimensions also

enable the handling of small particles like single cells.

The central aim of this thesis is to present a new microfluidic system for on-chip
single-cell mechanical properties detection that can be applied to cancer
diagnostics. The scope of this thesis is to develop a microfluidic system for single

cancer cell mechanical properties detection.



1.2 Hypothesis of the Thesis

This thesis is the result of the project "A Holographic Single Cell Imaging
Technique for Measuring the Mechanical Cell Stiffness of Circulating Tumor Cells
using the Quantitative Phase Imaging Method". This Master project was funded by
TUBITAK, in the framework of the "1003 program", which is a collaboration
project between Yildiz Technical University, Marmara University, and Dokuz Eylul
University. Also, this study was supported by the Scientific and Technological
Research Council of Turkey (TUBITAK) with the scholarship through BIDEB 2210-

C programme.

The thesis aims to develop a microfluidic system for three main applications. First,
we developed microfluidic systems that would enable to cell culture on-chip, and
a flow sensor has been developed for determining the parameters of the
microfluidic system. Second, we create a comparative two dimensional and three-
dimensional wound healing assay with wound generated via exclusively designed
and magnetically manipulated micro-robot and the healing process is observed
with a holographic imaging technique. Finally, Acoustic waves created on-chip for

monitoring stiffness of living cancer cells.
1.3 Organization of Thesis

To understand the microfluidic system, we must begin with a discussion of how
physical effects manifest at the microscale. In the first part of the thesis, we
developed a microflow sensor prototype with zero mechanical contact in a
microfluidic channel via diamagnetic levitation. Mathematical modeling, control,
and experimental characterization of the micro-flow sensor is described. And then,
we also describe the fabrication of microfluidic platforms for the detection of
single-cell mechanical properties. The culturing of cancer cells to be used during
the experiments and their integration into the microfluidic system are also
described in this section. In Chapter 3, a Creation of Surface Acoustic Waves in A
Microfluidic Device is constructed. In addition to the fabrication of the
microfluidic device, parameters of the acoustic system are identified, based on

experimental data. Then it is shown that that the design with the estimated

2



parameters can predict the behavior of the system very well. In Chapter 4, the
acoustic test setup independent of the microfluidic system was established.
Acoustic effects have been tested on the cell in different frequency ranges and
optimum parameters have been determined. The acoustic system was then
integrated into the microfluidic chip. Finally, the acoustic effect on the cells was

tested with the holographic imaging technique and the results were compared.



2

SENSOR DESIGN, FABRICATION, AND
IMPLEMENTATION ON MICROFLUIDIC
PLATFORM

2.1 Measurement of Flow Rate in Microfluidic System

Microfluidic systems have been heavily used in micro/nano robotics and
biomedical applications. They play an important role in biomedical applications
such as in vitro systems [1], thermal sensor systems [2-3], gas sensor systems [4-
5], control and monitoring systems [6-7] and monitoring in vessel [8-9]. Micro
robots, which are actuated via magnetic forces, are useful for many tasks such as
cell manipulation [10-13], drug delivery [14-15], biopsy [16-17], and marking
[18-19]. In a microfluidic environment, flow characteristics and environmental
effects, related to acting forces on a microrobot change with decreasing
dimensions. The reduction in the Reynolds number results in the formation of
laminar flow condition. In laminar flow, the transfer and movement of micro
objects become difficult. [20]. Therefore, it is important to measure the
parameters of the fluid and flow. Moreover, Lab-on-a-chip technologies, which
have gained significance during the last decade, are based on manipulating the
flow in micro channels and actuation of particles/cells. Effective control of a
microfluidic system is vital in this regard. Modeling the physical and mechanical
properties of micro-systems is a major issue for efficiently designing microfluidic
platforms. Measurements of parameters such as flow rate, viscosity and density

are challenging in small scale.

In microfluidic systems, flow sensors are divided into two groups: thermal and
non-thermal sensors. Thermal sensors function according to thermal transport
principles. As an example, for thermal sensors, Glaninger et al. [21] fabricated a
thermal sensor using a thin film germanium thermistor for a wide range of velocity
measurements (£0.01 to +200) with a response time of less than 20 ms. The
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major drawback of thermal flow sensors is the non-linearity of the calibration
curve, which causes a sensitivity decrease in fluid flow rates [22]. Major system
parameters are always dependent on the thermophysical properties, which affect
sensor measurement parameters and hinders parallel and fast operation of

microfluidic systems.

There are two approaches to achieve levitation: active and passive. The active
levitation approach is used for systems using a feedback control loop, where
passive levitation does not require any control. Passive magnetic levitation systems
are impractical without any stabilizing component. Diamagnetic levitation can be
used to add stability to passive levitation systems. Stability could be achieved

without the need for a closed loop system.

Sensors based on levitation are useful for applications requiring precise results
due to lack of mechanical contact. Diamagnetic levitation has been commonly
implemented in many sensor studies. Velocity, displacement, force and
accelerometer sensors using levitation have been recommended in the literature
[23-26]. To achieve diamagnetic levitation, pyrolytic graphite is typically utilized.
A feasibility study on diamagnetic levitation was first performed by William
Thomson in 1847 [27]. Thereafter, diamagnetically stabilized levitation was
applied by Boerdijk [28] for the first time. The Earnshaw Theorem states that
external magneto static fields can be obtained using diamagnetic materials or
super conductors [29]. Diamagnetic levitation using permanent magnets was
discovered by Pelrine [30] as follows: Initially, a permanent magnet was levitated
using a block of graphite, following the experimental path of the first
superconductor levitation, and later it was discovered that the opposite was also

possible [30].

As an example, for diamagnetic levitation studies, Hilber et al. [23] measured fluid
density and viscosity in microfluidic systems with diamagnetic levitation, using a
Hall Effect sensor. Such systems utilize magnetic coils for generating attractive
forces. However, the magnetic coils might have complicated constructions, and in

the micro scale, the driving current might lead to overheating problems.



In another study, Clara and co-workers [24] suggest that a diamagnetically
levitated system can be treated as a spring-mass resonator. The resonance
frequency of the setup depends on the levitation height of the floater magnet. It
was also emphasized that the surrounding fluid has a damping effect on the fluid
viscosity. However, the effect of flow rate on oscillations could not be determined.
Under suitable conditions, diamagnetic materials allow to achieve stable levitation
of permanent magnets in a passive fashion. Micro devices can achieve a submicron
precision. The resulting mechanical friction might severely reduce the
performance. Abadie and co-workers observed that a passive levitated seismic
mass has spring oscillations in a nano force sensor design with diamagnetic

levitation [25].

In this study, we proposed a sensor prototype with zero mechanical contact in a
microfluidic channel via diamagnetic levitation. Since diamagnetic levitation is
used, the lateral forces of the micro-magnet in the channel are rather low. Thanks
to the advantage of diamagnetic levitation, the smallest displacements on the X-
axis can be easily detected when the micro-magnet motion within the channel is
achieved. The developed sensor has a stable system, which can detect low flow
rates. Levitation was accomplished with pyrolytic graphite and a ring magnet
(NdFeB) configured as a “lifter-magnet”. The displacement of the micro-magnet
in the micro channel in longitudinal direction was monitored via a microscope-
camera system and was measured via a laser sensor above the lifter-magnet.
Precise measurement is achieved by using this method. The proposed sensor
methodology can sense flow rates as low as 1000 pl/min. The uncertainty in the
flow rate is = 3.6%. The suggested system can be well integrated to microfluidic
systems. While the corresponding Reynolds number is between 5.4 and 37.9 for
the system, the measured flow rate range was varied between 1000 pl/min and
7000 pl/min. This sensor is applicable for the systems to be used in micro robotics
applications, monitoring in vessel, respiratory monitoring, monitoring capillary

microcirculation and biomedical applications.



2.1.1 System Methodology

The sensor system houses the magnetic levitation setup, pyrolytic graphite in an
acrylic container and the channel configuration (as shown in Fig.1). Pyrolytic
graphite is a diamagnetic material, and a low magnetic force is exerted on
diamagnetic materials when they are in the proximity of a permanent magnet. The
atoms of diamagnetic materials do not have any constant magnetic dipole
moment. However, it is possible to generate magnetic dipole moment with the
effect of outer magnetic field. The direction of the magnetic moment is in the
opposite direction compared to the magnetic field. This approach allows
diamagnetic materials to apply a repulsive force on permanent magnets, which

facilitates the levitation.

The NdFeB (neodymium) ring magnet functions as a lifter-magnet in the system
connected to the micro stage. Micro flows with flow rates between 1000 ul/min
and 7000 pl/min are generated in the channel via a syringe pump (Cole Parmer).
Deionized water is used as the working fluid. X-Z axis displacement of the magnet
is measured with a laser sensor (Micro-Scanner). Laser sensor is used for closed-
loop control of the position of the magnet in the channel. It provides stable and
precise position measurements. The resolution of the laser sensor used in the X-
axis is 1280 points/profile, and the reference resolution in the Z-axis is 2 um. The
experimental data points are acquired, while the sensor profile frequency is 100
Hz. The microscope-camera lens system (Olympus SZX-7 and Point Grey GS3-U3)
is vertically positioned on the side profile to allow for the observation of the
movement of the micro-magnet in the channel, as well as levitation. The
movement of the micro-magnet in X-Z axis while levitation is controlled via an

interface designed with Visual Studio — C#.



Lifter Magnet

Channel

N48 ( Lifter-magnet)
@,:40 mm, @;: 20 mm, h: 8 mm

Channel @1 mm
—

4mmx 2mmx 100 mm N 7
Micro-magnet : #:0.3 mm
Pyrolytic Graphite L- X
40 mm x 50 mm x 4.83 mm

Figure 2.1 The experimental setup: Flow rate in the micro channel is measured
with diamagnetic levitation utilizing laser tracking. The magnets are made of
NdFeB with remanence magnetic field strength of 1.37 T for a volume of 1cm®.

The air gap between ring magnet and micro-magnet is 50-51 mm.
2.1.2 Theory and Data Reduction

The free body diagram for the micro-magnet in the channel on Z-axis is given in
Figure 2.2. The glass channel is placed on pyrolytic graphite, which is in an acrylic
container. The displacements of diamagnetically levitated (via lifter-magnet)

magnet corresponding to flow rates of between 1000 ul/min and 7000 wl/min are



detected with a laser sensor. The major parameters are included in Table 2.1 The

levitation is along the Z-axis, while the movement is along the X-axis.

¢ il 1
Lo S - : g | FG

i o T . .
x Isometric View T, i |
| X Front View

Figure 2.2 Fig.2.2A Concept of the flow sensor. Fig.2.2B Free body diagram for

the micro-magnet in lateral and vertical directions. Magnetization of the
magnets is in the Z axis. Magnetic and diamagnetic forces are calculated along
the Z axis. In order to achieve levitation, the buoyancy force, diamagnetic force
applied by pyrolytic graphite and attraction force of the lifter-magnet must be

equal to the weight of the micro-magnet.

Table 2.1 Major parameters of the sensor.

