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ABSTRACT 

 

A MICROFLUIDIC SYSTEM FOR DIELECTROPHORETIC CHARACTERIZATION OF 

CANCER CELLS  

 

 

Sel, Kaan 

M. Sc., Department of Electrical and Electronics Engineering 

Supervisor: Prof. Dr. Haluk K¿lah 

 

June 2018, 73 pages 

Dielectrophoresis (DEP) is a promising cell manipulation approach for early diagnosis of cancer, 

which significantly increases chances of successful treatment. Compared to other cell 

manipulation techniques that rely on surface antigens, DEP systems enable label-free, cost-

effective, simply-implementable cell characterization and separation. However, separation 

efficiency of the DEP based systems is limited and still far from meeting the medical requirements 

for early cancer detection. In order to improve the throughput of current DEP systems, it is 

important to obtain the optimum operating conditions. The main objective of this thesis is to 

conduct accurate dielectrophoretic characterization of cancer cells without ascertaining cell 

dielectric properties at different operating conditions in autonomous fashion.  

The presented system integrates a microfluidic DEP device with a CMOS image sensor, and a 

portable signal generator. The system enables DEP spectra analysis of cells in a wide frequency 

band (30 kHz to 50 MHz). The microfluidic DEP device, contains optimized electrode structures 

that can generate isomotive electric-field inside the analysis region. Hence, cell motion under the 

DEP force can directly be related to its dielectrophoretic behaviour. In addition, post-processing 

can be done either in a custom-developed MATLAB GUI or in a custom-developed Android 

software connected to a smartphone using an automated cell tracking algorithm.  
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With the DEP characterization device presented in this thesis, diff erent conditions (operating 

frequency, medium characteristics) can be tested in a portable, autonomous and rigorous fashion 

to find the optimum case for cell separation. The system was tested with both MFC-7 (Human 

Breast Adenocarcinoma) and K562 (Human Chronic Myeloid Leukemia) cells due to 

availability. The results display consistency with the DEP spectrum studies conducted with these 

two cell groups in the literature. 

Keywords: Dielectrophoresis (DEP), cell dielectric characterization, single-cell analysis, 

BioMEMS, isomotive electric-field 
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¥Z 

 

KANSER H¦CRELERĶNĶN DĶELEKTROFORETĶK KARAKTERĶZASYONU 

Ķ¢ĶN MĶKROAKIķKAN SĶSTEM 

 

Sel, Kaan 

Y¿ksek Lisans, Elektrik ve Elektronik M¿hendisliĵi Bºl¿m¿ 

Tez Yºneticisi: Prof. Dr. Haluk K¿lah 

 

Temmuz 2018, 73 sayfa 

 

Dielektroforez (DEF), kanserin erken teĸhisinde kullanēlabilecek umut verici bir h¿cre 

manip¿lasyon yaklaĸēmē sunmaktadēr. Y¿zey antijenlerine dayanan ve d¿ĸ¿k se­iciliĵe 

sahip diĵer manip¿lasyon metotlarēndan farklē olarak, DEF sistemler etiketsiz, d¿ĸ¿k 

maliyetli ve kolayca uygulanabilir bir h¿cre karakterizasyonu ve ayrēĸtērmasēnē m¿mk¿n 

kēlar. Ancak, g¿n¿m¿zde kullanēlan DEF tabanlē sistemlerin ayrēĸtērma baĸarēsē kanserin 

erken teĸhisi i­in gerekli tēbbi ĸartlarē karĸēlamaktan uzaktēr. Mevcut DEF sistemlerinin 

verimliliĵini arttērmak i­in, optimum ­alēĸma koĸullarēnē elde etmek ºnemlidir. Bu tezin 

ana amacē, farklē ­alēĸma koĸullarēnda kanser h¿crelerinin dielektroforetik 

karakterizasyonunu, herhangi bir dielektrik h¿cre deĵerini kullanmadan, otonom bir 

ĸekilde ger­ekleĸtirebilmektir. 

Tez kapsamēnda sunulan sistemin nihai versiyonu, CMOS gºr¿nt¿ sensºr¿, portatif sinyal 

¿retici ve mikro-akēĸkan DEF cihazēnē birleĸtirir. Sistem, geniĸ bir frekans bandēnda (30 

kHz ile 50 MHz arasē) h¿crelerin DEF spektrum analizini m¿mk¿n kēlar. Mikro-akēĸkan 

DEF cihazē, aktif analiz bºlgesi i­erisinde izomotif elektrik alanē oluĸturma yeteneĵine 

sahip, ºzel tasarēm elektrot yapēlarē i­ermektedir. Bu sayede, DEF kuvveti etkisi altēndaki 

h¿cre hareketi doĵrudan h¿crenin dielektroforetik davranēĸē ile iliĸkilendirilebilir. 
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Testlerde elde edilen kayētlarēn iĸlenmesi, otomatik h¿cre takip algoritmasē kullanan ºzel 

geliĸtirilmiĸ MATLAB GUI ¿zerinde ve akēllē telefona baĵlanarak kullanēlabilen Android 

yazēlēmda yapēlabilmektedir.  

Bu tez kapsamēnda sunulan DEF karakterizasyon cihazē ile, farklē koĸullar h¿cre 

ayrēĸtērmasē i­in gerekli optimum koĸullarē bulmak amacē i­in, otonom ve titiz bir ĸekilde 

test edilebilir. Sistemin performans ve hassasiyet ºl­¿mleri MCF-7 (insan meme 

adenokarsinomu) ve K562 (insan kronik miyeloid lºsemi) h¿creleri ¿zerinde yapēĸmēĸtēr. 

