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ABSTRACT

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

Bahrieh Garsha
M. Sc., Department of Electrical aidiectronics Engineering
Supervisor: Assoc. Prof. Dr. Haluk Kiilah

August2014, 236 pages

With recent advances in microfabrication technologies different methodologies are
employed to study the dielectric properties of the biologigatems Thesanclude
electrorotation (ER), dielectrophoresis, microelectrical impedance spectroscopy
and impedance flow cytometryAmong them, ER is utilized as a high accuracy
approach in determining the membrane and interielediric 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 @eattproperties 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 oflsce 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 stydf the feasibility of dielectric characterization of

cells using ER techniqueFirst analyses were carried out using yeast cells and
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imatinib resistant human leukemia cells (K862A). 3D FEM analyses and
experimental results showed that the use ofj@Bnar) 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-@5.im), the variation of

the rotational torque (ROT) is significant along the-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 electrodesrefidre, 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 susthiyaifithe ROTFT

along the zaxis, 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 theoeéésctrops
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 pfoblems 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 entrancelwé ctells into the electrode area difficult. In addition,

due the complexity of the fabrication process and limited number of ER chips on

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

The third generation of the ERevices, 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 dédfe 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
Vi



were carried out. For this purpose, 3D rotational torqukediective 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 gewderatational
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 ofl00 kHz. Subsequent to determination of
peak rotation frequencies in all media, an automated MATLAB program was used
to calculate the diectric 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 throughd3eg

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 J#btentially 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 implentea 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 K58RIA cells showeda successful separation of the

cell under both fDEP and pDEP 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 cdl populatiors, 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 pM) resistant courgerpart
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and MCF7 and its 1 uM doxorubicin resistant derivation were characterized. As an
application for exacted 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 E&Ra 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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Oz

¢OKLU KLA¢ DKRBECKKTKRKMKK KANSER H! CRELE
DKELEKTRKK ¥ZELLKKLERKNKN ELEKTROROTASYC
BELKRLENMESK

Bahrieh, Garsha
Y¢é¢ksek Lisans, El ektri k El ektronik
Danékman: Do - . Dr . Hal uk K¢l ah

Aj ust os36sagf® 14, 2

Son vy énhikrofabridaaypn teknolojilerindeki ilerlemelerle birlikte, biyolojik

par-acékl ar én di el ektrik °zelli klerinin
tekni kler geliktiril mikti r(ER), diekktrafbrezr dan |
(DEP), mikroelektik impedans spektrofotometrisie | mpedans akeék s
ol ar ak séral anabilir. Bu tekni kl er ar

sitopl azmik di el ektrik ° z el | hakshsegeatté n t el

belirlenmesinde etkin bir yontem olarak kulh € | ma kt ad ér .

Kanser h¢egcecreleri kanser tedavi si sérase
kemoterapatik il a-1ara kar Kk é diren- k a z
h¢crelerin fiziksel ve el ektrikpseadi °zell
h¢creyi diren-siz olandan ayérmak adéna
Bu -al e-Boopdial u3el ektrot yapéséna sahip |
biyol oj ik h¢gcrelerin di el ektrik °czell
arakter el méxkgérra, eB udneu ne dyialneén di el ekt ri k
tekniji i1le ayréktéreélmasénda kull anél mé

ER teknijinin dielektrik karakterizasyo
birinci nesi | ER -1 pl eboyutlu dizlemsdal pamia n ize
el ektrotlardan ol ukmuxktur . Anal izl er i
direncli insan I6semi hiuicrelerinde (K562MA) ger - e k |-myutluiFEM | mi kK t |

anal izl eri vV e deneysel sonu-1|ar, 2 boy
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hat alyaaléna-téj] éneé gestermi ktir. 2 boyutl u

yeéeksekl i (~300 nm) -25 gno rgére dok;, gapak &z¢ ] ¢ n e (
ol dujundan, d-ekkeai)y rotasyors lkeunvdtie (RGT)zciddi dlcide

dej i kmektedir. Bualuek tyramtél asrédaa, a Ké nb oyyaujt u nul
ol masé nedeniyle ciddi bir t er mal ésénma ¢
ol mase -°zelti secakl éjéneée arttérmakta, dol a

deji kKim g°stermektedirenli ER tké&nidjoij,rudanmel
ol dujundan, t er mal ésénma ER sonu-1laréeneée ¢
yandan, 3 boyutlu elektrotlar ROT 6 n tertk sz n i boyunca sabit kal ma

el ektrik alan sa-akl anmal ar énéém ehnigcerlel e-yaepod | 1

czerinde homojen et ki et mesi ni sajl amakt adeée
nedeni yl e, 3 boyutlu elektrotlarda birim al
t er mal ésénmanén b¢y¢k oranda °n¢gne ge-il me
Ol -¢m s¢éresi boyunca sabit kal maktader.

KKi nci nesi |, 3 boyutlu piramit el ektrot y a
yapél aréndaki probl eml er. -%zmek i-in tasar/l
Ancak, bu -1ipl erinprtoebsltelnelreir | :2& rkaasréknéd aa kK-éd KM étk
cam taban kullanéel déejé i-in h¢gcrelerin do°ngt
zorl akmékter . Ayr éca, rezervuar ke¢-¢kl ¢ ¢,

takém probl emler test.|Rurcglerin gr&iki@mde&!| ar a yol
S

ma s k e I - er mesi v e g°rece kompl eks ol maseé
kull anél mamexkt ér .

- ¢ncy nesi | ER =-ipleri 2 . nesi | -iplerde
tasarl anmék ve Si taban ¢zer i nfyrtéecka,maeslkesk tkri
yapéséneén ER sonu-laréna etkisini i ncel emel
tasarl anmék ve ¢retilmicktir. Farklée elektr
neg meri k vV e deneysel ol ar ak ar awiselr el ép kar
kuvvetin ve elektrik alan dajél éménén n¢gmer
anal izl eri il e ve deneysel ol arak incelenm
yapéséna sahip 3 boyutlu ER -iplerinin d°ng;¢
a- @dsaaégan en iyl sonucu verdiijJi gzl enmi ktir.
kull anélarak 9 farkleé& h¢gcrenin (K562 | °semi
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nmM imatinib) ile MCF7 meme kanseri hiicresi ve direngli tipleri (0.1, 0.3,n®5
doxorubicin))di el ektri k karakterizasyonu ger-celk
d°ng¢sel el ektrik alan kuvvet. al-8éndaki

mS/m) ¢ozelti igcinde, . 00 kHz frekans aral éjénda ta

icindeki en yiksek ot asyon frekanséneéen belirl enme
dielektrik ©°zellikleri, geliktirilen MAT
hesapl anméxkt eéer . Sonu-1ar, hassas vV e C
°©zelli klerinin cieddiunwekihlsde ed ejrii K tDEPI n i
ayréktérmada kull anél abilecejini g°sterm
Bu -al ékmada ayr eéca, el de edilen sonu-1I &
kanser h¢crelerinin beyaz kan h¢creler
DEP - i pi tasarl anmék ve ¢retilmiktir. B
duvarl aréna yerlexktirilen 508i aktif ve 1

¢i pin tasarémé ve ayréktér ma p-boyutllor mans
COMSOL benzetimleri ger-eklexktirilmicktir.
dejerlerinin optimizasyonu i-in FEM an
benzetimler, tasarlanan DEP c¢ipinin kanser hucrelerinin kan hicrelerinden %100

veri ml eahkiylrexdijéeirreil g°ster mekt edi-IMA Yapé

hicrelerinin  uygulanan -DEP veya gD E P kuvvetl erinden et k

kanall ara y°nlendirilebildif]i g%zIl enmi kKt
Sonu- ol ar ak, bu -al ékmada sekikzédenes$ialkl
ER -ipi tasarl anméek ve ¢retilmiktir. E |
benzeti mler. vV e deneysel analizl er ger
yapélarénen d°ng¢sel kuvvetin homojenli]j
verdizjlienm? ktir. Polinomi k elektrot yapeé

direncli K562 I6semi hucreleri ile hassas ve direngli MCF7 meme kanseri

h¢crelerinin dielektrik karakterizasyonu

Ozelliklerinbiruyg¢u | amasé ol ar ak, ©zgén bir el ekt
-ipi tasarl anmék ve ¢retilmixktir. El de
h¢crelerinin DEP metodu ile birbirinden

biyolojik htcreler icin, ga | ¢ v e hassas bir di el ektri

ol dujunu g°stermektedir.
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Anahtar Kelimeler: Elektrorotasyonhicrekarakterizasyonudielektrofaez
(DEF), 3 boyutlu elektrot, -oklwu ila- direnc
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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 MicroEletroMechanical 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 ME technology in biological sciences a
new field has born under the title of BIOMEMS (Fig. 1.1).

Figure 1.1: Showing the dingsionBioMEMS field into the labonraac hi p and & T AS
(Figure from Wikipedia/BioMEMS)



This field hasborrowed 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 bacteWdth advances in BioMEMS field,

new fields were born like miortotal analysis systems (UTAS) and -latechips
(LOC), which have extended use of BIOMEMS field to the specific areas of
biology. With recent advances in the microfluidics, BIOMEMS has enabled fast
prototyping of the medical devices with higher accurang 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 envitonmen
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).
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Figure 1.2: Growing market place @ioMEMS device 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 paf 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 usstlidying the relation between

the diseases and variations in mechanical and electrical properties of the cells. It
was known that there are many complex fbadk mechanism within the cells that
help them adapt themselves to the changes in their ekema@monment or any
excitation. These feeblack 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 fautpdf 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, andatiete of the cells possible

based on their electrical signals.