Symbol Parameter Unit
Fp Buoyancy Force N
Fp Drag Force N

Fom Diamagnetic Force N
Fg Gravitational force N
Fr Flow Force N
Fu Magnetic Force N
A Cross-Sectional Area m?

Magnetic Permeability of

Hr Space
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Table 2.1 Major parameters of the sensor. (Cont.)

Magnetic Conductivity

Ho Number Whb/Am
H Magnetic Field A/m
Muia Magnetization Vector A/m
Magnetic Susceptibility
X Factor )
B Magnetic Flux Density T

The continuity equation for incompressible flows along the channel is expressed

as:
V.u=20 (2.1)
The Reynolds Number is defined as [31]:

R, = —""’;”h (2.2)

Reynolds Number is between 5.4 and 37.9 corresponding to flow rates between

1000 wl/min and 7000 ul/min. Thus, the flow is laminar.
The momentum equation is given as [32]:
ov = - 2= -
PE=—VP+P9+TIV v+ Fy (2.3)

Here, v is flow velocity, p is density, u is viscosity and p is pressure. The force is
applied by the lifter-magnet on the micro-magnet in the channel and affects a

small volume (dV) of the magnet is experessed as:
dF = poV(M.H) 2.4)

Here M is the magnet’s magnetization, H is the magnetic field strength. The total

force on magnet can be found as:

Fn = [, dFdV (2.5)

10



The forces in cylindirical coordinates are as follows:

F = [, dF; = o J, 5 (MoH,) (Z axis) (2.6)
P — 0 .
Fe=J,dE —u/, 5z (MoH;) (X axis) 2.7)
— — 2 .

For the calculation of the diamagnetic force, the uniform medium assumption is

made. Accordingly, this force is stated as:

The diamagnetic force between pyrolytic graphite and the magnet can be written

as [33]:

a||B||?

Faigx = ZZi: fffv ( ox )dv (2.10)
Xdia al|B|I?

Faiay = 2740 fffy ( ay )dv (2.11)
e allB|I?

Faiar =222 [[f, (225 ) av (2.12)

According to the above expression, for a pyrolytic graphite with dimensions of

40x50x4.83 mm, this force is calculated as 3.75 uN [34].

The expressions of gravitational force, buoyancy force and drag force are given as:

Fe =mpg (2.13)
Fy = Viupsg (2.14)
Fp = 5 caprAv? (2.15)

Here, m,, is mass of micro-magnet, V;, is volume of micro-magnet, p; is density of

fluid.

The drag force is a function of the fluid velocity and density along with the object's

reference area and drag coefficient Cj.
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The C,; coefficient equation is stated as [35]:

o2 1+Re2/3
7 Re 6

The forces exerted on the micro sensor are shown in Fig.2.2. For a micro-magnet

in the channel with a mass of 2.72 ug, the micro-magnet displacement can be
determined for known values of buoyancy force, magnetic force, diamagnetic

force and gravitational force.

The micro-magnet buoyancy force in the flow channel is calculated as 2.36 uN.
The average drag force applied on the system is estimated of 6.52 uN when the
flow rate is between 1000 uL/min and 7000 uL/min. The micro-magnet gravity
force in the channel is calculated as 26.68 uN. The magnetic force applied on
micro-magnet in the channel is thus between 14.52 uN and 15.37 uN in the light

of analysis.

Table 2.2 Major parameters of the sensor

Symbol Parameter Quantity

Fp Buoyancy Force 2.36 uN

Fp Drag Force 6.52 uN

Foum Diamagnetic Force 3.75 uN

Fg Gravitational force 26.68 uN

Fu Magnetic Force 14.52-15.37 uN
Re Reynolds Number 5.4-37.9

The values obtained from the analysis can provide force balance in the system.
Since the force balance is accomplished, the micro-magnet inside the channel is

stationary in the vertical direction.

In micro systems, vibrations have a considerable impact. Therefore, they

constitute an important issue. An active zero-power controlled magnetic

12



suspension system was suggested in the literature to control vibrations [36].
Vibrations in a system might cause serious deformation and are often observed in
magnetic levitation systems. Resonance frequency is related to the dimensions and
mass of the object. When the systems are massive, the vibrations can be
compensated. However, in micro scale, vibrations become more problematic
because smaller objects tend to oscillate much more than relatively larger objects.
Electrostatic forces are more dominant in micro-scale systems compared to
gravitational forces. Eddy current damping is the optimum method of adding extra
damping to levitation systems because of its non-contact nature. Eddy current
dampening has been used to suppress ambient vibrations [37]. Similar to the
results of Morita et al. [38] it was observed that magnetic levitation suffers from
vibrations due to contactless motion and low environment stiffness. In addition, it
was observed that undesired vibrations increase in magnetic levitation, as the

object size becomes smaller.

The micro-magnet in a channel under magnetic field can be modeled with a
spring-mass-damper system for given flow rates. The forces applied on the object
are acquired from the analysis results and are utilized as an input for the spring-
mass-damper model. In the numerical model, the magnet makes an angle with the
lifter-magnet (Fig.2.3). During simulations, this angle 6 changes due to the
magnet’s position relative to the lifter-magnet. Harmonic oscillations occur with a
change in the angle. In our system, the resonance frequency of the sensor was
measured by experiments. Vibrations were observed in the micro-magnet during
experiments. Accordingly, the displacement of the micro-magnet was measured
by the laser sensor. Due to the precision of the laser sensor (a resolution of 2 um),
155 data points were acquired and processed for each measurement. Using these
data points, the frequency of the system was measured for flow rates between
1000 pl/min and 7000 ul/min. According to the results, the system resonance
frequency was found as 12.8 Hz for the flow rates between 3000 uL/min and 3500

wL/min.
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Figure 2.3 Modelling of micro-magnet in the channel as a spring-mass-damper
system.

Considering that a single frequency sinusoidal vibration is applied to the system,
the general equation of motion is given as:

Fycos(wt) =m.X +c.x + kx (2.16)

where m is the mass of micro-magnet, x is the displacement of the micro-magnet,
¢ is the damping coefficient, k is the stiffness coefficient, F, is the maximum
amplitude of the disturbance, w is the frequency of vibration, and t is time. The

resonant frequency is expressed as:

Wy =+ k/m (2.17)

Figure 2.4 shows frequency and amplitude plots for flow rate is between 1000
uL/min and 4500 uL/min based on the experimental results. As seen in Fig 2.4,

when the flow rate is increased, frequencies for flow rates between 1000 ul/min
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and 2500 ul/min, 3000 ul/min and 3500 wl/min are 10 Hz, 11.12 Hz and 12.14

Hz, respectively.
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Figure 2.4 Vibration frequency of the system between 1000 ul/min and 5000
ul/min. Displacements represent amplitudes of the system. The system shows

visible harmonic oscillations for flow rates 3000 ul/min and 3500 ul/min.
2.1.3 Simulations

The simulations are performed using the software COMSOL Multiphysics Version
5.3 (CPU License No: 17076072). For generating the 3D mesh structure, extra fine
free tetrahedral mesh elements with 354.037 elements were used. A typical mesh
is shown in Fig.2.5. A workstation with an Intel Xeon 3.50 GHz processor with 32
GB RAM was utilized for this task. The server’s operating system was Windows-10

64-bit edition.

Flow and magnetic field analyses were performed for the sensor system. AC/DC
module of the software COMSOL Multiphysics Version 5.3 (CPU License No:
17076072) is implemented for assessing the effect of magnetic field on the object.

The reason for performing magnetic analysis is to estimate the magnetic forces
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and to find the distance between micro-magnet and lifter-magnet. Fig. 2.6 shows

the mesh structure.

z

L:i Isometric View

Figure 2.5. The mesh structure of the system. Fine, finer and extra fine meshes

are used. Grid independency is achieved.

The magnetic flux density is calculated by dynamic analysis depending on the
movement of the micro-magnet in the channel. Figure 2.6 shows magnetic flux
density between the lifter-magnet and micro-magnet in the channel. The magnetic
flux density is obtained in 0.5 mm increments from 0 mm to 3.5 mm depending
on the displacement of micro-magnet. As the directions of magnetization on the

lifter-magnet and micro-magnet are in Z-axis, magnetic field lines are also in the

same directions.
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Figure 2.6 Magnetic flux density between the lifter-magnet and micro-magnet in
the channel. Remanent flux density of the magnets is chosen as 1.3 T in the light

of material properties. Magnetization of the magnets is on the horizontal axis.

Magnetic force acting on the micro-magnet in the Y-axis is calculated and is

Displacement :
3mm

displayed in Figure 2.7.
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Figure 2.7 Vertical magnetic force acting on the micro-magnet as a function of

2

Displacement (mm)

the displacement when micro-magnet moves with the flow.

17



Table 2.3 Dimensionless susceptibility x in SI units for some diamagnetic

materials [40].

Material —x(1079)
Water 8.8
Gold 34
Bismuth Metal 170
Graphite Rod 160
Pyrolytic Graphite L 450
Pyrolytic Graphite || 85

Table 2.3 shows dimensionless susceptibilities of some diamagnetic materials
[40]. As seen, pyrolytic graphite has the highest dimensionless
susceptibility(450x10°). The magnetic flux density for the distance between
micro-magnet and lifter-magnet of 50 mm (when micro-magnet is levitated) is
shown in Fig.2.8. The distance between the micro-magnet and the lifter-magnet
was found via this magnetic analysis. The magnetic force applied on the micro-
magnet in the channel is determined as a function of the distance between the
micro-magnet and lifter-magnet. The distance between the lifter-magnet and
micro-magnet is increased from 10 mm to 60 mm, and the magnetic forces acting
on the micro-magnet in the channel are obtained over this distance range.
Accordingly, the micro-magnet in the channel can be levitated when the distance
between the lifter-magnet and micro-magnet is 50-51 mm. The magnetic force on
the micro-magnet establishes the balance of forces generated in the mathematical

model.
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Figure 2.8 Magnetic force acting on micro-magnet as a function of the distance
between the micro-magnet and lifter-magnet. The micro-magnet in the channel
remains stationary while lifter-magnet attached to the micro-stage is moved
away from it. Magnetic force decreases when the lifter-magnet is moved further

away.

As shown in Fig. 2.8, as the distance between the micro-magnet and lifter-magnet

is increased, the force applied on the micro-magnet decreases.

The distance between the lifter-magnet and the micro magnet in the channel was
determined using AC/DC module of the software COMSOL. However, the micro-
magnet in the channel moves depending on the flow. Regarding Fig. 2.9 and 2.10,
magnetic force varies when the micro-magnet moves along the microchannel.
Also, the micro-magnet vibrates in the Z-axis when it moves. Since diamagnetic
stability plays an important role in the application of the passive micro-flow
sensor, the Z-axis stability analysis was performed. Diamagnetic stabilized
magnetic levitation have been recommended in the literature [40]. In this study,

different configurations and conditions for diamagnetic stability were described.
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The potential enegy of a micro-magnet with magnetic moment M (magnitude M)

in the range of affect of a lifter-magnet with the magnetic flux density B

(magnitude B) is

U=—-MB+mgz=—MB +mgz (2.18)
where mgz is the gravitational energy with mass m of the micro-magnet,
gravitational acceleration g, and the distance of the micro-magnet ortogonal to
earth surface z Due to the magnetic torques, the micro-magnet is aligned in the
direction of the local field, so the energy varies only with the magnitude of the

magnetic field.