Elde edilen sonu­lar, literat¿rde bu iki h¿cre grubu hakkēnda yer alan DEF spektrum 

­alēĸmalarē ile uyum gºstermektedir.  

Anahtar Sºzc¿kler: Dielektroforez (DEF), dielektrik h¿cre karakterizasyonu, tekil h¿cre 

analizi, BioMEMS, izomotif elektrik-alan 
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CHAPTER 1 

 

1 INTRODUCTION  

 

According to the report published by World Health Organization (WHO) on 2018, the 

second leading cause of mortality is cancer, where 1 of 6 of the deaths was due to cancer 

in 2015, globally [1]. The psychological and economic burden is also increasing with the 

increase in the number of reported cancer diagnosis [2]. There are many studies and 

research that focuses not only on preventing this deadly disease but also on successful 

treatment of it. In most of the cases detection and therefore treatment after symptom onset, 

increases the morbidity, mortality rate and cost of treatment. On the other hand, early 

diagnosis before the symptom onsets proved itself to be a key point in successful 

treatment. The survival rate of patients are reported to be increased from 5% to more than 

90%, when compared to cancer detection at most advanced stages [3], [4].  

Many methods were tested and improved in the effort of early cancer detection for 

decades. Tumor markers, being consulted for decades in oncology enable cancer screening 

up to a certain level [5], [6]. These biomarkers associate to cancer, and can be found in 

urine, blood, or in other body tissues. However, these biomarkers demonstrate poor 

accuracy in addition they require regular screening of every possible future cancer victim. 

It is not feasible, especially as WHO reported that the 70% of deaths due to cancer 

occurred in countries with low- and middle-incomes. In addition, in the same report only 

26% of countries with low-income have public available cancer treatment opportunities. 

Therefore, low-cost methods take more of the attention with the increase in the 

technological capabilities.  
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Our capabilities with current technology improved way beyond our expectations back in 

last few decades. In addition, systems start to shrink in size, creating new opportunities 

for researchers and engineers enabling micro- and nano-scale device designs for various 

purposes. As semiconductor devices along with integrated systems and circuits started to 

push the limits of physical laws, systems-on-a-chip (SoC) applications called attention of 

the designers. These applications include biomedical device designs that aim to bring 

innovative and systematic solutions to medical problems. Within the extensive work and 

effort on micro-electro-mechanical system (MEMS) design and development, biomedical 

or biological systems adapt into MEMS forming the field of BioMEMS [7], [8]. 

BioMEMS has now variety of biomedical applications that find revolutionary solutions to 

existing problems [9]. These applications range from surface modification, drug delivery, 

bio-implementable systems to diagnostic based systems. Unlike the conventional 

diagnosis systems, the advantage of bringing MEMS approach is to develop lab-on-a-chip 

(LOC) systems in order obtain a disposable, low-cost manufacturing ability, as well as 

enabling single cell level analysis. With the utilization of MEMS tools, certain particle 

manipulation techniques were developed. These techniques can be modified in a certain 

way to detect cancer cells at early stage. 

1.1 Particle manipulation techniques through BioMEMS applications  

Different approaches were constructed in order to manipulate biological particles instead 

of just monitoring with high resolution microscopes as the emerging of microfluidics in 

1980s. Through microfluidics precise control on the fluid dynamics were gained. 

Therefore, the environment at sub-millimeter scale for particle manipulation could be set. 

The main driving thing in particle manipulation is to generate a force variable in a form 

of optical, magnetic, mechanical or electrical forces. Hence, cell trapping, sorting, 

separation as well as characterization became possible in single-cell level. 

1.1.1 Optical Manipulation 
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The optical force is generally generated by a focused laser beam on the particle surface 

through an objective with high numerical aperture of usually a microscope [10], [11]. It is 

either in the form of pulling force or scattering force on target particle by using the 

differences between a gradient optical forces. When the pulling force can overcome the 

scattering force the particle is optically trapped. Optical manipulation techniques were 

illustrated in Figure 1.1. 

Eriksson et al. studied targeting yeast cells using the differences in the cell size and the 

refractive index, in order to position cells by optical trapping [12]. Although the technique 

was easy to apply on single-cell level, the throughput was low. A similar study was 

conducted by Dochow et al. on human blood cells this time, using the differences in the 

cell sizes, however similar to before, the throughput was reported very low [13]. A high 

throughput cell sorting was reported on mammalian cells by Wang et al. [14]. However, 

they used fluorescence markers in order to initiate optical switching, increasing the cost 

and introducing damage on cell structure. 

Optical manipulation techniques are accounted to several limitations and drawbacks. First 

of all, in order to obtain high throughput, samples should be highly purified and optically 

homogeneity preparations should be conducted. Secondly optical trapping suffers from 

selectivity problems, where any dielectric particle may experience the force and get 

trapped. Therefore, the purity of the solution should be extremely exercised. In addition, 

the requirement of having a high light intensity to trap particles successfully causes 

damage on the cell and introduce new dynamics to the analysis. 