First attempts to measure the dielectri
However, the most practical study of cells dielectric properties starts with the
modeling of the biological cells using a singleh e | | cel | model I n 1
Coulter counters in 195@.3]. 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),
dielectrophoresis[5,6,14 16], microelectrical impedance spectroscopy-Hi$)

[7,8], and impedance flow cytometry (IF(9i 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 ifabrication 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 differencestheir 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 (NKZ), 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 seption 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 pe;d®R 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
gererally 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 itMDR 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 leuko®a 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 technidections

1.1 through 1.3 introduce the dielectric characterization methods, including the
impedance flow cytometry (IFC), microelectrical impedance spectromet&iu

and dielectrophoresis. Advantages and the feasibility of each method are discusse
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 characterizath 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 intensivelyeimg 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 methothhe conventional Coulter counter devices
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are able to identify the cellsabed 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 measuremmatising 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 namvasive, labefree 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 eledtical 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 frequenagependency 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]alFigure 13

shows the electrical response of a camtional 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 cetivben the electrodeld8i 20]. As

shown in this model, in the lefvequency band, the measured electrical signal is
significantly dominated by the doublayer formation in the vicinity of the
electrodes. Thealiblelayer 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 ofIM6 MHz. The

same effect is seen for thesistive 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 interfg signals from the conductive

medium, use of two pairs of electrodes is a commonly implemented configuration.
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The first pair of the electrodes senses the current changes due to the presence of a
cell between the electrodes, while the second pair otliwtrodes 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 modet].

Same bottom electrode configuration was used in studies of Benazzjlé]alln
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 ystem was used in characterization and detection of three algae

groups [sochrysis galbangRhodosorusn., Synechococcusp.).
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Figure 1.4: (A) Schematic diagram of the device showing the esession of the
IFC systemtogether 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 ¢28].

Use d optical system with three operational wavelengths makes discrimination of
each algae group possible. Although, it was shown that this 4sgcrsor has a
comparable accuracy compared to commercial flow cytometers; the identification

range of the devicesilimited to particle above 2 um.

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

in the IFC system§20,22] Cheunget 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 signalgdahe phase information were
used for cell discrimination [18]. The proposed device with a high frequency band
amplification circuit with multifrequency quadrature modulation in the frequency
range of 350 kHZ' 20 MHz is capable of discriminating 1000llsisec. 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 sanoelelectr
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 confocadptical 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 electj@3¢s

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 midatrication processes. Another method in the IFCs

is use of optical measurements as a complementary approach. IFCs with
fluorescent measuring apparatus ide 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 opticaleystis 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 simultamaeasurement

of electrical and optical propertie§the cell§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 purposeAnother issue in IFC systems is electrode
polarization, whth 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 Kittel €%land Demierre et al.

[26]. They have characterized and used liquid electrodes in DEP and IFC
microchips. Kuttel et al. had implemented liquid lateral electrodesrfpedance
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
configuraton is shown to eliminate the polarization problem in conventional IFC
chips. Another approach in dealing with the electrode polarization is use -of non
polarizable electrodeZheng et alhave introduced a new approach for determining

t he <cel | séand cytopltabmicaeteetric properties, using +patarizable
electroded27]. In this methodcells 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 of400 kHz by Ag/AgCl electrodes (nen
polarizable electrodes). The current variance caused by the presence of a cell in the
microchannel was measured using a pair of Ag/AgCI electrodes, inserted from the
inlet and outlets. To reveal the dielectric properti 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 discriminatioppgse, 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 discimination 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 impved 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 charaerization 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 iincreasing 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 microides.
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Figure 1.7: Microfluidic system for measurement of dielectric properties of the cell
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measured impedance signal at 7 different frequefizids

1.2 Microelectrical Impedance Spectroscopy (tEIS)

Microelectrical impedance spectroscopyHE|B) is a single cell analysis method, in
which the frequency dependent impedance of the cells is measured. Frequency

dependent impedance analyses provide msitp the biophysical compounds of the
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cell membrane and interior. In addition;HiS has found significance in the
cytosensers or cellased biosensors, which utilize the biological cells as sensing
element, revealing any internal or external excit&i@8i 33]. For this aim, the
frequency of the applied electrical signals to the immobilized cellsdegtha 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 frequignsy
obvious that there are many similarities between tHEISs and IFCs. An
important difference discriminating these methods is the necessity of an
immobilization mechanism in the-HIS. For studying the frequency response of a
cell, impedance sp#roscopy 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 rasurement area are surveyed in the below

section.

For immobilization purpose, different methodologies are utilized including
hydrodynamic trapping7], n-DEP [34], negative pressure trappiri85], micro-
holes[36], and micrepillars [37]. In the below section feasibility of each method

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

Jang et al. has used SJmicrostructures (micrpillars) inside a microfluidic
channel to trp single cell§37]. The schematic of the fabricated chip is shown in
Fig. 1.8.

I'he captured single cell Working clectmde
HHE B — Au electrode
T'he cell:
' Dimension: 10-15 um Electrode gap: 8 pm
Flow v \ /
- Flow
. gy § - O 'EJ[:.I
I ‘\ Fillar microstructures /
— ]
Pillar gap: 10 pm
’ l Working electrode —

Figure 1.8: A Y-EIS system with micrgillars to capture single cells. (A) 3D

presentation of the cell capturing procedure. (B) Top view of the d8ite
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Introduced flow from the inlets, drive the cells toward mipiitar side, where a

pair of measuring electrodes is placed in the lateral side of the-pillens. This
system is utilized in the impedance analyses of the Hela cells in thieelguency

band of 2100 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 mesarring electrode (containing trapped cell). In addition, it was
used in the study of effects of medium conductivity in recorded impedance of the

cells.

=2 objective
connected

reference master
electrode (bl electrode
¢ TR O L

master reference
electrode electrode

Figure 1.9: A u-EIS device, with hydrodynamic cell trapping system. TAg
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 & 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 [33].
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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/ HO MHz. Their fabricated device on

a glass substrate with PDMS capping consist of two flow channels with 8 pair of the
electrodes v each channdFig. 1.1Q. Generated negative pressure (suction) was

used to immobilize the cell between the measuring electrodes.

Celltrapping sites
- Impedance measurement

Cellflow R
channels y

Figure 1.10: Schematic view of the-gIS device, with four impedance analysis
sides. Theloseup view shows a trapped cell inside the microchannel due to

application of negative pressure (sucti{89].

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 e{24]. They usedhe alternating current
electrothermal (ACET) effect combined with negative dielectrophoresiBE)

for trapping the cells inside the electrode miwrels (Fig. 1.1). ACET isa
phenomenon, which is used in the transport of a medium with high conductivity
under a noxuniform electric field. The motion of the medium is due to the

produced resistive heating in the electrode area. Transported particles in the

14



medium are trappenhside the ADEP area. This method was applied to the Hela

cells, for impedance measurements in the frequency rangé&Qfi kHz.

7700

770um

B Mecasurement electrode

Figure 1.11: Schematic view of the impedance spectrometry device, with electrode
micro-well. Cell driven by the medium flow is trapped at the mieedl area, due
to nDEP force[34].

The 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 de# 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-HIS systems, positioning of the celietween 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 métods such as-BEP, 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 tHREP force, results in changes in
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electrical propertiesf 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 nonuniform electric field. The motion dhe particles is a result of interaction of

the induced dipole with the namiform 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 separatimincirculating tumor cells (CTCs). Since

the development of the DEP theory by Pohl (1951, 1958, and 196132] to
describe the DEP force applied on the particles in aumifiorm electric field, there

have been an extensive literature produced on the DEP theory. In the first decade of
the 2f' century more than 2000 publications have been published on the theory,
status of developed technology, and applications of DEP (Fig. [43R) With
matured literature and technology, now most of the effort is directed to applications
of DEP in biosensors andDCs. About 75% of 300 articles, published every year,
are now focused on particle separation applications of the DEP (Fig. IND8y,

most of the effort is directed to the medical applications of the DEP, and production

of commercialized devices for jpd of care applications.

400 - mmm e e

200 +
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Year 2000 - 2010

Figure 1.12: Number of publications on DEP in th& decade of 2% century[43].

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



nanoparticleg44i 47]. Beside, DEP has further potential lbe 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 fittirig&Re
collection rate of the cells to the single or double shell cell mMd&ébO0], the slope

and the intercept method for determining the cell membrane dielgctperties
[6,511 53], levitation and mobility analysigs4,55], and DEP crossover frequency
analysig51,56,57]
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Figure 1.13: Categorized DEP publications on three subjects of theory,

technology, and applications, since 1993].

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 purpgoseollection rates of the cells in different frequencies
are investigated, which enables depicting the DEP spectrum of the cells over a
specific frequency bandDuncan et al. have used the DEP collection method to
study the transfer rate of different ioimsdrug 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-siredlenodel. It

has ber 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 cellgl9]. For this purpose, collection rates of cells inegérency

range of 10 kHz to 3 MHZ are fitted to the singleell model. Labeed et al. has
studied the influence of the MDR modulators on reversal of MDR mechanism using
the DEP spectrum methd80]. 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 ofd2%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 blls, 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 dotditell cell model. This method is able to
determne the dielectric properties of the cell nucleus. Implementation of double
shell model is presented in studies of Haung e{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 thdateral 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 stuuly 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 thelymphocytes, B
lymphocytes, monocytes, and granulocytes have distinanbrane dielectric
properties. This could be utilized in separation and discrimination of leukocytes
using labelfree 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
capaciance 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 slopand 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 fittedihe, respectively.
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Figure 1.14: DEP device for dielectric charterization of the leukocytegA)
Photograph of the device with microfluidic resergpind electrical connections.

(B) Castellated electrode arrays @mterminaibn of crossover frequenc{C)
Device under operation. Arrows and circles slemsinophis and erythrocytes,

respectivel\{57].

Broche et al presented the dielectric characterization of oral squamous cell
carcinoma (OSCC) (H357) and human HP& transformed keratinocyte cell line
(UP33), using the DEP crossover frequency me{b6fi The DEP collection data
and DEP crossover frequencies of the cells were measutiee frequency range of
1 kHz1 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 intd6pr This
method is highly sensitive to any motion induced on the cells other than the DEP
motion. Therefore, during the measurements all ogixéznal 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 inetiDEP 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. [ty 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 nildlg [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
polystyrenecarboxylate micrébeads 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 FEManalyses 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 automa&zhe 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 conductivi§9]. 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 properti¢iseotells 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 EP Btudies 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 dowsblell 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 frguencies 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 adothis 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 hydroayncs, which can lead to lateral

movements of the cells.