For the stability condition in the Z-axis of the micro-magnet, the magnitude of the
lifter-magnet magnetic flux density was expanded around the levitation point (z=
0) in polar coordinates. The terms C,r?and C,z? representing the effect of the
diamagnetic material have been added. C,r?shows the horizontal effect and

C,z*shows the effect vertically. The potential energy of the micro-magnet in this

case is
U=-M[By+{B ~ "%}z +1p" +§{%— B'br2+ | + 22 (2.19)
where

B2 and Bl (2.20)

The total force on the Z-axis at the levitation point must be zero. Therefore,
equation 19 is expressed as follows;

ymg
B o (2.21)

The conditions for vertical stability is
K, =C,—>MB" >0 (2.22)
As stated in equation 22, when K,,> 0, levitation is vertically stable.

In the study of Simon et al. [40] for the calculation of C,, five different methods
are stated. The following equation is used in the calculation of C,

c, ko (2.23)

D5
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Stability analysis has been performed to determine the ‘stable levitation’ points,
which is shown in Fig.2.9. While the distance between the lifter magnet and the
micro-magnet is between 50 mm and 51 mm, it shows stable and unstable points

when micro-magnet moves in the channel.
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Figure 2.9. Stability functions K, for ring magnet with outer dimension 40 mm
and inner dimension 20 mm. The X-axis is displacement of the micro-magnet in

the channel. Levitation is stable where K, is positive.

As can be seen from Figure 2.9, the micro-magnet in the channel is in the stable
region when it moves in the range between 0 mm and 3 mm with 0.1 mm

intervals. When the micro-magnet moves more than 3.3 mm, it becomes unstable.

The Flow Module of the software COMSOL Multiphysics Version 5.3 (CPU License
No: 17076072) is used for modelling flows. The Laminar Flow interface is used to
obtain the velocity and pressure fields for flows of a single-phase fluid in the

laminar flow regime (Fig.2.11). Governing equations (Navier Stokes equations
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and continuity equation) are solved via the Laminar Flow interface. The forces
acting on the micro-magnet in the channel are calculated. Flow rates between
1000 uL/min and 6000 uL/min are considered as an input. Fig.2.11 shows that
the micro-magnet suddenly accelerates at 5000 uL/min. This sudden acceleration
is also observed in the experimental results at 5000 wL/min. When generating the
flow model, the ALE (Arbitary Lagrangian-Eulerian) approach is taken as the

numerical scheme.

—\ 20

Figure 2.10. The mesh structure. The flow was modeled using single-phase and
incompressible flow assumptions via the Laminar Flow Module interface. No slip
velocity boundary condition on the walls, flow rates of between 1000 ul/min
and 7000 ul/min at the ‘Inlet’ and atmospheric pressure on the surface at the

‘Outlet’ were imposed as the boundary conditions.
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Figure 2.11 Flow force acting on the micro-magnet for flow rates between 1000
uL/min and 5000 uL/min. Flow rates between 1000 uL/min and 6000 wL/min

are inputs for the analysis.

The effect of the flow acting on the micro-magnet as a result of the flow analysis
was determined. Thus, movement of magnet in the channel occurs as a result of

interaction between the micro flow area and the magnetic field.
2.1.4 Experimental Results

Figure 2.12 shows the captured images using the Point Grey microscope camera
during the experiments. During the experiments, the micro-magnet moves
between 0.0016 and 3.28 mm in the channel depending on the measured flow
rate. Displacements of 0.0016-1.5 mm are measured for a flow rate range of
between 1000 puL/min and 3000 pL/min, while the displacements for the range of
between 3000 pL/min and 5000 pL/min flow rates are between 1.5 mm and 2.25
mm. At flow rates above 7000 pL/min, the levitation of the micro-magnet
deteriorates, which implies that the proposed sensor can measure flow rates up to

7000 pL/min.

Fig. 2.13D and Fig.2.13E show the deterioration in levitation, where the micro-
magnet occasionally deposits to the bottom of the channel and sometimes sticks

to the top boundary of the channel. When the levitation height is bigger than 200
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wm (the distance between the micro-magnet and the lifter-magnet is 51 mm), the
magnetic force dominates over the gravitational force, which makes the micro-
magnet stick to the top of the channel. Similarly, if the levitation height is smaller
than 140 um, the gravitational force is greater than the magnetic force, then the

micro-magnet deposits to the bottom of the channel.

A 1000-3000 pL/min

Rectangular Tube Micro-magnet

T tr=1>-sn—{s=0sn
‘ _ <« rt >
Pyrolytic graphite )

3000-5000 pL/min 3000-5000 pL/min
Displacement 1.5-2.25 mm

< Flow
<— Direction
L]

© 5000-7000 pL/min 5000-7000 pL/min
Displacement 2.5-3.25 mm

@ 7000 pL/min and overflows

Deterioration of
levitation

7000+ plL/min 7000+ pl./mn

Deterioration of

/" levitation

\ S —
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Figure 2.12. Images captured from the Point Grey microscope camera system
during the experiments. Figures A-B-C-D-E display the amount of displacement
depending on the flow rate. F-G-H-I-J show the applied flux-dependent and time

dependent behavior of the magnet.
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The levitation heights change in contrast to the distance between the micro-

magnet and lifter-magnet, which is fixed in the experiments. Displacements for

flow rates between 1000 uL/min and 7000 wL/min at 7 different levitation heights

are shown in Figure 2.13.
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Figure 2.13. Different levitation heights of 7 experiments, the displacements at
the flow rates between 1000 pL/min and 7000 pL/min were investigated.

As seen in the related figures (Fig.2.13. and Fig.2.14), the levitation heights do

not affect the results because P>0.05 according to the t-test. Fig.2.13 shows the



behavior of the magnet at these levitation heights. The p-test was used to compare
the groups at different levitation heights of the micro-magnet. This comparison
result shows that the micro-magnet has a levitation height between 140 um and

200 um, while it does not alter the measurement of the sensor from this levitation

height range.

The data points were required at different levitation heights with 10 um intervals.
Student t-test was performed for the last 7 experimental data. The comparison of
average and standard deviation amongst last seven experiments corresponding to
different levitation heights (56 sets of each experiment) is shown in Fig.2.14.

Moreover, each experiment was repeated for 20 times to check for the

repeatability.
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Figure 2.14. Comparison of average and standard deviation amongst last seven

experiments corresponding to different levitation heights (56 sets of data).

Curve fitting based on the Least Squares method is performed to correlate the
flow rate with the displacement. Accordingly, correlation coefficient (R®) of

0.938 is obtained. Thus, the flow rate can be expressed in terms of the following

calibration curve (Fig.2.15):

L
Flow Rate [%] = 1658x + 1054 [mm] , x: displacement (mm)
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Flow Rate as a Function of Displacement
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Figure 2.15. Obtained calibration curve

This study presents a passive micro flow sensor based on diamagnetic levitation.
Flow rates between 1000 wlL/min and 7000ul/min can be measured in
microfluidic devices with this sensor. Levitation was accomplished with by
pyrolytic graphite and a ring magnet (NdFeB) acting as a lifter. The displacement
of the micro-magnet in the micro channel in longitudinal direction was monitored
via a microscope-camera system and was measured via a laser sensor above the
lifter-magnet. The uncertainty in flow rate measurement is +3.6% based on the
used equipment. Modeling and analysis of the system are performed and are
accompanied with the experiments. This sensor is applicable for the systems to be
used in micro robotics applications, monitoring in vessels, respiratory monitoring,
monitoring capillary microcirculation and biomedical applications. The presented
sensor is compact, does not require any external power, allows for parallel and
faster processing to have higher throughput, and is easily integrable to other
systems. In the future, it is aimed to realize viscosity and density measurements

as well as to integrate the sensor to lab-on-a-chip applications.

27



2.2 Microfluidic Chip and Micro-robot Fabrication

The microfluidic chip produced within the scope of the thesis is designed as a
platform in which microchannels are located and the cells are individually
immobilized. Microfluidic chip production was carried out under clean room
conditions and using UV lithography technique. In addition to this method,
microfluidic chips were produced using PMMA (Polymethyl methacrylate) and
DSA (Double-sided tape) materials. The two methods have their advantages and
disadvantages. Nano-sized microchannel can be achieved in the microfluidic chip
by UV lithography. (In this context, PMMA and DSA and microfluidic channels
have been produced to display the cells and find the optimum acoustic frequency.
It has optical transparency (between 450nm-700nm wavelengths), it can be used
in applications such as laser CNC and hot cutting, it is an organic sub-based
material, The compatibility between the cells and the low cost is the main
advantage of the PMMA material. The disadvantage of this method is that the laser
cutting device has poor tolerances and a minimum of 500 um wide and 1.5 mm
high microfluidic channels can be produced. Experiments have been carried out
with microfluidic chips produced by lithography at the stage. Methods and steps

used in the production of microfluidic chips:

1. By using lithography technique in clean room standards

2. Using PMMA and DSA

Processes of Microfluidic Platform
Manufacturing
Bonding Between Polymers Photolithography
Thermal .
Bonding DSA Bonding

Figure 2.16 Different kind of processes of microfluidic platform manufacturing
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Microfluidic systems can be used in many fields such as health science (miniature
liquid analysis), micro laboratory systems, micro mixers, micro coolers,
biotechnology (Micro-PCR-Polymerized Chain Reaction), pharmacology. One of
the most important components of these systems are micro channels that connect
different parts of microfluidic systems. Microchannels act as biological samples or
reaction sites, as separators for chromatography or as artificial vessels for
microcoolers. There are various technologies for producing micro channels of
different geometrical sizes used in microfluidic applications. Among these, it is
possible to produce the silicon plate (Si-wafer) used in lithography technique by
using large- and large-scale micro channels. These methods should be applied
under cleanroom conditions. Within the scope of the project, it was used in the

clean room of Gebze Technical University Nanotechnology Institute.

The most widely used lithography method is UV-lithography. Photolithography is
the process of shaping the photoresist (photosensitive polymer) coated on a silicon
flake (silicon substrate) using a previously prepared mask. The UV light of a given
wavelength is transmitted through a mask, the photoresist of this wavelength,
which is light-sensitive, laid on a silicon flake. Micro or nano sized shapes on the
mask are transferred onto the semiconductor after a series of chemical processes
that follow each other. The critical size is directly proportional to the wavelength
shaping and the constant 'k', and inversely proportional to the numerical aperture
(NA) of the lens. The wave size and number clarity are the values of the
technology used as they are the characteristics of the shaping device (stepper) and
light source. Therefore, when the value of light (650nm) is taken for standard
process conditions of wavelength ‘A, it is possible to realize smaller shapes than

M2 wavelength.