Figure 1.1 Illustration of the main optical cell manipulation techniques [87]. 
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1.1.2 Magnetic Manipulation 

Magnetic manipulation technique can be employed on either intrinsic or extrinsic cell 

properties. A typical example in the utilization of intrinsic properties is generating a 

magnetic force based on hemoglobin (containing iron element) in erythrocytes [15]. In 

some applications, magnetic nanoparticles are used to provide a difference in the magnetic 

properties to the target particles to create different magnetic forces for sorting. Several 

magnetic manipulation examples were illustrated in Figure 1.2. 

There are high-throughput cell separation results reported in the literature that uses 

magnetic bead labeling. Shih et al. separated bacterial cells by the use of a high gradient 

magnetic field [16], Kang et al. isolated rare cells by magnetically collecting within the 

chamber [17], Hoshino el al. did a cell analysis on cancer cells by monitoring self-

assembled magnetic bead patterns [18], where all of these studies initially tagged the cells 

with magnetic beads to generate magnetophoretic force. Another study reported a high-

throughput magnetophoretic separation of human blood cells using interior cell magnetic 

properties [19]. All common drawbacks in these systems was the difficulty of single-cell 

level analysis. In addition, most magnetic manipulation systems require the use of 

magnetic beads, eliminating label-free operation. One another major drawback with 

magnetic manipulation is that the magnet configuration is robust hence it limits the 

Figure 1.2 Illustration of magnetic cell manipulation techniques and their possible use cases [87] 
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manipulation ability. Sensitivity is also low but can be improved but it still requires 

extensive effort [20]. 

1.1.3 Mechanical Manipulation 

Mechanical manipulation technique was developed mainly with the development of 

hydrodynamic control in the microfluidic device. The simplest approach to manipulate 

target cell and separate it from the environment is to design a gate inside the microchannel 

with the size as small as the cell can pass. Although it seems easy to apply, this approach 

suffers from clogging and possible residues inside the channel.  

High-throughput in size based separation can be achieved when the size difference 

between target and adjacent cells are significant. There are studies that successfully 

separates human blood cells using this technique, where the microfluidic flow was used 

to drive cells to the gaps [21]ï[23]. However, mechanical manipulation lacks the ability 

to differentiate cells having similar physiologies, therefore the throughput is low in cancer 

cell analysis [24]. 

1.1.4 Dielectrophoretic Manipulation 

The aforementioned manipulation techniques either lack the ability of label-free operation 

or perform separation with poor efficiency or low selectivity. In addition, the introduction 

of surface antigens and tags have several side effects on the target cells, increasing the 

overall costs [25]ï[28]. On the other hand, dielectrophoresis (DEP) provides cost-

effective, simply-implementable and label-free operation and can be utilized for cell 

manipulation [29]ï[32]. The DEP phenomenon is based on the manipulation of particles 

depending on their unique dielectric properties (i.e. cytoplasmic and membrane 

conductivity and permittivity values) [33]. There are several reports in the literature about 

successful separation and manipulation of biological particles including bacterial cells 

[34]ï[36], viruses [37], tumor cells [38]ï[40], and stem cells [41], with DEP. However, 

medical applications for early cancer detection demand a work with very low 

concentrations of target cells (~ 1-3 cell/ml) in blood suspension [42].  
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In order to operate under very low rare cell concentrations, the constructed DEP separation 

systems should be accurately optimized. In the ideal case, with the exact knowledge of 

dielectric properties (permittivity and conductivity) of target cells, it is possible to 

calculate the DEP force generated inside a known medium and obtain the separation 

efficiency. However, due to the dynamic behaviour of biological organisms, cell 

physiology (membrane and cytoplasmic properties) variates in time [43], [44]. Hence, an 

accurate cell characterization system should be established as the initial and indispensable 

step of dielectric cell manipulation applications.  

Dielectrophoretic cell characterization systems investigate cell behaviour under a non-

uniform electric field at different frequencies to obtain DEP spectra of the cells. By 

obtaining DEP spectra of target cells that spans a wide frequency band, the separation 

frequency of the target cells from the adjacent cell suspension can be obtained. Therefore, 

the separation efficiency of DEP devices increases. Usage of a DEP characterization 

system to increase cell separation efficiency through DEP has previously been reported in 

other studies [38], [45]. However, a strong connection between theory, detailed 

simulations, and design parameters of the characterization system are missing in the 

literature. This thesis study proposes a dielectrophoretic characterization system that uses 

experimental data to assess DEP spectra of cancer cells without ascertaining cell dielectric 

properties.  

1.2 Research Objectives and Thesis Organization 

The primary research objective of this thesis is to develop a microfluidic system for 

dielectric characterization of cancer cells. Hence, the system can be used to optimize the 

operating conditions of separation devices that rely on DEP in order to meet the medical 

requirements.  

To achieve this objective, following studies are aimed: 
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¶ Development of an analysis methodology backed-up with strong theoretical 

explanations, in order to characterize particles without ascertaining dielectric 

properties of cells. 

¶ Design of a microchannel with unique electrode structures that generates non-

uniform but isomotive electric-field in order to simply complex mathematical 

force equations.  

¶ Modelling of the design parameters and conducting electric-field simulations of 

the 3-dimensional constructed geometry with COMSOL Multiphysics software. 

¶ Development of the fabrication flow and masking layers, and fabrication of the 

microchips. 

¶ Creating an unbiased and rigorous testing environment, testing the DEP 

characterization devices with available cancer cell lines. 