1.4 Electrorotation

Electrorotation is a nemvasive dielectric characterization method, which is used

t o study t he cell sé dielectric propert
electrokinetics phemoena. 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 articles 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 applicah of signals with equal amplitudes with 360°n phase
shifted apart to n electrod§80,61] Electrodes are arrayed symmetrically around
the measurement area. In the literatese¢ensively quadrupole electrodes with 90°
phase shifts are used for the characterization. Different electrode geometries
including circular (pin)3], pyramidal[53], and polynomia[1,4,52] structures are

used for generating the rotating etectield (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 thdirection of induced momemire 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 atational torque (ROTT) on the particle$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
constant magnitude is desirable over the measurement area. Enhancements in the
uniformity of the EEF on the-y plane is reported by investigation of the EEF
distribution and numerical optimizations of the electrode strucf6@$7]. 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 $6race
However, in practical ER measurement, cells are repelled from the device surface
because of (i) levitations forces inside the suspending medium and (iiy non
uniformities of the EEF along the-direction (in planar structures due to the
fringing electric field effect). This leads to manipulation of the particles by DEP
forces (along the-axis) Nonuniformity 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). Prmus attempts to extract the experimental RDT

map on the ER devices are limited to the polynonjgd] and circular[68]
electrodes, with both have planar structures. Hughes and ¢66l].has studied
rotation of 203 elliptical latex beads (3 um x 5 um) ondkeices with polynomial
planar electrodes to extract the ROTmap. 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 surfdteivum
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 frequendgpendent, 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 iamter 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 (), effective membrane conductance ujG and intraellular

c o nd u c t),avthet single(céll level. ER have been successfully used in the
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dielectric characterization of biological cells, including erythrocy{8%9],
leukocytes[70i 74], fibroblasts[75], variety of cancer cellf76i 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 interelectrode region of the polynomial electrodes. (C) Extracted rotation

rate map. Averagg and smoothing method is applied to the measurement data
[66].

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

based on the peak rotation frequencies.

1.4.1 Fitting the experimental ER spectrun 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 ofthe cells is fitted to the singl80] or double shell moddB1] of the

biologic cells.

Becker et al. demonstrated dielectric characterization of m@tafiuman breast
cancer cell lines (MDA231)1]. They have used a quadrupole polynomial
electrode array with 400 um tjp distance for the ER experiments. The ER

response of the cells was measured in the frequency range of 101KlzMHz 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 fham t
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 nietd.

—+270Phase Cell -
5
—+180°Phase, o %
Sine | E E
Generator /\ S
=
—1+90°Phase _>—T S
-1.50
10% 104 103 10¢ 107 10% 10°
> Frequency (Hz)

(A) (B)

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
(6)l,ymMmphocytes (0), and erythrocytes ( a&)

mS/m. Each data pdirs an average of four measuremdtis

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 singdbell 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 suggestedf threeshell 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 theddectvas

about 0.2 mm.

Use of the double shell cell model is presented in studies of Griffith €144l.

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

large nucleus in effective cell pernnity.

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 meth®ds a
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 PeakRotation 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 propsrof 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 §6]. They have modified the theory for
extracting the cell dielectric propertigsom 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 interioeléctric properties based on
conductivity of the medium and the limitations on the measured peakorot
frequency was presentedn 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 8.0 pum, in the media with conductivities ranging from 2 to 16 pS/cm.
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They have studiedhe rotational response of the particles in the frequency range 30
T 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 etecfield. 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 moam tthree 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 inteofepe obtained line

is used to calculate the <cellsdo effecti
This method has been utilized to characterize the membrane and interior dielectric
properties of various cells in the literatyisdi 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 e®MHL
cells activated by nanopw&les. They have studied the effect of nanoparticle

uptake on dielectric properties of H0 cells.

This method provides a more accurate and reproducible results than previous ER
methods. However, dealing with complex equations to extract the mdezlectric
properties of the cells, can lwenfusing. 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 parentéibagofa

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 théeory[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 tenhance 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 hea, 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 siz¢88i 91].

De Gasperis et al. has developed a video prowgssgorithm with reatime vision
algorithm for the automated analyses of the cell motion and roti@8Rjn 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 ordeirtcrease the accuracy of the
system, laser tweezers were used tfapping and immobilization of the cells.
Figure 1.19 shows the experimental setup for automated ER measure@eatsf

the challenging issues in ER tests is the immobilization of cells in their position
while a rotating electric field is applied. Besa of noruniformities 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 measurememtsorder to stabilize the amplitude

of the rotational torque. This increases the reliability of the collected data and
eliminates the influence of namiformities of the electric field on the cells
rotation. Different methodologies are suggested ankldped for immobilizing

cells including use of laser tweez¢r8,92 96] and DERcageq93,96,97]
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Figure 1.19: Diagram of an xperimental setup for automated ER measurements
[88].

Among these methods DEfages 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 costffective. In addition, due to installed external apparatus, it
reduces the flexibilities of the ER systems. The most recent utilization ofcBgd

is presented in studies of Han et[@D]. They have used simultaneou®&P with

ER to perform the characterization. Figure 1.20 presents the schematic of the ER
device, with eight 3D electrode3hey have used the proposed device in successful
charaterization 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-@E® forces, it can alter the

ER specta 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 dis 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(a ,t +180°)+Bsin(w ,t +270°)

Figure 1.20: The schematic of thER devices, with eight electrodes. The DEP
electrodes are utilized to trap the cells in the center of the device, UBIBE§ n
force. Applied sinusoidal signal in phase quadrate through the ER electrodes is

used to induce the rotational torque on the ¢é0$.

Table 1.1: Literature survey of utilized methods in characterization of biologic

particles.

Method Studied Cell Testcondition SubMethod Ref.
HeLa cell 1-100 kHz Micro-pillars [37]
Hela cells 300kHz Hydrodynamic [38]

Metastatic neck and head .
H-EIS 40-10 MHz Negativepressure | [35]

cancer
Hela 1-100kHz (ACET) and (RDEP) | [34]
L929 cell 1 Hz- 1MHz Insulator well [36]
Human erythrocytes and 100 kHz- 15
pu-CPC [12]
IFC latex beads @B um) MHZ
Polystyrene beads and RB{ 350 kHz 20 MHz - [9]
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Table 1.1 (continued)

T-lymphocytes, monocytes

) 0.5-30MHz FAC [11]
and neutrophils
IEC g-RBC, pRBC, and tRBC | 10 kHz to 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
Polystyrenecarboxylate -
_ - DEP mobility [54]
micro beads
Oral squamous cell
carcinoma (OSCC) (H357
DEP crossover and
and human HP\1.6 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
307 1000 kHz,
Latex beads - [99]
2-16 uS/cm
10 kHzi 100 )
MDA231 Single shell model | [83]
MHz
Neurospora slime and the| 1 kHz-10 MHz, | Single and three she (82]
Myeloma Tib9 cell line 3.6-35.5 mS/m model
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Table 1.1 (continued)

Human neutrophils upon

activation with phorbol 1 Hz-20 MHz Double shell model | [74]
myristate acetate (PMA)
ER
10 kHz- 10 MHz,
Insulin secreting cells 11.5-101.4 slope and intercept| [5]
mS/m

1.5 Research Objectives and Thesis Organization

This thesis presents the design, fabrication, characterization, and implemeuottation
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 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:

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

Development of the test procedure and designing the test setup.

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

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

1 3D electrostatic analyses (COMSOL) of distributiontloé electric field
on the ER devices with 3D electrodes, followed with optimizations on the

electrode geometries and other effective parameters.
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1 Design and fabrication of the”d2generation of ER devices with 3D
pyramidal electrodes. The fabrication of these devices was accomplished
using four masks.

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

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

1 Test and experimental study of performance of the 3D ER electrodes.
Design and fabrication of the%3generation of the ER devices with six
different electrode geometries (3D electrodes).

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

1 Improvements in the utilized egtion 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.

1 Development of an automated MATLAB algorithm falaulation of the
dielectric properties of the cells using the obtained results from the ER
experiments.

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

0 K562 human leukemia cells
o Imatinib resistantk562 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:

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

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

71 Initial tests with the DEP devices and successful separation of K562/IMA
and K562/DOX under{DEP and FDEP.

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 studiedising 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 celtifferent 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 mteri

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 (t generation) and the 3D electrode$?(@nd 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 presentsetdielectric 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 (MDRpunterparts, including the imatinib resistant
(K562/IMA-0.2, 0.3, 0.5 uM) and doxorubicin resistant cells (K562/D@QX, 0.3,

and 0.5 uM). In addition, the dielectric properties of the human breast cancer cells
(MCF7) and its doxorubicin resistant (MCFTX-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 (MPRounterparts 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 insidan 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
+qg andi q charges in the cell membrane or interior lay&ig.(2.7).

Under a noruniform distribution of the electric field, two charges will experience

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

assumption,;Q © 1t then the weklknown expression for the dipole force is

obtained:

O ‘o (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 fronEq. 1that the dipole force is exerted on the particle only if
the externafield has a nouniform distribution {O ). 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 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 ahomogenous particle of radiuR with the permittivity and the
conductivity of - and, , respectively. The particle is immersed in a liquid
medium with the permittivity, conductivity, and the dynamic viscosity af, ,
and d, r e shp external eleetiicyiel® o , is introduced as:

06 O ANNOGO OEb® (2)
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where, @ and® are the unit vectors along the x and y axis, the particle presents a
circular rotating behavior. We could rewrite tl®. 2 based on thehasor

expression as below:
06 O & @ (3)

The generated electrostatic potengal due to the presence of the dipole with

the effective moment af  inside the medium, is described[460]:

n AT-©O 4
B T Y 4)

'l' -

where,R and—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:
n ™ 0Y O (5)

K is the ClausiudMossotti factor Fcyv) and represents the polarizability of the
particle compared to the suspension medium. In other wbBegsdescribes 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. Hag can be calculated using

below expression for the spherical lossless dielectric particles:

© (6)

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 relaxatiorphenomena correlated with the frequency of the electric field, which
determine the behavior of the biological particlesTherefore, the effective
conductivity and permittivity of the biological particles depend on the frequency of
the applied AC electriield. For these particles, the dipole moment changes to the

complex effective dipole moment, therefore the ClauMossotti factor becomes a

39



function of the complex permittivities of the particle and the medium. Hence, the
general form of the ClausitMossotti factor should be employed to interpret the
behavior of the dielectric particles with ohmic or dielectric loss in an AC electric
field (Eq. 7).

