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Dielectrophoresis (DEP) is a technique used for separating particles with different 

sizes and/or dielectric properties. Fabrication of microelectrodes, thanks to 

MEMS technology, allows DEP to be applied in biomedical applications such as 

manipulation, separation, and enrichment of targeted cells from untargeted ones 

without any labeling. Especially, rare cell detection from blood occupies an 

important place in diagnostics of fatal diseases such as cancer. Circulating tumor 

cells (CTCs) that are shed into circulatory system has been considered as an 

important biomarker for the metastatic progression in cancer. Early detection of 

CTCs has the uttermost importance for the success of the therapy. However, it 

cannot be used as a diagnostic tool due to difficulties in detecting only a few 



CTCs in milieu of billions of blood cells. The objective of this thesis is to develop 

a MEMS-based dielectrophoretic device for the enrichment of cancer cells from 

blood with a high throughput, sensitivity, and selectivity.  

To achieve this goal, a wide (1000 m), parylene-based microchannel with V-

shaped planar microelectrodes arranged in parallel throughout the channel has 

been developed. Throughout the thesis, three generations of DEP devices with 

different electrode and microchannel geometries have been developed. The first 

and second generation devices contained two consecutive DEP areas, one for 

focusing of all cells towards the channel walls via negative DEP (nDEP) force, 

and the other for selective manipulation of red blood cells (RBCs), where their 

separation from cancer cells and redirection into the waste outlet take place. 

However, these devices could manipulate cells at low flow rates (up to 1 l/min), 

which results in low throughput. To increase the throughput, electrode and 

channel geometries has been revised so that the cells are manipulated via positive 

DEP force (pDEP) and slide through the electrodes to the side channels. Also, 

parylene filters have been included to filter the RBCs due to their size difference, 

while keeping the large cancer cells inside the main channel. By this way, the 

flow rate could be increased up to 30 l/min, and the working potential has been 

decreased from 20 Vpp to 10 Vpp. Fabricated 3rd generation DEP devices are 

capable of working with up to 6 million cells/ml cell concentrations including 5 

million RBCs/ml and 1 million cancer cells/ml (K562 human leukemia cancer cell 

lines and MCF7 human breast adenoma cancer cell lines, separately). Cell 

enrichment factor for rare cells were calculated as 1.3, which means the desired 

rare cell percentage was increased to 1.3 fold at the output relative to the input. 

Further improvements in the design and operational conditions would increase 

enrichment ratio to the ultimate goal, which is enrichment of rare cells from whole 

blood of real cancer patients. 

 

Keywords: Dielectrophoresis (DEP), rare cell enrichment, asymmetric planar 

electrodes, blood, and cell slide.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

50 sayfa 

 

 

 

-



 

-

 okanal 

  

e bu alanlardan ilki negatif DEF 

 

pozitif DEF 

 

uygulanan gerilim 20 Vpp seviyelerinden 10 Vpp 

 

kapasitesine sahiptir. 

 

 

Anahtar Kelimeler: Dielektroforez (DEF), ender h

 



 

 

 

 

 

 

 

 

 

 

 

 

To My Family and  

 

 

 

 

 

 

 

 

 

 

 



ACKNOWLEDGEMENTS 

 

 

 

After holding a degree in biomedical engineering, it was an essential aim for me 

to join the grand MEMS family. Because of giving me this chance, I would like to 

support, optimism and positive reinforcement during my graduate study. Many 

thanks 

providing biological laboratory and cancer cell lines. 

I would like to thank to my colleagues; Mrs.  for her 

for helping and guiding me during the fabrication of my devices. 

I am especially grateful to all my lab friends in the BioMEMS and PowerMEMS 

groups for being such nice officemates. 

I would also like to thank all METU-MEMS Center staff for their kind helps in 

cleanroom especially to Mr. Orhan Akar for sharing his knowledge. 

I am thankful to The Scientific and Technological Research Council of Turkey 

 

-in-

for their never ending belief in me for achieving all my dreams.  Besides, many 

hero. 

Finally, I owe my deepest thanks to the keystone of my life, Ms. Parinaz Ashrafi 

for her unconditional support, marvelous love and having endless faith in me. 