¶ Post-processing the test results, verifying the constructed analysis methodology 

through experimental feedback, and obtain dielectrophoretic spectra of cancer 

cells. 

Thesis has been organized in four chapters as follows: 

Chapter 2 introduces the DEP theory and DEP characterization concept including results 

and discussion of the dielectrophoretic modelling of the cancer cells that were studied in 

this thesis. At the end of the chapter, an extensive literature survey is presented on 

dielectrophoretic characterization of MCF-7 and K562 cells. 

Chapter 3 is dedicated to introduce the proposed DEP characterization devices in detail. 

The chapter contains sections about the design of the electrodes for isomotive electric field 

generation, the construction of an analysis model and MEMS fabrication. 
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Chapter 4 gives two different measurement setups including different analysis methods. 

The testing procedure as well as results are also shared in this chapter. In addition, the 

results section contains experimental verification of the analysis model.  

Lastly, chapter 5 presents the thesis conclusion and possible future upgrades that can be 

applied to the presented system to be able to use the system for various applications. In 

addition, minor modification recommendations were shared. 
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CHAPTER 2 

 

2 DIELECTROPHORETIC  CELL  CHARACTERIZATION   

 

2.1 Theory of Dielectrohporesis 

Dielectrophoresis (DEP) was firstly defined by Herbert Pohl to describe the translational 

motion of neutral matter caused by polarization effects in a non-uniform electric field [46]. 

According to this phenomenon, DEP occurs when a polarizable particle is suspended in a 

non-uniform electric field. Under this position dependent field, the force generated 

through the difference in the dielectric properties of particles and medium is called as 

dielectrophoretic (DEP) force. Time averaged version of the DEP force is expressed in 

Equation (1) for spherical particles, which applies to living cells [37]. 

Ὂᴆ  ς“‐ὶὙὩὪ ᶯὉᴆ ὶȟ‫  (1) 

Here, Ὂᴆ  refers to the DEP force, ‐ is the medium permittivity, r is the radius, Ὢ  

corresponds to Clausius-Mossotti relation, which depends on the frequency of the applied 

electric field, Ὁᴆ ὶȟ‫ , with the following relation [47], 

 Ὢ
‐ᶻ ‐ᶻ

‐z ς‐z
 (2) 

Remark that, in the Clausius-Mossotti relation, permittivity values are complex, meaning 

that they are frequency dependent with the below relation. 
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 ‐ᶻ ‐ Ὦ
„

‫
 (3) 

Here, „ refers to the conductivity, is the angular frequency of the applied voltage, and ‫ 

j is equal to Ѝ ρ. By combining complex permittivity expression with Clausius-Mossotti 

relation and regrouping the complex and real components, 

 Ὢ
‐ ‐ Ὦ

„
‫

„
‫

‐ ς‐ Ὦ
„
‫ ς

„
‫

 (4) 

Only the real part of Equation (4) appears in the force relation and it is given by, 

ὙὩὪ
„ „ „ ς„ ‫ ‐ ‐ ‐ ς‐

„ ς„ ‫ ‐ ς‐
 (5) 

Equation (5) implies that for low frequencies (roughly below 10 MHz) the conductivities 

of the particle and medium are dominant, and ὙὩὪ  becomes [48], 

 ὙὩὪ  
„ „

„ ς„
 (6) 

At higher frequencies ὙὩὪ  becomes permittivity dependent as shown in Equation (7).  

 ὙὩὪ  
‐ ‐

‐ ς‐
 (7) 
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The amount of the generated DEP force depends on the rate of change in the applied 

electric field. It is governed by the gradient expression of the root-mean-square value of 

the applied AC electric field. Electric field in 3-dimensional space is written as,  

 Ὁᴆὶȟ‫ Ὁὼ Ὁώ ὉᾀǶ (8) 

Therefore, the force field,  ɳὉᴆ ὶȟ‫ ȟ becomes, 

 

 ɳὉᴆ ὶȟ‫

Ὁ
‬Ὁ

‬ὼ
Ὁ
‬Ὁ

‬ὼ
Ὁ
‬Ὁ

‬ὼ
ὼ

Ὁ
‬Ὁ

‬ώ
Ὁ
‬Ὁ

‬ώ
Ὁ
‬Ὁ

‬ώ
ώ

Ὁ
‬Ὁ

‬ώ
Ὁ
‬Ὁ

‬ώ
Ὁ
‬Ὁ

‬ᾀ
ᾀǶ 

(9) 

Notice that this expression is strongly position dependent. Therefore, it causes complexity 

in the precise integration of the force field throughout the particleôs trajectory. 

Frequency of the applied voltage affects the magnitude of generated DEP force, in 

addition to determining the direction of the motion. If the particle is attracted to a denser 

electric field at a certain frequency, a positive DEP force is generated. On the other hand, 

if the particle moves in favour of a sparse electric field flux, a negative DEP force is 

produced. There is a special case, in which the particle feels no force and the 

corresponding frequency at this point is called cross-over frequency [33].  

It is critical to define the cross-over frequencies, as well as the negative and the positive 

DEP regions of the target and adjacent cells in order to have a properly working 
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dielectrophoretic cell separation system. In order to understand this it is essential to 

understand the operation of a DEP based separation system. 