I e (7)

where, -° and-°  are the complex permittivity of the particle and the medium,
respectively. It is important to note thEt}. 7 changes to the general expression of
behavior of a dielectric particle by substituting the expressions of complex

permittivity of the particleand the cells, which are shown as below:
T e (8a)
1

S & (8b)

Equations 8a and 8b reveal the dependence of the dielectric properties of the cell on
the frequency of the electric fiel[d . 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 sijimtion 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:

. e Qt p
o 8=
—| ” cu ,EZ'T p (9)
where,
+ -~ (10a)
n c ”
t ———8 (10D)
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In the above equatiort; is the characteristic relaxation time constant and is a
simple explanation of the MaxwalVagner interfacial polarization theory, ahdis

the charge relaxation time constant. Low or high frequency behavior of the cells
under application of an AC elext field with angular frequency of can be studied

atl © mor] © Hp respectively.

In the low frequency or DC limit approximations, the conductivities of the particle
and the medium are the determinant elements of the Clausissotti factor.
However,in the high frequency range, the permittivities of the particle and the
medium have the dominant role on the Clausiassotti factor.

I ED 7 (11a)

Io ETO 7 — - (1lb)

2.3 Electrorotation

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

be expressed using bel@aguation:

Yo 7§ o0 0o (12)
The above equation consists two sections, a-twegaged term with a constant
magnitude and a timearying term with a frequency equal to the twice of the
frequency of the applied electric field. Jones et al.dtated that, for the particles
with sizes in the range of-1000 um, the motions induced by the tiverying
component of the electric field is extremely damped by the viscosity of the medium
[60,100] Therefore, only the timaveraged 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:

Yo “- Y040 1 © (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 ClatMussotti factor. A
more general case is to consider a homogenous dielectric particle with ohmic loss
rotatingin 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:

_ o- YO p |

m i)
pPc - p "o P

In the above equation; andt 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 steadystate 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 uselich is:
"y Y Y m (15)

where, m is the angular velocity of the particle. By imposing the equilibrium
condition of 'Y "Y 1, the generally used expression for the rotation speed of
the cell under ER phenomena can be obtained asbelo

- 060 ©

m Y (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:

8 a7

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

consist a set of positive and negative rotation peaks. The ER spectrums of the
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protoplast cells generally csist 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 functionahits 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 lay@mncluding cell membrane,
cytoplasm, nucleus and many other-sgliular structuregFig. 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 circ{iig. 2.3).

. rough
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reticulum
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plasma
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cytoplasm
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lysosome

nucleus

Y . nucleolus
. chromatin
S, nuclear pore
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free ribosome

centriole

Figure 2.2: Interior structures of a single cell.

(Figure from www.slideshare.net)

A more general approach is the use of rmhiell model of the cellgL01]. 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 singleshell cell model, the cell is modeled as a cell interior, consisting of
cytoplasm and nucleus, and a resistive cell menabordor a cell with radiuR and
membrane thickness @f the equivalent complex permittivity of the cell is

described by below expression:

’ , 'YI'Y(] -Z -Z T-Z -Z
P s S

'YT-Y <.| _z _z 7-_2 C'Z

(18)

where,-* 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, therefolfthg term can be
replaced with radius of the cell with a high dosg of confidence in the above
equation. For studying the frequency response of a cell, which is modeled using the
singleshell model and exposed to an AC electric field, the expression of the
effective complex permittivity of the cell is replaced witle tomplex permittivity

of the cell inEq. 7.

In addition to single shell modeling, double or triple shell modeling are possible
(Fig. 2.4. For this purpose, thEg. 18 should be consecutively applied to the
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internal layers of a cell aiming to obtain tbguivalent 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 purpptheEQq.18 should be applied to the

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

be followed:
1. -* O -*agnd-“0 -° C 1 effective
2. -* 0 .*gnd-“o -° C 2 effective

Above method can bapplied for extracting the higher order shell models of the

particles.

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

modeling will be presentefdr the neutrophil.

A B

=

4

Figure 2.4. Multilayer shell approach for determining the effective permittivity of
the doubleshell model. (A) A cell with 3 layers. (B) Determination of effective
permittivity of the layers 1 and ZC) Determination of effecte permittivity of the
layers leffective 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 belNe a
segmented nucleus which is divided into several p&its €. 5). Because of the
large nucleus size, use of singleell model can lead to misinterpretation of
dielectric properties of the cell. Therefore, the dobiell 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 3.174].

Table 2.1: Dielectric properties of neutrophils.

cell radius gm) 6
cell membrane thickness (nm) 8
nucleus radiusym) 3.5
nuclear membrane thickness (nm) 20
medium conductivity (mS/cm) 0.4
medium permittivity 79
cell membrane conductivity (mS/cm) 10e11
cell membrane permittivity 6.2]
cytoplasm conductivity (mS/cm) 3
cytoplasm permittivity 607
nucleoplasm conductivity (mS/cm) 13.5
nucleoplasm permittivity 527
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For the doubleshell modeling of the neutrophils, an automated MATLAB program
with implemented doubishell equations is utilized. This program uses the
dielectric properties of eaclayer of the neutrophils as the inputs and plots the
imaginary and real part of the Clausid®ssotti factor as the output. In addition to
the dielectric properties of the cells, the dielectric properties of the medium can be
adjusted. The plotted outpshows the frequency response of the cell in the
frequency band of 1 Hz to 1 GHZhe 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 offthg 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. Theplotted Fcy for the neutrophils is shown ifig. 2.7. The
imaginary and real part of th& is plotted using green and red lines, respectively.
Because of using the doulsgell layer, two peak rotation frequencies are obtained
for the cell, representinthe 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

199 a1 Jo samadoud o193j3Ig

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 ateét@ic
field.
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Accordingly, two crossover frequencies are obtained for the real pagyof The
real part of thd=cy represents the DEP response of a cell under aundorm AC
electric field. However, the imaginary part of #hey shows the rotational response
(ER) of a cell under application of a uniformly rotating AC electric field. As shown
in Eg. 9, in addition to the dielectric properties of the cell,Rbg depends on the
dielectric properties of the medium. In order tdtéreshow this fact, th&cy is

depicted for the neutrophils in three media with varying conductivities.

Figure 2.8shows theé~cy factor in media with conductivities of 1, 5, and 10 mS/m.

It can be inferred that, with the increase of the conductivith@imedium, 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 seemfaxkithum
values of the real part of the Clausisssotti 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
Nucleoplasm Permittivity [ H 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 Doubleshell modeling of imaginary and real partrejy for the

neutrophils.
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Cytoplasm Radius I 0 1 2 3 4 5 6 7 8 9
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Membrane Radius Ge-6
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art
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Figure 2.8: Imaginary and real part &icy inside three media with different

conductivities.

49



50



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 @] 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 Eqg. 18, the contienal 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 conductiViitth® 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, fieguency dependent
ER response of a cell can be obtained by plotting the imaginary part of the
ClausiusMossotti factor (Eq. 19). This plot shows the peak rotation frequencies of

the cell, which are the maxima points of e ]
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"0 7 LONN (43 1 - (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 oéxtracting 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 ned 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 rieds 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
(6 ) and effective membrane conductan®@ ( ) 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™@Q x 'Y) versus the conductivity of the media () in which the

cells are sspended.

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 int®ec2.2, the characteristic relaxation
time constant { ) provides the positions of the peak rotation frequencies.

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

(fo)-
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(20)
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:

n gc“"Q - G- , (21)

For the low frequency (DC limit), the effective permittivity and conductivity of the

cells are approximated using below equafitoR,103]

. LYy (22a)
1
Y
” ” ” (.I_ YO (22b)
where, 0 and 'O represents the effective membrane capacitance and the
membrane conductance of the cell, respectively. and ,, are the

permittivity and conductivity of the cell membrane, respectively. Bystiuiting
Eq. 22a and 22b in Eq. 21 and performing some mathematical operations, below
equation is obtained:

” “O !Y

YQ -
0 S

8 (23)

This equation interprets the relation between the dielectric properties of the cell
membraneand the parameters related to the ER measurements. Equation 23 is an
expression of a straight line)( & ® &) with the slope ) and the interceptc)

as defined in Eq. 24. It is important to note that the permittivity of the medium is

assumed to be gkgible compared to the effective permittivity of the cell [

- ).

& —r (24a)

8 (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 thenductivity 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,
0 is replaced with total effective coactance, which includes both
transmembrane conductance and the surface conductance of tle ce(Eg. 25a

& 25b). [51]

0 Y p O Y v Yo QU

(’:‘) C w A O T (258.)

[

6

(25h)

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

(6 ) and the effective membrane conductarice ().

In order b 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:

1 The first peak rotation frequency of the cellosld be below 0.1 MHz
( T 0 O

1 The conductivity of the test media should be below 1 m$/m (p & Y
a).

1 The permittivity of the medium should be negligible compared to the
effective permittivity of the cell-( | - ).

1 The cell radius isthree orders of magnitude larger than the membrane

thickness '((@l p ).

1 i p T, pT "W&,and g p TLT
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If all above mentioned conditions are satisfied by the cell structure and the test
conditions, the effective complex permitty of the cell can be simplified and the

effective permittivity and conductivity of the cell can be approximated as below:

w - 1 (26a)

7 T (26b)

By substituting Eq. 26 iqg. 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:
@ 0 Y

)
— C, (27a)

where,

Y
w 1 - i ¢‘6 'YQ8 (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:

” T LAY v
®w ¢6 'YQ e PP — G, o Y (28)
In the above equationf,x and, are the known parameters from the ER
measurements) and"O are calculated using the slope and intercept method,
therefore the only unknown parameter is the cell interior conductiyity)( 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 propes of the cell membrane. In order to reduce

55



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 effectiverpittivity 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 caltations.
Below is a list of assumptions made in second level approximations:

1 The first peak rotation frequency of the cell should be below 0.3 MHz
@ @0 O
1 The conductivity of the media should be below 10 mS/m ( p @ “Y&).
1 The cell radus is three orders of magnitude larger than the membrane
thickness'((«| p 1.
T 5 e pm "Wa,and § pTLT
By applying these assumptions to the Eqg. 18, the effective conductivity and
permittivity of the cell is obtained aslbev:

— o TV .y Y (29)

A (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.s#&lystituting Eq. 29 into Eq. 21
below equation is obtained:

W

® 10 - G Y ¢, 8 (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

paameters of this equation are as below:

f "O s calculated using the slope and intercept method.
1 O is calculated using the slope and intercept method.
1 "Q is measured using the ER experiments, in media with varying
conductivities.
1 ‘Yand are known for the tested particle.
1 . is known from each ER experiment.
Therefore, the only unknown parameter is the interior conductivity of the, cel).(
By solving this quadratic equation, below answer is obtained for the interior

conductivily of the cell.