The environment in which lithography will be performed must be free of particles
and sterile. Therefore, lithography is carried out in areas called clean rooms. Clean
rooms are classified according to the number of particles larger than one micron
in one cubic inch, and most process classes require clean room environments less
than 100. The substructures (100mm, 200mm) of the microfluidic based chip are
thin circular silicon sheets and are called silicon substone. Since the polymer
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(resist) used for coating in the section where the experiments are carried out loses

its feature in white light, this section is illuminated using yellow light.

Within the scope of the thesis, different microfluidic chip designs and productions

were achieved by lithography.

2.2.1 Photolithography for master mold fabrication

Basic lithography techniques were used during microfluidic chip production.
Lithography basically consists of masking, coating, curing, exposure, and etching
(chemical etching) processes. Nanotechnology Laboratory of Gebze Technical
University was used for lithography. UV-lithography procedures were performed
with SUUS MicroTec MA6 / BA6 brand device.

Fabrication steps of microfluidic chips:
» Masking Process
» Photoresist Coating with Spin Coater
* Curing Process
» Exposure Process with UV

* Chemical Etching

Soft (Lithography)
2.2.1.1 Masking Process in Photolithography

Photolithography is based on the coating of a photosensitive chemical material
(photoresist) with a desired thickness on a specified surface and then transferring
the mask pattern onto the surface by passing ultraviolet light (UV) over a pre-
designed photomask. Accordingly, the photomask used for the photolithography
process is an important factor in the microfluidic channel fabrication process. In
this section, the production process of the chrome photomask used during the
photolithography process is explained. The purposes of the use of microstructures
on the chromium photomask and the microscope images will be detailed

according to the targeted studies in the following sections.
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Within the scope of the objectives determined the width of the microfluidic
channels produced was designed to be at least 50 um and the photomask used in
the production phase of these microfluidic channels was determined as “acetate
mask”. Despite the restriction of the dimensions of microfluidic channels made
with an acetate mask to a minimum of 50 um, the microchip was very efficient in
the production stage in terms of fabrication quality, economy, and ease of
production. However, the new micro fluid channel designs targeted in line with
the thesis decrease to 15 um. The transfer and design of the design on the chrome-
coated glass surface was made with the mask printer device (Heidelberg DWL
66fs) located in Gebze Technical University Micro / Nano Device Production

Laboratory.

The first step of production is to create the mask design in a drawing program and
transfer it to the mask writing device. It is then transferred to a layer of photoresist
coated on the photomask plate. The displayed pattern is developed in the special
developer solution of the photoresist to create a template on chrome. Depending
on the type of photoresist used, chromium is etched from the areas where UV light
is desired to be transferred. After the etching is complete, the remaining
photoresist is removed, the plate is cleaned and then stored for use in an optical

printer.

In this section, the details of the production stages of the chrome photomask

shown in Figure 2.17 are explained.
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Figure 2.17 Chrome photomask and microstructures on it are shown.

The 5 x 5 x 0.090-inch plate was cleaned with acetone and isopropyl alcohol for
3 minutes. 110 ° C 20 seconds drying was done on the heater table. AZ 1505
positive photoresist was coated on the plate that was left to be cooled for 10
seconds in line with the parameters of 3000 rpm, 30 sec and 1000 rpm / sec, and
then annealing was done on the heating table for 103 minutes. After the cooling
process, the plate was placed on the mask printer device (Heidelberg DWL 66fs)
and the mask design, previously drawn in the CleWin design program, was
transferred to the mask printer program and writing was started. The writing
process took approximately 4 hours. After the writing process, the developer
chemical was kept in AZ 726 MIF solution for abrasion of the written parts of the
AZ 1505 positive photoresist for 55 seconds and at the end of the process the
photoresist was transferred to the design. The plate was washed with DI water for
30 seconds. Each microfluid channel design was examined under an optical
microscope to check the accuracy of the mask design. The coating of the plate with
a positive photoresist ensures the correctness of the writing process after the mask
is printed, without protecting the chrome structure yet, and protecting the resist-
coated areas during the etching process of the chromium on the mask. Thus, only
chromium in places not covered with resist will be worn and transferred to the

design mask.
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While the abrasion of the chromium material is not recyclable, the return of the
photoresist coated on the chromium is abraded with acetone. In case of any
misspelling, all photoresist is removed with acetone and all processes are
restarted. In order to etch the chrome parts of the plate, which is controlled
correctly, it is kept in chrome abrasive chemical for 100 seconds. Thus, in line with
the designs of the designed microfluidic channels, the chrome material on the
glass was abraded and the glass was made transparent. The plate was cleaned
with DI water for 30 seconds and dried with nitrogen gas. Despite the possibility
of residual photoresist coating on it, it was kept in AZ 1505 solvent (remover) for
5 minutes at 80 ° C. Chromium cleaned with acetone and isopropyl was dried with
photomask nitrogen gas. As a result of all these processes, the chrome photomask
special box, which is ready for use, has been kept in a convenient way for

continuous use. Chrome photomask production process is shown in Figure 2.18.

Figure 2.18 Chrome photomask production steps are shown. A) Placing the
cleaned chrome photomask in the rotating coating device and dropping the AZ

1505 positive photoresist B) AZ 1505 photoresist coated chrome photomask
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representation C) AZ 1505 photoresist-coated chrome photomask placed in the
mask printer device. As a result of all these processes, chrome photomask

production has been completed.

2.2.1.2 Photoresist Coating with Spin Coater

Photoresist is a light sensitive polymer coating material. There are two types:
positive and negative photoresist. When a positive photoresist is used, the areas
of light (UV etc.) of the silicon substrate dissolve during the next chemical etching
process and move away from the silicon substrate surface. When the negative
photoresist is used, the light-seeing areas harden and do not dissolve during the
bathing process, and the photoresist in the non-light area dissolves away from the
surface of the silicon substrate. Thus, the negative of the shapes on the mask
surface is formed on the silicon substrate surface. Various methods are used to
coat the photoresist. These are spin coating, spray coating, coating by dipping
method on the vacuum rotary table at a certain speed, and coating by transferring
the polymer roller to the surface of the silicon substrate. The method in the thesis
is the spin coating method as in Figure 2.19, since it provides a high level of

coating homogeneity on the silicon substrate surface.

\
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Figure 2.19 Steps of Photoresist Coating Process

In this method, silicon substrate is placed centered on a vacuum table and the
vacuum applied. Silicon substrate is fixed on the table while rotating at high
speeds. The photoresist fluid, which is poured into the middle of the silicon
substrate with the sprayer, spreads over the entire surface of the silicon substrate
with the centrifugal force generated by the rotation of the silicon substrate. spin

coating process need to determine the optimum levels of parameters required for
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coating. These controlled parameters are; the amount of photoresist, the first
rotational speed (rpm), the acceleration to the last rotational speed and how many
times it will be repeated. These parameters that we have determined affect the
photoresist thickness and the thickness change on the silicon substrate. As caan
seen Fig. 2.19, the photoresist coating process is flowed on the silicon substrate in
the first step, the second step spreads across the silicon substone with the first
rotation speed, and the acceleration determined in the third step is removed from
the surface of the photoresist, which is found as an excess on the surface of the

silicon substrate.
2.2.1.3 Curing Process

Curing process is carried out by holding the silicon substrate for a certain time in
an oven set at a certain temperature or on a vacuum table set at a temperature.
After coating, the silicon substrate taken on the vacuum table was exposed to a
certain temperature between 45-60 seconds. During this process, the amount of
solvent, which is between 80-70% in the structure of the photoresist, drops to

around 20-10% and a decrease in the free volume of the resist was observed.
Curing process is carried out in our experiments for the following purposes;
* To improve the adhesion of the photoresist to the surface.

* Avoiding the formation of bubbles caused by N, gas released during the

lithography process by blowing the solvent contained in the photoresist.

* Decreasing the amount of solvent to increase the difference between the

dissolution rates of the illuminated and unlit areas during the bathing process.

Curing process also should be done as "post-baking" after exposure. In the final
cooking process, the temperature parameters and holding times required for the
hot plate vary according to the resistor used. The photoresist used in the thesis is
SU-8 2100 (MicroChemical). After the exposure process for the photo resist, it was
generally 5 minutes at 65 ° and then 10 minutes at 95 ° hard baking. Duration and

temperature values vary according to the thickness of the photoresist used.
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Temperature values are determined according to the thickness of the channel to

be made and are given in Table 2.4.
2.2.1.4 Exposure Process with UV

In the exposure process, the photoactive substance (diazonaftakinone) in the
photoresist structure reacts by exposure to a certain wavelength of light. The
parameters that affect the size and profile of the shapes determined on the surface
of the silicon substrate determined by the user in the UV device (Figure 2.20) are
the lighting dosage and the focal value. The unit of the lighting dosage is Joule/m?,
and the device adjusts the amount of energy per unit area by changing the open
time of the blades of the curtain that allows the passage of UV light. The duration

of the UV-light used in the exposure process is shown in Table-4.

Figure 2.20 SUSS MicroTec UV Lithography Device

2.2.1.5 Chemical Etching Process

The dissolution of the carboxyl acid formed by the photosensitive photoactive
substance (diazo naphthaquinone) UV light exposure in the basic solution in the
next step is defined as the chemical etching process. During the chemical etching
process, the UV-distorted part passing through the open part of the mask dissolves,
while the part corresponding to the closed area of the mask remains on the silicon
substrate surface. Thus, the shapes on the mask are transferred to the silicon

substrate surface. The final cooking is carried out before chemical etching. One of
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the goals of curing process by applying temperature is to reduce the nitrogen
produced during shaping and to improve the resist adhesion by reducing the
mechanical stress caused by curing before shaping. During the chemical etching
process, SU-8 2100 series chemical solvent is used. The product that appears after
chemical etching is first bathed with IPA, then Acetone and again with IPA and

dried with N, gas.

2.2.1.6 Parameters Used in Photolithography

The fabrication parameters used in the microfluidic chips produced by
photolithography are given in Table 2.4. Channel heights vary between 100 um
and 250 um. Parameters based on channel height; The speed and acceleration in
spin coating is pre-cooking time, UV-lighting time, final cooking time and chemical

etching time.

