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ABSTRACT

ASSESSMENT OF CHANGES IN THE DIELECTRIC PROPERTIES OF
MULTIDRUG RESISTANT CANCER CELLS BY ELECTROROTATION
TECHNIQUE

Bahrieh, Garsha
M. Sc., Department of Electrical and Electronics Engineering
Supervisor: Assoc. Prof. Dr. Haluk Kilah

August 2014, 236 pages

With recent advances in microfabrication technologies different methodologies are
employed to study the dielectric properties of the biological systems. These include
electrorotation (ER), dielectrophoresis, microelectrical impedance spectroscopy,
and impedance flow cytometry. Among them, ER is utilized as a high accuracy
approach in determining the membrane and interior dielectric properties of single

cells.

In addition, in cancer therapy, cancer cells are developing resistance toward the
chemotherapeutic drugs and their biophysical properties are showing variations.
Therefore, study of changes in the physical and electrical properties of resistant

cells is important to make differentiation between drug sensitive and resistant cells.

This thesis presents the design, fabrication, and implementation of ER devices with
3D electrodes for the dielectric characterization of cells. In addition, as an
experimental application of the extracted dielectric properties of the cells (by ER),
the DEP method is utilized.

1% generation of the ER chips with pyramidal planar (2D) electrodes was utilized
for the proof of concept and study of the feasibility of dielectric characterization of

cells using ER technique. First analyses were carried out using yeast cells and
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imatinib resistant human leukemia cells (K562-IMA). 3D FEM analyses and
experimental results showed that the use of 2D (planar) structures can lead to errors
in the measurement. In 2D structures, because of the negligible height of the
electrodes (~300nm) compared to the biological cells (~10-25 um), the variation of
the rotational torque (ROT-T) is significant along the z-axis. In addition, due to
high current density passing through the 2D electrodes, the thermal heating of the
electrodes was significant. This can result in variations in the medium temperature
due to the thermal resistive heating of the electrodes. Therefore, variations in the
conductivity of the medium were unavoidable. It can alter the ER characterization
results, because of the high sensitivity of the ER method to the conductivity of the
medium. 3D electrode structures can provide a high sustainability of the ROT-T
along the z-axis, by encompassing the whole cell body and eliminating the fringing
electric field effect on the cells rotation. In these electrodes, due to increased
volume of the electrodes, the current density passing through the electrodes drops
significantly. Therefore, the thermal heating reduces by more than an order of
magnitude, which guarantees consistency of the medium conductivity during the

ER experiments.

The second generation of the ER devices with 3D pyramidal electrodes were
designed and fabricated to overcome the problems with the planar ER devices.
These devices were fabricated with 3D electrodes on az glass substrate. However,
there were a number of problems which were faced in the experimental analyses of
these devices. Firstly, due to the glass substrate, assessment of the rotation of the
cells was difficult. Moreover, small reservoir size and hydrophobicity of the
parylene had made entrance of the cells into the electrode area difficult. In addition,
due the complexity of the fabrication process and limited number of ER chips on

each wafer, the 2" generation of the ER chips was unsuitable for the practical uses.

The third generation of the ER devices, with 3D electrodes was designed to
overcome the problems in the previous generations. The fabrication process of
these devices needs a single mask. In addition, to study the electrode geometry
effects in the ER method, ER devices with six different electrode geometries were
designed and fabricated. In order to make a comparison between the electrical

characteristics of the each electrode type, experimental and numerical investigations
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were carried out. For this purpose, 3D rotational torque and effective electric field
distributions were characterized using experimental and FEM analyses (COMSOL).
The ER devices with polynomial electrodes were chosen to have the most practical
compromise between the uniformity and sustainability of the generated rotational
torque. Using polynomial quadrupole electrodes, 9 different cell populations,
including K562 human leukemia cells and MCF7 breast cancer cells and their
multidrug resistance (MDR) counterparts were characterized. For this purpose, the
rotational behavior of the cells was studied in four different medium conductivities
(1-8 mS/m) in the frequency range of 1-100 kHz. Subsequent to determination of
peak rotation frequencies in all media, an automated MATLAB program was used
to calculate the dielectric properties of the cells. It was observed that, sensitive and
MDR cancer cells show significant variation in their dielectric properties, which can
be used to identify and separate MDR cells from sensitive ones through DEP-based

methods.

In addition, to investigate the feasibility of separation of the cancerous cells and
their multidrug resistance (MDR) derivation from the human leukocyte cell
mixture, DEP chips were designed and fabricated. These chips have five active
electrodes and total of 12 potentially floating electrodes, which had 3D structures,
located in the parylene microchannel side walls. 3D COMSOL simulations were
utilized in the design and studying the separation performance of the DEP chips. In
addition, FEM analyses were implemented in the optimization of fluidic flow rates
and applied voltages. Using 3D simulations, the separation efficiency of the
designed DEP devices was calculated as 100%. The initial experimental analysis of
fabricated DEP devices with K562-IMA cells showed a successful separation of the

cell under both n-DEP and p-DEP forces to the intended channels.

In conclusion, three generations of the ER devices with more than eight different
electrode geometries were designed and fabricated. 3D FEM simulations and
experimental analyses were utilized in the characterization of the ER devices. The
polynomial electrodes were chosen to have the most practical compromise between
the rotational torque uniformity and magnitude. Using the polynomial electrodes,
different cell populations, including K562 leukemia cancer cells and its imatinib

(0.2, 0.3, and 0.5 uM) and doxorubicin (0.1, 0.3, and 0.5 M) resistant counterparts
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and MCF7 and its 1 uM doxorubicin resistant derivation were characterized. As an
application for extracted dielectric properties of the cells, DEP chips with novel
potentially floating electrode configuration was designed and fabricated. Results
show that sensitive and resistant cancer cells can be separated from each other via
DEP-based methods, and ER is a powerful and sensitive dielectric characterization

technique for the biological cells.

Keywords: Electrorotation, cell characterization, dielectrophoresis (DEP), 3D-
electrode, multidrug resistance (MDR).
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COKLU ILAC DIRENCLILIGI GELISTIRMiS KANSER HUCRELERININ
DIELEKTRIK OZELLIKLERININ ELEKTROROTASYON TEKNIGIi iLE
BELIRLENMESI

Bahrieh, Garsha
Yiiksek Lisans, Elektrik Elektronik Miihendisligi Boliimii
Danisman: Dog. Dr. Haluk Kiilah

Agustos, 2014, 236 sayfa

Son yillarda, mikrofabrikasyon teknolojilerindeki ilerlemelerle birlikte, biyolojik
parcaciklarin dielektrik Ozelliklerinin belirlenmesinde kullanilabilecek farkli
teknikler gelistirilmistir. Bunlardan bazilari, elektrorotasyon (ER), dielektroforez
(DEP), mikroelektrik impedans spektrofotometrisi ve impedans akis sitometrisi
olarak siralanabilir.  Bu teknikler arasinda, elektrorotasyon, hiicre zar1 ve
sitoplazmik dielektrik 6zelliklerin tekil hiicre bazinda, yiiksek hassasiyette

belirlenmesinde etkin bir yontem olarak kullanilmaktadir.

Kanser hiicreleri kanser tedavisi sirasinda biyofiziksel 6zelliklerini degistirerek
kemoterapatik ilaclara kars1 diren¢ kazanmaktadir. Bu sebeple, ilaca direncli
hiicrelerin fiziksel ve elektriksel 6zelliklerindeki degisimlerin incelenmesi, direngli

hiicreyi direngsiz olandan ayirmak adina olduk¢a 6nem kazanmustir.

Bu caligmada, 3-boyutlu elektrot yapisina sahip ER ciplerinin tasarim, iiretim ve
biyolojik  hiicrelerin  dielektrik  Gzelliklerinin ~ belirlenmesinde  kullanimi
aragtirllmistir. Bunun yani sira, elde edilen dielektrik 6zellikler, hiicrelerin DEP

teknigi ile ayristirilmasinda kullanilmistir.

ER tekniginin dielektrik karakterizasyonda kullanilabilirligini kanitlamak i¢in
birinci nesil ER ¢ipleri, Si taban iizerine islenen 2-boyutlu duzlemsel piramit
elektrotlardan olusmustur. Analizler ilk olarak maya hiicrelerinde ve imatinib
direncli insan 16semi hiicrelerinde (K562-IMA) gerceklestirilmistir. 3-boyutlu FEM

analizleri ve deneysel sonuclar, 2 boyutlu elektrot yapilarinin c¢esitli 6l¢iim

iX



hatalarmma yol actifim1 gostermistir. 2 boyutlu elektrot yapilarinda, elektrot
yiiksekligi (~300 nm) hiicre biiyiikligine ( ~1-25 um) gobre cok daha az
oldugundan, dikey ecksende (z-ekseni) rotasyon kuvveti (ROT-T) ciddi Olcude
degismektedir. Bunun yam sira, 2 boyutlu elektrotlarda akim yogunlugunun fazla
olmasi nedeniyle ciddi bir termal 1sinma gozlenmistir. Termal isinmanin fazla
olmasi ¢ozelti sicakligini arttirmakta, dolayisiyla, ¢ozelti iletkenligi 6l¢iim siirecince
degisim gostermektedir. ER teknigi, c¢ozelti iletkenligi ile dogrudan iligkili
oldugundan, termal 1sinma ER sonuglarimi ciddi 6lciide etkilemektedir. Diger
yandan, 3 boyutlu elektrotlar ROT-T nin z-ekseni boyunca sabit kalmasini saglayip,
elektrik alan sacaklanmalarini engelleyebilmekte ve elektrik alanin tiim hiicre c¢ap1
iizerinde homojen etki etmesini saglamaktadir. Ayrica, elektrot hacminin artmasi
nedeniyle, 3 boyutlu elektrotlarda birim alandaki akim yogunlugu azalmakta ve
termal 1sinmanin biiyiik oranda Oniine gecilmektedir. Boylece, ¢ozelti iletkenligi

Ol¢iim siiresi boyunca sabit kalmaktadir.

Ikinci nesil, 3 boyutlu piramit elektrot yapisindaki ER cipleri, 2 boyutlu elektrot
yapilarindaki problemleri ¢ézmek igin tasarlanmig ve cam pul iizerinde tiretilmistir.
Ancak, bu ciplerin testleri sirasinda ¢esitli problemlerle karsilasilmistir. Ornegin,
cam taban kullanildig1 icin hiicrelerin doniis hizin1 mikroskop altinda gézlemlemek
zorlagsmistir.  Ayrica, rezervuar kiiciikliigii, parilen hidrofobikligi gibi diger bir
takim problemler testlerde sikintilara yol agmistir. Bu ciplerin Gretiminin de 4
maske icermesi ve goOrece kompleks olmast nedeniyle ER testlerinde

kullanilmamustir.

Uciincii nesil ER g¢ipleri 2. nesil ¢iplerde yasanan problemleri asmak icin
tasarlanmig ve Si taban {izerine tek maske kullanilarak iiretilmistir. Ayrica, elektrot
yapisinin ER sonuglarina etkisini incelemek tlizere 6 farkli elektrot geometrisi
tasarlanmig ve Uretilmistir. Farkli elektrot geometrilerinin ER karakterizasyonu,
niimerik ve deneysel olarak arastirillip karsilastirilmistir. 3 boyutlu dongusel
kuvvetin ve elektrik alan dagiliminin niimerik karakterizasyonu FEM (COMSOL)
analizleri ile ve deneysel olarak incelenmistir. Sonug¢ olarak, polinomik elektrot
yapisina sahip 3 boyutlu ER ¢iplerinin dongiisel kuvvetin homojenligi ve siirekliligi
acisindan en iyi sonucu verdigi gozlenmistir. Polinomik dortlii elektrot yapisi

kullanilarak 9 farkli hiicrenin (K562 losemi hiicresi ve direngli tipleri (0.2, 0.3, 0.5
X



uM imatinib) ile MCF7 meme kanseri hucresi ve direncli tipleri (0.1, 0.3, 0.5 uM
doxorubicin)) dielektrik karakterizasyonu gergeklestirilmistir. Her bir hiicrenin
dongiisel elektrik alan kuvveti altindaki rotasyon hizlar1 4 farkl iletkenlikteki (1-8
mS/m) ¢ozelti iginde, 1-100 kHz frekans araliginda taranmigtir. Her bir ¢ozelti
icindeki en ylksek rotasyon frekansinin belirlenmesinin ardindan, hiicrelerin
dielektrik ozellikleri, gelistirilen MATLAB programi yardimiyla otomatik olarak
hesaplanmistir.  Sonuglar, hassas ve diren¢li kanser hiicrelerinin dielektrik
ozelliklerinin ciddi sekilde degistigini ve bunun hiicreleri DEP tabanli metotlarla

ayristirmada kullanilabilecegini gostermistir.

Bu calismada ayrica, elde edilen sonuglarin bir uygulamasi olarak, direncli hassas
kanser hiicrelerinin beyaz kan hiicrelerinden ayristirilmasinda kullanilmak iizere
DEP ¢ipi tasarlanmis ve tiretilmistir. Bu ¢ipte, parilen tabanli mikroakigkan kanal
duvarlarina yerlestirilen 5°1 aktif ve 12’si pasif li¢ boyutlu elektrotlar kullanilmistir.
Cipin tasarimi ve ayristirma performansinin niimerik incelemeleri i¢in 3-boyutlu
COMSOL benzetimleri gergeklestirilmistir. Bunun yani sira, akis hiz1 ve voltaj
degerlerinin optimizasyonu i¢in FEM analizleri gergeklestirilmistir. Ug boyutlu
benzetimler, tasarlanan DEP cipinin kanser hucrelerinin kan hiicrelerinden %100
verimle ayristirilabilecegini gostermektedir. Yapilan 6n deneylerde, K562-IMA
hlcrelerinin uygulanan n-DEP veya p-DEP kuvvetlerinden etkilenerek farkli

kanallara yonlendirilebildigi gézlenmistir.

Sonug olarak, bu ¢alismada sekizden fazla elektrot geometrisine sahip 3 farkli nesil
ER ¢ipi tasarlanmis ve iiretilmistir. ER ¢iplerinin karakterizasyonu i¢in 3D FEM
benzetimleri ve deneysel analizler gerceklestirilmistir.  Polinomik elektrot
yapilarinin dongiisel kuvvetin homojenligi ve bliyiikligli agisindan en iyi sonucu
verdigi gozlenmistir. Polinomik elektrot yapisindaki ¢ipler kullanilarak, hassas ve
direncgli K562 l6semi hiicreleri ile hassas ve direngli MCF7 meme kanseri
hiicrelerinin dielektrik karakterizasyonu gerceklestirilmistir. Elde edilen dielektrik
Ozelliklerin bir uygulamasi olarak, &zgiin bir elektrot yapisina sahip DEP ayristirma
¢ipi tasarlanmis ve iiretilmistir. Elde edilen sonuglar, hassas ve direngli kanser
hiicrelerinin DEP metodu ile birbirinden ayristirilabilecegini, ve ER metodunun,
biyolojik hcreler icin, gugli ve hassas bir dielektrik karakterizasyon teknigi

oldugunu gostermektedir.
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Anahtar Kelimeler: Elektrorotasyon, hiicre karakterizasyonu, dielektroforez
(DEF), 3 boyutlu elektrot, ¢oklu ilag direnci (CiD)
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CHAPTER 1

INTRODUCTION

Advances in semiconductor technologies since the 1970s have paved the way for
fabrication of the devices with micron dimensions. These devices, which were
combinations of mechanical structures with embedded electronics, were categorized
under the MicroElectroMechanical systems (MEMS). MEMS technology has
borrowed its fabrication capabilities from the growing semiconductor field and has
applied it to different fields of the science, such as biology, chemistry, and
mechanics. With the application of the MEMS technology in biological sciences a
new field has born under the title of BioOMEMS (Fig. 1.1).

Figure 1. 1: Showing the division BioMEMS field into the lab-on-a-chip and uTAS.
(Figure from Wikipedia/BioMEMS)



This field has borrowed the most advanced microfabrication techniques from its
parental field, MEMS, and has applied them to the micro world of the biological
particles such as cells, viruses, and bacteria. With advances in BioMEMS field,
new fields were born like micro total analysis systems (UTAS) and lab-on-chips
(LOC), which have extended use of BioMEMS field to the specific areas of
biology. With recent advances in the microfluidics, BioOMEMS has enabled fast
prototyping of the medical devices with higher accuracy and sensitivity, and with
lower fabrication costs and energy consumption. In addition, it has enabled new
methods of manipulation of biological particles by production of micron sized
channels, which can be used as replicates of human capillary environment.
Following the maturation of the theory and the technology in recent years,
fabricated biomedical devices using the MEMS technology has found their ways to
commercial market (Fig. 1.2).

‘}.\vou

BioMEMS and microsystems for life science market (in $m)

: p silicon mi accelerometers, gyroscopes, optical MEMS and image sensors, microfluidic chips,
microdispensers for drug delivery, flow meters, infrared temp ging MEMS (RFID, strain sensors, energy harvesting)

(Source: BIOMEMS report, Yole Développernent, February 2013)

7000
6000

5000

= 4000
3000
2000

-11l
0

2011 2012 2013 2014 2015 2016 2017 2018

© February 2013

Figure 1. 2: Growing market place of BioMEMS devices since 2011.

(Figure from www.yole.fr)

With growing interest in the application of the MEMS technology in the biology,
study of biophysical properties of the cells has gained further importance. Cells are

the most basic and functional part of the complex living systems and study of
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biophysical (electrical and mechanical) properties of the cells can provide an
inspection to physical and chemical status of biological organisms. In the past two
decades, a number of new approaches were used in studying the relation between
the diseases and variations in mechanical and electrical properties of the cells. It
was known that there are many complex feed-back mechanism within the cells that
help them adapt themselves to the changes in their external environment or any
excitation. These feed-back mechanisms can be explored and specified by studying
the changes in physical parameters of the cells. Among others, dielectric properties
of the cells hold significant importance, as they carry the footprints of each cell type
and variations in cells dielectric properties could be utilized as a tool for detecting
changes in their physical status. In addition, variations in the dielectric properties
of different cells make separation, manipulation, and detection of the cells possible

based on their electrical signals.

First attempts to measure the dielectric properties of cells backs to early 1910’s.
However, the most practical study of cells dielectric properties starts with the
modeling of the biological cells using a single-shell cell model in 1950’s and use of
Coulter counters in 1956 [13]. Recent advances in MEMS technology have enabled
the single cell analyses. Different methodologies are employed in studying the
dielectric properties of the biological particles, including electrorotation (ER) [1-6],
dielectrophoresis [5,6,14-16], microelectrical impedance spectroscopy (U-EIS)
[7,8], and impedance flow cytometry (IFC) [9-12]. All these methods are utilizing

the advantages of the microfluidic channels and microelectrode arrays.

One of the MEMS enabled fields is dielectrophoresis (DEP), which was introduced
following the advances in fabrication of microfluidic systems and microelectrodes
inside the microchannels. DEP has gained a high significance by providing the
ability of separating and manipulating of cells and particles based on their electrical
properties as well as differences in their size. Therefore, accurate determination of

cells dielectric properties is essential in the design and implementation of DEP chip.

This thesis presents the dielectric characterization of human leukemia cancer cells
(K562), breast cancer cells (MCF7), and their multidrug resistance (MDR)

derivations (doxorubicin and imatinib resistance), using electrorotation method.
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The target behind the dielectric characterization of these cells was deliberating on
feasibility of application of DEP method in separation and detection of MDR in
cancerous cells. Moreover, the relation between the developments of MDR with
changes in dielectric properties of the cells were investigated for imatinib and
doxorubicin resistant K562 cells. For the characterization purpose, ER devices with
3D electrodes were utilized. Experimental and FEM analysis were used for
studying the 3D torque distribution on the ER devices with different 3D electrode
geometries. Analyses have shown various advantages of the 3D electrode over
generally used planar (2D) electrodes. As an experimental application of the
extracted dielectric properties of the cells, the DEP devices were designed and
fabricated. It is aimed to achieve high efficiency in separation of the human
leukemia cells and its MDR derivations from the leukocytes mixture, using these
devices. As the first step, the separation efficiency of the fabricated devices was
studied using the FEM analyses. The results show 100% efficiency for separating

the K562 cells from the leukocytes mixture.

In this chapter, different methodologies used in the dielectric characterization of the
biological cells will be summarized. In each section, brief background information
is provided together with a literature survey on the developed techniques. Sections
1.1 through 1.3 introduce the dielectric characterization methods, including the
impedance flow cytometry (IFC), microelectrical impedance spectrometry (U-EIS),
and dielectrophoresis. Advantages and the feasibility of each method are discussed
with examples of proposed prototypes for each method. In Section 1.4,
electrorotation (ER) method is investigated as a single cell dielectric
characterization method. Different approaches in utilization of the ER method in
the dielectric characterization of single cells are discussed. Finally, objectives of

this research and organization of the thesis are presented.

1.1 Impedance Flow Cytometry (IFC)

MEMS based IFCs are the miniaturized types of the Coulter counters. Coulter

counters are intensively being used in clinical applications, especially for cell

counting. In addition to the cell counting, the flow cytometry method has been used

as a dielectric characterization method. The conventional Coulter counter devices
4



are able to identify the cells based on distinctive volume differences using DC
analyses.  However, recently more advanced Coulter counters have been
commercialized which are capable of performing RF analyses. These devices are
equipped with both electronics for DC and RF measurements, making them capable
of measuring the electric properties of the cells independent of their volume.
Following the advances in microfluidic technologies, these Coulter counters are
being demonstrated on the LOC devices, by impedance flow cytometry method.
Impedance flow cytometry is a non-invasive, label-free method, which is used in
the study of electrical signature of the biological particles. These devices enable
discrimination of the cells without needing any magnetic or fluorescent markers.
The electrical impedance of the cell is studied over a wide frequency range to reveal
the electric properties. By performing multiple frequency measurements, one can
also reveal the frequency-dependency of the cells dielectric properties. Information
on cell size, as well as membrane and cytoplasmic composition can be obtained by

studying the dominant factors in each frequency range.

To utilize this method, a comprehensive modeling is essential for the response of
the system in AC or DC electric field. A well settled model of the response of the
IFC systems in each frequency range is proposed by Gawad et al. [17] Figure 1.3
shows the electrical response of a conventional IFC system in different frequency
ranges. It is important to note that the modeled system uses the bottom electrode
configuration. Similar modeling is utilized for studying the electrical response of
the IFC systems, in the presence of a cell between the electrodes [18-20]. As
shown in this model, in the low-frequency band, the measured electrical signal is
significantly dominated by the double-layer formation in the vicinity of the
electrodes. The double-layer presents a capacitive characteristic, which is shorted
in frequencies above 100 kHz. Generally the dielectric properties of the cells can
be determined by performing measurements in the range of 0.5 - 100 MHz. The
same effect is seen for the resistive membrane of the cell. With an increase in the
frequency, the membrane capacitance increasingly shorts out the membrane
resistance and the dielectric properties of the cell interior are sensed by the
electrodes. In order to eliminate the interfering signals from the conductive

medium, use of two pairs of electrodes is a commonly implemented configuration.
5



The first pair of the electrodes senses the current changes due to the presence of a
cell between the electrodes, while the second pair of the electrodes operates as a
reference, measuring the current passing through the pour medium. This system
enables the differential measurement method and eliminates the common signals,
such as resistivity of the medium.
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Figure 1. 3: Electrical model of an IFC system with bottom electrodes. (A)
Capacitance and resistance modeling of the microfluidic IFC system in the presence
of a biological cell. (B) Simulated complex impedance spectrum of a 10 um
diameter cell using a SPICE model [21].

Same bottom electrode configuration was used in studies of Benazzi et al. [18]. In
addition, they have implemented an optical apparatus for performing fluorescent
measurement, to increasing the accuracy of the system. Their device includes two
pairs of electrodes (measuring and reference) for electrical measurements and an

optical measurement side, capable of operating in three optic wavelength ranges
(Fig. 1.4).



Proposed microfluidic system benefits from simultaneous electrical and optical
measurements for providing a comparison between recorded signals from each
source. This system was used in characterization and detection of three algae

groups (Isochrysis galbana, Rhodosorus m., Synechococcus sp.).
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Figure 1. 4: (A) Schematic diagram of the device showing the cross-section of the
IFC system, together with the optical system. Inset shows the photograph of the
microchannel with microelectrodes. (B) Equivalent electrical modeling of the IFC

system in presence of the biological cell [18].

Use of optical system with three operational wavelengths makes discrimination of
each algae group possible. Although, it was shown that this micro-sensor has a
comparable accuracy compared to commercial flow cytometers; the identification

range of the device is limited to particle above 2 um.

In addition to bottom electrode configuration, bottom and top electrodes were used

in the IFC systems [20,22]. Cheung et al. has used two pairs of bottom and top
7



electrodes in their IFC chips for characterization and discrimination between
different particles and cells including RBCs, ghosts, and polystyrene beads. The
opacity (ratio of the RF signal to the DC signal) and the phase information were
used for cell discrimination [18]. The proposed device with a high frequency band
amplification circuit with multi-frequency quadrature modulation in the frequency
range of 350 kHz — 20 MHz is capable of discriminating 1000 cells/sec. The
working principle of the chips and the cell modeling are shown in Fig. 1.5.

Holmes et al. has proposed an IFC chip with simultaneous optical verification using
a fluorescence measuring system [19]. The device (Fig. 1.6) has the same electrode
structure with the Cheung et al. This device measures the electrical signals of cells
passing through the channel followed. The electrical measurements were followed
with an optical measurement of the fluorescent properties of the cells. This setup
realizes the simultaneous comparison between the optical and electrical signals, by
application of a confocal-optical detection with dual laser beams.
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Figure 1. 5: Schematic of an IFC system with top and bottom electrodes. (A)
Electrical model of the microfluidic IFC system in presence of a biological particle.

(B) Expected measured signal from each pair of electrodes [23].

In above, examples of device with lateral bottom electrodes and both bottom and
top measuring electrodes were presented. IFC chips with top and bottom electrodes

provide a better output signal by encompassing the whole cell body, and eliminating
8



fringing field effects on the cells. However, fabrication of top and bottom
electrodes needs complex micro-fabrication processes. Another method in the IFCs
is use of optical measurements as a complementary approach. IFCs with
fluorescent measuring apparatus provide higher accuracy compared to the
conventional IFC systems. In addition, it can be used as a proof of concept for
electrical discrimination between the cells with distinct optical properties. A
disadvantage accompanied with utilization of optical systems is an increase in the

complexity and cost of the system.
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Figure 1. 6: Schematic diagram of the IFC system, with optical detection apparatus.
A dual laser excitation and detection is implemented for simultaneous measurement

of electrical and optical properties of the cells [24].

The current technology is unable to provide miniaturization and integration of the
optical measurement systems into the microchips, therefore huge external devices
are being used for the purpose. Another issue in IFC systems is electrode
polarization, which causes difficulties in interpretation of the recorded electrical

signals. Different solutions were proposed for overcoming this problem. A
9



noteworthy approach is presented in studies of Kiittel et al. [25] and Demierre et al.
[26]. They have characterized and used liquid electrodes in DEP and IFC
microchips. Kiittel et al. had implemented liquid lateral electrodes for impedance
spectrometry. The excitation electric field was generated using metal electrodes, far
from the measurement channel. Then, the generated electric field was guided
through a conductive access channel to the main measurement area. This
configuration is shown to eliminate the polarization problem in conventional IFC
chips. Another approach in dealing with the electrode polarization is use of non-
polarizable electrode. Zheng et al. have introduced a new approach for determining
the cells” membrane and cytoplasmic electric properties, using non-polarizable
electrodes [27]. In this method, cells were driven inside the microchannel using a
hydraulic pressure, and were squeezed into a chamber, which was smaller than the
cell size (Fig. 1.7). The dielectric properties of the cells were measured at seven
different frequencies in a range of 1-400 kHz by Ag/AgCl electrodes (non-
polarizable electrodes). The current variance caused by the presence of a cell in the
microchannel was measured using a pair of Ag/AgCl electrodes, inserted from the
inlet and outlets. To reveal the dielectric properties of the cells, measured current
was amplified and demodulated. For calculating the specific membrane capacitance
and cytoplasmic conductivity of the cells, mechanical and electrical models of the
squeezed cells were developed. For cell discrimination purpose, this system
considers combination of differences in specific membrane capacitance,
cytoplasmic conductivity, and cell size. The authors had made a comparison
between the performance of the Coulter counters which were solely dependent on
the discrimination in the cell size, and the proposed system, which studies the cells
membrane and the cytoplasmic properties for the discrimination purpose. It was
shown that, for cells with comparable sizes, the detections and discrimination
performance was improved from 66% in conventional Coulter counters to 93% in

these devices.

As discussed above, different methods are utilized in miniaturization of the Coulter
counters. Huge effort has been put on embedding the IFCs into the LOCs, for the
dielectric characterization of single cells. Although there have been significant

improvements in this field, especially in the utilization of IFCs in point of care
10



applications, IFC chips have not been commercialized as the medical devices. One
of the important issues is increasing the performance and accuracy of IFC chips.
Use of fluorescent markers in combination with electrical methods is shown to
enhance the performance of the cell discrimination. However, the optical apparatus

cannot be embedded into the micro devices.
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Figure 1. 7: Microfluidic system for measurement of dielectric properties of the cell

3

membrane. (A) Schematic view of the device. “-p”” shows the negative pressure in
the outlet channel for aspirating the medium. (B) Experimental results showing the

measured impedance signal at 7 different frequencies [27].

1.2 Microelectrical Impedance Spectroscopy (U-EIS)

Microelectrical impedance spectroscopy (U-EIS) is a single cell analysis method, in
which the frequency dependent impedance of the cells is measured. Frequency

dependent impedance analyses provide insights to the biophysical compounds of the
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cell membrane and interior. In addition, pu-EIS has found significance in the
cytosensers or cell-based biosensors, which utilize the biological cells as sensing
element, revealing any internal or external excitations [28-33]. For this aim, the
frequency of the applied electrical signals to the immobilized cells between a pair of
electrodes is swept on a specific frequency band, and then the current passing
through the electrodes is recorded. The changes in the recorded signal reveal the
dependency of the electrical properties of the cells on the electrical frequency. It is
obvious that there are many similarities between the p-EISs and IFCs. An
important difference discriminating these methods is the necessity of an
immobilization mechanism in the p-EIS. For studying the frequency response of a
cell, impedance spectroscopy is generally accomplished using a trapping or
immobilization mechanism. Therefore, in this section we will focus on the different
trapping methods used in impedance spectrometry. Different approaches in
immobilization of a single cell in the measurement area are surveyed in the below

section.

For immobilization purpose, different methodologies are utilized including
hydrodynamic trapping [7], n-DEP [34], negative pressure trapping [35], micro-
holes [36], and micro-pillars [37]. In the below section feasibility of each method

will be studied, by investigating available examples in the literature.

Jang et al. has used SU-8 microstructures (micro-pillars) inside a microfluidic
channel to trap single cells [37]. The schematic of the fabricated chip is shown in
Fig. 1.8.
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Figure 1. 8: A P-EIS system with micro-pillars to capture single cells. (A) 3D

presentation of the cell capturing procedure. (B) Top view of the device [37].
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Introduced flow from the inlets, drive the cells toward micro-pillar side, where a
pair of measuring electrodes is placed in the lateral side of the micro-pillars. This
system is utilized in the impedance analyses of the Hela cells in the low frequency
band of 1-100 kHz.