Q8 Y
" ¢"Q8 Y Q- O Y

8 (31)

In this level, the accuracy of the calculations is increasedwiagening 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 thetest 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 mehod 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 roation frequencies up to 1 MHz are acceptable. A list of applied

assumptions is presented in below:
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1 The first peak rotation frequency of the cell should be below 1 MHz
( pb O

1 The conductivity of the media should be below 100 mS/m (
p TG "YQ ).

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

thickness '((«I p 1.

T 5 e pT Wa,and §  p LT
By applying above assumptions to the expression of effective complex permittivity
of the cell, belowexpressions are obtained for the effective conductivity and

permittivity of the cell.

(32a)

1
—

A ? (32b)
T TFY
By substituting the Eqg. 32 into Eq. 21, one will obtain below expression for the

dielectric properties of the cell.

0 ca 0 G 1

1 TY 1 YT Y o Py

(33)
01 G, 0 1 0

B f T

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 cellhe known parameters are listed as

below:

1 "O is calculated using the slope and intercept method.

1 o s calculated using the slope and intercept method.
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1 "Q is measured using the ER experiments, in media with varying
conductivities.
1 ‘Yand are known for the tested patrticle.
1 . 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 theidogical 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 addiby 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 he 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 thealp rotation frequencies. The
starting point for obtaining the interior conductivity of the cell is use of full
expression of the characteristic time constant (. This level uses a complex

form of the expression of the effective complex permittiaf the cell. A list of
applied assumptions on the Eq. 18, for obtaining the effective permittivity and

conductivity of the cell is listed below:

1 The cell radius is three orders of magnitude larger than the membrane
thickness '((1 p 1.
T 5 pm pm "Wa,and § pTLT

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

permittivity of the cell are obtained as below:
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T
" - : (34a)

-9 (34b)

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

conductivity of the cell.

Ly e

In the above equation, there are two unknown parameters, the effective permittivity
and conductivity of theell 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&q. 34

are given in below:

1 "O is calculated using the slope and intercept method.

=

0 is calculated using the slope and intercept method.

1 "Q is measured using the ER experiments, in media with varying

conductivities.

1 ‘Yand are known for the tested particle.

1 ., isknown from each ER experiment.
Same as the third level approximations, two answers are available for the above
eqguation, however only the real and positive answer is acceptable for the biological
cells. As seen, the utilized equations for extracting takedric 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 c&his 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
guadratic 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 esults. 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 obtaingakeak 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 outpufThe written algorithm is presented in Appendix B the
following sectims, 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 mediuithe program has five inputs for the
conductivity of the test media in mS/m.

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

3. Frequency variabns 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 radiusThis input is used for inserting the average cell radius
in pum.

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

6. Method numberFour 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 indicab®ve,
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 o¥[ 1 ™'Y 1 'Y where] 'Ys the variance 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

(Hz) i

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 rangéf [| 'Q h

"Q 1 'Q, wherg "Qis 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 efkak 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 re$isavieg 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 frequenttyeand

cell radius, which are T 1Q) (Y 1 W [(Q) (VY)], and [(Q

1°Q) (Y 1 M. 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 itercept 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, whicf("&e
1) (Y 1 MICQ) (M and [(Q 77Q) (Y 1T M. The slope

and intercept section is shown in Fig. 3.2.
Slope and Intercept

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

fittedlineto 4 A [(fpr + 6fpk)X(R + 6R)] —> | Fedf
data points F-df

of A [(fok = 0fpr)X(R — 6R)] -

Figure 3.2: The slope and the intercept of the fitted data.

2. Dielectric properties of the cell membrandhis sectionprovides 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 aadhperf
the calculations using E2B 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 membrangermittivity 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 calculateshe 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 interiazonductivity (Fig. 3.4), which are:

1 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 sef@©©2 71 'Q) (Y T Win all of
the test media.

1 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 fof("Q 1Q) (Y T V1,
[(Q) (Y)], and [[Q 17Q) (Y 7 )Y 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 baded®data
sets. Green colored section indicated the averaging based on the calculated data in

each medium.

4. Average for the interior conductivityFollowing 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 catuctivity 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. Theafimed 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 frequenaighvare[("Q
17Q) (Y 1 MI(Q) (M, and [(Q  17Q) (Y 1 W Figure 3.5
shows an example of presented data in this graph for the dielectric properties
of acell.

6. Cell interior conductivity versus medium conductivityollowing 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. Tis graph shows the changes in the calculated interior

conductivity based on the conductivity of the utilized medium.
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Curve Fitting

04

F.R (mis)

1 2 3 4 5 6 T 8
Medium Conductivity (mS/m})

Figure 3.5: Fitted lines for peak rotation frequencies of an unreal cell.

Below figure summarizes the ussi@ps in calculation of the dielectric properties of

Slope and Intercept Dielectric properties of cell membrane
Slope of Line Intercept of Line ‘ ‘ Membrane Capacitance (mF/m?2)| Membrane Conductance (5/m2) MamhranePEvmlttMty|
r | L s
Fedf Fadf
K

F-df

[ | [ Jfverzge I

|/ Dévition
< >

Conductivity of the cell interior Average for interior conductivity

Average STD

00 0‘2 ﬂj4 0‘5 ﬂ,‘ﬁ 1 00 0;2 0.‘4 0.‘6 0.‘6 1
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 K562cells using the DEP collection rate methjg@]. 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 607
Interior Conductivity (S/m) 0.23 (0.211 0.24)

In order to obtain the peak rotation frequencies of the K562 cells inside the media
with varying conductivities, the imaginary part of ClausMigssotti factor should

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

Jasmmm R A R 25|(Hz ............... 36kHz ............................... ——
Sl iemmaem e atm s az st as Ao s R IR NS / ........................................ - 4 mS/m

/I XN~ 48 kH = 6 mS/m
06k sasmnssmn ]2 :GkHz o™ sanfs AR TR Lo i e - 8 mS/m

Imaginary (FCM)

06 ' '

10° 10° 10* 10° 10° 10
Frequency (Hz)

Figure 3.7: Graph of imaginary part of tHe-y, inside media with varying

conductivities.

In order to calculate the dielectric properties of K&62 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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Medium 1 Medium 2 Wedium 3 Medium 4 Medium &

Medium Ca R [} Enter the Method Humber
M —
Conductivities 2z 4 B 3 0 (um)
(mSim) Radius 1 4
Rk 12500 25000 36000 43000 0 ELED
Frequency (um)
(Hz)
Frequency Variences 1500 2500 5000 5000 0
(Hz)
Slope and Intercept Die ties of =
Slope of Line Intercept of Line Membrane Capacitance (mF/m2)| Membrane Conductance (5/m2) Membrane Permittivity|
E w o F 9.0301 56.7376 15.3052 e
F+df 0.0423 0.0077 F+df 7.5223 60.4850 12.7497
F-df 0.0282 0.0043 F-df 112938 511113 19.1420
Average 9.2821 56.1113 157323
Deviaticn 1.8983 47181 32178
< >
Conductivity of the cell interior Average for interior conductivity
Medium 1 | Medium2 | Medium3 | Medium4 | Medium35 |Average for a Frequency STD for a Frequency 0314463 00414990
F 1.0850 02591 0.9300 0.9006 0 07937 0.0385
Fadf 0.0270 0.0713 0.0855 04212 0 0.0767 0.0039 Average s
F-df 0.0316 0.0852 0.0882 0.1162 0 0.0731 0.0037
Average for a Medium 0.3812 0.1287 0.3686 0.3793 0 0 0
STD for a Medium 0.6095 0.1132 0.4862 0.4514 0 0 0

Curve Fitting Cells Interior Conductivity vs Medium Conductivity

F.R (mis)

Cells Interier Conductivity (Sfrm)

Medium Conductivity (mS/m) Medium Conductivity (mS/m)

Figure 3.8: Calculated dielectric pperties 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]

Membrane Capacitance 8.2
(mF/nf)

Membrane Conductance -

(mS/nf)

Automated program
9.28+1.89

56.1+4.7

Membrane Permittivityf ()

15.7+3.2

Interior Permittivity

40-807

607

Interior Conductivity (S/m)

0.23 (0.217 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 anmdefiRd.

68



CHAPTER4

DESIGN AND SIMULATIONS

In this chapterthe designandsimulationof the ER devices are presented. First, the
simulations and analyses of th& deneration 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 8t the 2
generation of the ER devices with 3D pyramidal etetes are presented. Finally,
the simulations and design of th& @eneration of the ER devices, with six different
electrode geometries are presented. For thgeheration of the ER devices, in
addition to the FEM analyses of the effective eledigtd (EEF) distribution, the
experimental study of the rotational torque (RO)Tdistribution 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 ingdectrode rgion of the ER devices
with different electrode geometries. Then, the distribution map of the-R@&T

extracted for each ER device.

4.1 Design Criteria for the ER devices

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

points that shouldetaken 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 elliptiGéie electrode
geometry is a determinant factor in the uniformity and the magnitude of the EEF
and therefore the RQT. 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 ROTand its uniformity. Moreover, due to non
uniform nature ofthe 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 aredhis 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 steplozted

in literature, extensively 2D planar electrodes were utilized for the characterization
purpose. Noruniformity of the EEF along the-direction is considered as a
significant dravback of planar electrodes, as the height of the electrodes (~300 nm)
becomes negligible compared to that of the biological cel®(Em). In addition,

the 3D electrodes increase the stability of the position of the cells along the z

direction, which reglts in consistency of the induced ROTon the biological cells.