Table 2.4 Prescription of photolithography processes made according to channel

heights
Coating speed, UV- Hard- Chemical
h 1 Pre-Baking
Channe acceleration and Exposure Baking Etching
Height Time
duration Time Time Time

1) 500 rpm, 5-10 sec, 1) 65C 1) 65C
Acce.:100rpm/sec 5 min 5 min

100 pm 9.6 sec 10 dk
2) 3000 rpm, 30sec, 2) 95C 2) 95C
Acce: 300rpm/sec 20 min 10 min
1) 500 rpm, 5-10 sec, 1) 65C 1) 65C
Acce.:100rpm/sec 6.5min 5 min

200 pm 12.6 sec 16.5 dk
2) 1500 rpm, 30 sec, 2) 95C 2) 95C
Acce.:300rpm/sec 40 min 14 min
1) 500 rpm, 5-10 sec, 1) 65C 1) 65C
Acce.:100rpm/sec 7 min 5 min

250 pm 14.4 sec 18.5 dk
2) 1100 rpm, 30 sec, 2) 95C 2) 95C
Acce.:300rpm/sec 52.5 min 17.5 min
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Figure 2.21 An example of a mold from microfluidic systems produced under the

thesis
2.2.2 Soft-lithography

After the molding process is completed, microfluidic channels created by
photolithography, the next process is to create the channels with soft lithography.
Another important step of microfluidic channel fabrication is PDMS mold
production. PDMS molds form the basis of the soft lithography technique. Patterns
created by the photolithography method on the silicone substrate were transferred
to the PDMS structure. The produced PDMS mold is irreversibly connected with
glass substrate and the microfluidic channel on which acoustic wave pressures will
be created on the cells is completed. PDMS (polydimethylsiloxane) is a silicon-
based organic polymer. With its biocompatibility, elastomeric structure, optical
visibility, and gas permeability to ensure the viability of the cells, its use in soft
lithography technique is very common. PDMS, one of the strongest elastomers in
terms of strength, provides reusability and provides multiple experiments on a

microfluidic platform [41].

PDMS liquid mixture was prepared in the process. The mixture consists of two
materials, the liquid PDMS prepolymer and the curing agent. Air bubbles were

formed in the PDMS mixture, which was homogeneously mixed at a ratio of 10: 1
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by weight. Since any air bubbles that may occur along the microfluidic channel
will hinder the test course, the mixture is kept in the vacuum desiccator for 20
minutes and the air bubbles are removed. Thus, the PDMS polymer mixture is
made suitable for pouring onto the silicone substrate. The mold produced by
photolithography was treated with isopropyl alcohol, acetone, and again isopropyl
alcohol and dried with nitrogen gas, respectively. The cleaned silicone substrate
was placed in a petri dish and the PDMS mixture prepared on it was slowly poured.
The Petri dish was taken over the heater and the PDMS mixture could solidify at
65 °C for 3 hours. Solidification takes place based on the reaction between the
hydrosilane (SiH) group in the PDMS polymer and the vinyl (SiCH = CH,) group.
The PDMS structure, which could cool, was separated from the silicone substrate.
The produced PDMS structure has been cut and arranged in accordance with the
dimensions to be used. Channel inlet and outlet holes were drilled using a punch.
As a result, the PDMS mold of the microfluidic chip design was produced. The

construction steps of the PDMS mold are shown in Figure 2.22

Figure 2.22 (A) PDMS prepolymer and curing agent were mixed in a 10: 1 ratio.

(B) Air bubbles in the mixture were removed by taking a vacuum desiccator. (C)
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The mixture was poured on the silicone substrate. (D) It is left to cure for 3
hours at 65 on the heater. (E) PDMS, which is separated from the silicone
substrate, has been cut to size to be used, and the channel inlet and outlet holes

have been drilled.

For microfluidic channel formation, PDMS mold and glass substrate must be
connected irreversibly. The connection of the PDMS mold with the glass surface
is provided by creating an oxygen plasma environment in the “Harrick Plasma

Cleaner” device shown in Figure 2.23.

Pressure
Indicator

Flow Meter

Figure 2.23 Harrick Plasma Cleaner” device

The PDMS with the hydrophobic surface of the oxygen plasma converges into the
Si-OH bonds by combining the Si-CH3 bonds with the oxygen atom on the surface
of the mold, thereby making the surface hydrophilic. Since this process is
reversible, the surfaces must be contacted with each other within maximum 10
minutes immediately after the oxygen placement, otherwise the surfaces will
return to their hydrophobic state. When the glass surface and the PDMS mold are

brought into contact with each other, there are Si-O-Si bonds and are irreversibly
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connected. Under this foundation, glass substrate and PDMS molded surfaces
were placed in the mold device and oxygen plasma was applied at 200 mTorr
pressure, 125 sccm flow for 90 seconds. The active surfaces of the parts removed
from the plasma medium were brought into contact with each other and a covalent

bond was created between the surfaces.

It was left on the heater at 65 ° C for 45 minutes with a weight of over 50 g.
Parameters have been determined within the scope of the literature research and
if more than the optimum dose is applied, wear is observed on the surfaces. As a
result of the process, the PDMS structure was connected irreversibly with the glass
surface and the micro fluid channel design was completed. Single channel

microfluidic channel is shown in Figure 2.24B.
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Figure 2.24 Microstructures and microfluidic chip produced by photolithography

within the scope of the thesis
2.2.3 Micro-robot Fabrication

A multi-channel microfluidic system has been designed that simulates the
activities of cell culture or organ system for their mechanisms and physiological
responses. With this system, 2D and 3D cancer tissues were created in the

microfluidic channel. Wound models were then created with a micro-robotic
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system. Thanks to the wound model created, data on cancer migration, resistance
and drug trials were collected. Thus, microfluidic based robotic devices can

replace animal models and personalized medicine can be realized.

Our aim in this sub-study is to apply the holographic method in the imaging of
cancer cells within the microchip. However, creating a wound model is not a
problem that can be solved in today's literature while determining the growth
curves of cancerous cells in the microchip. In this way, a very important study is
carried out in the visualization of cancer cells integrated with a microfluidic chip,
in which acoustic signals will be delivered in accordance with the purpose of our
project. In this way, an important lab-on-a chip platform that specialists can use
in the diagnosis of cancer in a healthy way without separating from the incubation

environment is realized within the scope of this thesis.

Within the scope of the thesis, micro-robots in different designs were produced for
the manipulation, detection, and characterization of biological samples in the

microfluidic system.
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Figure2.25 Micro-robots produced for different purposes

In this context, a microfluidic channel in which the wound model was created,
and an acetate mask were produced for the micro-robot. The width of the
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microfluidic channel is 1000 um and its height is 500 um. The width of the
microrobot is 500 um and the height is 250 um. Entry and exit holes were created
for cell culture and micro-robots in the microfluidic channel. The detailed sizing
of the microfluidic channel and micro-robot shown in Figure 2.25. Acetate mask
and the photoresist mold created by the lithography method. The SU-8 negative
photoresist we use is a photoresist that can be used between 100 um and 250 um
heights. However, since the height of the micro-robot used for the wound model
is 250 um due to the magnet placed, the microfluidic channel must be more than
this height. For this reason, the duct height was produced as 500 um. In order to
use SU-8 negative photoresist at 500 um height, the lithography procedure has

been changed.

(4]

Sekil 2.26- A) Microscope image of the microfluidic channel and the
transparency mask design of the micro-robot B) The photoresist mold produced
by lithography
The parameters applied for a height of 250 um were applied twice and pre-baking
was carried out between the application. Thus, the first pouring was cured in the
pre-baking of 250 um and made suitable for the second spin coating process. With

this method, the use of the existing photoresist is extended.
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Micro-Robot

Micro-bead
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Figure 2.27 Microscope image of the micro-robot produced by photolithography

in the microfluidic channel

2.3 Culturing of Different Cancer Cells and Integration into

Microfluidic System

Within the scope of the thesis, HCT-116 (Colon Cancer), MDA-MB-231 (Breast
Cancer), ONCO-DG-1 (Ovarian Cancer), and HUVEC (Human Umbilical Vein
Endothelial Cells) from ATCC (Manassas, VA, USA) were used in the experiments.
HCT-116 cell line, MDA-MB-231 116 cell line and ONCO-DG-1 cell line were
cultured in McCoy's 5 A, Leibovitz's L-15 Medium, and RPMI 1640 modified liquid
medium from Merck with 4.5 mg/mL glucose, 10% fetal bovine serum, and 5%
penicillin/streptomycin, respectively. Cells were maintained in an incubator at
37°C and 5% CO,. The medium was changed every three days, and the cells were

passed to new flasks upon reaching confluency.

44



3

APPLICATIONS OF THE DEVELOPED
MICROFLUIDIC SYSTEM TO DETERMINE THE
MECHANICAL PROPERTIES OF CANCER
CELLS

3.1 Creating a Wound Model with Micro-Robot in Microfluidic

System

Microfluidic systems have been heavily used in micro/nano robotics and
biomedical applications. Micro-robots, which are actuated via magnetic forces, are
useful for many tasks such as cell manipulation [42-43], drug delivery [44-45],
biopsy [46-47], and marking [48-49] within lab-on-a-chip platforms and in vivo
applications. In a microfluidic environment, flow characteristics and
environmental effects, related to acting forces on a microrobot change with
decreasing dimensions. A variety of approaches have been devised to overcome
such challenges and provide an optimal method of propulsion for the micro-robots
to move inside microfluidic environments, but all have different kinds of
limitations. Previous studies have suggested the use of electrostatically powered
scratch drive actuators [50] which needs a patterned surface that consists of an
array of insulated electrodes. Other studies make use of the stick-slip motion, that
is caused by a rocking movement of the micro-robot, in order to move the robot
forward in both fluidic and dry environments [51], [52]. Although high speeds
and power output is achieved via this approach, it is only feasible for 2D
movement on a smooth surface. Use of stationary electromagnets for 5 DOF
movement of the micro-robot by manipulating the gradient of the magnetic field
generated by the electromagnets situated around the platform is also studied [53].
This system requires eight bulky electromagnets integrated with a cooling system
and provides a limited working area. Other studies have investigated the use of

Helmholtz and Maxwell coil pairs for both the propulsion and rotation of the
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micro-robots [54], [55]. However, these systems require rather sizable
electromagnet pairs and thus are restrained in their configurations and
limitations. Sitti et al. have describe a method to code complex materials in three
dimensions with tunable structural, morphological, and chemical features using
an untethered magnetic micro-robot to be introduced to arbitrary microfluidic
environments for remote two-three-dimensional manipulation [55]. Kim S. et all.
have demonstrated multifunctional microrobots for targeted cell delivery using 3D
laser lithography. The microrobots were coated with Nickel and Titanium layers
as magnetic and biocompatible materials, respectively. The fabricated porous 3D
structures were used for 3D cell cultures of HEK 293 cells. In addition, dynamic
cell culture, drug trials, wound models, etc. created in microfluidic systems have
become increasingly important. Examining wound healing is a vital process in
terms of developing treatments. Wound healing dynamics depend on physical and
chemical properties of the tissue; therefore, these examinations should be
performed for each and every type of tissue. Wound healing abides four stages
which are listed as follows: hemostasis and inflammation, chemotaxis and
activation, proliferative phase (epithelization, angiogenesis, and provisional
matrix formation), maturation and remodeling [56]. If these phases aren’t
executed properly, wounds may lead to serious diseases. Underappreciation of the
inherent complexity of the healing wound has led to the failure of monotherapies,
with no significant reduction in wound healing times [57]. Thus, it is crucial to
examine wound healing process in detail. In order for that, several methods for
wound healing assay were introduced such as comparison of wound healing
processes in a petri dish and a microfluidic environment [58-59] which concludes
to the claim that microfluidic environment has closer conditions to in vivo than
any other method, using PDMS (polydimethylsiloxane)-based microfluidic devices
[59], and advantages and disadvantages of using microrobots in cell culture [60].
While most of these studies executes experiments in 2-dimesional (2D) cell
culture, it is strongly implied in several more studies [61-62] that 3D cell culture
offers way more realistic characteristics in terms of simulating a real animal tissue.