Use of a hydrodynamic cell trapping system for single cell analyses was proposed
by Malleo et al. [38]. Proposed system was used in the study of time dependent
chemical perturbation effect on Hela cells (Fig. 1.9). Measurements were
accomplished using a pair of closely positioned electrodes, acting as a reference
(empty) and a measuring electrode (containing trapped cell). In addition, it was
used in the study of effects of medium conductivity in recorded impedance of the

cells.
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Figure 1. 9: A u-EIS device, with hydrodynamic cell trapping system. (A) The
experimental setup. Electrical connections are made using a PCB, which enables
data acquisition. (B) Photograph of the fabricated prototype with the PDMS ports
mounted on the inlet and the outlet. (C) Photograph of the microchannel, while the

device is under operation. (D) Schematic view of the trapping region, with
differential measurement electrodes. (E) Image of the trapped beads with 15um

size. (F) Image of the trapped single Hela cell [38].
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An example of a trapping system with negative pressure is presented by Cho et al.
[39]. The system is used to study the highly and poorly metastatic neck and head
cancer cells over a frequency range of 40 Hz — 10 MHz. Their fabricated device on
a glass substrate with PDMS capping consist of two flow channels with 8 pair of the
electrodes on each channel (Fig. 1.10). Generated negative pressure (suction) was

used to immobilize the cell between the measuring electrodes.
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Figure 1. 10 : Schematic view of the u-EIS device, with four impedance analysis
sides. The close-up view shows a trapped cell inside the microchannel due to

application of negative pressure (suction) [35].

In addition to utilization of mechanical structure in cell trapping, AC signals are
applicable in immobilization of the cells. Utilization of AC electrokinetics for
trapping the cells is presented by Lan et al. [34]. They used the alternating current
electrothermal (ACET) effect combined with negative dielectrophoresis (n-DEP)
for trapping the cells inside the electrode micro-wells (Fig. 1.11). ACET is a
phenomenon, which is used in the transport of a medium with high conductivity
under a non-uniform electric field. The motion of the medium is due to the

produced resistive heating in the electrode area. Transported particles in the
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medium are trapped inside the n-DEP area. This method was applied to the Hela

cells, for impedance measurements in the frequency range of 1-100 kHz.

7700

770um
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Figure 1. 11 : Schematic view of the impedance spectrometry device, with electrode
micro-well. Cell driven by the medium flow is trapped at the micro-well area, due
to n-DEP force [34].

The p-EIS provides a label free impedance analysis of the cells. Although, it is not
a general method in exact determination of the cells dielectric properties, it is
capable of monitoring the changes in electric signals of the cells due to the external
excitation by chemicals or drugs. Another factor making it as a preferred method in
drug analyses is the ability to simultaneously monitor the changes in electrical
properties of the cells. In p-EIS systems, positioning of the cells between the
electrodes carries a high importance due to the dependency of the measurements to
the cell position. A general problem faced in this method is current leakage. To
overcome current leakage modification on the electrodes are reported for exact
positioning of the cells between the measuring electrodes. Among the different
methodologies utilized in cell positioning, hydrodynamic immobilization and use of
pillars are shown to have higher efficiency. An important drawback of AC
electrokinetic methods such as n-DEP, which utilize multiple signals for cell
trapping, is the alternation of the measured electrical response of the cells. In other

words, the applied electric field to generate the n-DEP force, results in changes in

15



electrical properties of the cells. Therefore, the recorded signals do not reflect the
actual electric properties of the cells.

1.3 Dielectrophoresis

Dielectrophoresis (DEP) is the motion of the polarizable particles under presence of
a non-uniform electric field. The motion of the particles is a result of interaction of
the induced dipole with the non-uniform electric field. DEP is generally utilized in
separation and manipulation of various particles and cells. In addition, it is a
powerful tool for detection and separation of circulating tumor cells (CTCs). Since
the development of the DEP theory by Pohl (1951, 1958, and 1961) [40-42] to
describe the DEP force applied on the particles in a non-uniform electric field, there
have been an extensive literature produced on the DEP theory. In the first decade of
the 21°" century more than 2000 publications have been published on the theory,
status of developed technology, and applications of DEP (Fig. 1.12) [43]. With
matured literature and technology, now most of the effort is directed to applications
of DEP in biosensors and LOCs. About 75% of 300 articles, published every year,
are now focused on particle separation applications of the DEP (Fig. 1.13). Now,
most of the effort is directed to the medical applications of the DEP, and production

of commercialized devices for point of care applications.
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Figure 1. 12: Number of publications on DEP in the 1* decade of 21 century [43].

With advances in the technology, in addition to the biological particles, DEP is now
applied to the nanoparticles, such as carbon nanotubes, nanowires, and oxide
16



nanoparticles [44-47]. Beside, DEP has further potential to be utilized in the

dielectric characterization of various particles, especially biological cells.

Different approaches are available in the literature on characterization of the
biological particles using the DEP method. These methods include fitting the DEP
collection rate of the cells to the single or double shell cell model [48-50], the slope
and the intercept method for determining the cell membrane dielectric properties
[6,51-53], levitation and mobility analysis [54,55], and DEP crossover frequency
analysis [51,56,57].
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Figure 1. 13 : Categorized DEP publications on three subjects of theory,
technology, and applications, since 1995 [43].

Following Sections will introduce the different dielectric characterization

approaches using the DEP method.

1.3.1 Fitting the DEP spectra to the cell model

Unlike other single cell characterization methods, DEP studies the responses of a
group of cells. For this purpose, collection rates of the cells in different frequencies
are investigated, which enables depicting the DEP spectrum of the cells over a
specific frequency band. Duncan et al. have used the DEP collection method to
study the transfer rate of different ions in drug sensitive and MDR leukemia cancer
cells (K562) [48]. They have used ion channel blocker agents to study the
contribution of chloride, potassium, and calcium ions to the cytoplasmic

conductivity of the sensitive and the MDR cells. Cells are characterized by manual
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counting of the cells collected at the needle electrodes. The dielectric properties of
the cells are determined by fitting the measured spectra to the single-shell model. It
has been shown that, the contribution of potassium and calcium ion remain constant
in sensitive and MDR cells, while the chloride activity has increased three times in
resistant cells. Chin et al. has used the same method to detect apoptosis after drug
injection (staurosporine) to the K562 cell, by studying the changes in the dielectric
properties of the cells [49]. For this purpose, collection rates of cells in a frequency
range of 10 kHz to 3 MHZ are fitted to the single-shell model. Labeed et al. has
studied the influence of the MDR modulators on reversal of MDR mechanism using
the DEP spectrum method [50]. Many studies have shown that the mechanism of
development of MDR could be reversed after treatment with MDR modulators. For
this purpose, the dielectric properties of K562 and its MDR derivatives were studied
using DEP and flow cytometry, both before and after treatment with the MDR
reversal agent (XR9576). It has shown that, although there are significant
differences between the electrical properties of sensitive and MDR cells, there is no
significant change after treatment with the MDR reversal agent.

A more accurate approach to determine the cells dielectric properties is fitting the
measured DEP spectra to the double-shell cell model. This method is able to
determine the dielectric properties of the cell nucleus. Implementation of double-
shell model is presented in studies of Haung et al. [58]. They have utilized a
polynomial quadrupole electrode configuration to study the DEP responses of the
viable and nonviable yeast cells. The measurement was performed in the frequency
range of 1 kHz — 10 MHz.

1.3.2 DEP Crossover Frequency

In addition to extract the DEP spectra, determination of the DEP crossover
frequencies can be used to extract the dielectric properties of the cells. At the
crossover frequency, the effective DEP force applied to the particle becomes zero;
therefore the lateral movements of the particles are ceased. For this purpose, DEP
response of the particles is studied over a wide frequency band and the frequencies

in which the motion of the cells is ceased is found.
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Vykoukal et al. has used this method to study the dielectric properties of leukocyte
subpopulations, using a DEP device with gold electrodes patterned on the polymer
substrate [57] (Fig. 1.14). They have shown that the T-lymphocytes, B-
lymphocytes, monocytes, and granulocytes have distinct membrane dielectric
properties. This could be utilized in separation and discrimination of leukocytes
using label-free systems, based on the size and dielectric properties of the cell.
Pethig et al. [51] has used the same method in the determination of membrane
capacitance and conductance of insulin secreting cells. They determined the DEP
crossover frequencies of the cells using polynomial quadrupole electrodes, in five
distinct media with varying conductivities. Obtained crossover frequencies were
used in the slope and intercept method. In this method, a straight line is fitted to the
data points of the crossover frequencies versus the medium conductivity. The cell
membrane capacitance and conductance can be calculated, using the slope and

intercept of the fitted line, respectively.
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Figure 1. 14: DEP device for dielectric characterization of the leukocytes. (A)
Photograph of the device with microfluidic reservoirs, and electrical connections.
(B) Castellated electrode arrays for determination of crossover frequency. (C)
Device under operation. Arrows and circles show eosinophils and erythrocytes,

respectively [57].

Broche et al. presented the dielectric characterization of oral squamous cell
carcinoma (OSCC) (H357) and human HPV-16 transformed keratinocyte cell line
(UP33), using the DEP crossover frequency method [56]. The DEP collection data
and DEP crossover frequencies of the cells were measured in the frequency range of
1 kHz — 16 MHz. Results approve that the dielectric properties of these two cell
lines differs significantly, which facilitates the separation and detection of the H357

and the UP33 cells using DEP method.
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In addition to the dielectric properties of the cell membrane, this method can be
utilized in the calculation of the dielectric properties of the cell interior [6]. This
method is highly sensitive to any motion induced on the cells other than the DEP
motion. Therefore, during the measurements all other external stimuli should be
eliminated. Moreover, the exact determination of crossover frequency is not
possible, and only a frequency range can be specified in which cell motion due to
DEP force is ceased.

1.3.3 DEP Motion Analyses

Another method that is used in the DEP based dielectric characterization of the
particles is the study of DEP induced motion of the particles. This method needs a
highly uniform distribution of the electric field, where the magnitude of the electric
field can be assumed as constant. Then, by estimating the effective electric field on
the cells, the velocity of the cells can be related to the dielectric properties of the
cells. Haapalainen et al. utilized this method for dielectric characterization of the
particles based on their DEP mobility [54]. For this purpose hyperbolic quadrupole
electrodes were utilized, which produces a linear change in electric field distribution
throughout the measurement area. It is claimed that the dielectric properties of
polystyrene-carboxylate micro-beads are determined by measuring the velocity of
the particles. In this study, they have assumed that the magnitude of the electric
field gradient intensity remains constant over the measurement area; however it can
be shown by FEM analyses that the variance in electric field magnitude can exceed
the 20% of central electric field in hyperbolic quadrupole electrodes. In addition,
manual measurement of the speed of the moving cells can be a time consuming
task. In order to automatize the velocity measurements, Gascoyne et al. developed
an image processing software to study the lateral motion of a mixed sample of
mammalian cells in low medium conductivity [59]. The applied frequency is swept
from 500 Hz to 100 kHz and relative motion of cells is processed to reveal the
dielectric properties of the cells. Although, the exact properties of the cells are not
calculated, they have determined the frequencies, at which different cells can be

separated.
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In addition to mentioned methods, different methodologies are developed to study
the dielectric properties of the cells. A common approach in DEP studies is
investigating the DEP response of a group of the cells and single cell analysis is not
possible using the DEP method. Although it is a rapid method in cell
characterization, it is not able to reveal the accurate properties of the biological
cells. Fitting the DEP spectra to the single or double-shell model depends
extremely on the fitting parameters. Therefore, deviations from the exact cell
model, can lead to significant errors in the results. In addition, measurement of the
crossover frequencies of the cells, results in a range of frequencies in which the
DEP motion of cells cease and specifying a single frequency is not possible. The
viscous damping forces will eliminate the movements of the cells around the
crossover frequency. To avoid this fact, a very strong electric field gradient is
necessary. However, a strong electric field can cause damages in the cells.
Moreover, to determine the crossover frequency of the cells, it is necessary to
eliminate all other forces such as hydrodynamics, which can lead to lateral

movements of the cells.

1.4 Electrorotation

Electrorotation is a non-invasive dielectric characterization method, which is used
to study the cells’ dielectric properties. ER is categorized under the AC
electrokinetics phenomena. AC electrokinetic is the motion of the micron size
particles, induced by application of AC signals. ER is the circular motion of the
polarizable particles due to application of an external rotating electric field (Fig.
1.15). The rotation of the particles is a result of interaction of induced dipole on the
particles with the rotating electric field. Therefore, the rotational torque is
proportional to effective electric field (EEF) distribution. The rotating electric field
is generated by application of signals with equal amplitudes with 360%n phase
shifted apart to n electrodes [60,61]. Electrodes are arrayed symmetrically around
the measurement area. In the literature, extensively quadrupole electrodes with 90°
phase shifts are used for the characterization. Different electrode geometries
including circular (pin) [3], pyramidal [53], and polynomial [1,4,52] structures are
used for generating the rotating electric field (Fig. 1.16).
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Figure 1. 15: Schematic view of the ER device. The direction of the rotating
electric field upon application of sinusoidal voltage applied in phase quadrature, and

the rotation of cells toward the direction of induced moment are shown.

Figure 1. 16: Photograph of the ER device with different electrode geometries. (A)
Oblate elliptical, (B) Circular, (C) Prolate elliptical, (D) Pyramidal, and (E)
Polynomial.

The reproducibility and reliability of the measured rotation rates depend on a
number of experimental and physical conditions including consistency of the ionic
concentration and temperature of the medium, and uniformity and sustainability of
the induced rotational torque (ROT-T) on the particles [62]. It is known that the

induced rotational torque on the particles under a rotating electric field is spatial-
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dependent. Therefore, to achieve high accuracy in the measurements and assure
reproducibility of the collected ER data, a highly uniform EEF distribution with a
constant magnitude is desirable over the measurement area. Enhancements in the
uniformity of the EEF on the x-y plane is reported by investigation of the EEF
distribution and numerical optimizations of the electrode structures [63-67]. These
studies were focused on the surface distribution of EEF on the planar electrodes. In
these studies, cells are assumed to be positioned on the device surface [67].
However, in practical ER measurement, cells are repelled from the device surface
because of: (i) levitations forces inside the suspending medium and (ii) non-
uniformities of the EEF along the z-direction (in planar structures due to the
fringing electric field effect). This leads to manipulation of the particles by DEP
forces (along the z-axis). Non-uniformity and variances of the EEF along the z-
direction is considered as a significant drawback of the planar electrodes, which are
due to the negligible height of the planar electrodes (~300nm) compared to the
biological cell size (~10 um). Previous attempts to extract the experimental ROT-T
map on the ER devices are limited to the polynomial [66] and circular [68]
electrodes, which both have planar structures. Hughes and et al. [66] has studied
rotation of 203 elliptical latex beads (3 um x 5 um) on the devices with polynomial
planar electrodes to extract the ROT-T map. The measurements were limited to the
inter-electrode region of 400 um x 400 um, which is shown in Fig. 1.17. Figure
17(B) shows the position of the measured cells in the device surface with £1 um
accuracy. In order to increase the consistency of the obtained results, they have
used a number of averaging and smoothing methods. The extracted rotational
torque map is shown in Fig. 1.17(C).

Rotation rate of the cells are frequency dependent, and reflects the dielectric
properties of the cells interior and membrane. Unlike the DEP method, ER is used
in the single cell analysis. This method is capable of determining the exact
dielectric properties of the cells membrane and the interior. The frequency
dependent rotation speeds of particles in media with different conductivities can be
used to estimate their surface and interior dielectric properties, including membrane
capacitance (Cy), effective membrane conductance (Gy), and intracellular

conductivity (o;), at the single cell level. ER have been successfully used in the
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dielectric characterization of biological cells, including erythrocytes [3,69],
leukocytes [70-74], fibroblasts [75], variety of cancer cells [76-78], and bacterial
cells [79].
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Figure 1. 17: Experimental study of the distribution of the rotational torque on the
ER devices. (A) Polynomial quadrupole electrodes. (B) Position of the studied
cells on inter-electrode region of the polynomial electrodes. (C) Extracted rotation
rate map. Averaging and smoothing method is applied to the measurement data
[66].

Different methodologies were utilized in extracting the cells dielectric properties,
using the ER method. These methods are based on fitting the experimental ER
spectrum to the single or double-shell model or use of the governing ER equation

based on the peak rotation frequencies.

1.4.1 Fitting the experimental ER spectrum to cell model

In this method the ER experiment is performed in a medium with a specific
conductivity. Then, the ER spectrum of the cells is extracted by studying the
rotational responses of the cells over a wide frequency range. Then the ER
spectrum of the cells is fitted to the single [80] or double shell model [81] of the
biologic cells.

Becker et al. demonstrated dielectric characterization of metastatic human breast
cancer cell lines (MDA231) [1]. They have used a quadrupole polynomial
electrode array with 400 um tip-tip distance for the ER experiments. The ER

response of the cells was measured in the frequency range of 10 kHz — 100 MHz to
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form the ER spectrum of the cells. Dielectric properties of the cells were extracted
by fitting the ER spectrum of the cells to the single shell cell model (Fig. 1.18).
They have shown that the dielectric properties of MDA231 cells vary from the
erythrocytes and T lymphocyte cells, which enable use of the DEP method in
detection and separation of breast cancer cell from normal blood sample. In
addition, they demonstrated separation of MDA231 cells from the normal blood

sample using the DEP method.
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Figure 1. 18: Extraction of ER spectrum of the cells to determine the dielectric
properties. (A) Schematic of the ER test setup. (B) ROT spectra for MDA231 cells
(0), T-lymphocytes (0), and erythrocytes (A) in the medium with conductivity of 56

mS/m. Each data point is an average of four measurements [1].

Gisma et al. presented the characterization of neurospora slime and the Myeloma
Tib9 cell line using the simultaneous application of the DEP and the ER methods
[82]. They have used the single-shell cell model for extracting the dielectric
properties of the cells. Then by comparing the obtained results from both DEP and
ER experiments, they have concluded that the single shell cell model cannot
interpret the exact model of the cells. They had suggested use of three-shell model
in determining the dielectric properties of the cells from the DEP or ER spectra.
They have used a simple measurement setup, by gluing platinum wires to the glass
slide. The electrode length was 15mm and the gap between the electrodes was

about 0.2 mm.

Use of the double shell cell model is presented in studies of Griffith et al. [74].

They presented use of gold planar electrodes to study the dielectric properties of
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human neutrophils upon activation with phorbol myristate acetate (PMA). They
have used double-shell model to interpret the biophysical parameters of the cells
during activation with PMA. It is important to note that due to large nucleus size in
neutrophils, use of single-shell method can result in misinterpretation of dielectric
properties of the cells. Therefore, double-shell model can describe the role of a

large nucleus in effective cell permittivity.

In fitting the ER spectra to the cells model, rotation rate of the cells is sampled in
10-20 frequency steps over the measurement range, which is generally ranging from
100s of Hz to 10s of MHz. Although use of the single or double shell methods are
well settled method in the dielectric characterization of the cells; it suffers from
high dependency of the cells dielectric properties on the fitting algorithm.
Therefore, small divergence from the actual cell model can alter the determined
dielectric properties significantly. A more convenient and accurate method is the
exact determination of the peak rotation frequencies of the cells and use of the
effective complex permittivity equation to calculate the dielectric properties of the

particles.

1.4.2 Peak Rotation Frequency

In this method, the peak rotation frequencies of the biological cells are determined
in media with varying conductivities. Then, using the mathematical expression of
the effective complex permittivity of the cells, the dielectric properties of the cells
are calculated. There is a wealth of literature in the characterization of the cells
using the peak rotation frequencies, and a comprehensive description can be found
in the recent publication of Lei et al. [6]. They have modified the theory for
extracting the cell dielectric properties from the low frequency peak rotation
frequencies. In addition, optimizations are performed on utilization of the effective
complex permittivity of the cells. Different levels of approximation, that enables
calculation of the cell membrane and interior dielectric properties based on
conductivity of the medium and the limitations on the measured peak rotation
frequency was presented. An early study of the ER was presented by Arnold et al.
[83]. They have investigated the dielectric properties of the latex particles with
diameters of 5-10 pm, in the media with conductivities ranging from 2 to 16 pS/cm.
26



They have studied the rotational response of the particles in the frequency range 30
— 1000 kHz, to determine the peak rotation frequencies. Moreover, they have
studied the dependence of the peak rotation frequency on conductivity of the
medium and the frequency of the electric field. In these methods, both low and
high frequency rotation peaks can be used in the determination of dielectric
properties. A most commonly used approach is, determination of the low frequency
peak rotation frequencies of the cells inside more than three mediums with varying
conductivities. Subsequent to specification of the peak rotation frequency, a
straight line is fitted to the data points of the peak rotation frequencies and cell
radius versus the medium conductivity. The slope and intercept of the obtained line
is used to calculate the cells’ effective membrane capacitance and conductance.
This method has been utilized to characterize the membrane and interior dielectric

properties of various cells in the literature [51-53,84-87].

Pethig et al. [51] has determined the membrane capacitance and membrane
conductance values for insulin secreting cells. ER peak rotation and DEP
crossover frequencies of the cells are measured in five distinct medium
conductivities (11.5 -101.4 mS/m) to be used in slope and intercept method.
Chuang et al. [87] reported use of the same method in characterization of HL-60
cells activated by nanoparticles. They have studied the effect of nanoparticle

uptake on dielectric properties of HL-60 cells.

This method provides a more accurate and reproducible results than previous ER
methods. However, dealing with complex equations to extract the interior dielectric
properties of the cells, can be confusing. Because of the nonlinear nature of the
equations, analytical methods cannot lead to a valid solution. Therefore, a special
attention should be directed to applied approximations on the parental equation of
the effective complex permittivity of cell. These approximations are applied on the
conductivity of the medium and the frequency range, in which cells are tested,
aiming to simplify the core equations. In the slope and intercept method, generally
low frequency (DC Ilimit) approximations are applied, which confines the

conductivity of the medium and the extracted peak rotation frequency range. In
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order to obtain reliable results, the measurement should be carried out in the

specified range by the theory [6].

1.4.3 Novel ER Devices

In addition to discussed methods, new techniques are being introduced in
implementation of the ER method in dielectric characterization of the single cells.
These techniques combine the microfluidics and different AC electrokinetic
phenomena, in order to enhance the performance, accuracy, and speed of the ER

method.

One of these approaches is the development of video or image processing programs
for automated ER experiments, to overcome the difficulties related to tedious
manual measurements. In this method, video processing algorithms are being
developed to recognize the rotation of the cells under the ER. In addition, these
programs are able to provide numerical results, like the rotation rate, cell position,
and cell size [88-91].

De Gasperis et al. has developed a video processing algorithm with real-time vision
algorithm for the automated analyses of the cell motion and rotation [88]. This
system is able to extract the cell rotation spectra for the frequencies ranging from 1
kHz to 200 MHz in less than 5 minutes. In order to increase the accuracy of the
system, laser tweezers were used for trapping and immobilization of the cells.
Figure 1.19 shows the experimental setup for automated ER measurements. One of
the challenging issues in ER tests is the immobilization of cells in their position
while a rotating electric field is applied. Because of non-uniformities in the applied
electric field, cells or particles present a lateral movement toward or away from the
electrodes under influence of the DEP force. It is important to confine the position
of the cells while performing ER measurements, in order to stabilize the amplitude
of the rotational torque. This increases the reliability of the collected data and
eliminates the influence of non-uniformities of the electric field on the cells
rotation. Different methodologies are suggested and developed for immobilizing
cells including use of laser tweezers [73,92-96] and DEP-cages [93,96,97].
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Figure 1. 19: Diagram of an experimental setup for automated ER measurements
[88].

Among these methods DEP-cages are more appropriate for on chip purposes.
Although use the laser tweezers is an approved method in controlling the position of
the cells, it is not cost effective. In addition, due to installed external apparatus, it
reduces the flexibilities of the ER systems. The most recent utilization of DEP-cage
is presented in studies of Han et al. [70]. They have used simultaneous n-DEP with
ER to perform the characterization. Figure 1.20 presents the schematic of the ER
device, with eight 3D electrodes. They have used the proposed device in successful
characterization of human leukocyte subpopulations. Although simultaneous use of
n-DEP and electrorotation technique can increase the reliability of obtained data by
eliminating the lateral movements of the cells due to p-DEP forces, it can alter the
ER spectra of the cells due to simultaneously applied DEP signals. In other words,
the cells are experiencing a combination of two sets of electrical signals and their

responses to each signal vary from each other. Therefore, the recorded rotation
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rates of the cells can be affected from the applied DEP signals. Table 1.1

summarizes the utilized methods in dielectric characterization of the different cell
lines and biological particles.

~180°
Asin(a 4t +0°)+Bsin(w ,t +180°)

~270°
Asin(w ,t +180°)+Bsin(a ,t +270°)

Figure 1. 20: The schematic of the ER devices, with eight electrodes. The DEP
electrodes are utilized to trap the cells in the center of the device, using n-DEP
force. Applied sinusoidal signal in phase quadrate through the ER electrodes is

used to induce the rotational torque on the cells [70].

Table 1. 1: Literature survey of utilized methods in characterization of biologic
particles.

Method Studied Cell Test condition Sub-Method Ref.
HelLa cell 1-100 kHz Micro-pillars [37]
HelLa cells 300kHz Hydrodynamic [38]

Metastatic neck and head ]
H-EIS 40-10 MHz Negative-pressure [35]

cancer
Hela 1-100kHz (ACET) and (n-DEP) | [34]
L929 cell 1Hz-1MHz Insulator well [36]
Human erythrocytes and 100 kHz - 15
p-CPC [12]
IFC latex beads (5-8 pum) MHZ
Polystyrene beads and RBCs | 350 kHz- 20 MHz - [9]
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Table 1. 1 (continued)

T-lymphocytes, monocytes

) 0.5-30MHz FAC [11]
and neutrophils
IFC g-RBC, p-RBC, and u-RBC | 10 kHzto 1 MHz Liquid electrodes [25]
Mixture of three algae
(Galbana,Rhodosorus m., 1 kHz - 100 MHz FAC [18]
Synechococcus sp.)
. . DEP crossover
Insulin secreting cells 48.7-101.4 mS/m . [5]
(Polynomial)
DEP
RBCs 1 kHz -2 MHz - [98]
Leukocyte subpopulations 10 kHz to 1 MHz | DEP crossover freq. [57]
Sensitive and MDR K562 Collection rate
2.5 mS/m ) [48]
cells (single shell)
Collection rate & PI
K562 10 kHz - 3 MHz [14]
dye
K562 and MDR (DOX) + 10kHz - 3MHz Collection rate & [50]
MDR reversal agent 2.5 mS/m flow cytometry
Polystyrene-carboxylate N
) - DEP mobility [54]
micro beads
Oral squamous cell
carcinoma (OSCC) (H357)
DEP crossover and
and human HPV-16 1 kHz- 16 MHz ) [56]
collection rate
DEP transformed
keratinocyte cell line UP33
Mixed population of Collection rate &
] 500 Hz - 100kHz ] . [59]
mammalian cells image processing
DEP collection rate
Yeast cells 1 kHz - 10 MHz [58]
& ER
30 — 1000 kHz,
Latex beads - [99]
2 -16 uS/cm
10 kHz - 100 ]
MDA231 Single shell model [83]
MHz
Neurospora slime and the 1 kHz -10 MHz, | Single and three shell [82]
Myeloma Tib9 cell line 3.6 - 35.5mS/m model
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Table 1. 1 (continued)

ER

Human neutrophils upon
activation with phorbol 1 Hz -20 MHz Double shell model [74]
myristate acetate (PMA)

10 kHz - 10 MHz,
Insulin secreting cells 115-1014 slope and intercept [5]

mS/m

1.5 Research Objectives and Thesis Organization

This thesis presents the design, fabrication, characterization, and implementation of

ER devices with 3D electrodes for the dielectric characterization of biological cells.

In addition, it presents design and fabrication of a DEP chip, for separation of

cancer cells from the human leukocytes mixture.

The main objective of this thesis is the exact determination of the dielectric

properties of the cancer cells and their MDR derivatives, for studying the feasibility

of application of the DEP method in the separation of these cells. For this purpose,

following studies are carried out:

Following steps presents, systematic approach in realizing ER device for dielectric

characterization of cancer cells and their MDR counterparts:

Study of the theory of the ER and classification of the ER methods to
evaluate the feasibility of determining the exact dielectric properties of
cells, using ER method.

Development of the test procedure and designing the test setup.

ER tests with the first generation of the ER chips (with planar pyramidal
electrodes) and investigation of the ability to control the motion of the
cells under ER phenomena. The initial tests were performed using yeast
cells.

Studying the accuracy and reproducibility of ER measurements on planar
electrodes, and move toward 3D electrodes.

3D electrostatic analyses (COMSOL) of distribution of the electric field
on the ER devices with 3D electrodes, followed with optimizations on the

electrode geometries and other effective parameters.
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e Design and fabrication of the 2" generation of ER devices with 3D
pyramidal electrodes. The fabrication of these devices was accomplished
using four masks.

e Improvements in the test setup to eliminate the problems related to the
alternating phase of the applied electrical signals in phase quadrature.

e Development of the methods to extract the dielectric properties of cells
from their frequency dependent rotation rates.

e Test and experimental study of performance of the 3D ER electrodes.

e Design and fabrication of the 3™ generation of the ER devices with six
different electrode geometries (3D electrodes).

e Torque characterization of the ER devices with different electrode
geometries, to come up with the best electrode type for the ER tests.

e Improvements in the utilized equation for determination of the dielectric
properties of the cells from their rotational spectra. Four different levels
of approximation are utilized for calculating the dielectric properties of the
cells.

e Development of an automated MATLAB algorithm for calculation of the
dielectric properties of the cells using the obtained results from the ER
experiments.

e Utilization of ER devices with 3D polynomial electrodes in dielectric
characterization of following cells.

o K562 human leukemia cells
o Imatinib resistant K562 with three levels of resistance (0.2, 0.3,
and 0.5 uM) to imatinib.
o Doxorubicin resistant K562 with three levels of resistance (0.1,
0.3, and 0.5 uM) to doxorubicin.
o MCF7 human breast cancer cells.
o Doxorubicin resistant MCF7 with 1000 nM resistance.
Following steps are followed in the design and fabrication of the DEP devices with
3D contactless electrodes, which benefits from floating potential electrodes:

e Study of the theory of DEP and its various applications in cell separation.
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e MATLAB simulations for determining the response of blood and cancer
cells under the application of an AC electric field with varying frequency.

e Design and simulations of the DEP devices with potentially floating
electrodes, for separation of cancer cells from leukocyte mixture. The
COMSOL simulations show 100% efficiency in separation of cancerous
cells using these devices.

e Initial tests with the DEP devices and successful separation of K562/IMA
and K562/DOX under p-DEP and n-DEP.

The organization of the thesis is as follows:

Chapter 2 provides the necessary background theory and important equations
governing the AC electrokinetics. Moreover, the electrical modeling of the
biological cells is provided. Then the response of biological cells in AC electric

fields is studied using an automated MATLAB algorithm.

Chapter 3 describes the utilized methods in relating the frequency dependent
rotation rate of the cells to their structural dielectric composition. Then, using the
equation of the effective complex permittivity of cell, different levels of
approximations are introduced for dielectric characterization of biological cells. In
this Section, the automated MATLAB program is presented. This program is used

for calculation of dielectric properties of cell membrane and interior.

Chapter 4 presents the design and simulation of the different ER devices, utilized in
this study. Then a comparison in made on the electrical characteristics of the planar
electrodes (1% generation) and the 3D electrodes (2" and 3™ generations). In
addition to the FEM analyses, experimental studies of the rotational rate of the cells
are performed.

Chapter 5 presents the utilized microfabrication techniques in the fabrication of the

different generations of the ER devices.

Chapter 6 presents the dielectric characterization of the cancer cells using the 3™
generation of the ER devices. The dielectric properties of 9 cell lines were

determined using the ER technique. These cells are K562 human leukemia cells
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and its multidrug resistance (MDR) counterparts, including the imatinib resistant
(K562/IMA-0.2, 0.3, 0.5 uM) and doxorubicin resistant cells (K562/DOX-0.1, 0.3,
and 0.5 uM). In addition, the dielectric properties of the human breast cancer cells
(MCF7) and its doxorubicin resistant (MCF7/DOX-1000 nM) derivation were

measured using this technique.

Chapter 7 presents the design, simulation, and the fabrication of MEMS based
dielectrophoresis (DEP) device for separation of the K562 human leukemia cancer
cells and its multidrug resistance (MDR) counterparts from the human leukocytes

mixture.