4.2 The 1 Generation of the ER Devices

The aim of the ¥ generation of the ER devices wasnvestigae the possibility of
performing ER measurements for dielectric characterization ofitthegiral 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 devicews $h

Fig. 4.1. The distance between the opposing electrode tips was 280 pm. 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 measurenmt 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 measurementas performed using the imatinib resistant human leukemia
cells, K562/IMA0.2 pM. However, some difficulties werencountered 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.

» ”l .

First, the vertical position of the cells was changing continuously, whgthitsen

the alternation of the induced RAaTon 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 measureegk rotation frequencies. Witarther studes 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 conductivibf 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 genetatesistive heating in the planar
electrodes is about 3E9 Winwhich 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 2€iretdes. Figure 4.4 shows

the FEM simulation results for the current density passing through the planar

electrodes.
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Resistive Heating [W/g)

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°Adrhich 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 lirough the middle of the electrodes (z = 150 niMpreover, the thermal
heating in the electrode tip can damage the cells, which was seen during the
experimental analyses of the K562/IMA2 cell.

Total Current Density [A/f}

Max: 5243.229

Min: 1.774e-3

Figure 4.4: The FEManalyses of the total current density passing through the
planar electrodes.
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To overcome the problems related to the planar electrodes, "thge@eration

devices with 3D electrodes were designed and fabricated.

4.3 The 2" Generation of the ER Devices

The aimof 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 30 um, to encompass the whole cell body. By thés
fringing electric field effect on the rotation of the cells due to negligible height of
the planar electrodexs 800 nm) compared to the biological cells2® um), was
eliminated. In addition, th@8D electrodes provide a uniform distribution of the
electric potential along the-direction, which results in a negligible magnitude of
the zcomponent of the electric field. Therefore, the out of focal movements of the
cells due to the presence of a DHEbrce was eliminated. This insures the
consistency of the generated EEF along thdirection. The timevariant FEM
simulation of the EEF distribution is shown in Fig. 4.5. Another important criterion
in design of the ER devices is limiting the genedaDEP force due to nen
uniformities of the electric field. The magnitude of the DEP force is directly
proportional to the distribution of the electric field gradient intensigog ). 3D

FEM analysis was utilized to study the distribution oft§és . As it is shown in

Fig. 4.6, the electrode tips has the maximum value oft§@s (p-DEP region),

which reduces gradually toward the center of the devid2HR 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 tfeg2neration of the ER devices is

presented in Figd.7.
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Effective Electric Field Distribution\[%/m?]

Max: 10.0e8
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Figure 4.5: FEM simulation of the EEF in the intetectrode region of the'?
generation of the ER devices. The red arrow shows the direction of the electric

field at an arbitrary time instant.

Electric Field Gradient Intensity P¥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 tffe 2
generation of the ER devices. (A) Distribution©§@s ) on the ER chip. (B) The
region in the vicinity of the electrode tips has the maximum value dfi s )

which reduces toward the electrodes center.
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There were a number of problems evoked during the practical use ofthe 2
generation ER devicedirst, onthe glass substrate of the ER chipsvas difficult

to observe cells under microscope, asatiés are transparenUtilized Si substrate

in the £' generation of the ER chip was more appropriate for the observation of the
rotation rate of the cells. The fabricated prototypes of thentl 2 generation of

the ER devices are presented in Hg8. 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"®generation of the ER chips.

2nd Generation 15t Generation

1st Generation witl
PDMS port

PN

/////II]I’».

Figure 4.8: Fabricated prototypes froni'and 2% generation of the ER devices.
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In addition, the fabrication process of these devices cookistur 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 chipghich utilizes a single mask.

4.4 The 39 Generation of the ER Devices

The aim of the § generation of the ER devices was to surmount the problems faced
in the previous generations. In the fabrication of these deviceingle mask
fabrication process was used. 88 ER chips with six different electexmaajries

were fabricated on each Si wafer (Fig. 4.9). To overcome the problems regarding
the planar electrodes Igeneration), quadrupole electrodes with 3D structures
(extruded 30 um in-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
depositionis 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 '8 generabn 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 risklettrolysis. In addition, the magnitude

of the generated electricefd was not affected by the deposited gold layer.
Moreover, in the electroless gold deposition, only the metal structures and lines
weresubjected to the Au deposition. This eliminates the need for an extra mask for
the opening of the contact pads or theasurement 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 RDWere studied on five commonly

used electrodes geometries. In the following sections a brief introduction and
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essential background about the RDBnd the EEF characterization procedures are
given. Then, the FEM analyses of the EEF distribution, follovigd the
experimental analyses of the RQTis 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) circul@) 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 @ectr

field is generated by application of electric signals (generally sinusoidal) with equal

amplitudes wi t h 90e¢ phase shifted apart
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reproducibility and reliability of the measured rotation rates depend on a number of
expeimental and physical conditions including consistency of the ionic
concentration and temperature of the medium and uniformity and sustainability of
the induced rotational torque (REXN) on the particle$62]. It is known that the
induced rotational torque on the particles under a rotating electric field islspatia
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 thdROT-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 eleetiiosinodule 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 ektraie
modeled as being 30 pum thick inside a suspending medium of 100 pm 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 hetectrode region was under 500 nm,
which facilities the accurate sensing of the changes in the EEF distribution. For 3D
analy®s of changes in the EEF along thaxis, a constant position was defined on
the xy plane for each device. This point was placed on the line passing from the
device center wi{phs. Bhb ¢ andypcaordinates of thism pointh e X
were equako half of the distance between the center and the electrode tip. The
simulations along the-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.

Assumig the radii of 33 nm for the biological cells and considering the levitation

forces inside the suspension medium, a plane that is 15 um above the device surface
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was selected for studying the EEF distribution on thyeptane. For each device,
circular aeas 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 deviteward the boundaries of the measurement
region, with 1 pum 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 leetkia cells were used in experimental

investigation of the RO on ER devices. For this purpose, initially the sample
solution of the K562 <cell s, r-0e3§ iwast a n't to O
prepared. K562/IMA0.3 cells were first washed by centrilmg 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 a

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 werdilzed 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 actingtbie cells. For this purpose, the intdectrode

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 electndssch ER device.

In addition, the minimum segment size was defined to encompass a whole cell

body, with reference to the radius of the K562/IN08 cells. A fourchannel

signal generator (Agile8 1 1 50 A) was used to energize the

coaxal 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 measable range of 18240 RPM.

In order to study the dependency of the RD®n the vertical position of the cells,

the measurements were performed along the electrode height3(z um) and
above the electrode ceiling ¢ 100 um). The rotation of the ¢glwas 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 devce surface (z 30 um) or focusing above the electrodes ceiling (200

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 sampleg( 2 uL). 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 centefrthe 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 misinterpretagan the recorded data and to increase the
accuracy of extracted ROGT 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 suriognsegments. Besides
increasing the accuracy, this method acts as a low pass filter mechanism, which
eliminates the sharp changes and smooth the extractedTR®dp. Recorded
rotations of the cells were then mapped to the corresponding segments evi¢cbe d
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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4.4.5 ER Devices with Pyramidal Electrodes

The distage 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 rotatiaf 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 inteelectrode region.

In order to extract the experimental ROTmap 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 fittintyvaod is

used. Figure 4.12 and 13 show the calculated R@Tap 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 couypitrof the extracted ROT for

the cells positioned along the electrode wall (z < 30um), respectively. Figure 4.13

82



(B) and (C) represent the surface map and the coplueof the extracted ROT

map for thecells positioned ate 100 pm, respectively.

Figure 4.11: Segmented integlectrode region in the ER devices with pyramidal
electrodes.

cotation rates Counter plot of mapped rotation rat
3 B )

4

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 an@) Countesplot of the rotation of the cellsatZ3 0 & m.
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Counter plot of mapped rotation rate

A B

Figure 4.13: Experimentally measured rotation rates mapped on the devices
pyramidal electrodes. (A) SEM photographs of the measurement region. The
orientations oflte electrodes show the position of the electrodes in mapped data.
(B) Surface plot and (C) Countplot of the rotation of the cellsatez1 0 0 & m.

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

. o Max: 4.756e9
Effective Electric Field [W/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 analysisvas utilized to specify the circular regions on the hefectrode

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 purfossehe
distribution of the EEF othe 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 simulai€F in the interelectrode 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 4.15 shows the BiDlation of the EEF on

z=15 pm.

Effective Electric Field [W/m?]

Max: 2.00e9

-0.5

-1

H-I.S
2

Min: -2.0069

Figure 4.15: 3D simulation of distribution of the EEF on the z = 15 um plane.

Extracted ROTT map shows the highest uniformity and sustainability of the ROT

T compared to other ER electrodetn 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 difterdoetween the experimental

and FEM results can be interpreted based on the electrode geometry effects. In the

sharpended pyramidal electrode, unlike the curved electrodes, the transition from
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the electrode tips to the region between the adjacentaestis 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, drog from 1.4 rev.sétto 0.88 rev.setfor z < 30 um and 2 100 um,
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 ROTT. The area witmaximum 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 intellectrode region do not exceed 20% margin.

4.4.6 ER Devices with Polynomial Electrodes

The distance betvem 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-éhetrode area

was divided into 88 segmentsigF4.17) 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 inteelectrode region.

In order to extract the expmental ROFT 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 mappingppse, the MATLAB surface fitting
software was used. Figures 4.18 and 19 show the extractedlRaap 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 eldesan the extracted
maps. Figure 4.18 (B) and (C) show the surface map and the cplottef the
extracted ROAT for the cells positioned along the electrode wall (z < 30um),
respectively. Figure 4.19 (B) and (C) represent the surface map and thercoun
plot of the extracted ROT map for the cells positioned at ¢ 100 pm,

respectively.

Figure 4.17: Segmented integlectrode region in the ER devices with polynomial
electrodes.

In order to verify the experimentally extted ROFT 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.

5-432-10-1-2-3-4-5

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) Counf#ot of the rotation of the cellsatZ3 0 & m.

54.3-2-10-1-23-45

A B C

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 (Cpunterplot of the rotation of the cells atz 100

eEm.
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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 theewlar regions on the intezlectrode

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 distributiontltd EEF on the plane 15 pm
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
magqnitude of the simulated EEF in the intectrode region of the polynomial
electrodes is sampled with 1 um 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 cerdl 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.