2.2 Dielectrophoretic Cell Sorting 

DEP based cell sorting (i.e. separation) is a system that aims to identify target cells from 

its environment using the differences in the dielectrophoretic properties. This is possible 

by finding an optimum operating point in which target cells and adjacent cells (cancer 

cells in this case are the target cells and blood cells are the adjacent cells) experience 

different forces either in magnitude or in direction or in both magnitude and direction. For 

this reason, if the DEP spectra of both cell groups was obtained, a frequency point in 

which each cell group experience different DEP forces could be found as illustrated in 

Figure 2.1.  

Recent studies that uses DEP to assess cancer in clinical samples report separation 

efficiency up to a limited level [49]ï[51] still far from meeting the medical requirements. 

Figure 2.1 DEP spectra of two particles A and B. At the frequency point denoted by fsep, particle A 

experiences a positive DEP force, while particle B is experiencing negative DEP force. Therefore at this 

frequency, these two particles can be separated [88]. 



13 

 

As discussed before, this is because the dynamic behaviour of cell structure. For this 

reason, current DEP characterization methods that rely on cell models and assumptions 

should be improved with more solid and experimental characterization methods. 

2.3 Dielectrophoretic Cell Characterization 

Dielectrophoretic cell characterization systems investigate cell behavior under a non-

uniform electric field at different frequencies to obtain DEP spectra of the cells (i.e. 

ὙὩὪ  and frequency relation). The Clausius-Mossotti factor, ὙὩὪ , is dependent on 

frequency of the applied field, dielectric properties of the suspending DEP medium and 

cells. By obtaining DEP spectra of two different cell groups under identical experimental 

conditions, in a wide frequency band, the optimum frequency can be obtained to separate 

these two groups from each other. Therefore, the cell separation throughput is improved. 

Usage of a DEP characterization system to increase cell separation efficiency through 

DEP has also previously been reported in other studies [38], [45], [52]ï[54]. However, a 

strong connection between theory, detailed simulations, and design parameters of the 

characterization system are missing in the literature. 

In order to obtain ὙὩὪ  of target cells by investigating their motion under the influence 

of DEP field a certain analysis methodology was constructed. Initially, cells were assumed 

to be point-particles. To proceed, the following assumptions were made [55], 

¶ No thermal effect on flow field and velocity 

¶ Cell and channel walls do not react with medium fluid 

¶ Rotation of the particle does not affect translational motion 

¶ Reynoldôs number satisfies the laminar flow condition 

¶ No electrostatic interaction between the particles 
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At the creeping flow limit, known as Stokeôs law, drag force is [56], 

 Ὂᴆ φ“‘ὶόᴆ όᴆ  (10) 

Here, Ὑȟ‘ȟόᴆȟόᴆ and όᴆ are particle radius, viscosity of the suspending medium, 

medium fluid velocity, instantaneous particle velocity and initial particle velocity. By 

going through Newton's second law, following relation was obtained, 

 ά
Ὠόᴆ

Ὠὸ
 φ“‘ὶόᴆ όᴆ Ὂᴆ  (11) 

In order to apply Stokeôs law, the particle should be several diameters away from other 

particles and the walls of the system and the flow should be laminar. Therefore, only a 

single cell should be examined, in order to eliminate cell to cell interactions. Two different 

analysis methods were constructed and tested on two different generation DEP 

characterization devices. The details of the analysis methodology is discussed in the next 

chapter. 

2.4 Cell Modelling 

DEP is a popular cell manipulation technique, and DEP theory is extensively been worked 

in numerous of studies as discussed previously. With the increase in the number of 

researches that had been conducted on DEP, electrical characterization of the cells also 

occupied some part of the literature. In order to understand the parameters let us go back 

to the components of Equation (1). Remark that only the real part of Clausius-Mossotti 

relation (Ὢ , is dependent on cell properties as it is expressed in Equation (1). The 

difference in the complex permittivity values of the cell and the suspending DEP medium 

generates a non-zero difference, which determines the relative magnitude and direction of 

the generated DEP force. This implies that, if the complex permittivity of the target cell 

or the cell group is known, it is possible to calculate magnitude and direction of the 

generated DEP force, hence to differentiate cancer cells from regular blood cells in clinical 
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samples. This motivation led researchers to electrically model cell structure. This section 

discusses the representation of cell interior and structures using electrical based analogy, 

and modelling results of MCF-7 Human Breast Adenocarcinoma cells and K562 Human 

Chronic Myeloid Leukemia cells. 

2.4.1 Electrical Circuit Equivalent for Biological Cells  

A typical cell is composed of a cell cytoplasm and a cellular membrane. The cellular 

membrane controls the ionic balances and density flows by being semi-permeable. The 

cellular membrane is composed of lipids, proteins and other complex structures, where 

they exhibit a molecular structure known as ñfluid mosaic modelò [57]ï[60]. The 

membrane as well as the cytoplasm (cytosol) can be represented as series and parallel 

connections of resistors and capacitors. Where organelles, nucleuses, and cell membranes 

can be represented as capacitive elements and the conductive cytoplasmic liquid 

suspending the structure can be modelled as resistors as illustrated in Figure 2.2.  

In this representation, nucleated cell is assumed to be a homogeneous sphere with effective 

complex permittivity, ‐ᶻ [40], [53], [61]ï[63]. In order to be able to use the modelling 

Figure 2.2 Electrical illustration of cell membranes and cell nucleus. Image by Bryan Christie Design. 
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data in Clausius-Mossotti factor calculation it is important to formulate the effective 

complex permittivity based on cytoplasmic and membrane conductivities and cell 

dimensions and understand the permittivity, conductivity relation with capacitance and 

resistance.  