Finally, in chapter 8, thesis conclusion discussing the accomplished tasks in this

study and possible future works are presented.
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CHAPTER 2

THEORY

The rotation of the dielectric particles is generally described by the dipole moment
theory. By using this method, one can formulize the rotational torque expression
for spherical particles inside an AC electric field. For this purpose, exact
knowledge of the dipole formation and the mechanism related to the torque

generation is essential.

2.1 Dipole Formation

The starting point to describe the rotational motion of particles under an AC electric
field is to comprehend the mechanism of dipole formation. The induced dipole on a
particle, placed in an AC electric field, consists of equal but opposite distribution of
+q and —q charges in the cell membrane or interior layers (Fig. 2.1).

Under a non-uniform distribution of the electric field, two charges will experience

different forces. If the dipole size is small enough to satisfy the following

assumption, |H| — 0 then the well-known expression for the dipole force is

obtained:

Fdipole =p. VE 1)
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Figure 2. 1: Representation of the dipole formation upon application of an electric

field on the particle.

It can be inferred from Eq. 1 that the dipole force is exerted on the particle only if
the external field has a non-uniform distribution (VE # 0). The above equation is
an approximation of the force exerted on a physical particle, known as the
dielectrophoretic approximation. This approximation is generally satisfied in the
practical application, due to the larger size of the electrodes compared to biological
particles. In other words, above expression is valid if the size of the non-

uniformities of the electric field is larger than the particle size.

2.2 Applied Effective Moment on the Dipole

Consider a homogenous particle of radius R with the permittivity and the
conductivity of ¢, and g, respectively. The particle is immersed in a liquid
medium with the permittivity, conductivity, and the dynamic viscosity of &,,, o,

and m, respectively. If the external electric field E(t), is introduced as:

E(t) = Ep(coswt ay + sinwt ay) (2)
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where, a, and a,, are the unit vectors along the x and y axis, the particle presents a
circular rotating behavior. We could rewrite the Egq. 2 based on the phasor

expression as below:
E(t) = Eg(ay —J ay) (3)

The generated electrostatic potential @ ;,,,. due to the presence of the dipole with

the effective moment of p,, £ inside the medium, is described as [100]:

Deff COS O
Daipote = éfne—mW 4)

where, R and 6 are the angle and the radial distance from the origin in the polar-
coordinates, respectively. For the case of spherical dielectric particles, the effective

dipole moment can be described by below expression:
peff = 4‘7TKR3E0 (5)

K is the Clausius-Mossotti factor (Fcy) and represents the polarizability of the
particle compared to the suspension medium. In other words, Fcym describes the
frequency dependent response of a polarizable particle in interaction with an AC
electric field. This factor depends on the dielectric properties of the particle and the
medium and the frequency of the electric field. The Fcyw can be calculated using
below expression for the spherical lossless dielectric particles:

Ep — Em

(6)

Fem = & T 26
However, above equation generally does not describe the polarizability of the
biological particles. Biological particles are categorized under the dielectric
particles with loss in an AC electric field. There are many dissipation mechanism
and relaxation phenomena correlated with the frequency of the electric field, which
determine the behavior of the biological particles. Therefore, the effective
conductivity and permittivity of the biological particles depend on the frequency of
the applied AC electric field. For these particles, the dipole moment changes to the

complex effective dipole moment, therefore the Clausius-Mossotti factor becomes a
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function of the complex permittivities of the particle and the medium. Hence, the
general form of the Clausius-Mossotti factor should be employed to interpret the
behavior of the dielectric particles with ohmic or dielectric loss in an AC electric
field (Eq. 7).

*

*
€p ~ Emed

Fry(w) = ——
cm (@) e;;+2€,*ned

(7)

where, ¢, and &, are the complex permittivity of the particle and the medium,
respectively. It is important to note that, Eq. 7 changes to the general expression of
behavior of a dielectric particle by substituting the expressions of complex

permittivity of the particle and the cells, which are shown as below:

0.

‘g;;: gp—jzp (8a)
o

Em = gm_]jn (8b)

Equations 8a and 8b reveal the dependence of the dielectric properties of the cell on
the frequency of the electric field (w). When a dielectric particle is placed in an
AC electric field, depending on the frequency of the electric field and the
permittivity and conductivity of the particle and the medium, varying moments are
induced on the particle. In addition, different dissipation levels and relaxation
mechanisms are dominant in each frequency range, which assess the behavior of the
dielectric particle. In order to emphasize on these mechanisms we can rewrite the

Eq. 7 by substituting Eq. 8a and b:

Op —0m  jwTp+1

F, = )
em (@) op + 20, jotyw +1 )
where,
&g, + 2¢
= — m (10a)
op + 20,
&~ Enm
Tp = O-p_—o-‘m. (10Db)

40



In the above equation, t,,, is the characteristic relaxation time constant and is a
simple explanation of the Maxwell-Wagner interfacial polarization theory, and z is
the charge relaxation time constant. Low or high frequency behavior of the cells
under application of an AC electric field with angular frequency of w can be studied

at w — 0 or w — oo, respectively.

In the low frequency or DC limit approximations, the conductivities of the particle
and the medium are the determinant elements of the Clausius-Mossotti factor.
However, in the high frequency range, the permittivities of the particle and the

medium have the dominant role on the Clausius-Mossotti factor.

Op — O
i = — 11
lim [Fep (w)] 5, ¥ 20, (11a)

Ey, — &
lim [F, =L =
lim [Fey (w)] 5, ¥ 2o (11b)

2.3 Electrorotation

The rotational torque exerted on a dielectric particle under application of a
uniformly rotating AC electric field can be expressed based on the effective dipole
moment expression (Eg. 5). The time dependent torque applied to the particle can

be expressed using below equation:
T(t) = P, (t) x E(t) (12)

The above equation consists two sections, a time-averaged term with a constant
magnitude and a time-varying term with a frequency equal to the twice of the
frequency of the applied electric field. Jones et al. has stated that, for the particles
with sizes in the range of 1-1000 um, the motions induced by the time-varying
component of the electric field is extremely damped by the viscosity of the medium
[60,100]. Therefore, only the time-averaged component can play a significant role
in the rotation of the particle. The time averaged rotational torque exerted on a

particle is expressed using below equation:

<T(t) >= —4me, R¥Im(Fey(w))EZ (13)
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In the above equation, the dependence of the rotational torque on the applied
frequency is determined by the imaginary part of the Clausius-Mossotti factor. A
more general case is to consider a homogenous dielectric particle with ohmic loss
rotating in a conductive medium. If the medium is subjected to a uniformly rotating
AC electric field, the induced rotational torque on the particle can be determined

using below expression:

6menRPEG(1 = " /1) 0Ty

T =
(1 +2 gm/gp) (1 + Gm/z(,p) [1+ (tyw)?]

(14)

In the above equation, 7; and t, are the charge relaxation time constants of the
medium and the particle, respectively. In practical applications, the rotation of the
cells is the result of the force balance between the rotational torque and the viscous
damping acting on the particle. In the steady-state condition, there will be
equilibrium between the rotational torque and the damping forces in the medium.
Generally ER is applied to the particles with radii of less than 250 um; therefore the

laminar viscous torque formula can be used, which is:
Taamp = —8mTNR3Q (15)

where, Q is the angular velocity of the particle. By imposing the equilibrium
condition of T + Taamp = 0, the generally used expression for the rotation speed of

the cell under ER phenomena can be obtained as below:

_ Emlm(FCM)Eg

O =
2n

(16)
By substituting the Eq. 9 in the above equation, the full expression of the rotation
speed of a particle in relation to the dielectric properties of the medium and the

particle can be presented as below:
2
3800, (T — T1)Ej OTyw

0= — .
21 (0 + 20m)(gp + 2 €m) [(wTMW)2 +1

(17)

According to the above equation, the ER spectrum of a multi-layered particle

consist a set of positive and negative rotation peaks. The ER spectrums of the
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protoplast cells generally consist of two peak rotation frequencies. The positions of
the peaks depend on the dielectric properties of the cells and the medium, and are

specified by the characteristic relaxation time constant.

2.4 Cell Modeling
2.4.1 Theory

Cells are the most basic functional units of the complex biological systems. In
addition, the molecular composition of the cell membrane and the interior are
subject to complex regulation mechanisms, which help cells to adjust their living
conditions. Cells are composed of different layers including cell membrane,
cytoplasm, nucleus and many other sub-cellular structures (Fig. 2. 2). Modeling of
the complex structure of the cells with its equivalent electric models needs a deep
knowledge in the physics of each layer. Different approaches are used in the

modeling of the biological cells with its equivalent electrical circuits (Fig. 2. 3).
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Figure 2. 2: Interior structures of a single cell.

(Figure from www.slideshare.net)

A more general approach is the use of multi-shell model of the cells [101]. In this
method, each layer of the cell is replaced by its equivalent electrical element and

each layer of the cell is assumed to be positioned concentrically.
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Figure 2. 3: Equivalent electrical model of a single cell.

(Figure from www.biotele.com)

In the single-shell cell model, the cell is modeled as a cell interior, consisting of
cytoplasm and nucleus, and a resistive cell membrane. For a cell with radius R and
membrane thickness of & the equivalent complex permittivity of the cell is

described by below expression:

(R/(R - 6))3 + 2(87 - g;knem)/(‘c:l:k + Ze;;wm)
(R/(R - 6))3 - (gl* - ‘gr*rlem)/(";—'lik + Zg;knem)

& = &+ JGp = Ememl ] (18)
where, emem and &; are the complex permittivities of the cell membrane and the
cell interior, respectively. In addition, £, and @, represent the effective permittivity
and conductivity of the particle. For the mammalian cells, the membrane thickness
is at least three orders smaller than the cell radius, therefor the R — § term can be
replaced with radius of the cell with a high degree of confidence in the above
equation. For studying the frequency response of a cell, which is modeled using the
single-shell model and exposed to an AC electric field, the expression of the
effective complex permittivity of the cell is replaced with the complex permittivity
of the cell in Eq. 7.

In addition to single shell modeling, double or triple shell modeling are possible
(Fig. 2.4). For this purpose, the Eqg. 18 should be consecutively applied to the
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internal layers of a cell aiming to obtain the equivalent dielectric properties of each
cell layer. Generally, this method is applied to the cells with more complex interior
structure or for the cells with larger nucleus that can influence the dielectric
properties of the whole cell. For this purpose, the Eq.18 should be applied to the

most inner layers of the cell. For a double shell modeling, below procedure should

be followed:
1. emem = & and g = & > 4 1 effective
2. Emem > E3aNd g > Efprr P 2 effective

Above method can be applied for extracting the higher order shell models of the

particles.

An example of application of the double-shell model is used in modeling of the
yeast cells [4] and neutrophils [5]. In the below section, use of double shell

modeling will be presented for the neutrophil.

A B

=

4

Figure 2. 4: Multilayer shell approach for determining the effective permittivity of
the double-shell model. (A) A cell with 3 layers. (B) Determination of effective
permittivity of the layers 1 and 2. (C) Determination of effective permittivity of the
layers 1-effective and 3.
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2.4.2 DEP and ER Spectra of Neutrophils

Neutrophils are the most abundant subpopulation of the human leukocytes,
constituting up to 60% of the total leukocyte population. These cells have a
segmented nucleus which is divided into several parts (Fig. 2. 5). Because of the
large nucleus size, use of single-shell model can lead to misinterpretation of
dielectric properties of the cell. Therefore, the double-shell cell model is used in

study of the dielectric response of neutrophils.

Figure 2. 5: A single neutrophil with segmented cell nucleus.

The dielectric properties of each layer of the neutrophils are presented below in
Table 3.1 [74].

Table 2. 1: Dielectric properties of neutrophils.

cell radius (um) 6
cell membrane thickness (nm) 8
nucleus radius (um) 3.5
nuclear membrane thickness (nm) 20
medium conductivity (mS/cm) 0.4
medium permittivity 79¢,
cell membrane conductivity (mS/cm) 10e-11
cell membrane permittivity 6.2¢€,
cytoplasm conductivity (mS/cm) 3
cytoplasm permittivity 60 €,
nucleoplasm conductivity (mS/cm) 135
nucleoplasm permittivity 52 ¢,
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For the double-shell modeling of the neutrophils, an automated MATLAB program
with implemented double-shell equations is utilized. This program uses the
dielectric properties of each layer of the neutrophils as the inputs and plots the
imaginary and real part of the Clausius-Mossotti factor as the output. In addition to
the dielectric properties of the cells, the dielectric properties of the medium can be
adjusted. The plotted output shows the frequency response of the cell in the
frequency band of 1 Hz to 1 GHz. The MATLAB code is presented in Appendix A.

The designed graphical user interface (GUI) of the MATLAB algorithm is shown in
Fig. 2.6. For determination of the imaginary and real part of the Fcy the dielectric
properties of the neutrophils are inserted as the inputs of the program. The
conductivity and relative permittivity of the medium is assumed as 1 mS/m and 78,
respectively. The plotted Fcy for the neutrophils is shown in Fig. 2.7. The
imaginary and real part of the Fcy is plotted using green and red lines, respectively.
Because of using the double-shell layer, two peak rotation frequencies are obtained
for the cell, representing the relaxation constant of the cell membrane and the cell

interior.

~Panel
Nucleoplasm Conductivity

Cytoplasmic Conductivity

Membrane Conductivity

Nucleoplasm Permittivity

The frequency dependent response of the cell to
the external AC electric Field.

Cytoplasmic Permittivity

Membrane Permittivity

Nucleoplasm Radius

Cytoplasm Radius

1199 ayp Jo saiuadoud a11193j31Q

Membrane Radius

Medium Conductivity

Start

Medium permittivity

Dielectric properties of the medium

Figure 2. 6: The graphical user interface of the implemented MATLAB algorithm
for calculating the frequency dependent response of cells inside an AC electric
field.

47



Accordingly, two crossover frequencies are obtained for the real part of Fcy. The
real part of the Fcy represents the DEP response of a cell under a non-uniform AC
electric field. However, the imaginary part of the Fcy shows the rotational response
(ER) of a cell under application of a uniformly rotating AC electric field. As shown
in Eq. 9, in addition to the dielectric properties of the cell, the Fcy depends on the
dielectric properties of the medium. In order to better show this fact, the Fcy is
depicted for the neutrophils in three media with varying conductivities.

Figure 2.8 shows the Fcy factor in media with conductivities of 1, 5, and 10 mS/m.
It can be inferred that, with the increase of the conductivity of the medium, the peak
rotation and DEP crossover frequencies of the cell shift to higher frequencies. In
addition, with increase in the conductivity of the medium, the magnitude of the
peak rotation frequencies decreases. The same trend can be seen for the maximum

values of the real part of the Clausius-Mossotti factor (DEP response).

FCM = =
" Panel
Nucleoplasm Conductivity 1.35
Clausius-Mossaotti Factor
1 T T T T T T
Cytoplasmic Conductivity 03 Real part
Imaginary part | !
Membrane Conductivity 1812 : :
e E i A A S e e S W S
Mucleoplasm Permittivity [] H H H | | | H
=
(@]
Cytoplasmic Permittivity 680 [N
- 0
Membrane Permittivity 52
Nucleoplasm Radius J.48e-6
05 | |
Cytoplasm Radius 599786 ) 1 2
Frequancy 10" Hz
Membrane Radius Ge-6
Medium Conductivity 1e-3 St
art
Medium permitivity 78

Figure 2. 7: Double-shell modeling of imaginary and real part of Fcy for the

neutrophils.
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Figure 2. 8: Imaginary and real part of Fcy inside three media with different

conductivities.
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CHAPTER 3

DIELECTRIC CHARACTERIZATION

This section describes the use of the ER method in determination of the dielectric
properties of the biological cells. The current ER theory is based on the use of low-
frequency peak rotational frequency for the dielectric characterization of the
biological cells. The method uses the equation of the effective complex permittivity
of the cells, and applies different approximations to estimate the dielectric
properties of the cells. Lei et al [6] has investigated the previously used theory and
methods of ER dielectric characterization and has categorized the equations by
applying limitation on the applied frequency range and the medium conductivities.
Due to nonlinearity of the Eq. 18, the conventional analytical methods are not
applicable to extract the dielectric properties of the cells. Therefore, different
methods were used to simplify the equation by applying different limitations on the
measured peak rotation frequency or the conductivity of the medium. Therefore,
simplified equations can realize the determination of the dielectric properties of the

cells by studying the frequency dependent ER response of the biological cells.

For a specific cell line, with known dielectric properties, the frequency dependent
ER response of a cell can be obtained by plotting the imaginary part of the
Clausius-Mossotti factor (Eqg. 19). This plot shows the peak rotation frequencies of

the cell, which are the maxima points of the Fgpimqg (w).
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* *
€p ~ Emed

* *
& + 28004

Fen(w) = Feprear (@) + jFemimag (@) = (19)
At coming sections, four different levels of approximation, applied to the equation
of the effective complex permittivity of the cell, will be presented. Then the
proposed methods of extracting the dielectric properties of the cells will be
discussed. In all of these methods, the dielectric properties of the cell membrane
are determined using the slope and intercept method. Therefore, as the starting step,
the slope and intercept method is introduced in Section 3.1. Then, in Sections 3.2
through 3.5, different levels of approximations are investigated. In Section 3.6, an
automated MATLAB program for extracting the dielectric properties of the cells
will be introduced. Introduced methods in Sections 3.1 through 3.5 are
implemented in this MATLAB program. Finally, an example of utilization of this
program in the calculation of the dielectric properties of K562 human leukemia
cells is presented.

3.1 The Slope and Intercept Method

This method is used in the determination of the effective membrane capacitance
(Crmem) and effective membrane conductance (Gjyem) Of cells. In this method, the
peak rotation frequencies of the cells are studied in the media with varying
conductivities. Subsequent to the determination of the peak rotation frequency, a
straight line is fitted to the data points of the peak rotation frequencies multiplied by
the cell radius (f,xx R ) versus the conductivity of the media (o,,) in which the

cells are suspended.

According to the low frequency approximations, the slope and the intercept of the
fitted line are proportional to the effective membrane capacitance and the effective

membrane conductance, respectively.

According to the presented discussion in Section 2.2, the characteristic relaxation
time constant (ty,) provides the positions of the peak rotation frequencies.

Equation 20 shows the relation between the 7,,,, and the peak rotation frequency

(fox)-
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Gp + 20,

Y v = 27for = (20)

ép + 26y
Above equation relates the peak rotation frequency to the dielectric properties of the
cells. Rewriting the equation for conductivity of the medium results in below

equation:

O = %{an,,k(ép + 2ep) — 6} (21)

For the low frequency (DC limit), the effective permittivity and conductivity of the
cells are approximated using below equation [102,103]:

& = 550 = Emom (g) —RC,.., (22a)

R

0p = Oppc = Omem (E) = RGmem (22b)
where, Cpem and Gpem represents the effective membrane capacitance and the
membrane conductance of the cell, respectively. ¢&,em and opgem are the
permittivity and conductivity of the cell membrane, respectively. By substituting

Eqg. 22a and 22b in Eq. 21 and performing some mathematical operations, below
equation is obtained:

Um GmemR
Rfpx = + . 23
ok = Cnem * 2C e )
This equation interprets the relation between the dielectric properties of the cell
membrane and the parameters related to the ER measurements. Equation 23 is an
expression of a straight line (y = mx + ¢) with the slope (m) and the intercept (c)
as defined in Eq. 24. It is important to note that the permittivity of the medium is

assumed to be negligible compared to the effective permittivity of the cell (£, >

Em)-

m= (24a)
T[Cmem
c = GmemR
27C, (24b)
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By fitting the obtained data from the ER experiment to the expression of the straight
line, the slope of the line relates the conductivity of the medium to the effective
membrane capacitance of the cell. In addition, the intercept point of the fitted line
reveals the conductance of the cell membrane (Eq. 24). In the above equation,
Gmem 1S replaced with total effective conductance, which includes both
transmembrane conductance and the surface conductance of the cell (K,,,s) (Eqg. 25a
& 25b). [51]

2Cnem  TCmem 2 R 21 Crem mem R2 (253-)
2K
Gmem = Gmem *+ g5~ (25b)

3.2 First Level Approximations

This method uses the slope and intercept method for determining the dielectric
properties of the cell membrane, including the effective transmembrane capacitance

(Cmem) and the effective membrane conductance (Gyyem)-

In order to calculate the interior conductivity of the cell, a group of approximations
should be applied to the expression of the effective complex permittivity of the

cells. These approximations are listed as below:

e The first peak rotation frequency of the cell should be below 0.1 MHz
(wpx < 0.1 MHz).

e The conductivity of the test media should be below 1 mS/m (¢, < 1mS/
m).

e The permittivity of the medium should be negligible compared to the
effective permittivity of the cell (&, > &p,).

e The cell radius is three orders of magnitude larger than the membrane

thickness (R/(S ~ 103).

° Emem/e_o ~ 10, Oypem = 107° S /m, and gint/é_o ~ 100.
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If all above mentioned conditions are satisfied by the cell structure and the test
conditions, the effective complex permittivity of the cell can be simplified and the
effective permittivity and conductivity of the cell can be approximated as below:

Oine” (Emem) (O (26a)
- a)zeg( €0 )(R) _ (R)
gp - Gintz Q 2 = Em )
w?el (R)
. R
% = Tmem (E)' (26b)

By substituting Eq. 26 in Eq. 20, below equation is obtained for the membrane and
the interior properties of the cell, based on the properties of the suspension medium

and the peak rotation frequency:

2
Yok = GiromR + 225 + 20, (272)
Oint
where,
R
Yok = wpkgmemg = ZﬂCmepk- (27b)

Equation 27b is a quadratic equation, which naturally has two roots. The acceptable

answer for the interior conductivity of the biological cells, are as below:

Y 20m + GromB)} (28)

Oint

Oint
Yok = ZnCmemepk = 2 {1- \/1 -

In the above equation, fy and o, are the known parameters from the ER
measurements, C,,.m and G, are calculated using the slope and intercept method,
therefore the only unknown parameter is the cell interior conductivity (o;,:). The
cell interior conductivity can be obtained by solving Eq. 28 using hand calculations
or in MATLAB.

3.3 Second Level Approximations

In the second level of the approximations, the slope and intercept method is utilized

for determining the dielectric properties of the cell membrane. In order to reduce
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the applied limitations on Eq. 18, Eq. 20 and 21 are used as the beginning step. In
the first level approximations, we have assumed that the permittivity of the medium
is negligible compared to the effective permittivity of the cell. However, depending
on the cell type, this assumption can lead to errors in the calculated properties of the
cell. Therefore, in the second level approximations, we will include the effect of

permittivity of the medium in the calculations.
Below is a list of assumptions made in second level approximations:

e The first peak rotation frequency of the cell should be below 0.3 MHz
(wpi < 0.3 MHz).
e The conductivity of the media should be below 10 mS/m (g,,, < 10 mS/m).
e The cell radius is three orders of magnitude larger than the membrane
thickness (R/ ~ 102).
o Fmem/o %10, Opem ~ 1076 S/m, and “int/¢ ~ 100.
By applying these assumptions to the Eqg. 18, the effective conductivity and
permittivity of the cell is obtained as below:

€ 2 o Oint? )

~ €o w?ed ememw R R (29a)
0 = ( > + Omem (_>
O'mt (% )2 Oint ) &
2 R

K- (e)

g;
”‘tz (R)2

~ e (g)_ (29b)

It is important to note that, in this level, the maximum acceptable frequency for the
peak rotation frequency is increased to 0.3 MHz. By substituting Eq. 29 into Eq. 21
below equation is obtained:

ypk

int

Yok t AT fprem = + GemR + 20,,. (30)

This equation relates the dielectric properties of the cell membrane and the interior

to the measured peak rotation frequency and the conductivity of the medium. By
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substituting Eq. 27b in the above equation, a quadratic equation is obtained. The

parameters of this equation are as below:

® Gmem IS Calculated using the slope and intercept method.

e (,, is calculated using the slope and intercept method.

e fpr is measured using the ER experiments, in media with varying
conductivities.

e R and § are known for the tested particle.

0 1S known from each ER experiment.
Therefore, the only unknown parameter is the interior conductivity of the cell (g,,¢)-
By solving this quadratic equation, below answer is obtained for the interior

conductivity of the cell.

_ (ankamR)z
21 fpk CuR + AT fyr&m — GinemR — 204,

o (31)

In this level, the accuracy of the calculations is increased by widening the
acceptable conductivity of the medium (from 1mS/m to 10 mS/m), obtained peak
rotation frequency (from 0.1 MHz to 0.3 MHz), and by entering the permittivity of
the medium to the calculations. Increasing the applicable range for the conductivity
of the test medium can increase the accuracy of the measurement by eliminating the
probability of the ion transfer between the cell and the medium.

3.4 Third Level Approximations

In the third level approximations, the dielectric properties of the cell membrane is
calculated using the slope and intercept method. Same as the second level, Eq. 20
and 21 are used as the starting steps. In addition, the applied limitations on the
conductivity of the medium and the peak rotation frequency are reduced. Although
this method increases the accuracy of the calculated dielectric properties of the cell
interior, it adds to the complexity of the equations. In this level, the applicable
range for the conductivity of the test media is increased to 100 mS/m, and obtained
peak rotation frequencies up to 1 MHz are acceptable. A list of applied

assumptions is presented in below:
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e The first peak rotation frequency of the cell should be below 1 MHz
(wpk < 1 MHz).
e The conductivity of the media should be below 100 mS/m (o, <
100 mS/m).
e The cell radius is three orders of magnitude larger than the membrane
thickness (R/ ~ 10).
o Fmem/. %10, Gpem ~ 1076 S/m, and “t /¢ ~ 100.
By applying above assumptions to the expression of effective complex permittivity
of the cell, below expressions are obtained for the effective conductivity and
permittivity of the cell.

2
(Emem) + O-mem O-lnt ( )

G =
D (gmem)z Umt & )2 (32a)
€o ez R

Gmt Emem Q
gp_ a)e ( €o )(R)

€o B (Erz(e)m) Ulntz (R)Z

By substituting the Eq. 32 into Eq. 21, one will obtain below expression for the

(32b)

dielectric properties of the cell.

2

, [cm52 2m (5>2_ Glrom 62 20, (5>

o — —_ —
int (l)pkEgR (A)pkeg R wpk ZGgR wpk 263 R (33)
Cm8_,]  20,Cp° 82 Cpy 262
—al-[( =) ] = e 2e
0 0

This provides a quadratic equation for the interior conductivity of the cell. Six
different parameters are available in this equation; however the only unknown
parameter is the interior conductivity of cell. The known parameters are listed as

below:

e Gnmem IS calculated using the slope and intercept method.

e (,, is calculated using the slope and intercept method.
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* fpr is measured using the ER experiments, in media with varying
conductivities.
e R and § are known for the tested particle.
e 0, is known from each ER experiment.
For solving Eq. 33 MATLAB software is used. Because of the quadratic nature of
this equation, two answers are available for Eq. 33. However, only one of them is
acceptable for the biological cells (positive and real answer).

Although there is a defined boundary for the conductivity of the medium and the
peak rotation frequencies in the third level approximations, it provides a wider
acceptable range for these parameters. In addition, by utilizing more complex form
of the expression of the effective complex permittivity of the cell, more accurate
result is obtained for the conductivity of the cell interior.

3.5 Fourth Level Approximations

In the fourth level approximations, same as the previous methods, the dielectric
properties of the cell membrane are calculated using the slope and intercept method.
In addition, by eliminating all limitation on the test conditions, this level is
applicable to all medium conductivities and all the peak rotation frequencies. The
starting point for obtaining the interior conductivity of the cell is use of full
expression of the characteristic time constant (z,.,,). This level uses a complex
form of the expression of the effective complex permittivity of the cell. A list of
applied assumptions on the Eqg. 18, for obtaining the effective permittivity and

conductivity of the cell is listed below:

e The cell radius is three orders of magnitude larger than the membrane
thickness (R/ ~ 10).
o Fmem/. ~10, Opem ~ 1076 S/m, and “int/c =~ 100.

Using the above assumptions, the expressions of the effective conductivity and

permittivity of the cell are obtained as below:
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2 2
(gmem) Ot + Omem Oint (Q)
€o int (1)263 R

G, = , (34a)
T (@) e an@) a

() (f) + S (Paem) ()

2
€o (gmem)2 + O-int2 (é)
€o w2es \R

(34b)

By substituting the Eq. 34 in Eq. 21, below equation is obtained for the interior

conductivity of the cell.

2
+aint

2
Crnem0
Wpk Eint
€o

Crnem® + 2&m(9/ Grrem® + 20,(9/
on () (%/r) - wpkzaeé( 2 (P/p)| @4

2
Wpk€

2

Crem®\>  (Crmem®
_Gint< me ) = ( e ) (zam_zwpkgm)
€o €o

In the above equation, there are two unknown parameters, the effective permittivity

and conductivity of the cell interior. Therefore, it needs an initial assumption on the

interior permittivity of the cell, and then the interior conductivity of the cell can be

determined by solving the quadratic equation. List of known parameters in Eq. 34c

are given in below:

Gmem 1S Ccalculated using the slope and intercept method.

C,, is calculated using the slope and intercept method.

fpr is measured using the ER experiments, in media with varying
conductivities.

R and & are known for the tested particle.

o, 1S known from each ER experiment.

Same as the third level approximations, two answers are available for the above

equation, however only the real and positive answer is acceptable for the biological

cells. As seen, the utilized equations for extracting the dielectric properties of the

cells from the measured peak rotation frequencies are complex. In addition, use of
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hand calculations is not possible. Therefore, an automated MATLAB algorithm is
developed for the calculation of dielectric properties of the cell. This program
includes all levels of approximations. The details of this program are given in

below section.

3.6 An Automated MATLAB Algorithm for Cell Characterization

As discussed in sections 3.5, determination of the dielectric properties of the cells
needs complex mathematical operations, which includes data fitting, solving
quadratic equations, and calculation of the average and the standard deviation of the
results. Therefore, use of hand calculation is time consuming and can lead to errors
in the results. To overcome these difficulties, an automated MATLAB algorithm
with graphical user interface (GUI) is designed and implemented for the calculation
of the membrane and the interior dielectric properties of the cells. This program
uses the obtained peak rotation frequencies and the experimental conditions, like the
conductivity of the test media as the input and calculates the dielectric properties of
the cells as the output. The written algorithm is presented in Appendix B. In the
following sections, inputs, outputs, and operating principles of this program will be

introduced.

3.6.1 Inputs for the MATLAB program

There are six groups of inputs implemented in the program, which are listed as

below:

1. The conductivity of the test medium: The program has five inputs for the
conductivity of the test media in mS/m.

2. Peak rotation frequencies: There are five inputs for the measured peak
rotation frequencies in each medium. The frequency values should be
inserted in Hertz.

3. Frequency variations: The measured peak rotation frequencies from the ER
tests are the average values and include a variation range. There are five
inputs for the inserting the variations in the measured peak rotation

frequencies. The values should be inserted in Hertz.
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4. Average cell radius: This input is used for inserting the average cell radius
in pm.

5. Radius Variances: The radius of a specific cell population shows variations
from the average value. This input is used to insert the variances of the
measured cell radius in pm.

6. Method number: Four different levels of approximations are used in the
determination of dielectric properties of the cells. This input is used to
specify the utilized method.

Figure 3. 1 shows the input section of the MATLAB program. As indicated above,
there are two input sections for deviations from the peak rotation frequency and
variances in the radius of the cells. Therefore, it is assumed that the radius of each
cell can vary in the range of [R — 6R, R + SR], where SR is the variances in the

cell radius.

Medium 1 Wedium 2 Wedium 3 Medium 4 Medium 5 .
Cell Radius Enter the Method Number
Wedium =

Conductivities

(mS/m) Radius

Peak Rotation i
Frequency

(Hz)
Frequency Variences

Varieces
(um} \
hﬂi Z) _

Figure 3. 1: Input Panel for the MATLAB program.