89



Effective Electric Field [W/n¥]

Max: 3.00e9
xlO9
3

-3
Min: -3.00e9

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. Inhé 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. dverage of the recorded rotation rates

of the cells positioned above the electrode ceiling (1.92 rel).stows a 28%
decrease compared to the cells below the electrode ceiling (2.68 T3v.SEus

rate is calculated as 28% using the FE simulati@ass,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
geonetries 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 layoaf 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 intdectrode region was divided into 64 square

segments (Fig. 4.23). In order to extract the ROmhap, 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 intelectrode region.

In order to extract thexperimental ROAT 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 rotatirate 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 ROTmap of theER 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 couptet of theextracted ROIT for the cells
positioned along the electrode wall (z < 30um), respectively. Figure 4.25(B) and
(C) represent the surface map and the cotpitgrof the extracted RGT map for

the cells positioned at z=100 um, respectively.

Figure 4.23: Segmented integlectrode region of the ER devices with prolate

elliptical electrodes.

In order to verify the experimentally extracted ROTmaps, FEM simulations
(COMSOL) were utilized to study the distribution of the EEFtlo@ devices with
prolate elliptical electrodes. Figure 4.26 presents the height presentation of EEF

distribution on the surface of the prolate elliptical electrodes.
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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 pland (C) Counteplot of the rotation of the cellsatZ3 0 & m.

ped rotation r?‘!efﬂ Counter plot of mapped rotation r

Maj
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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 regien. Th
orientations of the electrodes show the position of the electrodes in the mapped
data. (B) Surface plot and (C) Coungdot of the rotation of the cells at zZ100

eEm.

3D FEM analyses were utilized to specify the circular regions on thedlgetrode

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%

margns.
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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 pm above the
device suface 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 interelectrode regio was sampled with 1 um step size, from the center of the
device toward the edges of the in&dectrode region. The sampled results are then
transferred to the Excel program and the percentages of variances were calculated
compared to the magnitude ofetlcentral 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 ROAT 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 2100 pm dropsfrom 1.83 rev.set to 0.92 rev.set,
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respectively. It shows 49% variance according to experimental data, which is

calculated as 42% using FEM.

Effective Electric Field [\¥/m?]

Max: 2.00e9
x109
2

1.5

1

0.5

-2
Min: -2.00e9

Figure 4.27: 3D simulation of distribution of the EEF on the z= 15 um plane of the

prolate ellptical 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-R@Dps
considerably in these regions. However, the maximum-R&s recorded in the

region between the adjacent electrodes. The simulation results follow the same
trend for theEEF 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 a@ng the zdirection.

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 dimensins 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 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 ROTmap of the ER devices with the oblate
elliptical electrodes, the measured average rotation rate of ethatlas 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. Fi3@ and

31 show the extracted RO 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 cowptiet of the extracted ROT for the cells
positioned along the electrode wall (z < 30um), respectively. Figure 4.31(B) and
(C) represent the surface map and the cotpitgrof the extracted RGT map for

the cells posioned at z2 100 um, respectively. To verify the experimentally
extracted ROAT 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 integlectrode region of the ER devices with the oblate

elliptical electrodes

Counter plot of mapped rotation ra
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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 therelies in the mapped
data. (B) Surface plot and (C) Counpdot of the rotation of the cellsatZ3 0 & m.
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Counter plot of mapped rotation rates
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Figure 4.31: Experimentally measured rotation rates mapped on the devices with
oblate elliptical electrodes. (A) SEphotographs of the measurement region. The
orientations of the electrodes show the position of the electrodes in the mapped
data. (B) Surface plot and (C) Coungdot of the rotation of the cells atez100

eEm.
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Figure 4.32: Height presentation of the effective electric field distribution of the
devices with oblate elliptical electrodes.

98



3D FEM analyses were utilized to specify the circular regions on theedieetrode

area of the device with oblate elliptical electroddn. 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 sesudte 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 pm 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.

Effective Electric Field [W/m?]
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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 towainé 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 de@ed 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
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the EEF reaches to its maximum valuetl® region between the neighboring
electrodes. The average of recorded rotation rates, shows a 31% decrease for cells
at ze 100 um, compared to the cells below the electrode ceiling (from 2.78 rev.sec
1t0 1.92 rev.set). However, this rate was calctdd 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.

4.4.9 ER Devices with Circular Electrodes

The distance between the opposing electrodes in the circular structures was 300 pum.
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

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

extract the ROIT map, rotations of 551 cells were studied on these devices.

Figure 4.34: The designed layout of the ER devices with the circellstrode

geometry.

In order to extract the experimental RO Tmap 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 wasl dthz

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 RGT 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 counfdot of the extracted ROT for the cells positioned

along the electde wall (z < 30um), respectively. Figure 4.37(B) and (C) represent
the surface map and the counpdot of the extracted ROT map for the cells

positioned at 2 100 um, respectively.

Figure 4.35. Segmented integlectroderegion 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 oldatlectrodes.
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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 betredes in the mapped
data. (B) Surface plot and (C) Counpdot of the rotation of the cellsatZ3 0 & m.
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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 (CpGnterplot of the rotation of the cells at ZL00

eEmMm.
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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 ciacukgions on the intezlectrode

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 pove 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 iner-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 resu#t 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 a ¥00 um plane, drops from 2.64 rev.3ec
to1.8 rev. se¢, 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%, respectivelyThe ROFT map shows a uniform distribution of the ROT
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in the central region of the devices, which increases toward the region between

neighboring electrodes tips.

Effective Electric Field [/m?]

Max: 4.50e9

Min: -4.50e9

Figure 4.39: 3D simulation of distribution of the EEF ometz = 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 elecfiield. 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 ¢tne shape electrodes, due to the -ooiformities of the
generated EEF performing the experimental analyses for studying the distribution of
the ROFT was not possible.FEM simulations were utilized in the study of the
distribution of the EEF on the ER dees with bone electrodes. Figure 4.41
presents the simulation result of distribution of the EEF. Theundformities of

the generated EEF are obvious in Fig.4.41.
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Figure 4.40: The designed layout of the ER devices iitd 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 nomformities 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 fore. 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 dengs 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 struckoethis 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 theaxis using the COMSOL software. In order to verify

the simuhtion results, the ROT distribution of the ER devices was extracted
experimentally by measuring the rotation rates of the K562/MAcells in the
inter-electrode region. For each device, the surface map and the eplaottef the
ROT-T is presenteddfr 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 electrodellogg 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 madedbasethe variations of the

magnitude of the EEF compared to that ofat z =5 um.
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Table 4.1: Comparison of the sustainability of the effective electric field for

Results present percenta@jee ofircular 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 Areato Total from  Areato Total
Tip  Device Circular Device Circular Device Circular
Electrode
Gap Centre Measuremen Centre Measuremen Centre Measuremen
Shape  m)  (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%
Polynomia 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 indirection 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 elimiate the variations of ROT 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 ddik 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 siribution along the-axis. Table 4.2 also shows the
results of the experimental analyses for studying the dependency of thd ROT

the vertical position of the cells. A good agreement between the experimental
measurements and simulation results caisden, by comparing the variance of the
ROT-T on ze 100 pmversus z < 30 um and the variances of the EEF on z = 100

pmand z =5 um.
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sum.

EEF simulaton results [\n | Expermental results

Z<30um Z>30 um Rotation rate (rev §

Z [m] 5 15 25 50 75 100 <30 ~100
Prolate elliptical electrodes 1.55E+09 1.52E+09 1.44E+09 1.18E+09 9.60E+08 8.98E+08  3.66 0.92
Variance - 2% % 24% 38% 42% - 49%
Oblate elliptical electrodes 1.43E+09 1.41E+09 1.38E+09 125E+09 1.15E+09 1.10E+09  2.78 1.92
Variance - 1% 4% 12% 20% 23% - 31%
Circular electrodes 145E+09 143E+09 1.40E+09 128E+09 1.16E+09 1.12E+09  2.64 1.80
Variance - 1% 4% 12% 20% 23% - 32%
Polynomial electrodes 201E+09 198E+09 192E+09 1.70E+09 152E+09 1.44E+09  2.68 1.92
Variance - 2% 4% 16% 25% 28% - 28%
Pyramidal electrodes 1.02E+09 1.00E+09 9.71E+08 857E+08 757E+08 7.21E+08  1.40 0.88
Variance - 2% 5% 16% 26% 29% - 3%

characteristics of the various electrode geometries. The variance of the simulation
For the experimental data the variance is calculated based on the average rotation
rates for the cell positioned at 0 pm.

Table 4.2: Comparison between the FEM modeling and experimentally obtained
data is compared based on the magnitude of the effective electric field at z
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For studying the sustainability of the EEF on thg plane, the distribution of the

EEF was investigated on a plane 15 pm above the device surface. The results show
that the devices with sharp tip electrodes haetter 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 electrodespeetively. 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. Howeseagtidi

is less than 18% for the devices with curved electrodes. Although the pyramidal
electrodes (sharpnded) have the most uniform distribution of the EEF, the
magnitude of the generated ROTis lower compared to curved electrodes. ER
devices with gtended and curved electrode tips generate a highe-R®@Tthe
central region. For the elliptical and circular electrodes, the RDTshows a
uniform distribution in the central region of the devices, which increases toward the
region between neighboriregjectrodes. 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 ¢helectric field in the electrodes ti83]. The FEM
analyses of the EEF support the experimental measurements by ghawin
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 adternat

of sensed torque by the cells. This resulted in-umuform semicircular

movements of the cells, which lead to rreproducible measurements.

In the pyramidal electrodes, the maximum rotation rate was measured at the
electrode tips, which reduces dually 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 effectshelsharpended 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 experimamailses 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 Isel(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 accura@etical method

for dielectric characterization of the biological cells. It has the capability of
determining cellsdé membrane and interior
Thereby, there is a wealth of the literatures on the ER based chagdie
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
magnitudeof 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, whee 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 measents are confined to the
defined area, assuming constant magnitude of the EEF and thus th&d.ROT
Although the uniformities of the EEF or RATover the ER devices are studied
utilizing analytical and simulation models in the literature, out of planati@rs in

the ROTFT 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
111



experimental analysesyas presented The optimal region, with the minimum
variances of the ROT 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-dpgeedent variations of EEF

are limited to 10% of the maximum, a circular area arounaé¢néerof the device

with a diameter of 20% of the tigp electrode distance in curved electrode
geometries is found. However, this ratio is calculated as 35% fqoyttaenidal
electrodes. The pyramidal electrodes, provides the highest uniformity and
sustainability in EEF and RQT distribution. Moreover, the variances of the EEF
magnitude do not exceed 20% of central EEF on these devices. Comparison of the
magnitudeof 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 zcomponent of the electric field by providing a uniform distribution of the
potential almg 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-direction. Moreover, due to increased volume in 3D
structures the current density pagsthrough 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 planarcitres. 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

measurement62].