Cells cultured as 3D models exhibit features that are closer to the complex in vivo
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conditions [63]. The 3D culture models have proven to be more realistic for
translating the study findings for in vivo applications. While cell lines provide us
with excellent homogenous study material, culturing them as 3D models induces

them to behave in a manner that is a step closer to the natural conditions [64].

In this study, we describe a 2D and 3D wound healing assay with wound generated
via specially designed and magnetically manipulated micro-robot and observed
with a holographic imaging setup. Dynamic three-dimensional cell culture was
created in the microfluidic channel which is produced by soft lithography. In this
3D tissue model, a wound was created with a magnetically manipulated micro-
robot. Our proposed system offers a 3D wound healing assay created with a
microrobot especially designed to ensure uniformity. A uniform wound assay is
necessary in terms of accurate results in the healing factors. Using a magnetically
manipulated microrobot instead of a pipette tip etc. as opposed to counterpart
systems mentioned earlier in the introduction establishes an advanced level of
control over the geometry of the wound. The wound model was monitored by
holographic image tracking system for 3D healing and cell migration every 12
hours. Particularly, the 3D cell culture created in the microchannel using microgel.
After the microchannel is entirely coated with cells, the biocompatible microrobot
was placed inside the channel, moving towards the center of the channel, and
creating a uniform hollow wound by layering cells from the center to outlet. For
the monitoring system, we use the phase-changing incline Mach-Zehnder
interferometer technique. With this holographic system, the migration and healing
of the cells were monitored in real time and in 3-dimensions. HUVECs (Human
Umbilical Vein Endothelial Cells) and HCT-116 (Colon Cancer) were chosen as
the appropriate cancer cell line for the experiments to cross-check the results.
Upon the experiments conducted on the monitoring system and the different
abilities of the microrobot, it has compared sufficient in terms of success metrics.
Finally, we have determined that our novel 3D monitoring system could provide

new horizons for the study of wound healing and likewise cell processes.

47



3.1.1 Experimental Setup

There are two main setups regarding to wounding. First one is the micro-robotic
setup where wounding happens within 2D and 3D cell cultures inside microfluidic
channels. For this setup, first thing we did was to culture 2D and 3D cells in
microfluidic channels. Secondly, magnetically manipulated microrobot is released
from the inlet and we generated a wound across the channel. The robot is
controlled via NdFeB (neodymium) integrated onto a 6-axis Hexapod. The NdFeB
magnet functions as a control magnet in the system connected to the 6-axis. Lastly,
microrobot is removed from the outlet. Second setup consists of holographic
imaging system. After the wounding, we observed the healing in an interferometer

in 3D.
3.1.1.1 Microfluidic platform design and fabrication

We have designed a microfluidic platform that accommodates cancer cells and
optimize their sustained viability and growth. To accomplish this, we first
theoretically evaluated and characterized the physical environmental parameters
such as channel designs, flow rate and patterns in order to assess and predict their
influences on the cells. The proposed chip was fabricated through standard soft-
lithography techniques shown in Fig.3.1, which included the following a series of
steps: silicon wafer cleaning, SU-8 spin coating, UV exposure, developing in
PGMEA. Then, the formed mold is passed to the soft-lithography step and 10: 1
PDMS are poured and baked. Oxygen is exposed to plasma and bonded. The
microfluidic device in PDMS (Dow Corning) elastomer was fabricated by replica
molding from an SU-8 (Micro Chem)/silicon master based on a ratio of 10:1 to
curing agent. The master mold was produced by ultraviolet (UV) lithography.
After pouring PDMS on a mold, the mixture was degassed in a vacuum chamber
for air bubble removal and cured at 80°C for 1 hour in the oven. The devices were
then cut out by a razor blade; the fluidic connection ports were punched, and
bonding to a glass slide was done after oxygen plasma of both surfaces and

conformal contact (Harrick Plasma cleaner/sterilizer, 4 mbar, 120 s). Assembly
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quality control and characterization were done by optical 3D profilometry (VK-

X250, KEYENCE, Germany).

MASTER FABRICATION PDMS REPLICATION MOLDING
1. Spin-coat photoresist on a silicon wafer 1. Pour PDMS monomer and cross-linker mixture onto

Photoresist (Su-8) master PDMS

y,

Sificon wafer

2. Expose photoresist to UV light though a 2. Cure and peef-pff PDMS
photomask

Photomask

uv

3. Cut devices, creat Access port and bond to

3. Develop exposed wafer with photoresist glass slide

Photoresist exposed to UV
.: .- | . : .:

Figure 3.1 Microfluidic platform design and fabrication

3.1.1.2 Micro-robot Fabrication

Micro-robot fabrication steps are start with AZ 1505, a positive photoresist is firstly
coated onto a substrate surface as a sacrificial layer (Micro Chemicals GmbH, Ulm,
Germany). After that, a negative adhesive film with a thickness of 250 micron was
coated on sacrificial layer by spin coater at 1100 rpm. The exposure process on
film is applied and then final polymer micro-robot body was obtained by the
pattern development process. As the last step, neodymium (NdFeB) circular
permanent magnet (N52 grade) with the dimensions of 0.25 mm x 0.25 mm
(diameter-thickness) is coated with PDA (Polydopamine). Then PDA-coated
biocompatible permanent magnet was assembled in micro-robot body 2D and 3D

cell culture process.
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3.1.1.3 Cell Culture

HCT-116 (Colon Cancer) cell lines from ATCC (Manassas, VA, USA) were used for
experiments. Cells were cultured in McCoy's 5 A modified liquid medium from
Merck with 4.5 mg/mL glucose, 10% fetal bovine serum, and 5%
penicillin/streptomycin. Cells were maintained in an incubator at 37°C and 5%
CO2. The medium was changed every three days, and the cells were passaged to
new flasks upon reaching confluence. Cells suspended with Corning Matrigel were
transferred to microfluidic channels after trypsinization Corning® Matrigel®
matrix is an ECM (Extracellular Matrix)-based natural hydrogel that has been
extensively used for 3D cell cultures in vitro and in vivo. It allows the cells to grow
in three dimensions. Matrigel matrix, or an equivalent, which demonstrated the
enabling power of 3D cell culture for creating in vivo-like model systems and the
importance of integrin signaling in cancer. After 3 hours of incubation, the
microfluidic system is incubated at 37°C and 5% CO, atmosphere. Cells were

exposed to 5 pm/s continuous laminar fluid flow for up to 7 days.

| Gear configuration

| Microfluidic Device

Microfluidic
Device

Vlnlet ;d Outlet of micro-robot ‘

(C) o Mero oo
: = S )

Cell Culture Area
( 25x3x0.5mm)

Figure 3.2 Wound Model Experimental setup. Fig. A: Mechanical system for the
wound model. Precise control of the robot in the microfluidic channel integrated
into 6- axis Hexapod. By means of gear configuration, micro-robot can also yaw

axis. Fig. B: Microfluidic channel designed for the wound model. This
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microfluidic device is examined through three wound models created at the
same time. Micro-robot is removed after the wounding process. Fig. C: Micro-

robot that generated the wound model in cell culture medium.

3.1.1.4 Mathematical Model

The manipulation technique proposed in this study is based on a ferromagnetic
micro-robot inside a microfluidic chip. For the control of the micro-robot inside
the channel, we used a driving magnet attached to the 6-axis Hexapod and a micro
magnet integrated into the micro-robot. The magnets are made of NdFeB with
remanence magnetic field strength of 1.37 T for a volume of 1cm?®. The basis of
the proposed mathematical system was concentration of the magnetic field force
lines on the micro-robot and the formation of a force vector on the horizontal axis
of the micro-robot. A detailed view of the magnetic mechanism is shown in Figure

3.3.

o Micro-magnets

=

| Driving-magnets

Magnet Holder

@ Wlagnetlc Con_guranon

-y
H

Figure 3.3 Concept of the micro-robot manipulation. Fig.3.3 B Magnetic flux

density between the driver-magnets and micro-magnets in the micro-robot.

Fig3C Magnetization of the magnets is in the Z axis.
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The magnetic force on the robot originates from the attractive force between the
driving magnets and the ferromagnets inside the micro-robot. As a result of the
magnetic analysis performed in Fig.3.3 B, the magnetic force acting on the robot
on the x-axis was calculated as 106.5 uN. A gear system is designed to
magnetically manipulate the micro-robot. Driving magnets is integrated onto the
Hexapod and microfluidic channel is placed onto the gear system. The robot can
move along x-axis while yawing through the gear system. While the robot is
generating the wound, adhesive forces cause deviation in robot’s direction.

Because of that, control of the yaw axis is crucial in terms of angle stabilization.

3.1.1.5 Monitor Cell Growth Process Using Holographic System

For almost all cell manipulation tasks, the morphological structure of the
manipulated cells is a critical parameter. Cell morphology is an important
determinant of the cell genotype and determines many of its characteristics
including its surface adhesion behavior its intra cellular signaling pathway
regulation and its membrane permeability. It is also a stronger indicator of the
class a cell belongs to, compared to classical light microscopy techniques [65]. We
investigate the use of morphological information in cell healing operations.
Assessment of the cell shape and cell-surface adhesion helps better understand
how to direct the actions of the migration. Holographic system is an emerging
high-resolution imaging technique that offers real-time imaging and quantitative
measurements of physiological parameters without any staining or labeling of
cells. A key feature of holographic system is the ability to study cell morphological
changes associated with differentiation. Phase shifting inline Mach-Zehnder
interferometry technique was used for healing and migration imaging. Mach-
Zehnder interferometer is a 3D reconstruction method based on the interference
of a signal wave which contains the wavefield transmitted from the observed
sample and a reference wave which contains the wavefield of the original coherent
light source. A laser beam is divided into two beams by use of a beam splitter. One
beam is the reference beam which travels through a compensating chamber which

is a microchip filled with an empty medium and the other beam is the object beam
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which travels through a microfluidic device filled with a medium which contains
the cancer cell culture to be observed. These two beams are then combined into a
single laser beam which contains the fringe patterns due to the interferometry of
the reference and the object beam. The intensity distribution of a given

interferogram is,
Lj(x,y) = A%(x,y) + A%, + 24,(x, y)Arcos[0o(x,y) — &j]

The phase information of the sample can be reconstructed by translating the
reference wave and solving the set of linear equations that form taking the Fresnel
transformation of the complex wavefield that is recorded via an image sensor [66].
To decrease the computational burden of the Fresnel transform, [67] proposed a
Fresnel approximation method based on stepwise shifting of the reference wave.
In this study we follow this approach using a PZT actuator for shifting the phase

of the reference wave.
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Figure 3.4 Inline phase shifting Mach-Zehnder interferometer used for acquiring

the depth map of the operation environment.
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3.1.2 Experiments

HCT-116 colon cancer cell line was used during the experiments. HUVECs and
HCT-116 cell line is used during the experiments while HCT-116 assay is narrated
since the process is highly similar. For the wound model, the micro-robot was
magnetically manipulated to form the wound model. This wound model was then
followed by holographic system. The experimental setup of the holographic

system is shown in Fig.3.5.