The same assumption is made on each peak rotation frequency, therefore the peak
rotation frequency of the cells in each medium is in the range of [f,x — &fpk
for + 6fpr], Where 81, is the deviation from the average peak rotation frequency.
As stated in section 3.1, to extract the membrane properties of the cell, the slope and
intercept of the straight line fitted to the data points of the peak rotation frequency
and the cell radius versus the medium conductivity is utilized. The test medium is
replaced with the fresh medium several times during each ER measurement;
therefore, the changes in the conductivity of the medium due to resistive heating can
be neglected. In order to consider the changes of the average cell radius and

variances in the peak rotation frequency, three fitting processes are followed. For
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this purpose, three data points are formed for the peak rotation frequency and the
cell radius, which are [(fpx — 6fpk)X(R —OR)], [(fpr)X(R)], and [(fpr +
8fpr)X(R + 8R)]. The fitting process is applied for each data set and the average
membrane properties and the standard deviation from the average data are

calculated based on the obtained results. The details are discussed in section 3.6.2.

3.6.2 Outputs of the MATLAB Program

The output section of the MATLAB program is divided into six sections. The list

of the output sections is presented in below:

1. Slope and intercept: This section presents the calculated results for the slope
and the intercept from the three fitting processes. Following the discussion

in section 3.6.1, the fitting is applied on three data sets, which are [(f,, —

8fpi)X(R = 6R)], [(fpr)X(R)], and [(fpi + 6fpk)X(R + 8R)]. The slope
and intercept section is shown in Fig. 3.2.
_ Slope and Intercept

Slope  and . [(fpk)X(R)] \ Slope of Line |Intercept of Line
intercept of F

fitted lineto | -« [(for + 8fpi)X(R + 6R)] —> Fedf
data points F-df

of: |+ [k = Ofpr)X(R = 6R)] -

Figure 3. 2: The slope and the intercept of the fitted data.

2. Dielectric properties of the cell membrane: This section provides the
calculated results for the dielectric properties of the cell membrane (Fig.
3.3). It uses the slope and the intercept data for each fitted line and performs
the calculations using Eq.23 and 24. The average and the standard deviation
results for the membrane capacitance, conductance, and permittivity are

calculated based on the calculated data from the three fittings.
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Dielectric properties of cell membrane

Membrane Capacitance (mF/m2) Membrane Conductance (5/m2) Membrane Permittivity
F 0 0 0
F+df 0 0 0
F-df
Average
Deviation

Figure 3. 3: The output section for dielectric properties of the cell membrane.

The membrane permittivity is calculated based on the cell radius and membrane
thickness. Obtained results from this section are used as the inputs for the

calculation of the interior conductivity of the cell.

3. Conductivity of the cell interior: This section calculates the interior
conductivity of the cell. For this purpose, the program uses the slope and
the intercept data and implements it into one of the discussed levels of
approximations.  Two distinct averages and standard deviations are
calculated for the interior conductivity (Fig. 3.4), which are:

e Performing the averaging on the calculated results for one of the fitting
data sets, in different medium conductivities (colored with blue in Fig.
3.4). For example, for the data set of [(f,x — 6fpk)X(R — 6R)] in all of
the test media.

e Performing the averaging on the obtained results from three data sets for
each of the test media (colored with green in Fig. 3.4). For example,
averaging the calculated results for [(fox — 6fpk)X(R — 6R)],
[(For)X(R)], and [(fpk + 8fpk)X(R + 6R)] data sets in the first test

medium.
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Conductivity of the cell interior

Medium 1 | Medium2 | Medium3 | Medium4 | Medium 5 |Average for a Frequency |STD for a Frequency
F Averaging
Fedf
F-df
Average for a Medium
5TD for a Medium

Figure 3. 4: Determining the interior conductivity of the cell by two distinct
averaging methods. Blue colored section indicates averaging based on three data
sets. Green colored section indicated the averaging based on the calculated data in

each medium.

4. Average for the interior conductivity: Following the discussion in the
previous section, two distinct groups of averages are calculated for the
interior conductivity of the cell. In the first averaging, the conductivity of
the medium is the changing factor. In the second averaging the variation in
the membrane properties of the cell is the changing factor. However, the
calculated cell interior conductivity is negligibly dependent on the medium
conductivity. Therefore, a more accurate and reliable method is applying
the averaging on each data set. Following this method, three results are
obtained for the interior conductivity of the cell. The finalized interior
conductivity of the cell is calculated by averaging between these three data
(colored blue in Fig. 3.4).

5. Curve fitting graph: This graph shows the fitted straight line to the three

data sets of the cell radius and peak rotation frequency, which are [(f,x —

O fpi)X(R — OR)], [(fpk)X(R)], and [(fox + 8fpk)X(R + 6R)]. Figure 3.5
shows an example of presented data in this graph for the dielectric properties
of a cell.

6. Cell interior conductivity versus medium conductivity: Following the
discussion on the different levels of approximations, the calculated interior
conductivity of the cell depends on the number of parameters including the
conductivity of the medium and the measured peak rotation frequency in
that medium. This graph shows the changes in the calculated interior

conductivity based on the conductivity of the utilized medium.
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Figure 3. 5: Fitted lines for peak rotation frequencies of an unreal cell.

Below figure summarizes the used steps in calculation of the dielectric properties of
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Figure 3. 6: Summary of calculation steps, in the MATLAB program.

3.7 Dielectric properties of K562 human leukemia cells

This section provides an example for calculation of the dielectric properties of a
cell, using the automated MATLAB program. K562 human leukemia cells are
chosen as the intended cell line. Labeed et al. has measured the dielectric properties
of the K562 cells using the DEP collection rate method [50]. We will use their data
as a reference for calculation of the peak rotation frequencies in media with varying

conductivities. Below table shows the presented dielectric properties of K562 cells,

by Labeed et al.
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Table 3. 1: Dielectric properties of K562 cells (Labeed et al. [5]).

Membrane Capacitance (mF/m?) 8.2
Interior Permittivity 60 €,
Interior Conductivity (S/m) 0.23 (0.21-0.24)

In order to obtain the peak rotation frequencies of the K562 cells inside the media

with varying conductivities, the imaginary part of Clausius-Mossotti factor should

be simulated. For this purpose, the graphs of the imaginary part of the Clausius-

Mossotti factor are depicted for the K562, inside the media with conductivities of 2,

4,6, and 8 mS/m. Figure 3.7 shows the peak rotation frequencies of the K562 cells.
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Figure 3. 7: Graph of imaginary part of the Fcy, inside media with varying

conductivities.

In order to calculate the dielectric properties of the K562 cell using the automated

MATLAB program, calculated peak rotation frequencies in each media are inserted

to the program. Fig. 3.8 presents the dielectric properties of the K562 cell.
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Figure 3. 8: Calculated dielectric properties of the K562 cell.

Below table provides a comparison between calculated dielectric properties of the

K562 cells and presented data by Labeed et al.

Table 3. 2 : Dielectric properties of K562 cells.

Labeed et al [5] Automated program
Membrane Capacitance 8.2 9.28 +£1.89
(mF/m?)
Membrane Conductance - 56.1+4.7
(mS/m?)
Membrane Permittivity (e,) - 15.7+3.2

Interior Permittivity 40-80 ¢, 60 €,
Interior Conductivity (S/m) 0.23(0.21-0.24) 0.31+0.04

A comparison between the obtained results shows that there is a good agreement
between the calculated results and the proposed values by Labeed et al. However,

the variations should be due the differences between the DEP and ER method.
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CHAPTERA4

DESIGN AND SIMULATIONS

In this chapter, the design and simulation of the ER devices are presented. First, the
simulations and analyses of the 1% generation of the ER devices with the planar
pyramidal (2D) electrodes are presented and followed by a discussion on the
performance of the 2D electrodes. Next, the simulations and the design of the 2™
generation of the ER devices with 3D pyramidal electrodes are presented. Finally,
the simulations and design of the 3" generation of the ER devices, with six different
electrode geometries are presented. For the 3™ generation of the ER devices, in
addition to the FEM analyses of the effective electric field (EEF) distribution, the
experimental study of the rotational torque (ROT-T) distribution is presented as a
verification of the simulation results. For this purpose, the rotation rates of the
K562/IMA-0.3 cells were measured in the inter-electrode region of the ER devices
with different electrode geometries. Then, the distribution map of the ROT-T is

extracted for each ER device.

4.1 Design Criteria for the ER devices

There are a number of criteria in the design of ER devices; the most important

points that should be taken care of are as below:

1. Electrodes shape and material
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As discussed in the Introduction section, different electrode geometries are used in
ER studies, including pyramidal, polynomial, circular, and elliptical. The electrode
geometry is a determinant factor in the uniformity and the magnitude of the EEF
and therefore the ROT-T. Another important factor is the material used in the
fabrication of the electrodes. Electrodes should have persistent structure and be

inert to the utilized chemicals in the test media.
2. Gap between the opposing electrodes

The distance between the opposing electrodes is a determinant factor in the
magnitude of the generated ROT-T and its uniformity. Moreover, due to non-
uniform nature of the generated rotating electric field in the ER devices, the gap
between the electrodes determines the effective DEP force on the particles. Beside
these, the maximum number of cells inside the measurement area depends on the
size of the measurement area. This area should be wide enough to insure the
independency of the rotation rate of a cell from the imposed dipole potential of its

surrounding cells.
3. Electrode height

Height of the electrodes is another important factor, playing a crucial role in
increasing the accuracy of the ER measurements. In the previous studies reported
in literature, extensively 2D planar electrodes were utilized for the characterization
purpose. Non-uniformity of the EEF along the z-direction is considered as a
significant drawback of planar electrodes, as the height of the electrodes (~300 nm)
becomes negligible compared to that of the biological cells (5-20 um). In addition,
the 3D electrodes increase the stability of the position of the cells along the z-

direction, which results in consistency of the induced ROT-T on the biological cells.

4.2 The 1% Generation of the ER Devices

The aim of the 1% generation of the ER devices was to investigate the possibility of
performing ER measurements for dielectric characterization of the biological cells.
These devices with planar (2D) pyramidal electrodes were fabricated using Ti/Au

sputtering on the Si wafer. The height of the sputtered electrode structures was
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about 300 nm. The designed layout of the fabrication of the ER device is shown in
Fig. 4.1. The distance between the opposing electrode tips was 280 um. A PDMS
reservoir was mounted on the fabricated ER devices for holding the cells in the
measurement area. Epoxy bonding was used in mounting the PDMS reservoir on
the measurement area. Figure 4.2 presents a fabricated prototype of the 1%
generation of the ER devices. For the initial tests, yeast cells were utilized. After
successfully accomplished experimental analysis of the rotation of the yeast cells,
the ER measurement was performed using the imatinib resistant human leukemia
cells, K562/IMA-0.2 uM. However, some difficulties were encountered in

obtaining reproducible ER spectrum with planar electrodes.

Figure 4. 1: Layout of the 1% generation of the ER devices, with magnified electrode

region.
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PDMS port mounted using
epoxy

Figure 4. 2: Fabricated prototype of the ER device with planar pyramidal electrodes.

First, the vertical position of the cells was changing continuously, which results in
the alternation of the induced ROT-T on the cells. This leads to a significant error
in the calculations of the dielectric properties of the cells. Second, there was an
inconsistency in the measured peak rotation frequencies. With further studies of the
planar electrodes using FEM simulations, it was concluded that, because of the
negligible volume to surface ratio in the planar electrode, the current density
passing through the electrodes was significant. This results in a high resistive
thermal heating in the test medium. Therefore, the conductivity of the medium was
rapidly changing during the ER measurements. According to the presented
discussion on Section 3.7, the measured peak rotation frequencies are highly
dependent on the conductivity of the test medium. Therefore, variations in the
conductivity of the test medium can shift the measured peak rotation frequencies.
Figure 4.3 shows the FEM analyses (COMSOL) of the generated resistive heating
of the 2D electrodes. The maximum generated resistive heating in the planar
electrodes is about 3E9 W/m?, which is at least an order of magnitude higher than
that for the devices with 3D electrodes. In addition, FEM analyses are utilized to
calculate the current density passing through the 2D electrodes. Figure 4.4 shows
the FEM simulation results for the current density passing through the planar

electrodes.
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Resistive Heating [W/m?]

Max: 3.307e9

Min: 2.681e-10

Figure 4. 3: FEM simulation of the generated resistive heating in the ER devices

with planar electrodes.

The maximum value of the current density is about 5250 A/m?, which is about three
fold of that in the 3D electrodes. It is important to note that, the height of the
electrodes is simulated as 300 nm and the simulation results are shown for a plane
passing through the middle of the electrodes (z = 150 nm). Moreover, the thermal
heating in the electrode tip can damage the cells, which was seen during the

experimental analyses of the K562/IMA-0.2 cell.

Total Current Density [A/m?]

Max: 5243.229

Min: 1.774e-3

Figure 4. 4: The FEM analyses of the total current density passing through the
planar electrodes.
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To overcome the problems related to the planar electrodes, the 2" generation

devices with 3D electrodes were designed and fabricated.

43 The 2" Generation of the ER Devices

The aim of the 2" generation of the ER device was to achieve a higher accuracy
and reproducibility in the ER measurements. For this purpose, the ER devices with
3D pyramidal electrodes were designed and fabricated. The height of the 3D
electrodes was designed as 30 um, to encompass the whole cell body. By this, the
fringing electric field effect on the rotation of the cells due to negligible height of
the planar electrodes (~300 nm) compared to the biological cells (5-20 um), was
eliminated. In addition, the 3D electrodes provide a uniform distribution of the
electric potential along the z-direction, which results in a negligible magnitude of
the z-component of the electric field. Therefore, the out of focal movements of the
cells due to the presence of a DEP force was eliminated. This insures the
consistency of the generated EEF along the z-direction. The time-variant FEM
simulation of the EEF distribution is shown in Fig. 4.5. Another important criterion
in design of the ER devices is limiting the generated DEP force due to non-
uniformities of the electric field. The magnitude of the DEP force is directly
proportional to the distribution of the electric field gradient intensity (V|E|?). 3D
FEM analysis was utilized to study the distribution of the V|E|2. As it is shown in
Fig. 4.6, the electrode tips has the maximum value of the V|E|? (p-DEP region),

which reduces gradually toward the center of the device (n-DEP region).

The 3D electrodes were fabricated using the Cu electroplating technique on the
sputtered Ti/Au seed layer. Then, a thin layer of parylene (~300nm) was deposited
on the Cu electrodes to eliminate the risk of interaction of the Cu electrodes with
the PBS containing test medium. In addition, this insulator layer reduces the flow
of the generated resistive heat to the test medium. A parylene reservoir with 580
pm diameter and 30 um height was formed on the electrode region to hold the cells
in the measurement area. The layout of the 2" generation of the ER devices is

presented in Fig. 4.7.
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Figure 4. 5: FEM simulation of the EEF in the inter-electrode region of the 2™
generation of the ER devices. The red arrow shows the direction of the electric

field at an arbitrary time instant.

Electric Field Gradient Intensity [V2/m?]

Max: 5.00e14
xlO14

Min: 5.00e12

p-DEP region

n-DEP region

Figure 4. 6: FEM simulation of the electric field gradient intensity on the 2"
generation of the ER devices. (A) Distribution of (V|E|?) on the ER chip. (B) The
region in the vicinity of the electrode tips has the maximum value of the (V|E|?)

which reduces toward the electrodes center.
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There were a number of problems evoked during the practical use of the 2™
generation ER devices. First, on the glass substrate of the ER chips, it was difficult
to observe cells under microscope, as the cells are transparent. Utilized Si substrate
in the 1% generation of the ER chip was more appropriate for the observation of the
rotation rate of the cells. The fabricated prototypes of the 1% and 2™ generation of
the ER devices are presented in Fig. 4.8. Second, parylene is a hydrophobic
material; therefore there were a number of problems related to the entrance of the
cells into the measurement area, due to use of parylene reservoir with very small

dimensions (~ 600 um).

Figure 4. 7: Designed layout for the 2" generation of the ER chips.

2"d Generation 15t Generation
T
s
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PDMS port
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Figure 4. 8: Fabricated prototypes from 1% and 2" generation of the ER devices.
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In addition, the fabrication process of these devices consist of four masks, which
was complex and time consuming, and there were six ER chips on each fabricated
wafer. Considering all these problems, a new fabrication process was developed for

the fabrication of the ER chips which utilizes a single mask.

4.4 The 3" Generation of the ER Devices

The aim of the 3" generation of the ER devices was to surmount the problems faced
in the previous generations. In the fabrication of these devices, a single mask
fabrication process was used. 88 ER chips with six different electrode geometries
were fabricated on each Si wafer (Fig. 4.9). To overcome the problems regarding
the planar electrodes (1% generation), quadrupole electrodes with 3D structures
(extruded 30 um in z-direction) were designed and fabricated. The electrodes were
fabricated using the Cu electroplating technique on the patterned Ti/Au seed layer.
In the 2" generation of the ER devices, a thin parylene layer was deposited on the
Cu electrodes, to eliminate the risk of reaction of the Cu electrodes with PBS
containing medium. Although the parylene layer acts as a protective layer against
the chemical reactions of the Cu electrodes, it is an electric insulator. Therefore, it
reduces the magnitude of the generated electric field. In addition, the parylene
deposition is a uniform deposition process, which covers the whole device surface,
including the measurement area and the contact pads. Therefore, an additional
mask is required for the RIE opening of the contact pads. To overcome these
problems, in the 3 generation of the ER chips, electroless Au deposition was
utilized. Deposited gold layer, acts as an inert material, protecting the Cu electrodes
against the chemical reaction and the risk of electrolysis. In addition, the magnitude
of the generated electric field was not affected by the deposited gold layer.
Moreover, in the electroless gold deposition, only the metal structures and lines
were subjected to the Au deposition. This eliminates the need for an extra mask for
the opening of the contact pads or the measurement area. Same as the parylene
deposition, electroless deposition provides a uniform deposition thickness. In order
to come up with more appropriate electrode geometry for the ER characterization
tests, 3D distributions of the EEF and the ROT-T were studied on five commonly

used electrodes geometries. In the following sections a brief introduction and
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essential background about the ROT-T and the EEF characterization procedures are
given. Then, the FEM analyses of the EEF distribution, followed by the
experimental analyses of the ROT-T is presented for each of the ER devices.

Figure 4. 9: Photograph of the fabricated prototypes of the ER device with different
electrode shapes. (A) oblate elliptical, (B) circular, (C) prolate elliptical, (D)
pyramidal, and (E) polynomial.

4.4.1 Introduction

The rotation of the particles is a result of the interaction of the induced dipole on the
particles with the rotating electric field. Therefore, the rotational torque is
proportional to the effective electric field (EEF) distribution. The rotating electric
field is generated by application of electric signals (generally sinusoidal) with equal

amplitudes with 90° phase shifted apart to the quadrupole electrodes. The
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reproducibility and reliability of the measured rotation rates depend on a number of
experimental and physical conditions including consistency of the ionic
concentration and temperature of the medium and uniformity and sustainability of
the induced rotational torque (ROT-T) on the particles [62]. It is known that the
induced rotational torque on the particles under a rotating electric field is spatial-
dependent. Therefore, to achieve high accuracy in the measurements and assure
reproducibility of the collected ER data, a highly uniform EEF distribution with a
constant magnitude is desirable over the measurement area. To characterize the
EEF and the ROT-T distribution of the ER device, FEM and experimental analyses

are utilized, respectively.

4.4.2 Finite Element Modeling

Time variant electrostatic analyses were used to study the EEF distribution on the
ER devices. For this purpose, generalized electrostatic module of the COMSOL
Multiphysics® software was used. The modeled electrode geometries were the
replicates of the fabricated devices. In addition, subdomain and boundary
conditions were introduced to reflect the actual test conditions. The electrodes were
modeled as being 30 pum thick inside a suspending medium of 100 um height. The
conductivity and the relative permittivity of the suspension medium were defined as
8.5 mS/m and 78, respectively. To generate the rotating electric field, sinusoidal
signals with constant frequency of 50 kHz in phase quadrature were applied to each
electrode. The maximum mesh size of the inter-electrode region was under 500 nm,
which facilities the accurate sensing of the changes in the EEF distribution. For 3D
analyses of changes in the EEF along the z-axis, a constant position was defined on
the x-y plane for each device. This point was placed on the line passing from the
device center with 45° apart from the x-axis. The x and y coordinates of this point
were equal to half of the distance between the center and the electrode tip. The
simulations along the z-axis were performed at z = 5, 15, 25, 50, 75, and 100 pm.
The changes of EEF in each vertical position were compared to that of z = 5um on

each device.

Assuming the radii of 3-8 um for the biological cells and considering the levitation

forces inside the suspension medium, a plane that is 15 pum above the device surface
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was selected for studying the EEF distribution on the x-y plane. For each device,
circular areas around the device center were defined, in which the maximum
deviation from the central EEF do not exceed the 5%, 10%, and 20% margins. The
obtained COMSOL simulation results were studied by sampling the magnitude of
the EEF from center of the device toward the boundaries of the measurement
region, with 1 um step size. For this purpose the FEM results (COMSOL) were
transferred to MATLAB and further numerical analyses were performed on the
FEM data.

4.4.3 Cell Preparation

Imatinib resistant K562 human leukemia cells were used in experimental
investigation of the ROT-T on ER devices. For this purpose, initially the sample
solution of the K562 cells, resistant to 0.3 uM imatinib (K562/IMA-0.3), was
prepared. K562/IMA-0.3 cells were first washed by centrifuging the cell
suspension at 1000 RPM for 5 minutes at room temperature. Centrifugation was
followed by discarding the supernatant and adding fresh solution on the pellet. This
washing step was performed two times. Finally, the pellets were suspended in an
isotonic solution, consisting of 8.5% (w/v) sucrose plus 0.3% (w/v) dextrose,
having a conductivity of 8.5 mS/m at room temperature. The conductivities were

adjusted by using 0.1X PBS (Santa Cruz Biotechnology).

4.4.4 Experimental

Experimental analyses were utilized for verification of the FE models. This was
achieved by measuring the rotation rate of the cells in the measurement area of the
devices. The rotation rate of the cells is used to estimate the rotational torque,
which depends on the EEF acting on the cells. For this purpose, the inter-electrode
area on each device was divided into square segments. The number of
segmentations varied between 64 and 88, depending on the area of the inter-
electrode region and the distance between opposing electrodes on each ER device.
In addition, the minimum segment size was defined to encompass a whole cell
body, with reference to the radius of the K562/IMA-0.3 cells. A four-channel
signal generator (Agilent-81150A) was used to energize the electrodes by 50Q

coaxial cables with BNC connections. Sinusoidal signals in phase quadrature with
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constant frequency of 50 kHz were applied to the electrodes. The amplitude of the
signals was optimized for each device to keep the rotation rate of the cells in a
manually measurable range of 180-240 RPM.

In order to study the dependency of the ROT-T on the vertical position of the cells,
the measurements were performed along the electrode height (z < 30 um) and
above the electrode ceiling (z = 100 um). The rotation of the cells was recorded
using a video microscope (Karl Suss, PM5). Rotation rates were manually
measured using a stopwatch for two complete revolutions for each cell. The
vertical position of the cells was determined by either focusing the microscope to
the device surface (z < 30 um) or focusing above the electrodes ceiling (z = 100
pum), to the surface of the medium. The height of the medium was determined by
using a PDMS reservoir with a radius of 2.5 mm and controlling the volume of the
injected sample (= 2 yuL). The focus of the microscope was kept constant during
each experiment. In order to increase the reliability of the recorded data, at least
two measurements were performed on each segment. The congestion of studied
cells was higher in the center of the device, compared to the electrode tips. During
the measurements, cells were not located exactly in the center of the segments, in
most of the cases. Therefore, cells were affected from the EEF of neighboring
segments. To eliminate misinterpretations in the recorded data and to increase the
accuracy of extracted ROT-T maps, a neighboring average algorithm was utilized.
In this method, the value of each segment was determined by averaging the
measured rotation rate for that segment with its surrounding segments. Besides
increasing the accuracy, this method acts as a low pass filter mechanism, which
eliminates the sharp changes and smooth the extracted ROT-T map. Recorded
rotations of the cells were then mapped to the corresponding segments on the device
surface using MATLAB (The MathWorks, Natick, MA) surface fitting toolbox.

In the following sections the experimental and FEM results are provided for the ER
devices with different electrode geometries.
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445 ER Devices with Pyramidal Electrodes

The distance between the opposing electrodes in the pyramidal designs is 200 pm.
The designed layout of the pyramidal electrodes is shown in Fig. 4.10. The inter-
electrode region of the ER device with pyramidal electrodes was divided into 64

segments and rotation of 232 cells was studied on these devices. Figure 4.11 shows

the segmented measurement area on the pyramidal electrodes.

Figure 4. 10: Designed layout of the devices with pyramidal electrodes, together

with the magnified inter-electrode region.

In order to extract the experimental ROT-T map on the pyramidal electrodes, the
calculated average rotation rate of each cell is mapped to the corresponding segment
on the device surface. For this purpose the MATLAB surface fitting software is
used. Figure 4.12 and 13 show the calculated ROT-T map of the ER devices with
pyramidal electrodes. The SEM photographs of the electrodes (Fig. 4.12(A) and
4.13(A)) represent the orientation of the electrodes in the mapped data. Figure 4.12
(B) and (C) show the surface map and the counter-plot of the extracted ROT-T for
the cells positioned along the electrode wall (z < 30um), respectively. Figure 4.13
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(B) and (C) represent the surface map and the counter-plot of the extracted ROT-T

map for the cells positioned at z = 100 pm, respectively.

Figure 4. 11: Segmented inter-electrode region in the ER devices with pyramidal
electrodes.

Figure 4. 12: Experimentally measured rotation rates mapped to the ER devices

with pyramidal electrodes. (A) SEM photographs of the measurement region. The
orientations of the electrodes show the position of the electrodes in the mapped
data. (B) Surface plot and (C) Counter-plot of the rotation of the cells at z <30 um.
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Figure 4. 13 : Experimentally measured rotation rates mapped on the devices
pyramidal electrodes. (A) SEM photographs of the measurement region. The
orientations of the electrodes show the position of the electrodes in mapped data.

(B) Surface plot and (C) Counter-plot of the rotation of the cellsat z = 100 pum.

FEM simulations were utilized to study the distribution of the EEF on the devices.
Figure 4.14 presents the height presentation of EEF distribution on the surface of
the pyramidal electrodes.

. . Max: 4.756e9
Effective Electric Field [V¥m?]

Min: -4.715e9

Figure 4. 14 : Height presentation of the effective electric field distribution on the
devices with pyramidal electrodes.
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3D FEM analysis was utilized to specify the circular regions on the inter-electrode
region of the pyramidal electrodes. In these areas the maximum deviations from the
central EEF do not exceed the 5%, 10%, and 20%. For this purpose, first the
distribution of the EEF on the plane 15 um above the device surface was simulated
in the COMSOL. Then, the simulation results were transferred to the MATLAB
program for the further numerical analyses. To determine the boundaries of the
circular area, the magnitude of the simulated EEF in the inter-electrode region was
sampled with 1 pm step size. The sampled results were then transferred to the
Excel program, and the percentages of variances were calculated compared to the
central magnitude of the EEF. Figure 4.15 shows the 3D simulation of the EEF on
z=15 pm.

Effective Electric Field [V%/m?]
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Figure 4. 15: 3D simulation of distribution of the EEF on the z = 15 um plane.

Extracted ROT-T map shows the highest uniformity and sustainability of the ROT-
T compared to other ER electrodes. In the pyramidal electrodes, the maximum
rotation rate was measured at the electrode tips, which reduces gradually toward the
center. However, in the FEM simulations the maximum EEF was obtained in the
region between the adjacent electrodes. This difference between the experimental
and FEM results can be interpreted based on the electrode geometry effects. In the

sharp-ended pyramidal electrode, unlike the curved electrodes, the transition from
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the electrode tips to the region between the adjacent electrodes is much rapid. This
sudden change in magnitude of the EEF cannot be distinguished by the
experimental analyses and resulted in the divergence between FEM and
experimental results. The average of recorded rotation rates of the pyramidal
devices, drops from 1.4 rev.sec” to 0.88 rev.sec™ for z < 30 um and z = 100 pm,
respectively. This shows a 37% decrease, which is calculated as 29% using FE
simulations. The pyramidal electrodes show the highest sustainability of the EEF
and ROT-T. The area with maximum 5% and 10% variations from central EEF
encompasses the 16.81% and 49% of the circular measurement area. However the

changes of the EEF in the inter-electrode region do not exceed 20% margin.

4.4.6 ER Devices with Polynomial Electrodes

The distance between the opposing electrodes is 500 um in the ER devices with
polynomial electrodes. The designed layout of the polynomial electrodes and the
critical dimensions of the device are shown in Fig. 4.16. The inter-electrode area
was divided into 88 segments (Fig. 4.17) and rotations of 395 cells were studied in

the segmented area.

Figure 4. 16: Designed layout of the devices with polynomial electrodes, together

with the magnified inter-electrode region.

In order to extract the experimental ROT-T map of the ER devices with polynomial

electrodes, the calculated average rotation rate of each cell was mapped to the
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corresponding segment on the device surface. The Excel software was utilized for
the averaging purpose. For the mapping purpose, the MATLAB surface fitting
software was used. Figures 4.18 and 19 show the extracted ROT-T map of the ER
devices with polynomial electrodes. The SEM photographs of the electrodes (Fig.
4.18(A) and 4.19(A)) represent the orientation of the electrodes in the extracted
maps. Figure 4.18 (B) and (C) show the surface map and the counter-plot of the
extracted ROT-T for the cells positioned along the electrode wall (z < 30um),
respectively. Figure 4.19 (B) and (C) represent the surface map and the counter-
plot of the extracted ROT-T map for the cells positioned at z = 100 pm,

respectively.

Figure 4. 17: Segmented inter-electrode region in the ER devices with polynomial
electrodes.

In order to verify the experimentally extracted ROT-T maps, FEM simulations were

utilized to study the distribution of the EEF in the devices with polynomial
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electrodes. Figure 4.20 presents the height presentation of EEF distribution of the

surface of the polynomial electrodes.

Counter plot of mapped rotation rates

.‘
N

-5-432-10-1-2-3-45%5

A B C

Figure 4. 18: Experimentally measured rotation rates mapped to the devices with
polynomial electrodes. (A) SEM photographs of the measurement region. The
orientations of the electrodes show the position of the electrodes in the mapped

data. (B) Surface plot and (C) Counter-plot of the rotation of the cells at z <30 um.
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Figure 4. 19: Experimentally measured rotation rates mapped to the devices with
polynomial electrodes. (A) SEM photographs of the measurement region. The
orientations of the electrodes show the position of the electrodes in the mapped

data. (B) Surface plot and (C) Counter-plot of the rotation of the cells at z = 100

pm.
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Figure 4. 20: Height presentation of the effective electric field distribution of the

devices with polynomial electrodes.

3D FEM analyses were utilized to specify the circular regions on the inter-electrode
area of the ER devices with polynomial electrodes. In the boundaries of these areas
the maximum deviations from the central EEF do not exceed the 5%, 10%, and 20%
margins. For this purpose first, the distribution of the EEF on the plane 15 pum
above the device surface was simulated in the COMSOL software. Then, the
simulation results were transferred to the MATLAB software for the further
numerical analyses. To determine the boundaries of the circular areas, the
magnitude of the simulated EEF in the inter-electrode region of the polynomial
electrodes is sampled with 1 pm step size. The sampled results were then
transferred to the Excel program, and the ratio of the variances was compared to the
magnitude of the central EEF. By this method the boundaries of the circular areas
with 5%, 10%, and 20% variations were defined. Figure 4.21 shows the 3D

simulation of the EEF on the z=15 um plane of the polynomial electrodes.
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Figure 4. 21: 3D simulation of distribution of the EEF on the z = 15 um plane of the
polynomial electrodes.