The conductivity and resistivity relations are given by, 

 ὅ ‐
“ὶ

Ὠ
 (12) 

 
Ὑ

ς“ὶ

„“ὶ
 

(13) 

R and C corresponds to resistance and capacitance respectively, r as introduced before is 

the cell radius and d is the thickness of the cell membrane. According to single shell model 

complex permittivity value of the cell can be expressed as [64], [65], 

 ‐ᶻ ‐ᶻ
ὶ ὶ Ὠϳ ς ‐ᶻ ‐ᶻ ‐ᶻ ς‐ᶻϳ

ὶ ὶ Ὠϳ ‐ᶻ ‐z ‐ᶻ ς‐ᶻϳ
 (14) 

Here, ʀᶻ  and ʀᶻ  represent the complex permittivity of the cell membrane and 

effective complex permittivity of cell interior (i.e. cytoplasm) respectively, and d is the 

membrane thickness. Using Equation (3, 12 ï 14) it is possible to calculate overall 

effective cell permittivity. This can be used for modelling the dielectrophoretic behavior 

of the cell by calculating ὙὩὪ  though inserting the corresponding DEP medium 

properties.  

2.4.2 Parametric Simulation of Dielectric Model for Re(fcm) Calculation 

It is known that biological organisms, especially cancer cells exhibit dynamic behavior as 

discussed previously. Hence, cell modelling gives only a rough estimation about the 

dielectrophoretic spectra of cells. On the other hand, it is important to understand the effect 

of each parameter, such as cell radius, membrane and cytoplasmic conductivity as well as 
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suspending DEP medium conductivity on the DEP spectra. For this reason, before 

modelling MCF-7 and K562 cell lines, a parametric sweep of parameters in Equation (14) 

was conducted in MATLAB, where only one parameter is manipulated at a time. Figure 

2.3 shows the simulation results that cover 4 different parameters. All other parameters 

were kept constant, except the one that is discussed at each section. Simulation parameters  

were taken from a previous report in the literature [63]. It is observed that, having R2 

larger than R1, cells having larger radius have their first cross-over frequency earlier, 

however with a weaker negative DEP force experienced. In addition, an increase in 

medium conductivity shifts the first cross-over frequency to the higher frequency regions. 

Moreover, cells with higher membrane conductivity experience less negative DEP force 

at lower frequencies. According to this model cells having membrane conductivity more 

than 4 ÕS/m experience positive DEP force at all frequencies. On the other hand, cell 

cytoplasmic conductivity has an impact on the high frequency region unlike the other three 

Figure 2.3 Simulation results of single shell cell modelling. (a) The comparison of DEP responses between 

two particles having radiuses R1 and R2, where identical otherwise.  (b) Effect of medium conductivities 

were shown, where ůmed1 is larger than ůmed2. (c) Cell membrane conductivity effect is shown (d) Cell 

cytoplasmic conductivity effect is shown. 
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parameters discussed. It is shown that, with the increase in cytoplasm ion density, 

switching from positive DEP to negative DEP regions occurs in the further part of the 

frequency scale. One important realisation is that, none of the parameters, except cell 

cytoplasmic conductivity has an effect on high frequency behaviour and second cross-

over frequency. 

2.4.3 Dielectric Modelling of MCF-7 (Human Breast Adenocarcinoma) & K562 
(Human Chronic Myeloid Leukemia) Cells 

Two different cell groups, MCF-7 (Human Breast Adenocarcinoma) cells and K562 

(Human Chronic Myeloid Leukemia) cells, were studied in the scope of this thesis because 

of the availability. In order to match the experimental characterization data with cell 

modelling, a literature survey was conducted to find the necessary values in Equation (14) 

for each cell group. Table 1 shows the average values of the dielectric parameters of these 

cell groups taken from the literature. 

Notice that the value of the cytoplasmic permittivity for MCF-7 cell line is not available. 

Therefore, throughout the simulations 50 was taken for Ůcyt, based on a literature data that 

focuses on a similar cell line, MDA-MB231 [66].  

Table 1 The average dielectric values of MCF-7 and K562 cells that are available in the literature. 

Cell type r (Õm) Cmem (mF/m2) ůcyt (S/m) Ůcyt References 

Average 

values of 

MCF-7 

10.88 17.3 0.23 N/A [67]ï[69] 

Average 

values of 

K562 

8.70 9.20 0.25 40 [52], [70], [71] 
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A custom-developed MATLAB script was used in order to simulate the ὙὩὪ  value 

vs. frequency for both MCF-7 and K562 cell lines using Equation (14). The simulation 

results are shown in Figure 2.4 and Figure 2.5 for MCF-7 and K562 cells respectively. It 

is observed that the cross-over frequencies appeared at 1.94 kHz and 54.83 MHz for MCF-

7 cells and 8.09 kHz and 47.97 MHz for K562 cells in the simulations. 

2.5 Literature Survey on Dielectophoretic Spectra of K562 and MCF-7 Cells  

There are many studies that work with dielectrophoretic characterization of mammalian 

cells using a diverse analysis methodology [38], [40], [49], [52], [61], [62], [65], [72]. 