  



TABLE OF CONTENTS 

 

 

 

ABSTRACT

ACKNOWLEDGEMENTS

TABLE OF CONTENTS

LIST OF TABLES

LIST OF FIGURES

CHAPTERS 

1. INTRODUCTION

1.1 Microfluidics

1.2 Electrokinetics

1.2.1 Electroosmosis

1.2.2 Electrophoresis

1.2.3 Dielectrophoresis

1.3 Research Objectives and Thesis Organization

2. THEORY OF DIELECTROPHORESIS

2.1 Dielectrophoresis

2.2 Microscale Electrode Materials for DEP Devices

2.2.1 Metal Microelectrodes



2.2.2 Silicon Microelectrodes

2.2.3 Carbon Microelectrodes

2.2.4 Polymer-based Microelectrodes

2.2.5 Liquid Microelectrodes

2.3 Microscale Electrode Configurations Used for DEP Devices

2.3.1 Planar Microelectrodes

2.3.2 3D Microelectrodes

3. CELLS AND DIELECTRIC MODELING

3.1 Structure of Blood

3.1.1 Blood Plasma

3.1.2 Blood Cells

3.1.3 Rare Cells in Blood

3.2 Cell Dielectric Modeling

3.2.1 Dielectric Modeling of Red Blood Cells (RBCs)

3.2.2 Dielectric Modeling of K562 (Human Chronic Myeloid 

Leukemia) Cell Lines

3.2.3 Dielectric Modeling of MCF7 (Human Breast Adenocarcinoma) 

Cell Lines

3.2.4 Dielectric Modeling of RBC & K562 Mixture

3.2.5 Dielectric Modeling of RBC & MCF7 Mixture

4. DESIGN AND SIMULATION

4.1 Design of the DEP Devices

4.1.1 The Design of 1st Generation DEP Devices



4.1.2 The Design of 2nd Generation DEP Devices

4.1.3 The Design of 3rd Generation DEP Devices

4.2 Simulation Method

4.2.1 Simulations of 1st Generation DEP Devices

4.2.2 Simulations of 2nd Generation DEP Devices

4.2.3 Simulations of 3rd Generation DEP Devices

5. FABRICATION

5.1 Fabrication of the 1st Generation Devices

5.2 Fabrication of the 2nd Generation Devices

5.3 Fabrication of the 3rd Generation Devices

6. RESULTS AND DISCUSSION

6.1 Preparation of the Cells

6.2 Experimental Setup

6.3 Test Results

6.3.1 Test Results for the 1st Generation DEP Devices

6.3.2 Test Results for the 2nd Generation DEP Devices

6.3.3 Test Results for the 3rd Generation DEP Devices

6.4 Cell Enrichment Calculations

7. CONCLUSION AND FUTURE WORK

REFERENCES

APPENDICES 

A. COMSOL SIMULATIONS



B. FABRICATION FLOWS

 

 

  



LIST OF TABLES 

 

 

 

TABLES 

Table 3.1 The dielectric parameters of RBCs (N/A: not avaliable).

Table 3.2 The dielectric parameters of K562 cells (N/A: not avaliable).

Table 3.3 The dielectric parameters of MCF7 cells (N/A: not avaliable).

Table 4.1 Design parameters utilized for the 1st generation devices.

Table 4.2 Design parameters utilized for the 3rd generation devices  grounded 

version.

Table 4.3 Design parameters utilized for the 3rd generation devices  gapped 

version.

Table 4.4 Cell parameters and constants with different frequencies utilized for the 

1st & 2nd generation devices.

Table 4.5 Given parameters for 1st generation devices in COMSOL.

Table 4.6 Given parameters for 2nd generation devices in COMSOL.

Table 4.7 Given parameters for 3rd generation devices in COMSOL.

Table 4.8 Parameters which were tried for gap regions in 2D hydrodynamic 

simulations.

Table 6.1 K562 & RBC ratios in the cell mixture before enrichment.

Table 6.2 K562 & RBC counts in the cell mixture taken from cancer cell outlet.



Table 6.3 Calculated values of cell enrichment factor and recovery rate of K562 

cells (c.e.f.: cell enrichment factor).