In the polynomial electrodes, the maximum rotation rates were measured at the
curved electrodes tips, which reduce gradually toward the center of the electrodes.
However, in the FEM simulations the maximum EEF was obtained in the vicinity
of the region between the adjacent electrodes. This difference between the
experimental and FEM results can be interpreted based on the geometry of the
polynomial electrodes. In the polynomial design, the electrode tips were
widespread from the region between the adjacent electrodes, compared to other
geometries. Therefore, due to increased gap between the electrode tips and adjacent
electrode, the EEF drops at electrode tip. The average of the recorded rotation rates
of the cells positioned above the electrode ceiling (1.92 rev.sec™) shows a 28%
decrease compared to the cells below the electrode ceiling (2.68 rev.sec™®). This
rate is calculated as 28% using the FE simulations, as well. The area with
maximum 5%, 10%, and 20% variations from central EEF encompasses the
12.96%, 17.64%, and 23.04% of the circular measurement area. Comparing the
obtained results for the uniformities of the EEF areas with other curved electrode
geometries show that the polynomial electrodes have the highest uniformity of the

EEF among others.
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4.4.7 ER Devices with Prolate Elliptical Electrodes

The distance between the opposing electrodes in the prolate elliptical structures was
200 um. The designed layout of the ER devices with prolate elliptical electrodes
and the critical dimensions of the device are shown in Fig. 4.22. For the
experimental analyses, the inter-electrode region was divided into 64 square
segments (Fig. 4.23). In order to extract the ROT-T map, rotations of 421 cells

were studied on these devices.

Figure 4. 22: Designed layout for the devices with the prolate elliptical electrodes,

together with the magnified inter-electrode region.

In order to extract the experimental ROT-T map of the ER devices with the prolate
elliptical electrodes, the measured rotation rate of each cell was mapped to the
corresponding segment on the device surface. Then averaging algorithms were
utilized to calculate the average rotation rate for each segment. The Excel software
was utilized for the calculation of the average values. To fit the averaged data on
the surface of the device, MATLAB surface fitting software was used. Figure 4.24
and 25 show the extracted ROT-T map of the ER devices with the prolate elliptical
electrodes. The SEM photographs of the electrodes (Fig. 4.24(A) and 4.25(B))
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represent the orientation of the electrodes in the extracted maps. Figure 4.24(B) and
(C) show the surface map and the counter-plot of the extracted ROT-T for the cells
positioned along the electrode wall (z < 30um), respectively. Figure 4.25(B) and
(C) represent the surface map and the counter-plot of the extracted ROT-T map for

the cells positioned at z=100 um, respectively.

Figure 4. 23: Segmented inter-electrode region of the ER devices with prolate

elliptical electrodes.

In order to verify the experimentally extracted ROT-T maps, FEM simulations
(COMSOL) were utilized to study the distribution of the EEF on the devices with
prolate elliptical electrodes. Figure 4.26 presents the height presentation of EEF

distribution on the surface of the prolate elliptical electrodes.

92



rotation rat
) o

rotation rates -

A B C

Figure 4. 24: Experimentally measured rotation rates mapped to the devices with
prolate elliptical electrodes. (A) SEM photographs of the measurement region. The
orientations of the electrodes show the position of the electrodes in the mapped
data. (B) Surface plot and (C) Counter-plot of the rotation of the cells at z <30 pm.
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Figure 4. 25: Experimentally measured rotation rates mapped to the devices with
prolate elliptical electrodes. (A) SEM photographs of the measurement region. The
orientations of the electrodes show the position of the electrodes in the mapped
data. (B) Surface plot and (C) Counter-plot of the rotation of the cells at z =100

pm.

3D FEM analyses were utilized to specify the circular regions on the inter-electrode
region of the ER device with prolate elliptical electrodes. In these circular regions
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the maximum deviations from the central EEF do not exceed the 5%, 10%, and 20%

margins.

Max: 2.413e9
Effective Electric Field [\?/m?] «10°

2
1.5
1
0.5

o

0.5

-1

i F1-1.5

i-z

Min: -2.413e9

Figure 4. 26: Height presentation of the effective electric field distribution on the

devices with prolate elliptical electrodes.

For this purpose first, the distribution of the EEF on the plane 15 pum above the
device surface was simulated in the COMSOL. Then, the simulation results were
transferred to the MATLAB software for the further numerical analyses. To
determine the boundaries of the circular areas, the magnitude of the simulated EEF
in the inter-electrode region was sampled with 1 pum step size, from the center of the
device toward the edges of the inter-electrode region. The sampled results are then
transferred to the Excel program and the percentages of variances were calculated
compared to the magnitude of the central EEF. Figure 4.27 shows the 3D
simulation of the EEF on the z=15 pm plane of the prolate elliptical electrodes. In
the ER devices with prolate elliptical electrodes, the experimental data shows a
uniform distribution of the ROT-T in the vicinity of the electrodes center, which
increases gradually toward the region between the adjacent electrodes tips. The
average recorded rotation rate of the cells positioned below the electrode ceiling

compared to that of z =100 pm drops from 1.83 rev.sec’ to 0.92 rev.sec?,
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respectively. It shows 49% variance according to experimental data, which is
calculated as 42% using FEM.
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Figure 4. 27: 3D simulation of distribution of the EEF on the z= 15 um plane of the

prolate elliptical electrodes.

The circular areas with the maximum variation of 5%, 10%, and 20% variations
from the central EEF were calculated to encompass the 7.84%, 12.96%, and 21.16%
of the measurement area, respectively. Because of an extreme decrease in one of
the x or y components of the electric field in the electrode tips, the ROT-T drops
considerably in these regions. However, the maximum ROT-T was recorded in the
region between the adjacent electrodes. The simulation results follow the same
trend for the EEF distribution, having a uniform distribution at central region and
increasing toward the region between the neighboring electrodes. Obtained results
show that the ER devices with prolate elliptical electrodes have the highest

instability of the EEF along the z-direction.

4.4.8 ER Devices with Oblate Elliptical Electrodes

The distance between the opposing electrodes in the oblate elliptical structures is

300 um. The designed layout of the ER devices with oblate elliptical electrodes and

the critical dimensions of the device are shown in Fig. 4.28. For the experimental

analyses, the measurement area was divided into 81 square segments (Fig. 4.29). In
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order to extract the ROT-T map, rotations of 652 cells were studied on these

devices.

Figure 4. 28: The designed layout of the ER devices with the oblate elliptical

electrode geometry.

In order to extract the experimental ROT-T map of the ER devices with the oblate
elliptical electrodes, the measured average rotation rate of each cell was mapped to
the corresponding segment on the device surface. The Excel software was utilized
for the calculation of the average rotation rates. To fit the averaged data on the
surface of the device, MATLAB surface fitting software was used. Figure 4.30 and
31 show the extracted ROT-T map of the ER devices with the oblate elliptical
electrodes. The SEM photographs of the electrodes (Fig. 4.30(A) and 4.31(A))
represent the orientation of the electrodes in the extracted maps. Figure 4.30(B) and
(C) show the surface map and the counter-plot of the extracted ROT-T for the cells
positioned along the electrode wall (z < 30um), respectively. Figure 4.31(B) and
(C) represent the surface map and the counter-plot of the extracted ROT-T map for
the cells positioned at z= 100 um, respectively. To verify the experimentally
extracted ROT-T maps, FEM simulations were utilized. In addition, simulations
were used to study the distribution of the EEF on the devices with oblate elliptical
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electrodes. Figure 4.32 presents the height presentation of the EEF distribution on

the surface of the oblate electrodes.

Figure 4. 29: Segmented inter-electrode region of the ER devices with the oblate

elliptical electrodes.
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Figure 4. 30: Experimentally measured rotation rates mapped on the devices with
oblate elliptical electrodes. (A) SEM photographs of the measurement region. The
orientations of the electrodes show the position of the electrodes in the mapped

data. (B) Surface plot and (C) Counter-plot of the rotation of the cells at z <30 pm.

97



Counter plot of mapped rotation rates

A B C

Figure 4. 31: Experimentally measured rotation rates mapped on the devices with
oblate elliptical electrodes. (A) SEM photographs of the measurement region. The
orientations of the electrodes show the position of the electrodes in the mapped
data. (B) Surface plot and (C) Counter-plot of the rotation of the cells at z =100

pm.
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Figure 4. 32: Height presentation of the effective electric field distribution of the
devices with oblate elliptical electrodes.
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3D FEM analyses were utilized to specify the circular regions on the inter-electrode
area of the device with oblate elliptical electrodes. In these areas the maximum
deviations from the central EEF do not exceed the 5%, 10%, and 20% margins. For
this purpose first, the distribution of the EEF on the plane 15 um above the device
surface is simulated in the COMSOL. Then, the simulation results were transferred
to the MATLAB software for the further numerical analyses. To determine the
boundaries of the circular areas, the magnitude of the simulated EEF in the inter-
electrode region is sampled with 1 pum step size. The sampled results are then
transferred to the Excel program, and the percentages of variances are calculated
compared to the central magnitude of the EEF. Figure 4.33 shows the 3D

simulation of the EEF on the z=15 um plane of the oblate elliptical electrodes.
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Figure 4. 33: 3D simulation of distribution of the EEF on the z = 15 um plane of the

oblate elliptical electrodes.

The experimental results show that the rotation rates of the cells were lower in the
electrode tips, which increased toward the center of the devices. This increase was
markedly toward the region between the neighboring electrode tips. Because of the
weaker magnitude of rotating electric field at the vicinity of the electrode tips, the
rotation rates of the cells were decreased significantly in these regions. The
presented simulation results for the electric field distribution in the Fig. 4.32 present

a uniform distribution of the EEF in the center of the electrodes. The magnitude of
99



the EEF reaches to its maximum value at the region between the neighboring
electrodes. The average of recorded rotation rates, shows a 31% decrease for cells
at z = 100 um, compared to the cells below the electrode ceiling (from 2.78 rev.sec”
! t0 1.92 rev.sec™). However, this rate was calculated as 23% using FEM. The area
with maximum of 5%, 10%, and 20% deviation from central EEF is calculated to
cover 9.4%, 14.44%, and 21.78% of the total circular measurement area (bounded

by the electrode), respectively.

449 ER Devices with Circular Electrodes

The distance between the opposing electrodes in the circular structures was 300 pm.
The designed layout of the ER devices with circular electrodes and the critical
dimensions of the device are shown in Fig. 4.34. For the experimental analyses, the

measurement area was divided into 81 square segments (Fig. 4.35). In order to

extract the ROT-T map, rotations of 551 cells were studied on these devices.

Figure 4. 34: The designed layout of the ER devices with the circular electrode

geometry.

In order to extract the experimental ROT-T map of the ER devices with the circular

electrodes, the measured average rotation rate of each cell was mapped to the
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corresponding segment on the device surface. The Excel software was utilized for
the calculation of the average rotation rates. To fit the averaged data on the surface
of the device, MATLAB surface fitting software was used. Figure 4.36 and 37
show the extracted ROT-T map of the ER devices with the circular electrodes. The
SEM photographs of the electrodes (Fig. 4.36(A) and 4.37(A)) represent the
orientation of the electrodes in the extracted maps. Figure 4.36(B) and (C) show the
surface map and the counter-plot of the extracted ROT-T for the cells positioned
along the electrode wall (z < 30um), respectively. Figure 4.37(B) and (C) represent
the surface map and the counter-plot of the extracted ROT-T map for the cells

positioned at z =100 um, respectively.

Figure 4. 35: Segmented inter-electrode region of the ER devices with circular
electrodes.

FEM simulations were utilized to study the distribution of the EEF on the devices
with circular electrodes. Figure 4.38 presents the height presentation of the EEF

distribution on the surface of the oblate electrodes.
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Figure 4. 36: Experimentally measured rotation rates mapped on the devices with
circular electrodes. (A) SEM photographs of the measurement region. The
orientations of the electrodes show the position of the electrodes in the mapped

data. (B) Surface plot and (C) Counter-plot of the rotation of the cells at z <30 um.
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Figure 4. 37: Experimentally measured rotation rates mapped on the devices with
circular electrodes. (A) SEM photographs of the measurement region. The
orientations of the electrodes show the position of the electrodes in the mapped
data. (B) Surface plot and (C) Counter-plot of the rotation of the cells at z =100

pm.
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Figure 4. 38: Height presentation of the effective electric field distribution on the

devices with circular electrodes.

3D FEM analyses were utilized to specify the circular regions on the inter-electrode
area of the device with circular electrodes. In these areas the maximum deviations
from the central EEF do not exceed the 5%, 10%, and 20% margins. For this
purpose first, the distribution of the EEF on the plane 15 um above the device
surface was simulated in the COMSOL. Then, the simulation results were
transferred to the MATLAB software for the further numerical analyses. To
determine the boundaries of the circular areas, the magnitude of the simulated EEF
in the inter-electrode region was sampled with 1 um step size. The sampled results
were then transferred to the Excel program, and the percentages of variances were
calculated compared to the central magnitude of the EEF. Figure 4.39 shows the
3D simulation results of the EEF distribution on the z =15 um plane of the circular
electrodes. The average of recorded rotation rates of the cells below the electrode
ceiling compared to the cells located at z =100 pm plane, drops from 2.64 rev.sec™
to1.8 rev. sec”’, respectively. The rate of changes in the experimental data is 32%,
which is calculated as 23% using FE simulations. The circular area with maximum
variations of 5%, 10%, and 20% for the EEF is calculated as the 9.4%, 14.44%, and
21.78%, respectively. The ROT-T map shows a uniform distribution of the ROT-T

103



in the central region of the devices, which increases toward the region between

neighboring electrodes tips.
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Figure 4. 39: 3D simulation of distribution of the EEF on the z = 15 um plane of the

circular electrodes.

In ER experiments the rotation speed of the cells decreases significantly in the
electrode tips because of weak rotating electric field due to negligible magnitude of
one of the x or y component of the electric field. This can be inferred from the EEF

simulation results.

4.4.10 ER Devices with Bone Electrodes

The distance between the opposing electrodes in the ER devices with bone
electrodes is varying between 350 um and 500 um. The designed layout of the
bone electrodes and critical dimensions of the device are shown in Fig. 4.40. In the
ER device with the bone shape electrodes, due to the non-uniformities of the
generated EEF performing the experimental analyses for studying the distribution of
the ROT-T was not possible. FEM simulations were utilized in the study of the
distribution of the EEF on the ER devices with bone electrodes. Figure 4.41
presents the simulation result of distribution of the EEF. The non-uniformities of
the generated EEF are obvious in Fig.4.41.
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Figure 4. 40: The designed layout of the ER devices with the bone electrode

geometry.
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Figure 4. 41: Height presentation of the effective electric field distribution on the
devices with bone electrodes.

These are originated from the inward and outward curvature of the bone electrodes,
which lead to simultaneous presence of maximum regions for the EEF in the inter-

electrode region of the devices. This leads to instabilities in the rotation of cells on
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the surface of the device. In addition, significant non-uniformities in the
distribution of the electric field lead to the presence of a strong DEP force regions
on the device surface. Therefore, cells were attracted to the electrode tips, due to p-
DEP force. Therefore, measuring the rotation rate of the cells in the central region
of the devices was not possible. Due to above mentioned reasons the ER devices
with bone shape electrodes were found to be unsuitable for ER measurements.
Therefore, these devices are not included in the Table 1 and Table 2 that presents
the device characterization results.

4.5 Discussion

The aim of this study was to investigate the 3D distribution of the EEF over the
measurement area of the ER devices with 3D electrode structures. For this purpose,
3D FEM simulations of the EEF distributions and experimental extraction of ROT-
T maps were carried out. By this, the precise boundaries of the circular areas with
maximum variation margins of 5%, 10%, and 20% from the central EEF were
specified (Table 4.1). To study the dependence of the EEF on vertical positions of
the suspending cells inside the test medium, 3D simulations were performed for
different positions along the z-axis using the COMSOL software. In order to verify
the simulation results, the ROT-T distribution of the ER devices was extracted
experimentally by measuring the rotation rates of the K562/IMA-0.3 cells in the
inter-electrode region. For each device, the surface map and the counter-plot of the
ROT-T is presented for the cells below (z <30 um) and above the electrodes ceiling
(z =100 pm). Since the precise determination of the cells position along the
electrode height was not possible, the rotation of the cells along the electrode height

and above the electrode ceiling was categorized as a single group.

The results of the FEM analysis together with experimental verifications are given
in Table 4.2. The EEF simulations were performed on different planes along the z-
axis. For each plane a comparison was made based on the variations of the

magnitude of the EEF compared to that of at z =5 um.
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Table 4. 1: Comparison of the sustainability of the effective electric field for

Results present percentage of the circular area

different electrode geometries.

compared to the total measurement area with maximum of 5%, 10%, and 20%

variations in the effective electric field compared to device center.

5% Deviation from 10% Deviation from %20 Deviation from
central EEF central EEF central EEF
Radial Radial Radial

Distance % Circular  Distance % Circular ~ Distance % Circular
Tip- from  AreatoTotal from  AreatoTotal from  Areato Total
Tip  Device Circular Device Circular Device Circular

Electrode
Gap Centre Measurement Centre  Measurement Centre  Measurement

Shape  (um)  (um) Area (um) Area (um) Area
Prolate

o 200 28 7.84 % 36 12.96% 46 21.16%
elliptical
Oblate

o 300 46 9.40% 57 14.44% 70 21.78%
elliptical
Circular 300 46 9.40% 57 14.44% 70 21.78%
Polynomial 500 90 12.96% 105 17.64% 120 23.04%
Pyramidal 200 41 16.81% 70 49% 100 100%
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Simulations for the EEF variation in z-direction show that EEF remains almost
constant along the height of the 3D electrodes, with a maximum variation of 7% in
prolate elliptical ER devices (less than 4% for other devices). Therefore, 3D
electrodes eliminate the variations of ROT-T due to the changes in vertical positions
of the cells as long as the data were collected along the electrode heights. However,
the FEM results show significant changes in the EEF magnitude above the
electrodes ceiling. The oblate elliptical and circular electrodes have the lowest
variance rate (23%) and the prolate electrodes have a significant rate of changes
(42%). It can be inferred that the circular and extended elliptical electrodes provide
better sustainability in EEF distribution along the z-axis. Table 4.2 also shows the
results of the experimental analyses for studying the dependency of the ROT-T on
the vertical position of the cells. A good agreement between the experimental
measurements and simulation results can be seen, by comparing the variance of the
ROT-T on z = 100 pm versus z < 30 um and the variances of the EEF on z = 100

pmand z =5 um.
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Table 4. 2: Comparison between the FEM modeling and experimentally obtained

characteristics of the various electrode geometries. The variance of the simulation

data is compared based on the magnitude of the effective electric field at z

= Sum.

For the experimental data the variance is calculated based on the average rotation

rates for the cell positioned at z<30 pm.

2 -2
EEF simulation results [V m ]

Experimental results

Z<a0m 7530 m Rotafon e (fevs )
Z [um] 5 15 25 50 75 100 <30 ~100
Prolate elliptical electrodes ~ 155E+09  152E+09 144E+09 1I8E+09 9.60E+08 898E+08 366 0.92
Variance - 2% % 24% 38% 42% - 49%
Oblate elliptical electrodes ~ 143E+09 141E+09 138E+09 125E+09 L15E+09 110E+09 278 1.9
Variance - 1% 1% 12% 20% 23% - 31%
Circular electrodes 145E+09  143E+09 140E+09 128E+09 116E+09 1I12E+09 264 1.80
Variance - 1% 1% 12% 20% 23% - 32%
Polynomial electrodes 201E+09 198E+09 192E+09 L170E+09 152E+09 144E+09 268 192
Variance - 2% 4% 16% 25% 28% - 28%
Pyramidal electrodes 102E+09 L100E+09 9.71E+08 857E+08 T7.57E+08 7.21E+08 140 0.88
Variance - 2% 5% 16% 26% 29% - 31%
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For studying the sustainability of the EEF on the x-y plane, the distribution of the
EEF was investigated on a plane 15 um above the device surface. The results show
that the devices with sharp tip electrodes have better uniformity in the EEF
distribution (Table 3). The area with 5% variance margin in pyramidal devices,
cover about 16.8% of the total measurement area. This rate is about 7.8%, 9.4 %
and 12.96% for elliptical, circular, and polynomial electrodes, respectively. In the
literature, most of ER experiments are performed in the region with maximum of
10% variances from the central EEF. This region is calculated to cover about 49%
of the measurement area in devices with pyramidal electrodes. However, this ratio
is less than 18% for the devices with curved electrodes. Although the pyramidal
electrodes (sharp-ended) have the most uniform distribution of the EEF, the
magnitude of the generated ROT-T is lower compared to curved electrodes. ER
devices with extended and curved electrode tips generate a higher ROT-T in the
central region. For the elliptical and circular electrodes, the ROT-T shows a
uniform distribution in the central region of the devices, which increases toward the
region between neighboring electrodes. In the ER experiments, the rotation rate of
the cells decreases significantly in the electrode tips due to the lowered magnitude
of the rotating electric field. This is related to the negligible magnitude of one of
the x or y component of the electric field in the electrodes tips [63]. The FEM
analyses of the EEF support the experimental measurements by showing a
decreased magnitude of the rotating electric field in the vicinity of the electrode
tips. In addition, due to intense DEP force in the electrode tips, the cells made rapid
movements toward or away from the electrode tips, which results in the alternation
of sensed torque by the cells. This resulted in non-uniform semi-circular

movements of the cells, which lead to non-reproducible measurements.

In the pyramidal electrodes, the maximum rotation rate was measured at the
electrode tips, which reduces gradually toward the center. However, in the FEM
simulations the maximum EEF was obtained in the region between the adjacent
electrodes. This difference between the experimental and FEM results can be
interpreted based on the electrode geometry effects. In the sharp-ended pyramidal
electrode, unlike the curved electrodes, the transition from the electrode tips to the

region between the adjacent electrodes is much rapid. This sudden change in
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magnitude of the EEF cannot be distinguished by the experimental analyses and
resulted in the divergence between FEM and experimental results. The same trend
was seen in the polynomial electrodes, where the electrode tips were widespread
from the region between the adjacent electrodes, compared to other geometries.
Therefore, due to increased gap between the electrode tips and adjacent electrode,

the EEF drops at electrode tip.

4.6 Conclusion

With increasing interest toward the DEP based separation and manipulation of
biological cells, especially the circulating tumor cells (CTCs), accurate
determination of dielectric properties of cells gains further significance. Therefore,
reliability in the methods of characterization becomes increasingly important. For
decades, the ER method had been utilized as the most accurate and practical method
for dielectric characterization of the biological cells. It has the capability of
determining cells’ membrane and interior dielectric properties with high accuracy.
Thereby, there is a wealth of the literatures on the ER based characterization
methods and reliability of the obtained data. Part of these researches has been
focused on studying the uniformity of the EEF on the measurement area. These
studies aim to provide a large area over the surface of the devices, where the
magnitude of the generated electric field remains relatively constant. Along with
the optimizations on the geometry of the electrodes to increase the uniformity of the
electric field, many researchers have introduced arbitrary regions around the device
center, where the variations in the EEF do not exceed a specified error margin
[104]. These regions are defined based on the electrode geometry, the gap between
the opposing electrodes, and the tolerable variation margin from the central EEF.
Therefore, during the ER experiments, the measurements are confined to the
defined area, assuming constant magnitude of the EEF and thus the ROT-T.
Although the uniformities of the EEF or ROT-T over the ER devices are studied
utilizing analytical and simulation models in the literature, out of plane variations in
the ROT-T are neglected.

To this end, the characterization of 3D rotational torque and effective electric field
distribution on ER with different electrodes geometries, both by FEM and
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experimental analyses, was presented. The optimal region, with the minimum
variances of the ROT-T was determined for the various ER electrode geometries
and a comparison has been made on the sustainability of the EEF distribution over
the measurement area of each device. When the space-dependent variations of EEF
are limited to 10% of the maximum, a circular area around the center of the device
with a diameter of 20% of the tip-tip electrode distance in curved electrode
geometries is found. However, this ratio is calculated as 35% for the pyramidal
electrodes. The pyramidal electrodes, provides the highest uniformity and
sustainability in EEF and ROT-T distribution. Moreover, the variances of the EEF
magnitude do not exceed 20% of central EEF on these devices. Comparison of the
magnitude of the generated EEF for different electrode geometries shows that the
electrodes with curved tips (circular and polynomial) provide the higher EEF

magnitude.

It has been shown that the 3D electrodes have further advantages to traditional 2D
structures. 3D electrodes encompass the whole cell body and eliminate the fringing
field effect on the rotating cells. In addition, utilization of 3D electrodes decreases
the z-component of the electric field by providing a uniform distribution of the
potential along the electrodes walls. This minimizes the out of plane movements of
the cells during the ER measurements, by generating a steady electric field
magnitude along the z-direction. Moreover, due to increased volume in 3D
structures the current density passing through the electrodes drops significantly.
This results in lower resistive heating at electrodes. It is verified using FEM
analyses that the thermal heating of the 3D structures was decreased by more than
an order of magnitude compared to planar structures. Thermal heating on the planar
electrode leads to an increase in the medium temperature and causes instability of
the suspending medium conductivity, which introduces an error to the ER

measurements [62].

Presented data can be utilized in the design and implementation of the ER devices,
with higher stability in the measurement conditions. In addition, by exact
determination of the boundaries of the regions with specific variations in EEF,

space-dependent errors can be eliminated by confining the measurement into
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introduced regions. In addition, presented experimental and simulation results
correlate with the rotation rates to the cells’ position in the 3D. Moreover, the
results provide a data base for the automated ER mechanism that is based on

imaging techniques.
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CHAPTER 5

FABRICATION

This section presents the utilized microfabrication techniques in the fabrication of
the different generation of the ER devices. In the 1% generation of the ER device
Ti/Au sputtering and lithography techniques were used for the fabrication of the
planar pyramidal electrodes on the Si wafer. In the fabrication of the 2" generation
of the ER devices parylene microchannel fabrication technique, which is optimized
in the BioMEMS group, was utilized in the fabrication of the pyramidal electrodes
with 3D structures on the glass wafer. In the fabrication of the 3™ generation of the
ER devices, a single mask fabrication process was used for the fabrication of 3D
electrodes with different electrode geometries. In the following sections the details

of the fabrication steps of the ER device are presented.

5.1 Fabrication of the 1% Generation of the ER Devices

Figure 5.1 presents the fabrication flow of the 1% generation of the ER devices. A
single mask was utilized in the fabrication of the first generation of the ER devices.
The fabrication process includes metal sputtering (Ti/Au), wet etching, and
photolithography. In the first step, a thin oxide layer was grown on the Si wafer as
an insulator layer. Then, the Ti and Au were sputtered on the wafer to form the
metal layer. Then the S1813 photoresist was spun on the metal layer and patterned
using lithography technique. Then the metal layer was patterned using the designed
mask (Fig. 5.2).
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1.Ti/Au Sputtering. 2.Lithography to pattern
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3.PDMS port mounted 4.PDMS port fixed by
on the electrode area to epoxy.

form the reservoir.

Figure 5. 1: Fabrication flow of the 1 generation of the ER devices using a single

mask.

Figure 5. 2: Utilized mask for the fabrication of the 1% generation of the ER devices.

After patterning the photoresist layer, wet etching of Ti and Au layers were carried
out with commercial Au etchant and freshly prepared Ti etchant. After etching the
Au and Ti layers, the photoresist was stripped using acetone. Finally, the wafer was

diced and 32 ER devices with varying dimensions were obtained from each wafer.

116



The distance between the opposing electrodes was 285 pm in all of the devices.
After the fabrication of the devices, a PDMS port was mounted on the measurement
area of the ER devices, to form a reservoir for holding the cells. The photograph of
the fabricated ER devices with planar pyramidal electrodes is presented in Fig. 5.3.

(See Appendix E for fabrication process flow)

PDMS port mounted on the 15t generation of the
ER devices

METU QRIS VS

Figure 5. 3: Fabricated prototypes of the 1% generation of the ER devices.

5.2 Fabrication of the 2" Generation of the ER Devices

In the fabrication of the 2" generation of the ER devices four masks were utilized.
These ER devices were fabricated on a common wafer, which was used for the
fabrication of the DEP devices. Therefore, the microchannel fabrication process
was applied to the fabrication of the ER devices. The fabrication process includes
metal sputtering, wet and dry etching, photolithography, electroplating and polymer
(parylene) coating steps. The fabrication process of the 2™ generation of the ER

devices is presented in Fig. 5.4.
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d. Cu electroplating and
PR removal

e. Thin parylene
coating for insulation

f. Lithography for
reservoir formation and
parylene coating

g. Lithography and RIE
opening

Figure 5. 4: Fabrication flow of the 2™ generation of the ER devices.

As the initial step, piranha cleaning of the glass wafers was performed to obtain a
polished and rugged surface, which increases the adhesion capabilities of the
surface of the glass wafers. For this purpose, buffered hydrofluoric (BHF) etchant
was used. After cleaning the glass wafer, a thin parylene was coated on the wafer.
The parylene coating can be realized by simultaneous use of silane. Silane
increases the adhesion of the coated parylene to the glass wafer. The coating
parameters of the parylene were optimized in our group. A ratio of 1:2 (thickness in
micrometers: parylene weight in grams) was used for the coating purpose.
Following the initial parylene coating, Ti and Au were sputtered on the wafer to
form a seed layer for the Cu electroplating. Then, mask 1 was utilized for
patterning of the Ti/Au seed layer (Fig. 5.5). For this purpose, S1813 photoresist
was utilized. S1813 photoresist is generally used for the thin coatings. After this

step, the Au layer was etched using commercial Au etchants. For Ti etching an
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etchant solution was prepared, consisting of 10 ml HF, 10 ml H,O, and 80 ml DI

water.

Figure 5. 5: Mask 1 used for patterning of the Ti/Au layer.

After patterning the seed layer, the S1813 photoresist was stripped using acetone.
For determining the Cu electroplating area, lithography technique was utilized using
the mask 2 (Fig. 5.6). The height of the electroplated electrodes was aimed to be 30
pm. Therefore, AZ9260 photoresist was used which is proper for thick coatings.
Then, the 3D electrodes were electroplated using the Cu electroplating technique.
The process parameters were optimized as 50 mA current for 90 minutes. The aim
of the 3D electrodes is to provide a uniform distribution of the electric field by
covering the whole cell body. Therefore, the height of the electrodes should be at
least 20 um. The mask 3 was used for forming the reservoir in the inter-electrode
region of the 3D pyramidal electrodes (Fig. 5.7). For this purpose, AZ9260
photoresist was spun and patterned. Then a parylene layer was coated on the wafer
to form the reservoir walls. As the final step, RIE was used to open the reservoirs

capping and the contact pads (Mask 4). Then the wafer was diced and six ER
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devices were obtained from each wafer. (See Appendix E for fabrication process

flow)

Figure 5. 6: Mask 2 for determining the Cu electroplating areas.

Mask 3 for forming the
Mask 1 reservoirs

Figure 5. 7 : Mask 3 for determining the reservoir area in the inter-electrode region
of the pyramidal electrodes.
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In addition to the ER devices, this wafer was used as a common platform for the
fabrication of the DEP separation and DEP dielectric characterization devices.

Figure 5.8 presents the full view of the designed layout.

6 DEP characterization
devices

6 ER characterization g pEPp devices
devices

8 DEP characterization
devices

Figure 5. 8: Designed layout for the fabrication of the ER devices on a common

wafer with the DEP devices.

After opening the reservoir region using the RIE (mask 4), the photoresist was
released in the acetone. The fabricated prototypes of the 2" generation of the ER

devices are shown in Fig. 5.9.
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Figure 5. 9: Fabricated prototypes of the 2" generation of the ER devices with

magnified electrode and reservoir region.

5.3 Fabrication of the 3™ Generation of the ER Devices

A single mask fabrication process was used for the fabrication of the 3" generation
of the ER devices. The fabrication process includes metal sputtering, wet etching,
lithography, electroplating, and electroless metal deposition. The fabrication
process flow of the 3™ generation of the ER devices is shown in Fig. 5.10. (See
Appendix E for fabrication process flow)

In the first step a nitride (SisN4) layer was grown on the Si wafer for the insulation
purpose. Then the Ti and Au were sputtered on the surface of the wafer to form the
seed layer for the Cu electroplating. Then, using the designed dark field mask (Fig.
5.11) the Ti and Au layers were patterned. For this purpose, commercial Au etchant
and freshly prepared Ti etchant were utilized. After patterning the metal layers, Cu
electroplating was employed for the fabrication of the 3D electrodes. For this,

AZ9260 photoresist was spun and patterned. The electroplating parameters were
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optimized as 200 mA and 120 minutes. After the electroplating step the photoresist
was stripped from the surface of the device using acetone.