Studies that focus on the DEP characteristics of K562 cell line reported the first cross-

over frequency (the critical point corresponding to the transition from negative DEP to 

positive DEP region) between 5 kHz and 100 kHz [40], [49], [52], [73]. The cross-over 

frequency was reported in this thesis at 200 kHz in correlation with but higher than the 

previous reports. It is known that the suspending DEP medium has a significant effect on 

the appearance of the first cross-over frequency [61], [62]. Although these studies used 

Figure 2.4 DEP spectrum simulation results of MCF-7 cells at the medium conductivity, „  2.5 mS/m. 
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identical dielectric properties for suspending DEP mediums, they reported disparate 

results. The divergence in the outcomes have certain reasons. In some studies, rather than 

experimental results, cell dielectric properties were inserted in cell models to identify the 

relation between ὙὩὪ  of the target cell and applied frequency [40], [53]. Due to cells' 

dynamic nature, different dielectric properties have been reported by several research 

groups in the past [43]. In addition to the divergence in the dielectric property reports, cell 

modelling introduces assumption based errors. In other reports, cell count or light 

illumination level was related to the cell characteristics at a certain frequency range [52], 

[73]. Although, there is a cross-correlation between cell count and ὙὩὪ  data, the 

correlation level should be carefully investigated in these approaches in order to be used 

as a strong reference for DEP based cell separation systems that asses cancer on clinical 

samples. For instance, the effect of cell to cell interaction to the amount of counted cells 

and to the DEP spectra results should be discussed. 

Figure 2.5 DEP spectrum simulation results of K562 cells at the medium conductivity, „  2.5 mS/m 
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In the aforementioned studies, the high cross-over frequency value (the critical point 

corresponding to the transition from positive DEP to negative DEP regions) of the K562 

cells is not reported, however a significant decrease in DEP force after the frequency of 

10 MHz is observed. The DEP spectrum result of K562 cells in this thesis also appears 

with a significant drop around 10 MHz, and the second cross-over frequency was recorded 

at 39.8 MHz. MATLAB simulation results for K562 cells modelled with single shell cell 

modelling approach indicated the second cross-over frequency at 48 MHz. The literature 

results were grouped in Table 2. It is clearly seen that there is no agreement on the first 

and second cross-over frequency values reported in these studies. 

Table 2 Cell characterization results reported in the literature on K562 

 Cell Type Method 

First  

cross-over 

frequency 

Second 

cross-over 

frequency 

Drawbacks 

[52] K562 
Number of 

collected cells 

╖  

(~ 10 kHz) 

╖ 

(decrease 

after 8 

MHz) 

Weak relation to the DEP spectra 

[73] K562 
Number of 

collected cells 

╖   

(~ 7 kHz) 
╖ Weak relation to the DEP spectra 

[49] K562 

Cell 

conductivity 

measurements 

30 kHz - 

90 kHz 
╖ Weak relation to the DEP spectra 

[40] K562 

Cell 

modelling 

sim. 

10 kHz 48.64 MHz Dielectric assumptions 

Sim. K562 

Cell 

modelling 

sim. 

8 kHz 48.0 MHz Dielectric assumptions 
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Several studies had been conducted on characterization of MCF-7 cells, on the other hand 

similar to results of K562 cell characterization, there are disparate outcomes in these 

reports [38], [49], [53], [54], [69], [74]. The first cross-over frequency for MCF-7 cells 

were reported between 10 Hz to 500 kHz, however the majority of the reports were 

concentrated on 20 kHz to100 kHz. Only one of these studies reported the first cross-over 

frequency above 150 kHz [38]. In this study the characterization results demonstrate very 

high divergence and DEP force was given in arbitrary units. In addition the results in the 

corresponding study was not fitted into a DEP model because of lack of correlation. 

Another DEP related study reported characterization results of MCF-7 cells based on 

calculations at different solution conductivities (i.e. 1.2 x ρπ  S/m to 7.6 S/m [75]. 

However the solution conductivities were either very high or very low. Therefore, it could 

not be compared to any DEP characterization study in the literature to our knowledge. In 

addition, the second cross-over frequency did not appear in their results. An extensive 

study that measures conductivities of variety of cells to calculate the cross-over 

frequencies (not the whole DEP spectra) reported the first cross-over frequency of MCF-

7 cells in between 30 kHz and 70 kHz [49] and another cell modelling study obtained the 

frequency at 30 kHz [53]. In this thesis, the first cross-over frequency of MCF-7 cells were 

reported at 100 kHz, in correlation with the aforementioned studies. A study that focuses 

on the separation of malignant human breast cancer epithelial cells from healthy epithelial 

cells using dielectrophoresis, calculated a factor called CPS (crucial parameter of 

separation, ὶὙὩὪ ) [54]. They only shared calculation results after 1 MHz and 

reported the second cross-over frequency at 36.2 MHz. The sum-up version of the 

literature survey on dielectrophoretic characterization of MCF-7 cells were shared in 

Table 3. 
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Table 3 Cell characterization results reported in the literature on MCF-7 

 Cell Type Method 

First  

cross-over 

frequency 

Second 

cross-over 

frequency 

Drawbacks 

[38] MCF-7 

V-shaped 

electrodes 

(force in a.u.) 

280 kHz 

20 MHz 

and 50 

MHz 

Position dependent force field 

+ 

Weak theoretical explanations 

[54] MCF-7 

Cell 

modelling 

sim. 