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

spacedependent errors can be eliminated by confining the measurement into
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introduced regions. In addition, presshtexperimental and simulation results
correlate with the rotation rates to
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 tfigdneration 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'thye@eration

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 thgeBeratiorof 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 tifegeneration of the ER devices\

single mask was utilized in the fabrication of the first generation of the ER devices.
The fabrication process includes metal sputtering A{l), 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 metahlay 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
the TVAu layers andvet
chemical etch . SiOe - Epoxy
3.PDMS port mounted 4.PDMS port fixed by
on the electrode ard¢a €poxy.

form thereservoir

Figure 5.1: Fabrication flow of the *lgeneration of the ER devices using a single

mask.

Figure 5.2: Utilized mask for the fabrication of thé fieneration 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.
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The distance between the opposing electrodes was 285 um in all of the devices.
After the fabrication of the devices, a PDMS port was mounted on the measurement
area of the ER deces, 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 ptotypes of the $lgeneration of the ER devices.

5.2 Fabrication of the 2'¥ Generation of the ER Devices

In the fabrication of the™ 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 ERvides. The fabrication process includes
metal sputtering, wet and dry etching, photolithography, electroplating and polymer
(parylene) coating steps. The fabrication process of theeheration of the ER

devices is presented in Fig. 5.4.
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a. Parylene coating and  b. Lithography and wet c. Lithography for Cu
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g. Lithography and RIE
opening

Figure 5.4: Fabrication flow of the® 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
surfaceof 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 adkien 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 layerigF5.5). 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, consistid0 ml HF, 10 ml HO, 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 electroplatingear 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 apgn for thick coatings.

Then, the 3D electrodes were electroplatethg the Cu electroplating technique.

The process parameters were optimized as 50 mA current for 90 minutes. The aim
of the 3D electrodes is tprovide a uniform distribution of the electric field by
covering the whole cell body. Therefore, the heighthe electrodes should be at
least 20 um. The mask 3 was used for forming the reservoir in theslatgrode

region of the 3D pyramidal electrodes (Fig. 5.7). For this purpose, AZ9260
photoresist was spun and patterned. Then a parylene layer wed aodhe 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 waféEee 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 tetectrode 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 ER characterization g pep gevices 6 DEP cha_racterizati(
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'thge@eration of the IE

devices are shown in Fig. 5.9.
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3D electrodes

Reservoir filled with
photoresisbeforeRIE
openingandreleasdn
acetone

Figure 5.9: Fabricated prototypes of th&"2jeneration of the ER devices with

magnified electrode and reservoir region.

5.3 Fabrication of the 39 Generation of the ER Devices

A single maskKabrication process was used for the fabrication of thgeheration

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.{Bee
Appendix E for fabrication process flow)

In the first step a nitride ($\,4) layer was grown on the Si wafer for the insulation
purpose. Then the Ti and Au were sputtered on the surface oatbeta 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 patterningnétal 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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optimizedas 200 mA and 120 minutes. After thlectroplating step the photsist

was stripped from the surface of the device using acetone.

Si e Si;N,E Ti I Au Ld Cu I PDMSEA
o

a. Ti/Au sputtering b. Lithographyto pattern
Ti/Au seedayers

—

| o—

|

c. Cu electroplating and d. PDMS port mountedon
electroles#\u deposition the electrodes to form
reservoir

A

Figure 510 Fabrication flow of the "8 generation of the ER devices with 3D
electrodes, using a single mask.

For eliminating the risk of reaction of the @lectrodes 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 techniquénerefore, 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 chipsiwitlifferent
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. .88 .uniformiy of

the height of the electroplated electrodes is obvious in this figure.
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Prolate elliptical Circular

Pyramidal

Polynomial

Oblateelliptical Bone

Figure 5.11: Layout of the designed mask for the fabrication of fAgé@neration

of the ER devices.
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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 chaptepresents the dielectric characterization of the cancer cells usin{f 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 muidrug resistance (MDR) counterparts, including the imatinib
resistant (K562/IMA0.2, 0.3, 0.5 pM) 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 daxmicin resistant (MCF7/DOX000 nM)
derivation were measured using this technique. Considering the presented results in
the Chapter 4 for the characterization of RDTand EEF for the ER devices,
devices with polynomial electrodes were chosen for anadynf 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 presenté&thally 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 generatéAgilent-81150A) capable of
producing four sinusdi a | signals with 90e phase
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the energizing the quadrupole electrodes (Fig. 6.2). Before energizing the
electrodes, 3 uL of the cell suspension (in the room temperature) were loaded
into the PDMS reservoir of the ER device. Smidal voltages in the range

of 10- 12.5 ppdepending on the cell typm, frequencies between 1 kHz to

100 kHz (with 5 kHz intervals), were applied to each electrode. For this
pur pose, 50Y coaxi al cabl es with BNC con
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 revolutiorfl80-240 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 poss.igerties tugtoo f chang
application of an external electric fieldRotation of cells was recorded using

a video microscope (Karl Suss, PM5). The photograph of the experimental
setup is shown in Fig. 6.3The 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 dengtitom 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 tlsi 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 faadong 3ul 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 microscopertbeflanalyses.

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 collecteddata. Different methodologies are suggested and
developed for immobilizing cells, including use of laser tweefg92 96]

and DERcagedq93,96,97] In this study, cells were kept in the center of the
electrode tips by utilizing the repulsive negative DEFD&EP) force. In the

low ionic strength media (around 1®/m), K562and MCF7 cells observe n
DEP force at the applied frequency range. UndddE® force, cells
experience a repulsive force from the electrode tips and are gathered in the
center of the inteelectrode region, where the electric field gradient intensity
iIs lower (nDEP region). Moreover, the use of the low ionic medium
conductivities reduces the joule heating and electrolysis effactf]. At

each frequency gpbe 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 ¢hoell diameters from the nearby cells
[74]. Each test was repeated twice, ascending from 1 kHz to 100 kHz and
descending to 1 kHz wit5 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. §method was used in the calculation of the average

cells dielectric properties and their standard deviations.
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generatpﬂ,"
4

4

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 GuindizThe
Philadelphia chromosome positive K562 cell lines were obtained from the Germen

Collection of Microorgnisms and Cell Cultures, Germany, and cultured in RPMI

131



1640 medium (Invitrogen) with fetal bovine serum and peniedtieptomycin.
Imatinib (Novartis) or doxorubicin (Adriamycin, SABA) was added to the culture
medium with gradual dose increments uttié 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) andiitsg) resistant
counterparts with differenevels of resistance to imatinib (K562/IMA) and
doxorubicin (K562/DOX) drugs were grown in RPI#640 medium, at 37°C,
under 5% CQ@ Before analyzing each population, cells were washed twice
by centrifuging at 1000 rpm for 5 minutes at room temperatuneall¥, the
pellets were resuspended in isotonic medium, consisting of 8.5% (w/v)
sucrose plus 0.3% (w/v) dextrose. Cell concentration was adjusted t 5x10
cells/ml. Phosphate buffered saline (PBS, Santa Cruz Biotechnology, 10X)

was used to adjust tmeedium conductivities (B mS/m).

The same cell preparation procedure was followed for the MCF7 and DOX?

1000 nM cells. The only difference was in the use of trypsin before the centrifuging
step. The MCF7 cells are adherent cells, and adhesiosudage 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 (RPII640) was first removed and/psin 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 peedtation 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, usinget 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 64 shows a photograph of the K562 cells during the ER measurement with
polynomial quadrupole electrode$he peak rotation frequencies of the K562 cells
were measured in four media with conductivities of 1.91, 3.97, 5.91, and 8.06
mS/m. Figure 6.5 show$eé measured rotation rates for the K562 cells in four
media. The measurements were performed in the frequency range006fKHz.

Each data point is the average value, which is obtained from double repeated ER
measurementsPresented fitting parametefsope 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. Theléctric properties of the

K562 cells are presented in Table 6.1.

K562Cells

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 frequeaage of 1 kHz
to 0.1 MHz, inside four media with different conductivities.
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Figure 6.6: Straight line fitted to the data points of peak rotation frequency and cell
radius versus medium conductivity. The membrane capacitartceffective

conductance are calculated using the slope and intercept of the fitted line.
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Table 6.1 : Extracted dielectric properties of drug sensitive K562 human leukemia

cells, using ER method.

Dielectric Parameters Dielectric properties
Membrane capacitance [mFn 8.93N1.43
Membrane effective conductance [gm 336N73
Membrane relative permittivity 10.09N1.61
Cytoplasmic conductivity [SH 0.32N0 .08
Cells radius [pum] 6N1

The membrane and interidielectric 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/HdA&, 0.3, and 0.5 uM)
were measured in four media with varying conductivities. The conductivities of the
test mediawere 1.16, 2.44, 5.2, and 8.1 mS/m for K562/MR uM and 1.91,
3.97, 5.91, and 8.3 mS/m for K562/IMA3 pM and 1.91, 3.97, 5.91, and 8.06
mS/m for the K562/IMA0.5 uM cells. Figure 6.7 shows a photograph of the
K562/IMA-0.5 uM cells during the ER measments with polynomial quadrupole
electrodes.The calculated peak rotation frequencies for each cell population inside
four media with distinct conductivities are shown in Fig.-618. It is necessary to
mention that each polynomial line presents #iveraged rotation rates obtained
from the double repeated ER measuremer@tained 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 andageetell 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
guadrupole polynomial electrodes.

Figure 6.8: Rotation rées of K562/IMA0.2 uM cells in the frequency range of 1
kHz to 0.1 MHz, inside four media with different conductivities.
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