Si hed Si;N, I Ti Il Au i Cu Il PDMS A
o

a. Ti/Au sputtering. b. Lithography to pattern
Ti/Au seed layers.

—

| o—

I

c. Cu electroplating and d. PDMS port mounted on
electroless Au deposition. the electrodes to form
reservoir.

A

Figure 5.10 : Fabrication flow of the 3" generation of the ER devices with 3D
electrodes, using a single mask.

For eliminating the risk of reaction of the Cu electrodes with the PBS containing
medium (used during the ER experiments), a thin Au layer (400 nm) was deposited
on the electrode regions. To accomplish this, electroless Au deposition technique
was utilized, which is a selective deposition technique. Therefore, only the Cu
electrodes were coated with the Au layer. Before dicing of the fabricated wafer, an
AZ9260 layer was spun on the wafer to eliminate the risk of peeling off of the
electroplated electrodes during the dicing process. 88 ER chips with six different
electrode geometries were obtained from each wafer. To release the photoresist
layer, the devices were kept in acetone for 24 hours. The SEM photographs of the
fabricated ER devices with 3D electrodes are shown in Fig. 5.12. The uniformity of

the height of the electroplated electrodes is obvious in this figure.
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Figure 5. 11: Layout of the designed mask for the fabrication of the 3™ generation
of the ER devices.

124



Figure 5. 12 : SEM photograph of the ER devices with 3D electrodes. (A)
Pyramidal, (B) Polynomial, (C) Prolate elliptical, (D) Oblate elliptical, and (E)

Circular electrodes
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CHAPTER 6

RESULTS AND DISCUSSION

This chapter presents the dielectric characterization of the cancer cells using the 3"
generation of the ER devices. In this study the dielectric properties of 9 cell lines
were determined using the ER technique. These cells are K562 human leukemia
cells and its multidrug resistance (MDR) counterparts, including the imatinib
resistant (K562/IMA-0.2, 0.3, 0.5 uM) and doxorubicin resistant cells (K562/DOX-
0.1, 0.3, and 0.5 uM). In addition, the dielectric properties of the human breast
cancer cells (MCF7) and its doxorubicin resistant (MCF7/DOX-1000 nM)
derivation were measured using this technique. Considering the presented results in
the Chapter 4 for the characterization of ROT-T and EEF for the ER devices,
devices with polynomial electrodes were chosen for analyzing of the dielectric
properties of the cells. In this chapter, first the designed and installed test setup for
the ER measurements is introduced. Then, the procedures related to the preparation
of the biological cells for the ER experiment is presented. Finally the obtained

results from the ER dielectric characterization tests will be presented.

6.1 Experimental Test Setup for the ER Measurements

This section introduces the designed and utilized test setup for performing the ER
measurements. Figure 6.1 shows the schematic presentation of the installed test
setup. A four channel function generator (Agilent-81150A) capable of

producing four sinusoidal signals with 90° phase shifted apart was used for
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the energizing the quadrupole electrodes (Fig. 6.2). Before energizing the
electrodes, 3 pL of the cell suspension (in the room temperature) were loaded
into the PDMS reservoir of the ER device. Sinusoidal voltages in the range
of 10 - 12.5 Vpp depending on the cell type, in frequencies between 1 kHz to
100 kHz (with 5 kHz intervals), were applied to each electrode. For this
purpose, 50Q coaxial cables with BNC connections were used. The applied
voltages were optimized by FEM studies of the effective electric field (EEF)
and the magnitude of the DEP force. Then, the applied voltages were tested
experimentally to adjust the rotation rate at a measurable range for manual
counting of the cell revolution (180-240 rpm). A stopwatch was used to
measure the rotation rate of the cells. During the measurements, the cells
inside the PDMS reservoir were replaced with fresh cells several times, in
order to reduce the possibility of change in cells’ dielectric properties due to
application of an external electric field. Rotation of cells was recorded using
a video microscope (Karl Suss, PM5). The photograph of the experimental
setup is shown in Fig. 6.3. The boundaries of the measurement area (in the
inter-electrode region) was optimized using FEM analysis to minimize the
variation of the rotational torque. The details about the determination of the
boundaries of the circular area, where the maximum deviations from the
central EEF is limited to 5%, 10%, and 20% is presented in Chapter 4. A
circular area with a radial length of approximately 100 um centered in the
center of the electrodes was chosen for the ER measurements. According to
the Table 4.1, in this area, the maximum variation of the rotational torque
induced on the cells is less than 10% compared to the central torque, which

guaranties reproducible test results.
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Computer Video Microscope

D\ Micropipette

Function Generator

PDMS Reservoir

Figure 6. 1: ER test setup. Micropipette is used for loading 3l of cell suspension
into the PDMS reservoir. Rotational torque is generated on the cells by energizing
the polynomial electrodes with sinusoidal signals in phase quadrature. The

rotations of the cells are recorded using a video microscope for further analyses.

Second output channel First output channel group
group with with complementary
complementary outputs outputs

Figure 6. 2: Utilized four channel function generator for generating four sinusoidal

signals in phase quadrature.
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One of the challenging issues in the ER tests is the immobilization of cells in
their position while a rotating electric field is applied. Therefore, the
amplitude of the rotational torque remains constant, which increases the
reliability of the collected data. Different methodologies are suggested and
developed for immobilizing cells, including use of laser tweezers [73,92-96]
and DEP-cages [93,96,97]. In this study, cells were kept in the center of the
electrode tips by utilizing the repulsive negative DEP (n-DEP) force. In the
low ionic strength media (around 10 S/m), K562 and MCF7 cells observe n-
DEP force at the applied frequency range. Under n-DEP force, cells
experience a repulsive force from the electrode tips and are gathered in the
center of the inter-electrode region, where the electric field gradient intensity
is lower (n-DEP region). Moreover, the use of the low ionic medium
conductivities reduces the joule heating and electrolysis effects [3,70]. At
each frequency step, rotation rates were measured for 12 different cells placed
within the defined circular boundaries. To minimize the influence of the cells
from the dipole moment of nearby rotating cells, measurements were limited
to the cells separated by at least three cell diameters from the nearby cells
[74]. Each test was repeated twice, ascending from 1 kHz to 100 kHz and
descending to 1 kHz with 5 kHz intervals. Peak rotation frequency in each medium
with specific conductivity was calculated based on the average of collected rotation
rates. Instead of selecting a specific peak frequency, a peak frequency with a
deviation range was chosen. This method was used in the calculation of the average

cells dielectric properties and their standard deviations.
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Function

generatof

Device under test ¢

Figure 6. 3 : Photograph of the experimental test setup with magnified view of the

device under test.

6.2 Cell Preparation

The MDR cancer cells used in this study were raised and cultured in METU
Biology Department, in collaboration with Prof. Dr. Ufuk Gundiz. The
Philadelphia chromosome positive K562 cell lines were obtained from the Germen

Collection of Microorganisms and Cell Cultures, Germany, and cultured in RPMI
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1640 medium (Invitrogen) with fetal bovine serum and penicillin-streptomycin.
Imatinib (Novartis) or doxorubicin (Adriamycin, SABA) was added to the culture
medium with gradual dose increments until the cells become resistant to desired
level of drug concentrations (DOX: 100, 300, 500 nM; IMA: 200, 300, 500 nM)
[105]. The human chronic myeloid leukemia cells (K562) and its drug resistant
counterparts with different levels of resistance to imatinib (K562/IMA) and
doxorubicin (K562/DOX) drugs were grown in RPMI-1640 medium, at 37°C,
under 5% CO,. Before analyzing each population, cells were washed twice
by centrifuging at 1000 rpm for 5 minutes at room temperature. Finally, the
pellets were re-suspended in isotonic medium, consisting of 8.5% (w/v)
sucrose plus 0.3% (w/v) dextrose. Cell concentration was adjusted to 5x10°
cells/ml. Phosphate buffered saline (PBS, Santa Cruz Biotechnology, 10X)

was used to adjust the medium conductivities (1-8 mS/m).

The same cell preparation procedure was followed for the MCF7 and MCF7-DOX-
1000 nM cells. The only difference was in the use of trypsin before the centrifuging
step. The MCF7 cells are adherent cells, and adhesion to a surface is essential for
their growth (in our case surface of the flask). Therefore, trypsin is used for ease of
lift up of the adhered cells from the surface of the growth environment. For this
purpose the growth medium (RPMI-1640) was first removed and trypsin was added
to cell flask. Generally a short time, about 10 minutes is needed to complete lift up
of the cells from the flaks surface. Then the cells were washed by centrifuging the

cell suspension at 1000 rpm for 5 minutes and at room temperature.

6.3 Dielectric Characterization of K562 and K562 MDR Cells

Subsequent to measurement of the peak rotation frequencies of each cell population
in medium conductivities ranging from 1 to 8 mS/m, a linear formulation was fitted
to the data points of the peak rotation frequency multiplied by the cell radius versus
the medium conductivity. The slope and the intercept of the fitted line were used in
the determination of the effective membrane capacitance and conductance of the
cells, respectively. Then, using the low frequency (DC limit) approximation the
interior conductivity of the cells was calculated. The details regarding the
calculation of dielectric properties of the cell are presented in the Chapter 3.
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6.3.1 Dielectric Characterization of K562 Cells

Figure 6.4 shows a photograph of the K562 cells during the ER measurement with
polynomial quadrupole electrodes. The peak rotation frequencies of the K562 cells
were measured in four media with conductivities of 1.91, 3.97, 5.91, and 8.06
mS/m. Figure 6.5 shows the measured rotation rates for the K562 cells in four
media. The measurements were performed in the frequency range of 1-100 kHz.
Each data point is the average value, which is obtained from double repeated ER
measurements. Presented fitting parameters (slope and intercept point) in Fig. 6.6
were used to calculate the effective membrane capacitance and conductance of the
K562 cells. Then, using the calculated membrane properties of the cells, the
conductivity of the cell interior was calculated. The dielectric properties of the

K562 cells are presented in Table 6.1.

K562 Cells

Polynomial electrodes

Figure 6. 4: K562 cells under the ER characterization tests.
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Figure 6. 5: Rotation rates of K562 sensitive cells in the frequency range of 1 kHz

to 0.1 MHz, inside four media with different conductivities.
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conductance are calculated using the slope and intercept of the fitted line.

134




Table 6. 1 : Extracted dielectric properties of drug sensitive K562 human leukemia

cells, using ER method.

Dielectric Parameters Dielectric properties
Membrane capacitance [mFm2] 8.93+1.43
Membrane effective conductance [Sm2] 336+ 73
Membrane relative permittivity 10.09+1.61
Cytoplasmic conductivity [Sm-1] 0.32+0.08
Cells radius [um] 6+1

The membrane and interior dielectric properties of the cells were calculated using

the automated MATLAB algorithm, which was presented in the Chapter 3.

6.3.2 Dielectric Characterization of K562/IMA Cells

The peak rotation frequencies of the imatinib resistant human leukemia cells with
varying resistance levels to the imatinib drug (K562/IMA-0.2, 0.3, and 0.5 uM)
were measured in four media with varying conductivities. The conductivities of the
test media were 1.16, 2.44, 5.2, and 8.1 mS/m for K562/IMA-0.2 uM and 1.91,
3.97, 5.91, and 8.3 mS/m for K562/IMA-0.3 uM and 1.91, 3.97, 5.91, and 8.06
mS/m for the K562/IMA-0.5 puM cells. Figure 6.7 shows a photograph of the
K562/IMA-0.5 uM cells during the ER measurements with polynomial quadrupole
electrodes. The calculated peak rotation frequencies for each cell population inside
four media with distinct conductivities are shown in Fig. 6.8 - 10. It is necessary to
mention that each polynomial line presents the averaged rotation rates obtained
from the double repeated ER measurements. Obtained peak rotation frequencies
from the Fig. 6.8 — 10 were used in the fitting of the expression of the straight line
to the data points of the peak rotation frequency and average cell radius versus the

medium conductivity (Fig. 6.11).
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K562/IMA-0.5 uM Cells

Polynomial electrodes

Figure 6. 7: K562/IMA-0.5 uM cells under the ER characterization tests with
quadrupole polynomial electrodes.
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Figure 6. 8: Rotation rates of K562/IMA-0.2 uM cells in the frequency range of 1
kHz to 0.1 MHz, inside four media with different conductivities.
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Figure 6. 9: Rotation rates of K562/IMA-0.3 uM cells in the frequency range of 1

kHz to 0.1 MHz, inside four media with different conductivities.
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Figure 6. 10: Rotation rates of K562/IMA-0.5 uM cells in the frequency range of 1

kHz to 0.1 MHz, inside four media with different conductivities.
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of the fitted line, respectively.

Calculated dielectric properties of the K562/IMA-0.2, 0.3, and 0.5 uM cells are
presented in Table 6.2.

Table 6. 2 : Extracted dielectric properties of K562/IMA human leukemia cells,

using ER method.

Cell line
IMA-0.2 [uM] | IMA-0.3 [uM] | IMA-0.5 [uM]
Properties
Membrane capacitance [mFm2] 15.63 +3.02 9.19+1.52 8.10+1.69
Membrane effective conductance [Sm-2] 2953 + 82 450 + 20 113+18
Membrane relative permittivity 17.66 £3.41 10.38 £ 2.59 9.15+2.81
Cytoplasmic conductivity [Sm] 0.60+0.10 0.27+0.10 0.78+0.19
Cells radius [um] 6+1 6+1 6+1
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The slope and the intercept of each line were used to calculate the effective
conductance and the capacitance of the cell membrane. Then using the calculated
dielectric properties of the cell membrane, the interior conductivity of the cell was
determined. The dielectric properties of the cells were calculated using an
automated MATLAB program.

6.3.3 Dielectric Characterization of K562/DOX Cells

The peak rotation frequencies of the doxorubicin resistant human leukemia cells,
with varying levels of resistance to doxorubicin (K562/DOX- 0.1, 0.3, and 0.5 uM)
were measured inside four media with varying conductivities. Figure 6.12 shows a
photograph of the K562/DOX- 0.3 puM cells under the ER measurements with

quadrupole polynomial electrodes.

K562/DOX-0.5 uM Cells

Polynomial electrodes
Figure 6. 12 : K562/DOX-0.5 uM cell under the ER measurements.
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The conductivities of the test media were adjusted as 1.16, 2.44, 5.2, and 8.1 mS/m
for K562/DOX 0.1 and 0.3 puM, and as 1.27, 2.44, 5.2, and 8.1 mS/m for the
K562/DOX-0.5 pM. Calculated peak rotation frequencies of the doxorubicin
resistant human leukemia cells inside four media with distinct conductivities in the
frequency range of 1 kHz to 0.1 MHz are shown in the Fig. 6.13 -15. Calculated
peak rotation frequencies based on the obtained results from the Fig. 6.13 — 15 were
used in the fitting of the expression of the straight line to the data points of the peak
rotation frequency and average cell radius versus the medium conductivity (Fig.
6.16). The slope and the intercept of each cell population were used to calculate the
effective conductance and the capacitance of the cell membrane using the slope and
intercept method which is discussed in the Chapter 3. Then using the calculated
dielectric properties of the cell membrane the interior conductivity of the cell was
determined. All of these calculation steps were embedded in the automated

MATLAB program, which was introduced in the Chapter 3.
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Figure 6. 13: Rotation rates of K562/DOX-0.1 uM cells in the frequency range of 1
kHz to 0.1 MHz, inside four media with different conductivities.

The calculated dielectric properties of the K562/D0OX-0.1, 0.3, and 0.5 uM cells are
presented in Table 6.3.
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Figure 6. 14: Rotation rates of K562/D0OX-0.3 uM cells in the frequency range of 1
kHz to 0.1 MHz, inside four media with different conductivities.
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Figure 6. 15: Rotation rates of K562/DOX-0.5 uM cells in the frequency range of 1

kHz to 0.1 MHz, inside four media with different conductivities.
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Figure 6. 16: Straight line fitted to the data points of peak rotation frequency and
cell radius versus medium conductivity. For each cell population, the membrane
capacitance and effective conductance are calculated using the slope and intercept
of the fitted line, respectively.

Table 6. 3: Extracted dielectric properties of K562/IMA human leukemia cells,
using ER method.

Cell line DOX-0.1 [uM] | DOX-0.3 [uM] | DOX-0.5 [uM]
Properties
Membrane capacitance [mMFm-2] 12.29 £ 2.15 11.02 +1.93 8.70+1.71
Membrane effective conductance [Sm-2] 1810+ 14 1895 + 59 1377 £ 22
Membrane relative permittivity 13.89 +£3.21 12.45+2.17 9.82+1.93
Cytoplasmic conductivity [Sm-1] 0.14 +0.01 0.41 +0.07 0.26 + 0.04
Cells radius [um] 61 6+1 61

6.3.4 Conclusion

Dielectric characterizations of K562 human leukemia cells and its MDR

counterparts were carried out using the ER technique with 3D electrodes. ER
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characterization results prove variations in the membrane and the cytoplasmic
dielectric properties as cells develop resistance to chemotherapeutic drugs.
Development of resistance to the chemotherapeutic drugs in sensitive K562 cells is
associated with an increase in the expression of membrane-bound drug efflux
pumps (P-gp), which is known to modulate the activity of outward rectifying,
volume-activated CI" channels [106,107]. This modulation seems to result in an
increase in the effective membrane conductance and capacitance at low drug
resistance levels (0.1-0.2 uM). With an increase in the surface conductance of the
membrane, the capacitance and permittivity of the membrane also increase.
However, our findings have shown that further increase in the drug resistance level
in the MDR cells results in a gradual decrease in the dielectric properties of the cell
membrane, and finally reaching to the levels of sensitive cells at 0.5 uM resistance
level. This reversal in dielectric properties of the membrane may imply a different
mechanism of rising resistance when cells are exposed to higher drug

concentrations.

Our results also indicate that the response of K562 cells to IMA and DOX in terms
of effective membrane conductance shows variations. K562/IMA cells exhibited a
significant increase (around an order of magnitude) in membrane effective
conductance at low drug resistance level (0.2 uM), followed by a rapid reversal to
the levels of sensitive cells when drug resistance level increases. K562/DOX cell,
on the other hand, exhibited an increased membrane effective conductance at low
drug resistance level, and this was stored to a large extent by an increase in drug

resistance.

Although there is a definite trend in membrane dielectric properties with varying
levels of resistance, the interior conductivity values did not show such a trend, as
shown in Tables 6.1-3. Although there is a change in the interior conductivity, no
correlation could be driven in relation to the drug resistance level, for both IMA and
DOX resistant cells.

The results of this study reveal significant variation in cell dielectric properties of
sensitive and resistant cancer cells, which can be utilized as an effective tool to
detect MDR through DEP based methods. With the obtained dielectric properties,
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MATLAB simulations of the DEP spectrum have been carried out, showing that
MDR cells can be differentiated from the sensitive ones through DEP (Fig. 6.17).
Such a system can be used effectively in detection of MDR before and during

chemotherapy.
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Figure 6. 17: MATLAB simulation of K562 sensitive and resistant cells for DEP
spectrum analysis, in medium with conductivity of 1 mS/m and relative permittivity
of 78.

6.4 Dielectric Characterization of MCF7 and MCF7/DOX-1 uM Cells

The peak rotation frequencies of the human breast cancer cells (MCF7) and its
doxorubicin resistant derivation (MCF7-DOX-1000 nM) were determined inside
four media with varying conductivities. A photograph of the MCF7/DOX-1000 nm
cells under the ER measurements with the polynomial quadrupole electrodes is
shown in the Fig. 6.18.

The conductivities of the test media were 1.98, 4.2, 6.13, and 8.34 mS/m. By
comparing the presented figures for the K562 and MCF7 cells, it can be inferred
that the radii of the MCF7 cells are larger than the K562 cells. The average radius
of the MCF7 cells was experimentally measured as 10 um. The measured average
peak rotation frequencies of the MCF7 and MCF7/DOX-1000 nM cells inside four
media with varying conductivities are presented in the Fig. 6.19 and 20. The

measurements were performed in the frequency range of 1 kHz to 0.1 MHz.
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Calculated peak rotation frequencies based on the obtained results from the Fig.
6.19 and 20 were used in the fitting of the expression of the straight line to the data

points of the peak rotation frequency and average cell radius versus the medium
conductivity (Fig. 6.21).

MCF7/DOX-1000 nM Cells

Polynomial electrodes

Figure 6. 18: MCF7/DOX-1000 nM cells under the ER measurements.
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Figure 6. 19: Rotation rates of MCF7/Sensitive cells in the frequency range of 1
kHz to 0.1 MHz, inside four media with different conductivities.
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Figure 6. 20 : Rotation rates of MCF7/DOX-1000 nM cells in the frequency range

of 1 kHz to 0.1 MHz, inside four media with different conductivities.
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Figure 6. 21 : Straight line fitted to the data points of peak rotation frequency and
cell radius versus medium conductivity. For each cell population, the membrane
capacitance and effective conductance are calculated using the slope and intercept
of the fitted line, respectively.

The slope and the intercept of each cell population were used to calculate the
effective conductance and the capacitance of the cell membrane using the slope and
intercept method which is discussed in the Chapter 3. Then using the calculated

dielectric properties of the cell membrane the interior conductivity of the cell was
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determined. All of these calculation steps were embedded in the automated

MATLAB program, which was introduced in the Chapter 3.

The calculated dielectric properties of the K562/D0OX-0.1, 0.3, and 0.5 uM cells are
presented in Table 6.4. These results show variations in cells membrane and
interior dielectric properties, as cells develop resistance to the chemotherapeutic
drug. An increasing trend is seen in dielectric properties of the cell membrane, as

the cells develop resistance to the doxorubicin.

Table 6. 4: Extracted dielectric properties of MCF7 and MCF7/DOX- 1000 nM

human breast cancer cells, using ER method.

Cell line
MCF7 MCF7/DOX-1 uM
Properties
Membrane effective capacitance [mFm-2] 9.92+0.29 11.76+1.56
Membrane effective conductance [Sm-] 253+2 387+50
Interior conductivity [Sm] 0.50+0.03 0.43+0.05
Cells radius [um] 10+1 10+1

However, the interior conductivity of the MDR cells is decreased compared to the
drug sensitive MCF7 cells. The same trend was seen in the K562 cells. These
variations can be utilized in the design and implementation of the DEP method in

separation and detection of MDR in human breast cancer cells.
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CHAPTER 7

DIELECTROPHORESIS

This chapter presents the design, simulation, and the fabrication of a MEMS-based
dielectrophoresis (DEP) device for separation of the K562 human leukemia cancer
cells and its multidrug resistance (MDR) counterparts from the human leukocytes
mixture. The introduction about the DEP methods and systems were presented in
Chapter 1.3. In this chapter, first the necessary theory of the dielectrophoresis is
presented. Second, the simulations and design of the DEP devices will be
discussed. Then, the fabrication steps of the devices will be presented. Finally, the
FEM analyses of the separation efficiency of the devices will be presented.

7.1 DEP Theory

In the Chapter 2, the dipole model was used to interpret the generated rotational
torques on the polarizable particles, due to application of an external electric field.
In this chapter, our focus will be directed on the forces exerted to the polarizable
particles in the presence of a non-uniform electric field. DEP is the relative motion
of the polarized particles and medium, under application of a non-uniform electric
field. The time averaged DEP force exerted on the particle of radius R, under a

non-uniform electric field of magnitude E, is shown with below expression:

(Fpgp) = 2nR*emRe(Feu)VIE?| (35)

149



where, &, is the permittivity of the medium, Re(Fy) is the real part of the
Clausius-Mossotti factor, and V|E?| is the gradient of the intensity of the electric
field. Clausius-Mossotti factor interprets the polarizability of the dielectric particles

compared to the suspension medium and is described using below expression:

* *
&p — Em

F =_F2 T
cm (W) & + 2¢er, (36)

where, &, and &, are the complex permittivities of the particle and the medium,
respectively. Complex permittivity describes the frequency dependent response of
the particle or the medium with losses in an AC electric field. This factor depends
on the conductivity (a) and permittivity (¢) of the particle/medium and the angular
frequency (w) of the applied electric field. The complex permittivity of the particle

and the medium is given by below equation:

0.
ET*L: En_jzn (37)

where, the subscript n refer to the particle (p) or the medium (m). The polarity of
the Re(F),) determines the direction of the motion of the polarized particles in the
non-uniform electric field. If the Re(F,) > 0, then the cells are attracted to the
region with the higher intensity of the electric field under the positive DEP force (p-
DEP). If the Re(F¢y) < 0, the cells are repelled from the region with high electric
field density under the negative DEP force (n-DEP). However, in specific
frequencies, the polarization of the particles and the suspension medium can
become equal, therefore effective DEP force on the particle will be equal to zero

(Re(F¢p) = 0). This frequency is named as the DEP crossover frequency (f,).

For a multilayered biological cell, the complex permittivity of the particle should be
replaced with equivalent of the complex permittivity of the cell (Eg. 18). This
expression is utilized to study the frequency dependent responses of the cells. The
relative motion of the particle and the medium is the result of the force balance
between the hydrodynamic forces and the exerted DEP forces with hydrodynamic
drag (or damping) forces inside the medium. The velocity of a particle in a medium

with a dynamic viscosity of u, can be determined using the below equations [108]:
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en Re(Foy) R?
V= Uy + — (3HCM) V|E?| (38a)

em Re(Fcy) R?
3u '
In the above equation, v, and v,,are the velocities of the cells and the medium,

(38b)

DEP =

respectively. Cpgp IS the DEP coefficient, determining the ratio of influence of
different cells from the gradient of the electric field intensity. The Cpgp differs for

each cell, depending on the Re(Fcwm) and the cell radius (R).

7.2 Cell Modeling

The electrical modeling of the cells is essential for studying the DEP separation
efficiency of the designed DEP devices. The DEP responses of the cells can be
studied by simulation of the real part of the Clausius-Mossotti factor (Eq. 19). The
details about the simulation methods were presented in the Section 2.5. We have
utilized these methods to extract the frequency dependent response of the
leukocytes, human leukemia cancer cell (K562), and its imatinib resistant
counterparts (K562/IMA-0.2 uM). In our study, we have investigated the DEP
responses of the major subpopulation of the leukocytes which includes
granulocytes, T-lymphocytes, B-lymphocytes, and monocytes. In addition, the
DEP responses of the erythrocytes are studied, to examine the possibility of

implementation of the DEP method in separation of the erythrocytes.

7.2.1 Simulation of DEP Responses of the Cells

For simulation of the real part of the Clausius-Mossotti factor, the dielectric
properties of the leukemia cells are adopted from the available data base in the
literature [1,71,109]. For simulating the DEP responses of the K562 sensitive and
K562/IMA-0.2 cells the reported properties of the cells in this study are utilized
[52,53]. The dielectric properties of the cells are presented in Table 7.1. The
presented data in the Table 7.1 reflects the average values for the cells. By
implementing the above values in the written MATLAB algorithm, the DEP
responses of the cells are extracted for the frequency range of 1 — 10*° Hz. Figure

7.1 shows the MATLAB simulation results for the real part of the Clausius-
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Mossotti factor. In these simulations the double layer modeling of the cells were
utilized (Eq. 18).

medium is assumed as 5 pS/cm and 78, respectively.

The conductivity and relative permittivity of the suspension
In the applied electrical
frequency of 160 MHz, the human leukemia cells are under p-DEP force, while the

cancer cells and erythrocytes experience n-DEP force.

Table 7. 1: Dielectric properties of the utilized cells in this study.

Cell type 7 & |c, (mF/m|G,, (S/m) .
[S/m] [um]
Granulocyte 0.6 150.9 11 - 4.71
T-Lymphocyte| 0.65 103.09 10.5 - 3.29
B-Lymphocyte| 0.73 154.4 12.6 - 3.29
Monocyte 0.56 126.8 15.3 - 4.63
Erythrocyte 0.52 57 9 - 3
K562 0.32 60 8.93 336 6
K562/IMA-0.2| 0.6 60 15.63 2953 6

The following results can be concluded from the presented simulations:

(1)  The erythrocytes and human leukemia cells are under the same type of the
DEP force (n-DEP), therefore the separation of these cells from each other is
not possible.

(2)  The electrical frequency of 160 MHz can be used in the separation of the
cancer cells from leukocytes, due to different type of the DEP forces

experienced by the leukocytes and cancer cells.
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Figure 7. 1: Simulated Re(Fcwm) for the blood cells and the cancer cells, with

magnified view of the proposed separation region at the f=160 MHz.

7.3 Design Criteria

There are number of important factors that should be determined before designing a
DEP device, which are:

1. The application of the DEP device should be specified, which can be such as
separation, trapping, focusing, and etc.

2. The electrode type and geometry such as planar (2D), 3D, surface
electrodes, bottom and top electrodes, interdigitated, and etc.
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3. Design parameters such as pressure, flow rate, applied voltage, channel
dimensions, electrode height and size, and etc.

Therefore, before starting to design a DEP platform, the exact application of the
DEP device should be defined. In our case, we are aiming to use the DEP device to
separate cancer cell from leukocyte mixtures, based on the variations in the
dielectric properties of the cells. Therefore, the designed device should be capable
of generating high p-DEP regions. In addition, two outlets are essential for
collecting the separated leukocytes and the cancer cells. Moreover, to focus the
fluidic streamline of the cells in middle of the DEP separation channel,
hydrodynamic focusing is utilized, using two lateral inlet channels. The details on

the design parameters of the DEP devices are presented in below sections.

7.3.1 Design

As mentioned in above Section, we are aiming to utilize the DEP technique to
separate the cancer cells from human leukocyte cell mixture. For this purpose, in
addition to the variations in the cell radius, the most important separation criterion
is the variations in the dielectric properties of the cells. By modeling of the DEP
response of the human leukocytes subpopulation and the K562 human leukemia
cells and its MDR counterparts it was found that in the high frequency range (160
MHz), the type of the DEP forces seen by cells differ from each other. Using the
MATLAB simulation it was shown that, in the applied frequency of 160 MHz, the
K562 cells are experiencing n-DEP force, while the leukocyte cells are under the p-
DEP force. Therefore, this frequency was chosen as the separation frequency of our

devices.

We have designed the DEP devices with side-wall 3D electrodes. Total of five
active electrodes with 30 um height and 150 um lengths were used. In addition, 3D
potentially floating electrodes were utilized between each pair of the active
electrodes to extend the non-uniformity of the electric field in the separation
channel. Total of 12 potentially floating electrodes with 30 um heights and 10 pm
length were used for enhancing the separation efficiency of the devices. The
schematic view of the designed DEP devices is shown in Fig. 7.2. Utilization of
floating electrodes enables use of lower number of active electrodes without
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sacrificing the generated DEP force. Successive use of active electrodes leads to an
increase in the introduced current density to the microchannel, which can result in

cell damage and uncontrolled test conditions due to resistive thermal heating of the

test medium.
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Figure 7. 2: Schematic view of the designed DEP device with 3D isolated
electrodes, together with the critical dimension of the device, in pm.

In addition, use of successive active electrodes can lead to the cell stiction
(trapping) in the electrode region (high p-DEP region in the vicinity of the active
electrodes), which can block the fluidic flow partially or completely. The
potentially floating electrodes enhance the separation efficiency of the DEP devices,
with extending and distributing the generated electric field gradient in the inter-
electrode (active electrodes) region. The designed layouts of the devices together
with the critical dimension of the devices are shown in Fig. 7.3. The designed
device has two pressure controlled inlets for focusing the cell mixture to the middle
of the separation channel (inlets 2 and 3). Buffer medium with optimized pressure
is pumped from these inlets. The cell mixture, including cancer cells (K562 human
leukemia cells) and the leukocytes cell mixture are pumped into the separation
channel with velocity controlled fluid through the inlet 1. Two outlets are available
in our devices. The outlet 1 is used for collecting the separated human leukocytes,
while the outlet 2 is used for the separated K562 cells and its MDR derivations.
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Figure 7. 3: Designed layout of the DEP devices together with the critical

dimensions of the devices.