- 36.18 MHz Dielectric assumptions 

[49] MCF-7 

Cell 

conductivity 

measurements 

30 kHz - 

50 kHz 
- Weak relation to the DEP spectra 

[53] MCF-7 

Cell 

modelling 

sim. 

20 kHz 

- 

(drop after 

10 MHz) 

Dielectric assumptions 

Sim. MCF-7 

Cell 

modelling 

sim. 

2 kHz 54.8 MHz Dielectric assumptions 

 

The decrease in positive DEP force after a few MHz is reported in other cell 

characterization studies that worked on various cancer cell lines as well [54], [72]. On the 

other hand, another study, that focused on high frequency region in the DEP spectra 

analysis of mouse lymphocytes, reported the cross-over frequency at around 200 MHz 

[76]. The study used cell modelling results of a different study [77] on dielectric properties 

of mouse lymphocytes as a predictive guide. A possible reason for the divergence in the 

second cross-over frequency results is that the corresponding study focused on a different 

cell type (i.e. mouse lymphocytes). The DEP characteristics of lymphocytes are reported 
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to be different than NCI-60 cell types (human tumour cell lines), hence the second cross-

over frequencies are possibly disparate for these two cell types [49]. In addition, in the 

corresponding study the selected predictive guide is possibly out-dated, considering the 

dynamic behaviours of cell physiology. 

It is clearly seen that in order to obtain DEP spectra of cells, simulations that uses dielectric 

properties and weak relations on measurement tool and DEP force result in an 

inconsistency in the results. Considering the throughput requirement of DEP separation 

systems, this inconsistency cannot be acceptable. Therefore, a direct relation between 

experimental measurements and DEP spectra (hence DEP force) should be established. 

This thesis is aimed to obtain an accurate DEP characterization system to obtain ὙὩὪ  

at any frequency experimentally, hence directly. 
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CHAPTER 3 

 

3 DESIGN, SIMULATION  AND FABRICATION  OF THE  

DIELECTROPHOTRETIC  CHARACTERIZATION  DEVICE  

 

The main purpose of this study is to obtain a dielectric cell characterization method that 

does not depend on assumptions based on cell modelling and dielectric properties. 

Therefore, a microfluidic DEP characterization device is designed, fabricated, tested and 

analyzed. This allows to obtain DEP spectra of a cell experimentally. This chapter is 

dedicated to present the design, electric field simulations, constructed analysis 

methodology, and fabrication of the DEP characterization device, through explaining each 

step in details.  

3.1 Electrode Configuration and Device Design 

Electrodes are responsible for the generation of the non-uniform electric field. Hence, the 

electrode configuration plays a very crucial role in the direction and magnitude of the 

generated DEP force, taking the form of ɳὉᴆ ὶȟ‫  in Equation (1). The main design 

specification in electrode configuration is to obtain the force field, ᶯὉᴆ ὶȟ‫  uniform 

and unidirectional. However, this is a tough challenge since the field is highly position 

dependent because of the gradient operations as expressed in Equation (9).   

3.1.1 V-shaped planar electrode 

In our group, a DEP characterization chip was already designed and fabricated. The design 

specification were inspired from a study conducted by F. Yang et al. [78]. In Figure 3.1 
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the constructed geometry is presented [79]. There are two reciprocal V-shaped planar 

electrodes with a 30ę angle between the edges. The gap between the electrode tips is 20 

ɛm. A parylene reservoir (h=20 ɛm) was used to confine the cell solution. A final parylene 

coating was done to provide electrical insulation of the electrodes and to eliminate 

electrolysis in the tested frequency range.  

The structure was re-created in 3-d on COMSOL Multiphysics and parameters were 

defined for each structural component (i.e. parylene, DEP suspension and metal) as 

illustrated in Figure 3.3. Planar electrode structure was selected in fabrication as it is easier 

to realize than 3-d metal electroplating. Therefore, because of the asymmetry in the z-axis, 

the electric field divergence in the z-axis should also be taken into account in the force 

field calculations. Electrostatic simulation result at x-y plane of ᶯὉᴆ ὶȟ‫  factor at 

z = 5 Õm when 10Vpp at 1MHz with a 180Á phase difference was applied to the electrodes, 

is shown in Figure 3.2. 

Figure 3.1 The electrode and channel configuration of the initially fabricated DEP 

characterization devices in BioMEMS research group [79]. 
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As cancer cells are a few microns ranged particles, to track their trajectories accurately, it 

was zoomed to a 400Õm x 400Õm region as shown in Figure 3.5. The effect of z-

component is illustrated in Figure 3.4, where arrows correspond to the direction of the 

positive DEP force. Since near electrode tips and sides DEP force direction and magnitude 

Figure 3.3 COMSOL modelling and material definitions. 

Figure 3.2 Electric field simulation results of the overall geometry, where ᶯὉᴆ ὶȟ‫  results are 

illustrated. It is observed that the force field is not uniform. 
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varies in the order of magnitude of 3, cells that are located at least 100 Õm further than the 

electrodes were analyzed. 

The simulation results show that electric field gradient component appearing in Figure 3.5 

is strongly position dependent. As discussed previously, in order to get rid of high 

Figure 3.4 Electric-field simulation results at different heights. It is seen that z-axis has an effect on the field 

direction and magnitude near the electrodes. 

Figure 3.5 Electric-field simulation results of the analysis region (400 Õm x 400 Õm) box. Only half of the 

box is shown due to symmetry. 








































