6-Axis
Hexapod

Figure 3.5 Inline phase shifting Mach-Zehnder interferometer used for acquiring

the depth map of the operation environment.

Firstly, cells were cultured in the microfluidic channel. Cells were cultured in
microfluidic channels by three-dimensional and two-dimensional cell culture
methods. Fig.3.6 shows examples of two-dimensional and three-dimensional cell

culture in a microfluidic device.
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Figure 3.6 For the 2D and 3D wound model, the microfluidic channel image was
imaged 4X magnification (A and C) and 10X magnification (B and D). Figure A
and C shows HCT-116 cell line while Figure B and D shows HUVEC cell line. As
can be seen from Figure A and B, cells can be observed in single layer in 2D cell
culture in microfluidic channel, whereas in Figure C and D cell culture cells have

grown in multiple layers.

After the cells were fully adhered to the surface and grown, the wound model was
created by the micro-robot. Fig.3.7 shows the micro-robotic wound model. The
HCT-116 colon cancer cell line and HUVEC (Human umbilical vein endothelial
cell) was used to construct the wound model. Cells completely covering the
surface were scraped with micro-robot. Thus, a wound model was created. After
the wound model was created with micro-robot, wound healing was monitored

by holographic system.
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Figure 3.7 2D and 3D wound model created with a magnetically manipulated
micro-robot.

Thanks to the holographic system, cell growth, migration and drug interactions

can be monitored in the incubator environment in real time.
3.1.3 Results and Discussion

In this sub-study, the results obtained from each of our experiments. Fig. 3.8
shows the holographic images of the wound model which is generated with micro-
robot. The positioning accuracy of the micro manipulator is approximately 0.5 um
which provides us enough accuracy for creating a wound in the microfluidic
device. Through these experiments we see that the deformation rate remains

below 8%. We also observed that while the more adhesive cells have higher

56



deformation rates, less adhesive cells have negligible deformation. In the systems
created for the two- dimensional and three-dimensional wound model, the micro-
robot was difficult to move the gel out of the microfluidic system. For this purpose,

a system design which increases the lateral forces of the micro-robot will be made.

Finally, we describe a 2D and 3D wound healing assay with wound generated via
specially designed and magnetically manipulated micro-robot and observed with
a holographic imaging setup. Dynamic three-dimensional and two-dimensional
cell culture was created in the microfluidic channel which is produced by soft
lithography. In this 3D tissue model, a wound was created with a magnetically
manipulated micro-robot. The wound model was monitored by holographic image
tracking system for 3D healing and cell migration every 12 hours. Particularly, the
3D cell culture created in the microchannel using microgel. After the microchannel
is entirely coated with cells, the biocompatible microrobot was placed inside the
channel, moving towards the center of the channel, and creating a uniform hollow
wound by layering cells from the center to outlet. For the monitoring system, we
use the phase-changing incline Mach-Zehnder interferometer technique. With this
holographic system, the migration and healing of the cells were monitored in real
time and in 3-dimensions. Finally, we have determined that our novel 3D-
monitoring system could provide new horizons for the study of wound healing

and likewise cell processes.

This method, which is a new method for cancer research and best mimics the in
vivo environment, will make a great contribution to the literature. Thanks to the
wound model, data about cancer migration, resistance and drug trials were
collected. Thus, the substitution of animal models of microfluidic-based robotic

devices and personalized medicine can be realized.
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Holographic image of wound model

Depth (um)

X 1554

\ YEr3
N o 276463
& d

=Sl 2000
w00 %0

N
1400

1000 20

els)

) 7--“”7.-"7-”- -\7 \
< i 600 800

0™~ 200 X Axis (pix

Figure 3.8 Holographic images of the wound model which is generated with
micro-robot. In the hologram image, the depth information is displayed on the z-
axis. The size of the wound model is the same as the length of the arm of the

micro-robot. The size of the wound pattern formed at 400 um is also shown.

3.2 Mechanical Characterization of Cancer Cells on-Chip Using

Surface Acoustic Wave

Recently, studies have intensified on the removal of the characteristic of cells with
the developing technology. Various detection methods have been developed using
the characteristic of cells. Examples are flow cytometry, imaging cytometry, and
photoacoustic. Classification of cells using these methods becomes an important
tool used in biological and biomedical research and clinical treatment. This
frequency corresponds to the natural frequency of the surface to which the cells
are attached, since the acoustic waves can propagate most effectively in the
environment. Since the compressibility, mass, size and density of different cells
will be different, they are also affected by acoustic surface waves. In addition, the
size of the adhesion force, which is one of the most important forces affecting the

cell and its speed, depends on the characteristic parameters of the cells. Due to
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these effects, the mechanical stiffness of the cells can be detected using this

method.

The aim of this study is to develop a new detection technique in a microfluidic
device that will be used to measure the change in cancerous cells in the structure
of cell stiffness at a single-cell level. The ability of cancer cells to occupy, starting
from the basement membrane, is defined as a critical step during metastasis. The
increase in protease secretion that triggers basal membrane disruption causes
changes in cancer cells' cytoskeleton architecture. This can increase the
mechanical flexibility structure of cancerous cells by up to 70% [68]. The hardness
of the cancerous cell is a mechanical change and can be determined by examining
the mechanical changes in the cell exoskeleton. Most of the methods used in the
literature are performed by external mechanical simulation (AFM probe, micro-

pipette aspiration) [69].

Within the scope of the thesis, the mechanical deformation occurring on the cell
using acoustic pressure waves in the developed microfluidic system was measured
with the "Quantitative Phase Imaging" technique. With the images obtained, the
cell stiffness can be measured and the mechanical properties of cancerous cells are
characterized. With this method, in which direct mechanical interaction is not
used, it is aimed to display the characteristic vibration patterns created by the
acoustic effect on the cancerous cell. Thus, a great contribution to the literature
has been made in studies on the structure and formation of cancerous cells. A new
method has been proposed to monitor cancer patients individually and to monitor
the disease in a real-time, non-invasive method. It has been a useful method for

Liquid Biopsies and an approach to increase patient treatment success. [70].

The developed microfluidic system is a "non-destructive analysis method" that can
measure ultrasonic waves at certain frequencies by sending them over the cell
[71]. It is a label-free technique that can measure using the phase and amplitude
shifts in the light that the pressure waves will generate on the cell. The system

developed within the scope of the thesis has been tried on three different cancer
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cells selected due to its clinical importance to be placed in microfluidic chips in-

vitro conditions.
3.2.1 Theory and Mathematical Model of Acoustic System

In the thesis, it is based on deforming the mechanical properties of the cells using
acoustic waves in microfluidic channels and holographically displaying and
detecting their movements under acoustic forces. Thanks to constituted acoustic
experimental setup, modeling the acoustic wave propagation and the forces that

these waves created on the cancer cells is investigated.

A sine acoustic wave moving in the X-axis can be expressed as a wave function
equation (3.1) that provides the wave equation (3.2) [72]. This equation indicates
that the acoustic wave can be modeled as a decay that travels along an axis at a
certain wave velocity [73]. In fluid environments, these distortions can only be
observed longitudinally, while in solid environments they can be observed
longitudinally or laterally. This is because the resistance of fluid media to shear

stress is very low.

y(x,t) = A - sin (wt — kx) (3.1

%y(xt) 1 9%y(xt)
ax2 2 at? (3.2)
Here, y displacement, x position, t time, A wave amplitude, w angular frequency,

k wave number (A dalga boyu ise 21t/ 1), ¢ wave velocity.

As a result of the overlap of two acoustic waves with equal amplitude and
frequency, a wave form called standing wave occurs. Stationary waves do not
transfer energy unlike moving waves. In other words, net energy transport in all
axes is equal to zero. These waves have node points without particle motion and
anti-node points where particle motion is equal to twice the amplitude of a single
wave. As can be seen from here, the force acting under this wave model is the
drag force. In the stationary wave model, displacement and pressure are expressed

by equation (3.3) and (3.4) [74].

y(x,t) = Agy " cos(wt) - sin (kx) (3.3)
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p(x,t) = —pgy - cos(wt) - cos (kx) (3.4)

Here Agy and pgy are the expression of the sum of the amplitudes of the
overlapping waves. As can be seen from these equations, there is a 90 ° phase
difference between displacement and pressure. Therefore, the points where the
displacement is low correspond to the points where the pressure is high and the
points where the pressure is high corresponded to the points where the pressure

is low.
y(x,t) = A -sin (wt — kx) (3.5)

The basis of the acoustic force theory emerged in 1934, when Louis Vessot King
calculated the acoustic force acting on a rigid sphere suspended in a non-viscous
liquid [75]. This work was later expanded by the calculation of the axutic force
acting on the compressible spheres of Yosioka and Kawasima [76]. The model
used for cell-like spherical structures is generally the expression developed by
Yosioka and Kawasima and shown in (3.6). Here, the expression ¢(8,p) is
developed to compare the compressibility of the acoustic waves between the two

environments and is explicitly expressed in equation (3.7).
2V m .
Foe = = ("25) - (B, p) - sin (2kx) (3.6)

__ 5pp—2pm _ &
B = T B (3.7)

Here, the density of the medium and the particle are expressed as p,, and p, and
their compressibility as f,, and f,,. Also, V}, is the volume of the particle, and x is

the distance from the nearest pressure node.
3.2.2 Creating the Cell Mechanical Model

In order to calculate the effect of acoustic force on the cell, a mechanical model of
the cell must be created. Although the cell has a very complex structure, where
many different organelles and structures come together, a simpler mechanical
model needs to be created in order to analyze cell deformation and movements.
For this purpose, cell models are generally created by making quite simplifying

assumptions. There are many different models developed for different
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applications, but the purpose of our project is to measure the stiffness of the cell,
which has led us to use models where the cell is assumed to be an elastic material.

The models used will be described in this section.
3.2.2.1 Linear viscoelastic solid model

The linear viscoelastic solid model models the whole cell as a homogeneous linear
viscoelastic solid as seen in Figure 3.9. This model was developed by Schmid and
Schoenlein in 1981 to model the deformation of leukocytes during micro-
aspiration. In this model, due to the elasticity of the cell membrane, it is expressed
as an elastic (spring) element that absorbs ultrasonic energy, while the cell fluid
is expressed as a moving viscous (damping) element. The second spring element
can be given as the mass of the cell nucleus. Thus, the effect of the wave produced
from an ultrasonic source on the cancer cell can be examined. Constitutional
equation used for this model is as seen in (3.8).

' ki .
Tij+kile] =k1yU+'u(1+k_:)yU (38)

Here k4, k, and u this refer to the elastic and viscous constants shown in the Figure

3.9. The expression of displacement can be found using this equation.

5(0) = L—[14 (1) e | H® (3.9)

8R1k1 k1+k2

Thus, a relationship can be established about the cell viscoelastic structure
through the wave patterns that will occur in the cell exoskeleton structure due to

cell displacement at different frequency values.
3.2.2.2 Maxwell model

The viscoelastic solid model is a useful model for analyzing large deformations on
the cell. However, it is insufficient to model smaller and superficial deformations.