The width of the separation channel is optimized as 75 pum. Although increasing
the channel width can increase the flow rate of the device, it can result in ineffective
p-DEP force far from the side-wall electrodes. Therefore, the separation efficiency
of the devices can drop significantly. The height of the microchannel is optimized
as 30 um, therefore the fabricated 3D electrodes, covers all the channel height. The
total length of the separation microchannel is approximately 1450 pm. It was
aimed to use the nano-ports in the inlet, therefore to reinforce the inlets; the
electroplating was performed in the inlet installation area. However, in the outlets,
only reservoirs were utilized. The design parameters of the DEP devices are shown
in Table 7.2
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Table 7. 2: Design parameters of the DEP devices

Parameters Values
Active electrode length (um) 150

Active electrode height (um) 25-30
Floating electrode length (um) 10

Floating electrode height (um) 25-30
Channel width (um) 75

Channel height (um) 25-30
Insulating parylene thickness (um) 0.3
Distance between active electrodes (um) 150
Distance between the floating electrodes (um) 10
Distance between floating and active electrodes (um) 50

Number of active electrodes 5

Number of floating electrodes 12

7.3.2 Simulations

The COMSOL Multiphysics software was utilized for the FEM analyses of the
devices. The performed simulations include both electrostatics and incompressible
Navier-Stokes simulations. The electrostatics simulations were performed for
studying the magnitude of the generated non-uniform electric field, which shows
the magnitude of generated p-DEP force. In addition, the incompressible Navier-
Stokes simulations were utilized for extracting the fluidic streamline of the cells due

to applied electric field.

According to the Eq. 35, the applied DEP force on a particular cell population, with
similar size and dielectric properties, depends on the gradient of intensity of the
electric field (V|E?]). The V|E?| is a spatial-dependent term; therefore, the position
of the particles is a determining factor in calculation of the effective DEP force on

the particles.
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As seen in above expression, the gradient of the electric field depends on the 1* and

2" derivations of the applied electrical potential along the x, y, and z axis. Eg. 39
was used to study the generated gradient of the intensity of the electric field during
the electrostatic simulations with the COMSOL software. 3D simulations were
performed for studying the magnitude of the V|E?| in the separation channel of the
DEP devices. Figure 7.4 shows the simulation of the gradient of the electric field
intensity in the DEP separation region of the devices. In order to be able to study
the electrostatic and microfluidic forces simultaneously, the simulations were
performed in two steps. Firstly, the time-dependent electrostatics simulations were
performed. Then, the simulation results were stored for the time instant in which
the applied DEP force reaches to its maximum value. Finally, the steady-state
Navier Stokes simulations were performed with the stored electrostatics results.
This method reduces the simulations time significantly. As the next step, the
incompressible Navier-Stokes simulations were utilized to extract the streamline of
the utilized cells in this study. According to Table 7.1, the dielectric properties of
the each cell type differs from the others. Therefore, the DEP coefficient of each
cell type will vary (Eqg. 38b). For each cell type the Cpep is calculated separately,
using the calculated Re(Fcwm), which is presented in Fig. 7.1. Table 7.3 presents the
calculated Re(Fcm) and Cpgp for the cells in the separation frequency of 160 MHz.
In order to maximize the separation efficiency of the designed DEP device, further
optimizations are performed to determine the boundary conditions of the device.
These include the pressure of the fluid in the inlets 2 and 3, the velocity of the fluid
in the inlet 1, and the amplitude of the applied sinusoidal signals to the active

electrodes. The optimized values are presented in the Table 7.4.
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Figure 7. 4: 3D FEM simulation of the distribution of the gradient of the electric

field intensity in the DEP separation region of the device.
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Table 7. 3: Calculated Re(Fcm) and Cpep for the cells in the separation frequency of
160 MHz.

Cell type Re(Fcm) Coep Type of DEP force
Granulocytes 0.2726 1.56E-18 p-DEP
T-Lymphocyte 0.166 4.64E-19 p-DEP
B-Lymphocyte 0.2951 8.24E-19 p-DEP
Monocyte 0.2117 1.17E-18 p-DEP
Erythrocyte -0.0198 -4.59E-20 n-DEP
K562 -0.1543 -1.43E-18 n-DEP
K562/IMA-0.2 -0.0665 -6.17E-19 n-DEP

Table 7. 4: Optimized boundary conditions for the DEP devices.

Pressure [Pa] Velocity [m/s] Voltage [V, 5]
Inlet 1 - 0.001 -
Inlet 2 25000 - -
Inlet3 30000 - -
Electrodes - - 10

During the optimizations, the focus was directed to achieve the highest separation
efficiency, while avoiding from the cell trapping in the electrode region due the
generated high electric field. Under the optimized conditions, the separation
efficiency of the each cell type is studied using the FEM analyses (Fig. 7.5).
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Figure 7. 5: Use of finite element simulations to study the separation efficiency of

the cells.

It is aimed to separate the leukocytes to the outlet 1, under the p-DEP force.
Similarly, it is aimed to direct the cancer cells to outlet 2, under the n-DEP force.

The FEM simulations show that the proposed DEP devices can separate the
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leukocytes and sensitive K562 cancer cells with 100% efficiency. However, our

devices are able to separate the 65% of the imatinib resistant cells to the outlet 2.

7.4 Fabrication

In the fabrication of the DEP devices four masks were utilized. These DEP devices
were fabricated on a common wafer, which was used for the fabrication of the 2"
generation of the ER devices (Section 5.2). The parylene microchannel fabrication
process was used in the fabrication of the DEP devices. The fabrication process
includes metal sputtering, wet and dry etching, photolithography, electroplating and
polymer (parylene) coating steps. The fabrication process of the DEP devices is
presented in Fig. 7.6. (See Appendix E for fabrication process flow)
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Figure 7. 6: Fabrication process flow of the DEP devices, using four masks.

As the initial step, piranha cleaning of the glass wafers was performed to obtain a
polished and rugged surface, which increases the adhesion capabilities of the

surface of the wafers. For this purpose, buffered hydrofluoric (BHF) etchant was
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used. After cleaning the glass wafer, a thin parylene was coated on the wafer. The
parylene coating can be realized by simultaneous use of silane. Silane increases the
adhesion of the coated parylene to the glass wafer. The coating parameters of the
parylene were optimized in our group. A ratio of 1:2 (thickness in micrometres :
parylene weight in grams) was used for the coating purpose. Following the initial
parylene coating, Ti and Au were sputtered on the wafer to form a seed layer for the
Cu electroplating. Then, mask 1 was utilized for patterning of the Ti/Au seed layer.
For this purpose, S1813 photoresist was utilized. S1813 photoresist is generally
used for the thin coatings. After this step, the Au layer was etched using
commercial Au etchants. For Ti etching an etchant solution was prepared,
consisting of 10 ml HF, 10 ml H,O, and 80 ml DI water. After patterning the seed
layer, the S1813 photoresist was stripped using acetone. For determining the Cu
electroplating area, lithography technique was utilized using the mask 2. The height
of the electroplated electrodes was aimed to be 30 um. Therefore, AZ9260
photoresist was used which is proper for thick coatings. Then, the 3D electrodes
were electroplated using the Cu electroplating technique. The process parameters
were optimized as 50 mA current for 90 minutes. The aim of the 3D electrodes is to
provide a uniform distribution of the electric field by covering the whole cell body.
The mask 3 was used for forming the reservoir in the inter-electrode region of the
3D pyramidal electrodes. For this purpose, AZ9260 photoresist was spun and
patterned. Then a parylene layer was coated on the wafer to form the reservoir
walls. As the final step, RIE was used to open the reservoirs capping and the
contact pads. In addition to RIE, manual opening of the inlets and outlets were
possible by cutting the capping parylene using a blade. Then the wafer was diced
and 9 DEP devices were obtained. In order to compensate the available area on
each wafer and increase the number of the fabricated on each wafer, in 8 of the DEP
devices, only outlet reservoir was used. Only in one of the DEP devices the nano-
port installation area was embedded in the outlets. After opening the reservoir
region using the RIE, acetone was used for releasing the photoresist. The fabricated

prototype of the DEP devices is shown in Fig. 7.7.
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Figure 7. 7: (A) Fabricated prototype of the DEP devices. (B) Magnified view of
the sputtered Ti/Au electrodes before electroplating and (C) SEM photograph of the

3D electroplated floating electrodes.

7.5 Conclusion

Design, simulation, and fabrication of a MEMS-based DEP device, for separation of
the human leukemia cells from the leukocyte mixture were presented. The
fabrication and test process of these devices are continuing. As a part of this thesis,
only simulation and fabrication of the devices were presented. However, the further

experimental analyses are continuing with these devices.

We have shown that, in addition to active 3D electrodes, floating 3D electrodes can

be utilized to enhance the separation efficiency of the DEP devices. FEM analyses
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were utilized to show that the proposed devices can achieve 100% efficiency in
separation of the human leukemia cancer cells from the leukocytes cell mixture.
However, further experimental analyses under the continuous flow regime are
necessary to support the statement.
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CHAPTER 8

CONCLUSION

The aim of this study was to investigate the possibility of implementation of the
DEP method in separation and detection of cancer cells with varying drug resistance
levels, from the blood sample. To achieve this goal, an accurate knowledge about
the dielectric properties of the cells is essential. However, to that time, there were a
few studies, which had subjected the dielectric properties of the MDR cells.
Therefore, as the initial step, we have decided to use a method to extract the
dielectric properties of the MDR cells, to evaluate the possibility of use of the DEP
method in detections and separation of these cells. We have chosen the
electrorotation method for dielectric characterization of cancer cells. The ER
method is a generally accepted to have the highest accuracy in extracting the
dielectric properties of the cells’ membrane and interior. In order to use the
electrorotation method, three different generation of the ER devices were designed,
fabricated, and analyzed. The first generation of the ER devices with 2D planar
electrodes was utilized to investigate the possibility of use of the ER method in
characterization of the cells. Then, the test setup was designed for the ER
measurements. In each generation, the major drawbacks of the previous device
were eliminated, and the performance of the devices was enhanced. Different FEM
analyses and experimental investigations were utilized in studying the performance
of the devices. Finally, the 3™ generation of the ER devices was fabricated, with

much easier and rapid fabrication process and higher performance compared to the
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previous devices. In the 3" generation of the ER device, six different electrode
geometries were designed and fabricated. Experimental and FEM analyses were
utilized to study the performance of the each electrode type. Electrodes were
studied from many aspects such as the magnitude and sustainability of the generated
rotation torque in 3 dimensional spaces, the uniformity of the generated effective
electric field, and the generated effective DEP force. Finally, the ER device with
3D polynomial electrodes was chosen to have the best compromise between the
studied factors.

Another challenging part of the ER characterization of the cells was to develop a
mathematical methodology to extract the dielectric properties of the cells, from their
rotational behavior. Therefore, all the presented methods in the literature were
studied carefully. Finally, a precise method was developed to extract the dielectric
properties of the cells from their rotational behavior. An automated MATLAB
algorithm with GUI interface was designed and developed, based on the utilized
expressions and equations. The designed program is capable of calculating the
dielectric properties of the membrane and interior of the biological cells, by
introducing the peak rotation frequencies of the cells inside the media with varying
conductivities.

Using the polynomial electrodes, the dielectric characterization of 9 different cells

were carried out, including:

e Drug sensitive K562 human leukemia cells
e Multidrug resistance K562 human leukemia cells, with 0.1, 0.3, and 0.5 pM
resistance to doxorubicin.
e Multidrug resistance K562 human leukemia cells, with 0.2, 0.3, and 0.5 4 M
resistance against the imatinib
e Drug sensitive MCF7 human breast cancer cells.
e Multidrug resistance MCF7 human breast cancer cells, with 1 uM resistance
against the doxorubicin.
Simultaneously with the ongoing studies on the ER method, the DEP devices were
designed, simulated, and fabricated. The motivation behind the DEP devices was to

use these devices in separation of the human leukemia cancer cells and its MDR
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counterparts from the human leukocytes mixture. FEM analyses were utilized in
design and optimization of the devices. In addition, 3D simulations were utilized to
study the separation performance of the devices. The simulations results show
100% separation efficiency for separating the K562 sensitive cells from the
leukocytes mixture. The experimental analyses of the DEP devices are continuing
with the biological cells.

As the future scope of the work, firstly the ER devices will be improved. In order
to increase the throughput of the ER system, an automated setup is essential.
Therefore, development of a video processing algorithm seems essential for
automated calculation of the rotational rate of the cells. In addition, to minimize the
variations of the rotational torque on the cells, it is essential to eliminate to lateral
movements of the cells. For this purpose, a microfluidic or electrokinetic trapping
can be used. All these developments can results in an automated ER setup for
dielectric characterization of the biological cells.

In the case of the DEP devices, experimental analyses of the devices will be
performed. For this purpose, the tests should be performed under the continuous
flow regime. Then, the separation efficiency of the devices can be calculated by
cell counting methods in the outlet ports. In addition, to increase the throughput of
the DEP devices, the channel volume should increase, without scarifying the
separation efficiency of the devices. The final aim of our study is development of a
MEMS based DEP microfluidic platform, with high efficiency and sensitivity in

separation and detection of the cancerous cells from the whole blood sample.
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APPENDIX A

DOUBLE SHELL CELL MODEL IN MATLAB

The utilized MATLAB algorithm for modeling of the electrical response of the

biological particles with double shell model is as below:

function varargout = FCM(varargin)
gui_Singleton = 1;
gui_State = struct('gui_Name', mfilename, ...
'gui_Singleton’, gui_Singleton, ...
‘gui_OpeningFcn', @FCM_OpeningFcn, ...
‘gui_OutputFen', @FCM_OQutputFcn, ...
'gui_LayoutFcen', ], ...
'gui_Callback’, []);
if nargin && ischar(varargin{1})
gui_State.gui_Callback = str2func(varargin{1});
end
if nargout
[varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:});
else
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gui_mainfcn(gui_State, varargin{:});
end
function FCM_OpeningFcn(hObject, eventdata, handles, varargin)
handles.output = hObiject;
guidata(hObject, handles);
function varargout = FCM_OutputFcn(hObject, eventdata, handles)
varargout{1} = handles.output;
function editl_Callback(hObject, eventdata, handles)
function editl_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor’))

set(hObject,' BackgroundColor','white");
end
function edit2_Callback(hObject, eventdata, handles)
function edit2_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor’),
get(0,'defaultUicontrolBackgroundColor"))

set(hObject,' BackgroundColor','white");
end
function edit3_Callback(hObject, eventdata, handles)
function edit3_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject, BackgroundColor"),
get(0,'defaultUicontrolBackgroundColor’))

set(hObject,' BackgroundColor','white");

end
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function edit4_Callback(hObject, eventdata, handles)
function edit4_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor’),
get(0,'defaultUicontrolBackgroundColor*))

set(hObject,' BackgroundColor','white");
end
function edit5_Callback(hObject, eventdata, handles)
function edit5_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,' BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor"))

set(hObject,' BackgroundColor','white");
end
function edit6_Callback(hObject, eventdata, handles)
function edit6_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor’),
get(0,'defaultUicontrolBackgroundColor'))

set(hObject,' BackgroundColor','white");
end
function edit7_Callback(hObject, eventdata, handles)
function edit7_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject, BackgroundColor"),
get(0,'defaultUicontrolBackgroundColor"))

set(hObject,' BackgroundColor','white");
end
function edit8_Callback(hObject, eventdata, handles)

185



function edit8_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor’),
get(0,'defaultUicontrolBackgroundColor’))

set(hObject,' BackgroundColor','white");
end
function edit9_Callback(hObject, eventdata, handles)
function edit9_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor’),
get(0,'defaultUicontrolBackgroundColor"))

set(hObject,' BackgroundColor','white");
end
function edit10_Callback(hObject, eventdata, handles)
function edit10_CreateFcn(hObiject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))

set(hObject,' BackgroundColor','white");
end
function editl1l_Callback(hObiject, eventdata, handles)
function editl1_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor’),
get(0,'defaultUicontrolBackgroundColor"))

set(hObject,' BackgroundColor','white’);

end

function pushbuttonl_Callback(hObject, eventdata, handles)
A=get(handles.editl, 'String’);
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sig_cyto=str2num(A);
B=get(handles.edit2, 'String’);
sig_mem=str2num(B);
C=get(handles.edit3, 'String’);
sig_wall=str2num(C);
D=get(handles.edit4, 'String’);
eps_cyto=str2num(D);
E=get(handles.edit5, 'String’);
eps_mem=str2num(E);
F=get(handles.edit6, 'String’);
eps_wall=str2num(F);
G=get(handles.edit7, 'String’);
r_cyto=str2num(G);
H=get(handles.edit8, 'String’);
r_mem=str2num(H);
I=get(handles.edit9, 'String’);
r_wall=str2num(l);
J=get(handles.edit10, 'String’);
sig_med=str2num(J);
L=get(handles.edit11, 'String’);
eps_med=str2num(L);
eps_0= 8.854187817e-12;
f=logspace(0,8.20411,1e4);
w=2*pi*f;
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rl=(r_mem /r_cyto)"3;
r2=(r_wall ./ r_mem)"3;
for k=1:1e4
eps_cyto_st = (eps_cyto * eps_0) - (i*(sig_cyto/w(1,k)));
eps_mem_st = (eps_mem * eps_0) - (i*(sig_mem/w(1,k)));
eps_wall_st = (eps_wall * eps_0) - (i*(sig_wall/w(1,k)));
eps_med_st = (eps_med * eps_0) - (i*(sig_med/w(1,k)));
numl =eps_cyto_st - eps_mem_st;
denl =eps_cyto st + (2*eps_mem_st);
cl =(numl/denl);
numl 1=(rl + (2 *cl));
denl_1=(rl-cl),
eps_eff 1 =eps_mem_st* (huml_1/denl 1);
num2 =eps_eff 1-eps wall_st;
den2 =eps_eff 1+2*eps_wall_st;
c2 = (num2/den2);
num2_2 = (r2 + 2 * c2);
den2 2 =(r2 - c2);
eps_eff 2 =eps_wall_st* (hum2_2/den2_2);
CM = (((eps_eff_2 - eps_med_st) / (eps_eff 2 + 2 * eps_med_st)));
FCM(1,k)=(CM);
css = (sig_cyto - sig_mem) / (sig_cyto + 2*sig_mem);
sig_effl = sig_mem™ ((rl + 2*css) /(rl - css));
css2 = (sig_effl -sig_wall) /(sig_effl + 2*sig_effl);
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sig_eff2 = sig_wall* ((r2 + 2*css2) / (r2 - ¢ss2));
end
set(handles.axesl,'NextPlot', replace");
axes(handles.axesl);
plot (log10(f(1,:)),FCM(1,),-r",'LineWidth',2)
hold on
plot (log10(f(1,:)),imag(FCM(1,:)),-0','LineWidth',2)
ylabel('FCM','FontSize',12);
Xlabel('Frequancy 107x Hz','FontSize',12);
title('Clausius-Mossotti Factor','FontSize',12);
line([0 91,[0 Q));
legend ('Real part','Imaginary part','Location’,'Best’)
FCM(1,10000)
grid on

hold on
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APPENDIX B

AUTOMATED MATLAB BASED SOFTWARE FOR EXTRACTING THE
DIELECTRIC PROPERTIES OF THE CELLS USING
ELECTROROTATION METHOD

Below MATLAB code is utilized in design and implementation of a software for

extracting the dielectric properties of the cells, from the electrorotation experiments.

function varargout = VV1gui(varargin)

gui_Singleton = 1;

gui_State = struct('gui_Name', mfilename, ...
‘gui_Singleton’, gui_Singleton, ...
‘gui_OpeningFcn', @V1gui_OpeningFcn, ...
‘gui_QutputFen', @V1gui_OutputFcn, ...
'gui_LayoutFcen', ], ...
'gui_Callback’, []);

if nargin && ischar(varargin{1})

gui_State.gui_Callback = str2func(varargin{1});

end
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if nargout
[varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:});
else
gui_mainfcn(gui_State, varargin{:});
end
function V1gui_OpeningFcn(hObject, eventdata, handles, varargin)
handles.output = hObject;
guidata(hObject, handles);
function varargout = V1gui_OutputFcn(hObject, eventdata, handles)
varargout{1} = handles.output;
function editl_Callback(hObject, eventdata, handles)
function editl_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor"))

set(hObject,' BackgroundColor','white");
end
function edit2_Callback(hObject, eventdata, handles)
function edit2_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor’),
get(0,'defaultUicontrolBackgroundColor’))

set(hObject,'BackgroundColor','white");
end
function edit3_Callback(hObject, eventdata, handles)

function edit3_CreateFcn(hObject, eventdata, handles)
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if ispc && isequal(get(hObject,'BackgroundColor’),
get(0,'defaultUicontrolBackgroundColor’))

set(hObject,' BackgroundColor','white");

end

function edit4_Callback(hObject, eventdata, handles)
function edit4_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))

set(hObject,' BackgroundColor','white");
end
function edit5_Callback(hObject, eventdata, handles)
function edit5_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor’),
get(0,'defaultUicontrolBackgroundColor"))

set(hObject,' BackgroundColor','white");
end
function edit6_Callback(hObject, eventdata, handles)
function edit6_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject, BackgroundColor"),
get(0,'defaultUicontrolBackgroundColor’))

set(hObject,' BackgroundColor','white");
end
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function edit7_Callback(hObject, eventdata, handles)
function edit7_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor’),
get(0,'defaultUicontrolBackgroundColor*))

set(hObject,' BackgroundColor','white");
end
function edit8_Callback(hObject, eventdata, handles)
function edit8_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor"))

set(hObject,' BackgroundColor','white");
end
function edit9_Callback(hObject, eventdata, handles)
function edit9_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor’),
get(0,'defaultUicontrolBackgroundColor"))

set(hObject,' BackgroundColor','white");
end
function edit10_Callback(hObiject, eventdata, handles)
function edit10_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject, BackgroundColor"),
get(0,'defaultUicontrolBackgroundColor"))

set(hObject,' BackgroundColor','white");
end
function editl1_Callback(hObject, eventdata, handles)
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function editl1l_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor’),
get(0,'defaultUicontrolBackgroundColor’))

set(hObject,' BackgroundColor','white");
end
function edit12_Callback(hObiject, eventdata, handles)
function edit12_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor’),
get(0,'defaultUicontrolBackgroundColor"))

set(hObject,' BackgroundColor','white");
end
function edit13_Callback(hObject, eventdata, handles)
function edit13_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))

set(hObject, BackgroundColor','white");
end
function edit14_Callback(hObiject, eventdata, handles)
function edit14_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor’),
get(0,'defaultUicontrolBackgroundColor"))

set(hObject,' BackgroundColor','white");
end
function editl5_Callback(hObject, eventdata, handles)
function editl5_CreateFcn(hObject, eventdata, handles)
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if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor’))

set(hObject,' BackgroundColor','white");
end
function edit16_Callback(hObiject, eventdata, handles)
function edit16_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor’),
get(0,'defaultUicontrolBackgroundColor'))

set(hObject,' BackgroundColor','white");
end
function edit17_Callback(hObject, eventdata, handles)
function edit17_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor"))

set(hObject,' BackgroundColor','white");
end
function edit23_Callback(hObiject, eventdata, handles)
function edit23_CreateFcn(hObiject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor’),
get(0,'defaultUicontrolBackgroundColor’))

set(hObject,' BackgroundColor','white’);
end
function pushbuttonl_Callback(hObject, eventdata, handles)
x1=str2double(get(handles.editl,'String"));
x2=str2double(get(handles.edit2,'String"));
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x3=str2double(get(handles.edit3,'String"));
x4=str2double(get(handles.edit4,'String"));
x5=str2double(get(handles.edit5,'String"));
yl=str2double(get(handles.edit6, String’));
y2=str2double(get(handles.edit7,'String"));
y3=str2double(get(handles.edit8,'String"));
y4=str2double(get(handles.edit9,'String"));
y5=str2double(get(handles.edit10,'String"));
dfl=str2double(get(handles.edit1l,'String"));
df2=str2double(get(handles.edit12,'String"));
df3=str2double(get(handles.edit13,'String"));
df4=str2double(get(handles.edit14,'String’));
df5=str2double(get(handles.edit15,'String"));
r=str2double(get(handles.edit16, String"));
dr=str2double(get(handles.edit17,'String"));
method=str2double(get(handles.edit23,'String"));
r=r*1le-6;
e_0=8.85e-12;
d=15e-9;
dr=dr*1e-6;

if x3==0
X=[x1,x2];
F=lyly2];
dF=[df1,df2];
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R=[rr];
DR=[dr dr];
n=2,
FR=F.*r;

elseif x4==0
X=[x1,x2,x3];
F=[y1,y2,y3];
dF=[df1,df2,df3];
R=[r,r,r];
DR= [dr,dr,dr];
n=3;
FR=F.*r;

elseif x5==0
X=[x1,x2,x3,x4];
F=[y1,y2,y3,y4];
dF=[df1,df2,df3,df4];
R=[r,r,r,r];
DR= [dr,dr,dr,dr];
n=4;
FR=F.*r;

elseif x5~=0
X=[x1,x2,x3,x4,x5];
F=[y1,y2,y3,y4,y5];
dF=[df1,df2,df3,df4,df5];
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R=[r,r,r,r,r];

DR= [dr,dr,dr,dr,dr];

n=5;

FR=F.*r;

end

for A=1:n

dFR(A)=FR(A)*sqrt((dF(A)/F(A))*2 + (dr/r)"2);

end

dFR

FR

FRP=dFR+FR

FRN=FR-dFR

FRT=[FR;FRP;FRN];
c0 = fit(X',FR', poly1’);
c1=fit(X',FRP','poly1");
c2=fit(X',FRN','poly1");
cfl=coeffvalues(c0);
cf2=coeffvalues(cl);
cf3=coeffvalues(c2);

cfs=[cf1;cf2;cf3];

c_g_m=zeros(5,3);

fori=1:3

cm(i)=1/(pi*cfs(i,1));
gm(i)=2*abs(cfs(i,2)*pi*cm(i)*1e-3/(r));
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e_m(i)=(d*cm(i)*1e-3)/(8.85e-12);
c_g_m(i,:)=[cm(i),gm(i),e_m()];
end
m_cm=mean(cm);
m_gm=mean(gm);
m_em=mean(e_m);
std_cm=std(cm);
std_gm=std(gm);
std_em=std(e_m);
c_g_m(4,1:3)=[m_cm,m_gm,m_em];
¢_g_m(5,1:3)=[std_cm,std_gm,std_em];
set(handles.uitable4,'data’,abs(cfs));
set(handles.uitable5,'data’,c_g_m);
if method==1
sigma=zeros(5,n+2);
fori=1:3
for k=1:n
[sig]=solve('2*pi*cm(i)*1e-3*FRT(i)=(sig/2)*(1-sqrt(1 - (4/sig)*(2*1e-
3*X(Kk) + gm(i)*r)))’"'sig’);
sigma(i,k)=eval(sig);
end
end
end

if method==2
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sigma=zeros(5,n+2);
for i=1:3
for k=1:n

sig=((2*pi*cm(i)*1e-3*FRT(i))"2)/((2*pi*cm(i)*1e-3*FRT(i))+
4*pi*(78*8.85e-12)*F(K) -gm(i)*r -2*X(k)*1e-3) ;

sigma(i,k)=(sig);
end
end
end
if method==3
sigma=zeros(5,n+2);
fori=1:3

for k=1:n

sig= -
(1.0%(6.1685027506808491367715568749226*10735*"2*FRT (i)*cm(i)2
*E(K)M2 +
6.1685027506808491367715568749226*10"35*r*FRT (i)*cm(i)*F(K)*(-
(2.0%107(-78)*(4.8672* 10" T6*FRT (i)*e_0"2*F(K)"2 +
3.1200000000000000000000000000001*10771*cm(i)*e_0*r2*F(K)*3 -
3.12*10°74*FRT (i)*gm(i)*e_0*r*F(K)"2 -
1.9862536897868537903956693668948* 107 71*FRT (i)*e_0*F(K)*X(K) -
6.3661977236758134307553507305592*10765*cm(i)*r"2*F(K)"2*X(K) -
5.0%10°77*FRT (i) *cm(i)\2*r\2*F (K)2 +
6.3661977236758134307553505366906*10"68*FRT (i)*gm(i)*r*F (k)*X(K)
N
2.0264236728467554288775885162456*10°65*FRT (i)*X (K)"2))/FRT (i))(

1/2)))/(- 196349540849362077403915211454999.0*cm(i)*r2*F(K)"2 +
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1.9634954084936207740391521145497*10735*FRT (i) *gm(i)*r*F (k) -
3.0630528372500484075010772986975*10737*e_0*FRT(i)*F(K) +
62500000000000000000000000000000.0*FR T (i)*X(K));

sigma(i,k)=(sig);
end
end

end

if method==4
e_i=40*e_0;
sigma=zeros(5,n+2);
fori=1:3
for k=1:n
sig= -(1.0*(30842513753404245683857784374613.0*r"2*cm(i)"2*

F(K)"2 + 3.0842513753404245683857784374613*10737*r*cm(i)*F (K)* (-
0.048672%¢_0"2*F(K)"2 -
0.00000031200000000000000000000000000001*cm(i)*e_0*r*F(k)2 +
0.000049656342244671344759891734172224*gm(i)*e_0*r*F(K) -
0.000624%e_i*e_0*F(K)"2 +
0.00000029793805346802806855935040502984*e_0*F(K)*X(K) +
0.00000000000099999999999999999999999999096214*cm(i) 2*r"2*F (K)
Ay -
0.0000000039999999999999999999999999968441*e_i*cm(i)*r*F(k)"2 -
0.000000000002732395447351626861510701461118*cm(i)*r*F(K)*X (k) +
0.00000063661977236758134307553505349273*e_i*gm(i)*r*F(k) -
0.00000000020264236728467554288775892642758*gm(i)*r*X (k) +
0.0000000012732395447351626861510701073381*_i*F(K)*X(K) +
0.0000000000000528473456935108577551770324912*X (K)"2)(1/2)))
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/(3.125*10°33*X(K) + 1.5625*10°36*r*gm(i) -
1.5315264186250242037505386493488*10°39%e_0*F(K) -
9.8174770424681038701957605727484*10°33*r*cm(i)*F(K));

sigma(i,k)=(sig);
end
end

end

sigma;

m_sigma_m=zeros(1,n);

std_sigma_m=zeros(1,n);

for i=1:n
m_sigma_m(i)=mean((abs(sigma(1:3,i))));
std_sigma_m(i)=std((abs(sigma(1:3,i))));

end

m_sigma_f=zeros(3,1);

std_sigma_f=zeros(3,1);

for i=1:3
m_sigma_f(i)=mean((abs(sigma(i,1:n))));
std_sigma_f(i)= std((abs(sigma(i,1:n))));

end

sigma(4,1:n)=m_sigma_m(1,1:n);

sigma(5,1:n)=std_sigma_m;
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sigma(1:3,6)=m_sigma_f;
sigma(1:3,7)=std_sigma_f;
set(handles.uitable6,'data’,abs(sigma))
YY1=cf1(1).*X+ cf1(2);
YY2=cf2(1).*X+ cf2(2);
YY3=cf3(1).*X+ cf3(2);
axes(handles.axesl);
cla;
plot(X,YYL1,-r''LineWidth',2);hold on;plot(X,YY2,'q",'LineWidth',2);
hold on;plot(X,YY3,'K','LineWidth',2);
title('Curve Fitting");
legend('F','F+df','F-df','Location’,'NorthWest' );
xlabel('Medium Conductivity (mS/m)?;
ylabel('F.R (m/s)");
grid on;
axes(handles.axes?2);

cla;

plot(X,abs(sigma(1,1:n)),"sr','LineWidth',2);

hold on;

plot(X,abs(sigma(2,1:n)),-.*g','LineWidth',2);

hold on;

plot(X,abs(sigma(3,1:n)),-+K','LineWidth',2);

title("Cells Interior Conductivity vs Medium Conductivity");
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legend('F','F+df','F-df','Location’,'NorthWest');
xlabel('Medium Conductivity (mS/m)");
ylabel('Cells Interier Conductivity (S/m)");
grid on;
ave_sigma=mean((abs(sigma(1:3,6))));
std_sigma=STD((abs(sigma(1:3,6))));
set(handles.text10,'String',ave_sigma);

set(handles.text11,'String’,std_sigma);
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APPENDIX C

JOULE HEATING ANALYSES OF THE 3D ER ELECTRODES

The simulation results for the generated joule heating and the current density

passing through the 3D electrodes are presented in this section.

The COMSOL Multiphysics is used for the thermal and electrical analyses of the
3D electrodes. For this purpose the Electrostatics, Generalized module of the
COMSOL software is used. The conductivity and the relative permittivity of the
suspension medium is assumed as 8.5 mS/m and 78, respectively. The applied
voltage to the electrodes is assumed to has a peak to peak amplitude of 5 V at
frequecy of 50 kHz. Figure C.1 shows the current density passing through the

electrodes and the medium in the devices with 3D structures.

The applied vlotages to the electrodes and resultantly the passing current through
the electrodes and the medium is resulted in the joule heating. The generated joule
heating in the ER device with 3D polynomial electrodes is shown in the Fig. C2.
The comparison between the FEM results for the current density passing through
the 2D (Figure 4.4) and 3D electrodes shows that, the current density has reduced
by more than 141% in 3D structures. It is due to increased volume of the electrodes
in the 3D structures. It is expected that the generated joule heating be reduced in
the 3D structures as well. A comparison between the simulation results for the 2D
(Fig. 4.3) and 3D stuctures shows that, the generated heating is reduced by more
than 545% in the 3D structures.
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Figure C. 1: Current density passing through the electrodes and medium in the ER

devices with 3D electrodes.
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Figure C. 2: Generated joule heating the ER devices with 3D polynomial electrodes.
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APPENDIX D

FINITE ELEMENT SIMULATIONS

In this chapter the details about the performed FEM simulations and utilized
methods and modules are presented. In this thesis, COMSOL Multiphysics (3.4 and
3.5 versions) is used for the FEM simulations. The performed simulations include
both electrostatics simulations and incompressible Navier-Stokes simulations. In
the electrostatic simulations the electrical responses of the designed systems are
studied. These responses can be the magnitude of the generated electric fields along
the different axes, the distribution of the electrical potential, generated joule heating
effects, and any other custom equations. In the Navier-Stokes simulations, the
microfluidic response of the system is studied. It can be the streamline of the
particular cells, pressure or velocity inside the microchannel, and any custom
equations. In addition to separately investigations of the electrostatics and
microfluidic forces, in the necessary case we have studied the response of the
system due to both of the forces. The further details and discussions are presented

in below sections.

D.1 DEP Devices
D.1.1 Electrical Model

FEM simulations provide a handy medium to study the electrical characteristics of
the fabricated devices. In this thesis, our focus is directed toward the generated

electric fields due to application of sinusoidal signals to the electrodes.
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The details about the expression of the electrorotation torques and dielectrophoresis
forces were presented in Sections 2, 3, and 7. In this section, we have briefly
summarized the utilized equation in the simulations, and the methods that we have
used to introduce our equation system to the COMSOL software. Firstly, the DEP
equations will be presented. Then, the expression related to the electrorotation

phenomena will be discussed.
The applied force on a dipole in an electric field is shown with Eq. D.1.
Fdipole = (p. V)E (D.1)

It should be mentioned that, in this equation the applied higher order multipolar
moments except the dipole moments is neglected. This assumption can be satisfied
in the moderate non-uniform electric fields. However, in the extreme cases, where
the cells are subjected to very strong electric field gradients or the null electric field,
the higher order multipolar moments should take into the account, and the DEP
expression should be revised accordingly.

The dipole moment on the spherical particle can be shown with below expression:
Dess = 4mFeyR3E (D. 2)

By substituting the Eq. D.2 in Eq. D.1, below expression is obtained, which shows

the effective DEP force on the spherical particles:
Fpep = 4nR3¢,,Re(F¢p) (E.V)E (D. 3)
To calculate the (E. V)E term, we will use the vector replacement rules:
V (E.E) = 2(E.V)E + 2E x (V X E) (D. 4)

For the non-rotating electric field the V X E term is equal to zero therefore, the

expression of the effective DEP force can be shown as below:

FDEP = ZﬂRgste(FCM)VlEzl (D 5)
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The same expression can be derived for the effective DEP force, using the Maxwell

stress tensor, which includes the both magnetic and electric effects on the cells.

By studying the above equation (Eg. D.5), it can be inferred that for a specific
particle with constant dielectric properties, inside a medium with stable electrical
characteristic, and under an electric field with constant frequency, the DEP force
extremely depend on the V|E?2|. This factor shows the gradient of the intensity of

the electric field.

For the DEP devices we have studied the both electrostatics and microfluidic
(hydrodynamic) forces. The electric field generated by application of AC signals is

governed with Laplace equations:

Vo =0 (D. 6)

—~

@ is the phasor presentation of the applied electric potential.

Therefore, the utilized FEM module should be capable of solving the Laplace
equation for the applied potential inside the microchannel. Moreover, following the
discussions in the previous Chapters, in our devices (ER and DEP) we are interested
in studying the electrical properties of the devices in presence of a conductive
medium. Therefore, the utilized electrical module in the COMSOL software should
include number of the electrical properties to satisfy our needs. These factors can
be presented as below:

e Electrical conductivity of the fluid passing through the device
e Electrical permittivity of the fluid passing through the device
e Electrical conductivity of the rigid structures
e Electrical permittivity of the rigid structures

e Solving Laplace equation

As discussed before, we have utilized the COMSOL 3.5 software for the FEM
analyses. In addition, due to the dimensions of the fabricated devices, which are
categorized under the MEMS devices and to apply the scaling factors, we have used
the MEMS module of this software. In the MEMS module of the COMSOL and
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under the Electrostatics subcategory there are 2 modules for electrical simulations,

and under the AC/DC module there are 2 appropriate modules for our case:

e MEMS Module
o Electrostatics, Generalized
o Conductive Media DC
e AC/DC Module
o Statics, Electric
o Shell, Conductive Media DC
o Conductive Media
o Electrostatics
o Quasi-Statics, Electric
= Electric Currents
= Transient Analyses
= Time Harmonic Analyses

= Small Signal Analyses

In addition to the 3.5 version, in the 3.4 version of the COMSOL, there was another
module, as Electrostatics, Generalized. This module was defined under the MEMS

module.

By studying the available parameters in these modules, we have decided that the
Electrostatics, Generalized module (Version 3.4) and Electric Currents, Transient
Analyses (Version 3.5) can fit to our purposes. Firstly, we are able to define all the
essential parameters in the subdomain and boundary sections. Secondly, the
equation system of the Electrostatics, Generalized module is based on solving the
Laplace equation. Both modules were examined for our devices. The obtained
results from both of the modules were in accordance with each other. The

presented results in this thesis are from the Quasi-Statics module.

D.1.1.1 Subdomain Conditions

In the Subdomain section of the COMSOL software, generally the used materials

are being defined. The designed schematic of the devices is shown in Fig. D.1.
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In our systems we are using the gold or copper electrodes. The medium inside the

microchannel is a conductive medium, with known electrical properties. The

microchannel is fabricated from parylene, which is an insulator polymer.

3D view of the designed device

Electrodes:

Copper (electroplated)

Inside the microchannel (suspension medium):
Medium conductivity: 5 uS/cm
Medium permittivity : 78 (relative)

Subdomain conditions for Cu electrodes

Subdomain Settings - Electric Currents (emqvw)
Subdomains | Groups Physics | Infinite Elements | Forces | Inik | Element | Color

Group selection Material properties and sources

(unnamed1) o Library material: |Cu v || Load..
Constitutive relation
@D=¢ggE (OD=gfE+P )D=geE+D,
Quantity Value/Expression

Description
§ ! 0 0 0
o 58.1e6[S/m]

€ 1

External current density
Electric conductivity
Relative permittivity

Subdomain conditions for the fluid inside the channel

Subdomain Settings - Electric Currents (emqvw)
Subdomains | Groups Physics | Infinite Elements | Forces | Init | Element | Color

Group selection Material properties and sources

A Library material: v Load...
(unnamed2)

Constitutive relation

@D=ggE (HD=gf+P D=¢gE+D,
Quantity Value/Expression Description
J* 0 0 0 External current density
o 0.5e-3

Electric conductivity

€ 78 Relative permittivity

Figure D. 1: Subdomain properties of the DEP devices.

D.1.1.2 Boundary Conditions

In the boundary section, we can define the electrical conditions of each side or

section of the device. Below list shows the used boundaries in our devices:

Electric potential is used for defining the applied voltages to the active electrodes.

Floating potential is used for defining the potentially floating electrodes that were

used in our devices.
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Electric insulation is used for defining the insulating parylene microchannel.
Figure D.2 shows the defined boundary conditions.

Active electrodes, positive sinusoidal signal
Boundary Settings - Electric Currents (emgvw)

Conditions Color

Boundary sources and constraints

\

Boundary condition: | Electric potential v
Quantity Value /Expression Description
Vo VO*sin(omega*t) Electric potential

Active electrodes, negative sinusoidal signal
=< yundary Settings - Electric Currents (emgvw)

Conditions Calar
Boundary sources and constraints
Boundary condition: | Electric potential w
Quantity Value /Expression Description
v

] -V0*sin{omega*t) Electric potential

Potentially floating electrodes
Boundary Settings - Electric Currents (emgvw)

Conditions Color
Boundary sources and constraints
Boundary condition: Floating patential "
Group indesx: ]
Quantity Value,/Expression Description
L

0 a Source current

Insulator microchannel structure

Boundary Settings - Electric Currents (emgwvw]

Conditions
Boundary sources and constraints

Boundary condition: | Electric insulation W

Figure D. 2: Defined electrical boundary conditions for the DEP devices.

The active electrodes were excited with differential sinusoidal signal to generate the

non-uniform electric field.

D.1.2 Microfluidic Model

The hydrodynamic forces inside the microchannel are governed by Stokes law. In
addition due to channel size, the Reynolds numbers is extremely low, therefore the

flow can be assumed as laminar flow. The Stokes equation is as below:

—VP+ pV2u =0 (D.7)
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We have chosen the incompressible Navier-Stokes module for the microfluidic
simulation. This module is categorized under the MEMS library in the COMSOL.
This module is utilized to estimate the microfluidic streamline of the biological
particles under the applied DEP force.

D.2.1 Subdomain Conditions

In the subdomain section the properties of the different sections of the device is
introduced.  This includes the intrinsic properties of the materials and the
microfluidic properties such as the dynamic viscosity and density. In the FEM
simulations we have assumed the whole microchannel structure (inside the channel
structure) as the water. The electrode structures inside the channel is defined as
copper with zero dynamic viscosity and high density (8.9E3 [kg/m®]). Figure D.3

shows the assigned subdomain conditions for the devices.

Copper electrodes

— Physics | Microfiuidic | Init | Element | Colar
g Z Fluid properties and sources/sinks

Library material: | Cu ] Load...

Quantity Value/Expression Description
P 8960[kg,/ m™ 3] Density

n 0 Crynamic viscosity
Kiy [0 Dilatational viscosity
Foo o Volume force, x dir,
F, [0 Volume Force, v dir.
F 0 Volume Force, z dir.

*hysics | Microfluidic | Init | Element | Color

Fluid properties and sources/sinks

Library material: W Load...

Quantity Value/Expression Description

p le3 Density

n 8.92e-4 Dyniamic viscosity
Ky |0 Dilatational viscosity
F, o Valume force, x dir.
F, o Volume Farce, v dir,
F 0 Volume Force, z dir.

Figure D. 3: Defined subdomain conditions for the DEP devices in the microfluidic

module.
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D.2.2 Boundary Conditions

The boundary conditions are utilized to define the hydrodynamic activity of the
designed structures. As discussed above, due to the channel dimension, velocity of
the fluid, and dynamic viscosity of the medium inside the channel, the flow inside
the channel is highly laminar. The details of the boundary conditions are presented

in Fig. D.4. We will have below boundary conditions in the devices:

o Laminar inflow, with controlled pressure in the buffer inlets.
o Laminar inflow, with controlled velocity in the cell inlet.

o Wall with no slip, for the microchannel walls.

o Outlet, pressure no viscous stress.

o Continuity, for the interior boundaries.

Boundary conditions

Boundary type: Tnlet v
Boundary condition: || aminar inflow wl e

Quantity  Value/Bxpression Description g
O Y o Average velocity Po.entr Q
O Y% o Valume per time unit :
® Poent PO+5000 Entrance pressure Bocoosoosses

Lenr 0s Entrance length L ener

Boundary conditions

Boundary type: Inlet v
Boundary condition: | Laminar inflow v
%» y Quantity  Value/Expression Description goooTeeeeeee
// ® UYg uo Average velocity g
/4 O Vo o Volume per tims unit Poener §
/z / }i; O Poenr o Entrance pressure
= Lente 0.4 Entrancelength  hemsmmemeeee
—
| C 14 ks .o ke
T T T D ETD L err

Boundary conditions

Boundary type: Tnlet v
Boundary condition: || aminar nflow v s
Quantity  Value/Expression Description
N Yy o Average velocity
N Poe Q
O Y 0 Volume per time unit
® Pgenr F0 Entrance pressure
............
Lanr 0.6 Entrance length —_—

Canstrain ouker edges ko zero
Boundary Settings - Incompressible Navier-Stokes (mmgf)
Coefficients | Colar
Boundary conditions

Boundary type: Inkerior boundar

Boundary condition: | Continuity v

oundary Settings - Incompressible Navier-Stokes (mmglf)

Coefficients | Calar
Boundary conditions
Boundary type: Outlet ©

Boundary condition:  pressure, na viscous stress v
Quantity Value,/Expression Description
Pg 0 Pressure

Figure D. 4: Microfluidic boundary settings for the DEP devices.
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D.1.3 Constants

The constants section is being used to introduce the global constant values that are
being used in the designed FEM model. These can be the amplitude or the
frequency of the applied signals, the permittivity or conductivity of a layer or a
structure, the pressure and velocity values in the inlet and outlets, and any other

values. Below figure shows the defined constants in our model (Fig. D.5).

W Constants
Mame Expression Value Descripkion

VO 7[v] 7
omega 2*pi[rad]*freq 1.00531e9
freq 16026[Hz] 1.6e8
k 0[=] 0
PO 25000[Pa] 25000
1o 0.001[m(s] 0.001
ma 3.92e-4ka/m/s] 3.92e-4
Eps_m 78%3.85e-12[F/m] 6,903e-10
pi 314 a1

Figure D. 5: Defined constant values for the electric model.

Changing the constant values, don’t immediately affect the simulation results, and it

is essential to rerun the simulation to see the effects.

D.14 Solving

In the DEP devices we are interested in studying the microfluidic behavior of the
cells due to application of the hydrodynamic and electrokinetic forces. Therefore,
simultaneous solving of the Quasi-Static and Navier-Stokes is essential. However,
due to large volume of the calculations simultaneous solving of the modules is not
practical and possible. In addition, due to applied sinusoidal signals we are
interested in studying the transient response of the system. In the microfluidic
simulations, we are interested in the studying the steady-state response of the
system to the electrical and hydrodynamic stimulus. Therefore, we are we have

used below method in the simulations:

o Simulating the designed FEM structure under the Quasi-Statics time

dependent module.
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o Storing the simulation results in the time instant that the field gradient

intensity is maximized.

o Simulating the microfluidic response of the system under the steady-state

incompressible Navier-Stokes module.

Using above method, the stream line of the cells under the DEP and hydrodynamic

forces is exerted.

In th-e post processing section, in order to study the generated electric field gradient

intensity, below equation is used.

93 93 93
<0x3 + dy?0x * 6226x> x
03 93 93
VIE?| = Pl *V?
IE7] <0y3+6x26y+6226y>y i

* a3 o
(623 Toxtaz ayzaz> g

(D.8)

However, this expression cannot be directly introduced to the COMSOL, therefore

we have used below expression, based on the COMSOL variable to study the V|E?].

VIE?| = sqrt[2*((VX*Vxx+Vy*Vyx+Vz*Vzx) 2+

(VX*Vxy+Vy*Vyy +Vz*Vzy) 2 +(Vx*Vxz+Vy*Vyz+Vz*Vzz)"2)]

(D.9)

We have shown that the microfluidic behavior of the cells are governed by below

expression, under the electrokinetic and hydrodynamic forces:

&, Re(Fry) R?
Ve = Uy + — (3,uCM) V|E?|

_ &m Re(Fey) R?
3u

DEP —

To introduce Eq. D.6 to the COMSOL below expression is used.

X component= u + ((Cpgp)*(2*(VX*VXX+Vy*Vyx+Vz*VzX) ) )
Y component= V + ((Cpgp)*(2*(VX*VXy+Vy*Vyy+Vz*Vzy) ) )
Z component= W + ((Cpgp)*(2*(VX*VXz+Vy*Vyz+Vz*Vzz) ))
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Equation D.7 shows the expression of the microfluidic velocity of the particles in
3D space. We have used this expression to study the separation efficiency of the
cell in the DEP devices.

D.2 ER Devices

In the ER device we are not using any hydrodynamic forces. The cells are loaded
into the micro-reservoirs using the micropipettes. Therefore, only electrostatic
simulations were performed. We have used the electrostatic simulation to study the
uniformity of the generated electric field. In addition, the variance in the magnitude
of the rotating electric field is studied using the FEM analyses. We have used the
3.4 version of the COMSOL Multiphysics to study the electrical characteristics of
the electrorotation devices. The Electrostatics, Generalized module were used for
the simulations. This module uses the Laplace equations for simulating the

electrical responses of the structures.

In below sections the details about the boundary and subdomain conditions of the
3" generation of the ER devices are provided. These devices were used in the
experimental cell characterizations. The same method was used in the simulations

of the 1% and 2" generations of the ER devices.

D.2.1 Subdomain Conditions

As mentioned in Section 4, six different electrode geometries were fabricated and
tested in the 3" generation of the ER devices. The ER devices with the polynomial
electrodes were chosen as the most suitable case for the ER experiments. In this
section, we will study the simulation procedure of the ER device with polynomial
electrodes. The same procedure was followed in the simulation of the other
devices. Figure D.6 shows the designed FEM structure for the polynomial
electrodes. The designed FEM structures were the replicates of the fabricated
prototypes.
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Figure D. 6: Designed FEM module of the polynomial structures.

There are four polynomial electrodes in these devices. In the subdomain section the
quadrupole electrodes were introduced as the Au and the 3D region between the
electrodes were introduced as the conductive medium with stable electrical
conductivity and permittivity. Figure D.7 shows the defined subdomain conditions
for the ER devices.

Library material: ‘Au vj Load...
Constitutive relation
@D=zE ()D=gE+P ()D=gzE+D,
Quantity Value/Expression Description
Py :0 Space charge density
* o Jo lo External current density
By o |45.6e6[5/m] | Electric conductivity
& i | Relative permittivity
Library material: | v| | Load...
Constitutive relation
@D-Enzri OD-EnE+P OD-:ﬂzﬁ+D'
Quantity Value/Expression Description
Py 0 Space charge density
3 o lo o | External current density
g 8.5¢-3 | Electric conductivity
b <, 78 Relative permittivity

Figure D. 7: Subdomain properties of the ER devices.

D.2.2 Boundary Conditions

In the boundary section the electrodes were defined as the electrical potential. The
applied boundary condition to each electrode differs from the others, due to 90°
phase shift. The boundary properties of the inter-electrode region were defined as

distributed resistance (Fig. D.7).
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Boundaries | Groups Conditions | Calar
Group selection Baoundary sources and constraints
(unnamed1) ~ Boundary condition: | pistributed resistance w
(unnameda) Quantity Value /Expression Description
(unnamed4) Ja 0 0 0 Current density
(unnameds) In o Mormal current density
a 3.5e-3 Electric conductivity
d 1085 Thickness
Vief 0 Reference patential
Dy 0 0 0 Electric displacement
hd Py 0 Surface charge density
R q 0 Conductanice to ground
Type: |Boundaries q D Mormal Flow
New Delete Vo 0 Electric potential

Figure D. 8: Defined boundary condition for the inter-electrode region.

The defined boundary condition for the inter-electrode region is based on the
conductivity of the medium. Therefore, it is expected to show variances based on

the test condition.

D.2.3 Constants

Following the discussion for the DEP devices, the constants are being used to
introduce the global values for a simulation module. For the ER devices, these

values are showing the applied voltages and frequencies to the electrodes (Fig. D.9).

Wy Constants |~ |
Mame Expression Valus Descripkion
F 50e3[Hz] 50000 A
W *pilrad]*f 3.141593e5
Vo 12.5[V] 12.5
a VO*sinw*t) ]
b VO*cos{w*t) 12.5
c -W*sin(w*e) ]
d -VOFcos(wtE) -12.5
t 0o[s] i
W

Figure D. 9: Defined constant values for the ER model.
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D.24 Solving

For solving the simulation, time-dependent simulations were performed. The
simulation time was adjusted on the applied frequency to cover two complete

cycles.

In our studies, we were interested in the effective electric field magnitude and
rotation. Therefore, we have utilized the expression of rotating electric field due to

application of sinusoidal signals in phase quadrature.

E? =E, X E, (D.12)

ef fective

To introduce this expression to the COMSOL, we have used below expression:

E? = Ex_emqv * Ey_emqv (D.13)

ef fective
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APPENDIX E

FABRICATION PROCESS FLOW

Fabrication process flow of the 1% generation ER devices is presented in Table D.1.

Table E. 1: Detailed fabrication flow of the 1* generation of the ER devices.

Fabrication process flow of thel® generation of the ER devices.

1 Silicon substrate (4 inches)

2 Dehydration at oven at 110°C for 20 min

3 PECVD oxide growth with mixed frequency for 10 min
4 Dehydration at oven at 110°C for 20 min

5 Ti sputtering as adhesion layer (~20nm) (BESTEC)

300 W T1:120s T2:70s Distance:135mm Flow:2.5sccm

6 Au sputtering layer (~400 nm) (BESTEC)

300 W T1:120s T2:400s Distance:130mm Flow:6.2sccm

7 Dehydration at oven at 95°C for 40 min
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Table E. 1 (Continued)

8 (Mask 1)

Lithography for Au & Ti etch

HDMS coating 500 rpm 10s + 4000 rpm 30s

S1813 500 rpm 10s + 4000 rpm 30s

Softbake @ 95°C for 90 s hotplate

Expose UV for 5s vacuum+hard contact

Develop in MF 319 for 45s

DI water rinse 1.5min+1.5min

Dry by N;

Inspection

Hardbake at oven @ 95°C for 20 min

Desicator for 5 min

Au etch

Descum in oxygen plasma for 2 min

Commercial Au etchant for 1.5 min

DI water rinse 3 cycles

Dry by N,

Inspection

10

Ti etch

10ml HF+10ml H,O0,+80ml DI water as Ti etchant

Ti etchant for 30s
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Table E. 1 (Continued)

11 Strip photoresist
In PRS 1000 for 30 min
DI water rinse 3 cycles
Inspection

12 Dicing

Fabrication flow of 2™ generation of the ER devices is presented in Table E.2.

Table E. 2: Detailed fabrication flow of the 2" generation of the ER devices.

Fabrication process flow of the 2" generation of the ER devices.

Glass wafer (4")

Piranha cleaning (H,SO4:H,0, (800mL:800mL))

Cleaning in Piranha for 30 min

DI water rinse 5 cycles

Dry by N,

BHF adhesion etch (NH4F:HF (7:1))

BHF etch for 2 min

DI water rinse 5 cycles

Dry by N,

Descum in oxygen plasma for 2 min

Dehydration at oven at 110°C for 20 min

Parylene coating

225




Table E. 2 (continued)

with silane

4 g for 2 um parylene thickness

6 Dehydration at oven at 95°C for 40 min
7 Ti sputtering as adhesion layer (~20nm) (BESTEC)

300 W T1:120s T2:70s Distance:135mm Flow:2.5sccm
8 Au sputtering layer (~400 nm) (BESTEC)

300 W T1:120s T2:400s Distance:130mm Flow:6.2sccm
9 Dehydration at oven at 95°C for 40 min
10 Lithography for Au & Ti etch
Mask 1 HDMS coating 500 rpm 10s + 4000 rpm 30s

S1813 500 rpm 10s + 4000 rpm 30s

Softbake @ 95°C for 90 s hotplate

Expose UV for 5s vacuum+hard contact

Develop in MF 319 for 40s

DI water rinse 1.5min+1.5min

Dry by N,

Inspection

Hardbake at oven @ 95°C for 50 min

N, Desicator for 5 min
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Table E. 2 (continued)

11 Au etch
Descum in oxygen plasma for 2 min
Commercial Au etchant for 1.5 min
DI water rinse 3 cycles
Dry by N,
Inspection
12 Ti etch
10ml HF+10ml H,O,+80ml DI water as Ti etchant
Ti etchant for 30s
13 Strip photoresist
Acetone for 40min
DI water rinse 3 cycles
Dry by N,
Inspection
14 Dehydration at oven at 95°C for 40 min
15 Lithography for Cu-electroplating
Mask 2 HDMS coating 500 rpm 10s + 1000 rpm 30s

AZ9260 500 rpm 15 s + 1000 rpm 60s

Edge bead removal
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Table E. 2 (continued)

Wait for 15min

Prebake @ 95°C for 3min at hotplate

AZ9260 500 rpm 15 s + 1000 rpm 60s

Edge bead removal

Wait for 15min

Hardbake at oven from room temperature to 95°C and 50min @ 95°C

Cooling at oven from 95°C to 70°C

Rehydration (3 pipettes of DI water in blue box, minimum 20 hours)

Expose UV for 30s vacuum-+hard contact

Develop in AZ 826MIF for 10min

DI water rinse 5min + 3min

Dry by N;

Expose UV for 30s vacuum-+hard contact

Develop in AZ 826MIF for 12min

Dry by N;

Inspection
16 Dehydration at oven at 95°C for 10 min
17 Cu electroplating
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Table E. 2 (continued)

100 mA 0.3-0.7 duty cycle 90min for 25 pum Cu thickness

18

Strip photoresist

Acetone for 60min

DI water rinse 3 cycles

Dry by N,

Inspection

O, plasma for 5min (can be increased if necessary)

Inspection

19

Dehydration at oven at 95°C for 40 min

20

Parylene coating

with silane

1 g for 0.5 um parylene thickness

21

Lithography for microchannel (double spin, double expose)

Mask 3

HDMS coating 500 rpm 10s + 1000 rpm 30s

AZ9260 500 rpm 15 s + 1000 rpm 60s

Edge bead removal

Wait for 15min

Prebake @ 95°C for 3min at hotplate

AZ9260 500 rpm 15 s + 1000 rpm 60s
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Table E. 2 (continued)

Edge bead removal

Wait for 15min

Hardbake at oven from room temperature to 95°C and 50min @ 95°C

Cooling at oven from 95°C to 70°C

Rehydration (3 pipettes of DI water in blue box, minimum 20 hours)

Expose UV for 30s vacuum-+hard contact

Develop in AZ 826MIF for 10min

DI water rinse 5min + 3min

Dry by N;

Expose UV for 30s vacuum-+hard contact

Develop in AZ 826MIF for 12min

DI water rinse 5min + 3min

Dry by N;

Inspection

22

Dehydration at oven at 95°C for 40 min

23

Parylene coating

without silane

40 g for 20 pum parylene thickness

24

Opening lithography
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Table E. 2 (continued)

Mask 4

HDMS coating 500 rpm 10s + 1000 rpm 30s

AZ9260 500 rpm 15 s + 900 rpm 60s

Edge bead removal with acetone

Wait for 15min

Prebake @ 95°C for 3min at hotplate

AZ9260 500 rpm 15 s + 1000 rpm 60s

Edge bead removal

Wait for 15min

Hardbake at oven from room temperature to 95°C and 50min @ 95°C

Cooling at oven from 95°C to 50°C

Rehydration (3 pipettes of DI water in blue box, minimum 20 hours)

Expose UV for 30s vacuum-+hard contact

Develop in AZ 826MIF for 10min

DI water rinse 5min + 3min

Dry by N»

Expose UV for 30s vacuum-+hard contact

Develop in AZ 826MIF for 12min

Dry by N,

Inspection
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Table E. 2 (continued)

25 Parylene etching with RIE
In RIE (20min+20min+20min)
Inspection

26 Dicing

27 Strip photoresist

Acetone for 2 days

Fabrication flow of the 3" generation of the ER devices and the DEP devices are

presented in Table E.3.

Table E. 3: Detailed fabrication flow of the 3" generation of the ER devices.

1% generation devices fabrication flow

1 Silicon substrate (4 inches)

2 Dehydration at oven at 110°C for 20 min

3 PECVD oxide growth with mixed frequency for 10 min

4 Dehydration at oven at 110°C for 20 min

5 Ti sputtering as adhesion layer (~20nm) (BESTEC)
300 W T1:120s T2:70s Distance:135mm Flow:2.5sccm

6 Au sputtering layer (~400 nm) (BESTEC)

300 W T1:120s T2:400s Distance:130mm Flow:6.2sccm
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Table E. 3 (continued)

7

Dehydration at oven at 95°C for 40 min

8 (Mask 1)

Lithography for Au & Ti etch

HDMS coating 500 rpm 7s + 3000 rpm 30s

AZ5214E 500 rpm 7s + 4000 rpm 30s

Softbake @ 115°C for 70 s hotplate

Expose UV for 7s vacuum+hard contact

Softbake @ 120°C for 120 s hotplate

Flood expose for 14s

Develop in MF 319 for 50s

DI water rinse 1.5min+1.5min

Dry by N»

Inspection

Hardbake at oven @ 110°C forl min

Au etch

Descum in oxygen plasma for 2 min

Commercial Au etchant for 1.5 min

DI water rinse 3 cycles

Dry by N,

Inspection
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Table E. 3 (continued)

10 Ti etch
10ml HF+10ml H,O02+80ml DI water as Ti etchant
Ti etchant for 30s
11 Strip photoresist
In PRS 1000 for 30 min
DI water rinse 3 cycles
Dry by N;
Inspection
12 Dehydration at oven at 95°C for 40 min
15 Lithography for Cu-electroplating
Mask 1 HDMS coating 500 rpm 10s + 1000 rpm 30s

AZ9260 500 rpm 15 s + 1000 rpm 60s

Edge bead removal

Wait for 15min

Prebake @ 95°C for 3min at hotplate

AZ9260 500 rpm 15 s + 1000 rpm 60s

Edge bead removal

Wait for 15min

Hardbake at oven from room temperature to 95°C and 50min @ 95°C
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Table E. 3 (continued)

Cooling at oven from 95°C to 70°C

Rehydration (3 pipettes of DI water in blue box, minimum 20 hours)

Expose UV for 30s vacuum-+hard contact

Develop in AZ 826MIF for 10min

DI water rinse 5min + 3min

Dry by N;

Expose UV for 30s vacuum-+hard contact

Develop in AZ 826MIF for 12min

Dry by N;

Inspection
16 Dehydration at oven at 95°C for 10 min
17 Cu electroplating

100 mA 0.3-0.7 duty cycle 90min for 25 um Cu thickness
18 Strip photoresist

Acetone for 60min

DI water rinse 3 cycles

Dry by N,

Inspection

O, plasma for 5min (can be increased if necessary)
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Table E. 3 (continued)

Inspection

19

Dehydration at oven at 95°C for 40 min

20

Electroless Au deposition

21

Photoresist

HDMS coating 500 rpm 10s + 1000 rpm 30s

AZ9260 500 rpm 15 s + 1000 rpm 60s

Edge bead removal

Wait for 15min

Prebake @ 95°C for 3min at hotplate

Hardbake at oven from room temperature to 95°C and 20 min @ 95°C

Cooling at oven from 95°C to 70°C

22

Dicing

23

Strip photoresist

Acetone for 1 days
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