Constitutional equation used in this model is as seen in equation (3.10).
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Here k is an elastic constant and u is a viscous constant. The cell model created in
this way is more suitable for expressing small deformations that have a superficial

and elastic characteristic.

: Whole cell is o Cytoplasm modeled
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/ modeled as a “ . / asa Mda;:&eg liquid
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Figure 3.9 Mechanical models used to predict cell behavior under acoustic
waves. The model seen in Figure A is the linear viscoelastic solid model and is
used for the analysis of large deformations on the cell. The deformation caused

by the drag force that the static waves will create on the cell will be analyzed
using this model. The model seen in Figure B is the Maxwell droplet model. It is
a model suitable for the analysis of smaller, superficial, and elastic deformations.
This model will be used for the analysis of deformations that immersion

transducers will form on the cell membrane.

Thanks to the mathematical models created above, the effect of acoustic force on
the cell was calculated with the help of experimental results. Consequently,
modeling of the cell mechanics has great potential to provide a new attitude on

pathologies and biological research questions.
3.2.3 Installation of Acoustic Experimental Setup

In order to obtain forces that can deform the surface of the cell, it is necessary to
create three-dimensional standing waves in the cell environment. It is necessary
to establish a sensitive experimental setup. The experimental setup has been
developed to capture this sensitivity. In the developed experimental setup, PZTs
with different bandwidths and frequency ranges have been used to create

deformation on the cell.
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Before the experimental setup was installed, piezo transducers were selected to
provide deformation on the cell. As can be seen in Table 3.1, PZTs were used in
different mods, frequency ranges and with different resonance frequencies.
Among the PZTs used, PZT was the piezo transducer in the first line, where we
had the best deformation on the cell. The selected PZT has a frequency in the
range between 1Hz and 2KHz and it has Bimorph mode. The deformation created

on the cell during the experiments was best observed in this frequency range.

Table 3.1 Images and operating frequency ranges of PZT used in experiments

. Resonant
Picture Definement Model Resonant PFrequency .
impedance
. , — Maximum Input
— Piezo Ceramic Bimorph
¥ SMBA4510TOSM 2 KHz + 5% Voltage: 100V
‘ 1 40x10x0.5mm 2 KHz 4 S - oltage w
Piezo Bimorph Actuator Displacement: 0.05mm @ |Displacement: 0.05mm
2
25 7.1 x0.50mm FMBAZSW ZRL0 24 Vpp @ 24Vpp
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The operating voltages of the PZT used are up to 100 Vpp. Since the stable
working conditions required for precise measurement in the thesis are of great
importance, and experimental setup has been created accordingly. In this context,
the WMA-300 amplifier of the Falco brand was used in the experiments. WMA-
300 is a high voltage, wide bandwidth amplifier. WMA-300 can be used for MEMS

activation, EO-modulators, PZT (piezo) positioners, ultrasonic and many other
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applications. After the system became more stable, cancer cells belonging to
different cell lines were tested in the microfluidic channel. Experiments were
made integrated to the holographic system and the optimum frequency range was

recalculated.

3 ] o \

// | Microfluidic Channel h
=, T

Y

\ v

e Deformarion of the cell at high pressure point
l I +V
-

PZT-2 -V J

‘ High pressure point ‘

‘ Low pressure point ‘

Figure 3.10 The PZT transducer shown is placed adjacent to the microfluidic
device in which the cells were cultured. PZT transducer is used to generate

surface waves which in turn generate a deformation force on the cells.

As can be seen from Figure 3.10 acoustic standing wave is generated within the
microfluidic channel. The standing wave creates a multi-dimensional acoustic
field. Acoustic radiation force exceeds drag and gravity force, thereby trapping

and aligning cells in the 3D pressure nodes of standing wave.
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Figure 3.11 Experimental Setup of Acoustic System. The experimental setup
used during the acoustic experiments are shown. The oscilloscope is used to
determine the frequency at which the surface waves are generated with highest
amplitude. The signal generator is used to generate a sinusoidal signal that is fed
into the acoustic transducer through a voltage amplifier. Figure 3.11.A The PZT
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transducer shown is placed adjacent to the microfluidic device in which the cells
were cultured. PZT transducer is used to generate surface waves which in turn
generate a deformation force on the cells. A thick layer of PDMS (1:10 silicone
elastomer and curing agent) was used to prevent the vibration of PZT
transducers to affect the imaging setup.

Finally, the acoustic surface waves created using piezo were increased with the
help of an Falco WMA-300 model amplifier, which converts electrical energy into
a mechanical vibration, to be in contact with the channel measuring piezo shown

in Figure 3.11, which can operate at between 1 Hz to 1Khz frequencies.
3.2.4 Results and Discussion

Mechanical properties of the cancer cell is a critical parameter for pharmacy and
biological research. Cell morphology is an important determinant of the cell
genotype and determines many of its characteristics including its surface adhesion
behavior its intracellular signaling pathway regulation and its membrane
permeability. It is also a stronger indicator of the class a cell belongs to, compared

to classical light microscopy techniques [77-80].

Within the scope of the thesis, the acoustic mechanical effect acting on the cancer
cell was measured with a holographic imaging system. The holographic imaging
method, algorithms used, and the results obtained during an experiment in which
cell cultures in microfluidic device. The motive of this study is to show the
advantages of quantitative phase imaging methods where the observation of
morphological transformation of the cell. During the EMT phase, cancer cells lose
their adhesive nature and morph into a mesenchymal state in which they start
migrating through the blood stream into different parts of the body as circulating
tumor cells. Observation of the transformation of surface structure in 3D during
the EMT phase is critical for better understanding the factors that trigger it since
many of its precursors manifests itself in cell morphology. Accurate depth
information obtained through quantitative phase imaging methods could play a
key role in understanding the dynamics of this complex process. Holographic
imaging apparatus consists of a phase shifting inline Mach-Zehnder interferometer

coupled to a spatial light modulator used for phase retardation. As a coherent light
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source, we use a 521 nm, 10mW DPSSL laser. Phase-shifting is achieved through
the use of a high frequency piezo actuator actuated in 500 steps per second. We
developed an algorithm for real-time holographic reconstruction using a
continuously shifting piezo actuator and a high-speed CCD camera. For each frame
we predict the phase difference between last two consecutive frames and use the

last period of the captured interferograms for holographic reconstruction.

Our method is particularly advantageous for cell cultures where the present fluid
flow creates transient deformations in the fringe patterns. To further lower the
noise due to commonly used microfluidic device. And then we compare different
noise reduction strategies and propose a novel noise reduction strategy based on
the BM3D method which gives superior performance for dynamical cell cultures.
We then apply a watershed transform based super pixel segmentation algorithm
to continuously track the morphological evolution of individual cells during
acoustic effect. Our method allows us to capture reconstruction at 20 FPS in real-
time. The demonstrated application clearly shows that holographic imaging
techniques present valuable information that gives insights into the physiological

underlying of behavioral patterns cancer cells typically undergo.
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Figure 3.12 The deformation of the HCT-116 (Colon Cancer), MDA-MB-231
(Breast Cancer), ONCO-DG-1 (Ovarian Cancer), and HUVEC (Human Umbilical
Vein Endothelial) cells under the acoustic effect.

PZTs used in the experiments were used in sinusoidal wave mode and 3Vpp
amplitude. For the optimum frequency range, 1Hz, 5Hz, 10 Hz and 1 KHz are
selected. In these frequency ranges, the cells were exposed to acoustic effect at the
determined frequency ranges for 10 seconds. The acoustic effect occurring on the
cells have been calculated with the holographic experimental setup on the surface

in 3-dimensions.

As mentioned in the previous sections, cancer cells have a less stiff than healthy

cells, as is known from the literature.

As can be seen in Figure 3.12A, when the HUVEC cell line is treated as a healthy

cell, the deformation on the cell is =+ 5 um. Figure 3.12 B shown that the
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deformation occurring in the range between 1Hz and 1Khz on the HCT-116 (Colon
Cancer) cell line is = 20 um. The deformation on the ONCO-DG-1 (Ovarian
Cancer) cell line shown in Figure 3.12 C in the range of 1Hz to 1Khz is = 15 um.
The deformation on the MDA-MB-231 (Breast Cancer) cell line shown in Figure

3.12 C in the range of 1Hz to 1Khz is =10 um.

These results show that cancer cells have different stiffness values in themselves.
At the same time, these results obtained holographically confirm the information
obtained in the literature. Although all cell lines are exposed to the same
frequencies and amplitudes, deformations occurring on their surfaces are different

from each other due to differences in cell structures.
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4

RESULTS AND DISCUSSION

This thesis aims to microfluidic systems have been developed to determine the
mechanical properties of cancer cells and healthy cells as a single cell with a
holographic imaging technique. The most important innovations brought by
developed microfluidic chips are that it can perform many operations at the same
time, observing cell migration, detection of mechanical stiffness of cells, and the
microchannels can be continuously identified and followed. They also provide a
suitable environment for processing and analyzing cells in a narrow and restricted
area. In the microfluidic systems developed within the scope of the thesis PDMS
based microchips are produced and designed as a platform in which
microchannels are contained, the cells can be immobilized individually and
exposed to acoustic effects. HCT-116 (Colon Cancer), ONCO-DG-1 (Ovarian
Cancer), MDA-MB-1 (Mammary Cancer) were chosen as the appropriate cancer
cell line and HUVECs (Human Umbilical Vein Endothelial Cells) selected as a

healthy cell line for the experiments.

To understand the microfluidic system, we start with a discussion of how physical
effects manifest at the microscale. In the first part of the thesis, we developed a
microflow sensor prototype with zero mechanical contact in a microfluidic channel
via diamagnetic levitation. And then, we also describe the fabrication of
microfluidic platforms for the detection of single-cell mechanical properties. The
culturing of cancer cells to be used during the experiments and their integration
into the microfluidic system are also described. In the third section of the thesis
describe the application of developed microfluidic system for cancer cell

mechanical properties detection.

Thesis results show that cancer cells have different stiffness values in themselves.
At the same time, these results obtained holographically confirm the information
obtained in the literature. Although all cell lines are exposed to the same
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frequencies and amplitudes, deformations occurring on their surfaces are different

from each other due to differences in cell structures.

Therefore, the mechanical properties of cancer cells can be used as new diagnostic
and / or prognostic markers to complete the histological examinations and genetic
phenotyping of the tumor. Many studies investigating the mechanics of healthy
and cancer cells have found that cancer cells have less stiffness than healthy cells.
More importantly, the reduction in stiffness correlates with the progression of the
disease. Cell stiffness is not the only physical parameter changed in cancer cells.
Cell adhesion, traction forces, or sigh stresses are also affected. The results we
obtained as a result of the thesis are of great importance for cancer treatment and

pharmacological drug trials, which are among the biggest problems of today.
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