Table 6.4 MCF7 & RBC counts in the cell mixture before enrichment.

Table 6.5 MCF7 & RBC counts in the cell mixture taken from cancer cell outlet.

Table 6.6 Calculated values of cell enrichment factor and recovery rate of MCF7 

cells (c.e.f.: cell enrichment factor).

Table 6.7 Average and minimum cell enrichment factors of K562 cells (c.e.f.: cell 

enrichment factor).

Table 6.8 Recovery rates of the rare cells 

  



LIST OF FIGURES 

 

 

 

FIGURES 

















 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 



CHAPTER 1 

1. INTRODUCTION 

INTRODUCTION 

 

 

 

Over the course of many years, the standard way to diagnose cancer was an open 

surgical biopsy [1]. Compared with surgical biopsies, which are applied on the 

original tissues, blood examination is less invasive and easier for routine 

screening analyses. In addition, rare cells, such as leukemic cells and circulating 

tumor cells (CTCs) are found in the peripheral blood of cancer patients. 90% of 

all cancer-related deaths are caused by cancer metastasis and the presence and 

quantity of rare cells are highly correlated with cancer metastasis. However, 

processing and analyzing rare cells from peripheral blood (~1 to 100 rare cells per 

109 blood cells) is a challenge, because target cells are rare and blood has a 

complex nature. Thus, a significant enrichment step is needed for collecting rare 

cells in high-purity and viability for further analyses [2]. 

With the rapid progress of promising microfluidic technologies, much attention in 

the field of blood analysis has been directed to microfluidic devices due to their 

small scale, ease of fabrication, and high performance in controlling the blood 

microenvironment, and processing complex blood cells [2]. 

1.1 Microfluidics 

Microfluidics is a technology characterized by the engineered manipulation of 

fluids at microscales, which improves diagnostics and biological research 

substantially. Developing technologies by the semiconductor industry and micro-



electro mechanical systems (MEMS) field make it possible to produce microscale 

devices, so fluids can be manipulated by these devices. These microscale devices 

b-on-a-

chip (LOC) technologies. The fluid phenomena which dominate liquids at 

microscale are measurably different from those that dominate at the macroscale 

and important concepts such as laminar flow, surface tension, and capillary forces 

should be evaluated according to microscale level [3]. 

parallelization of biochemical assays in an easy and consistent manner. According 

be divided into five groups: capillary, pressure driven, centrifugal, electrokinetic, 

and acoustic systems [4]. 

Most of the microfluidic processes on a LOC are electrokinetic processes and 

interfacial electrokinetic phenomena dominate these microscale transport 

processes [5]. Thus, electrokinetic systems are explained in more details below. 

1.2 Electrokinetics 

Electrically controlled dynamics of fluids and particles at microscales is a 

mesmerizing research area in microfluidic applications such as sorting of 

biomolecules [6]. 

electric dipoles control the microfluidic unit operations in electrokinetic 

channels and electrodes. Depending on bu ers and/or samples used, electrokinetic 

e ects can be classified as electroosmosis, electrophoresis, and dielectrophoresis 

[4].  

1.2.1 Electroosmosis 

Electroosmosis (EO) is defined as electrically driven motion of bulk fluids [6]. 

The velocity of this motion is linearly proportional to the applied electric field, 



and dependent on both the microchannel material and the fluid. A thin layer of 

ions is located near a wall exposed to a fluid and it is named as electrical double 

layer (Figure 1.1) [7]. 

An important application of the electroosmotic flow is micropumps. Traditional 

electroosmotic micropumps generally require the use of a high potential (>1 kV) 

and/or complex channel structures [8]. It was proven that these systems can also 

be driven at a low ac potential, since fluid is driven by the local electric field, not 

the voltage applied [9]. 

observed in 5 mM buffer solution with the 10 Vpp applied potential in the 

designed ac electrokinetic micropumping system [8]. 

 

Figure 1.1 Depiction of traditional electroosmosic flow [8]. 

 

1.2.2 Electrophoresis 

Electrophoresis (EP) is defined as the migration of charged ions in an electric 

field. EP requires the maintenance of a direct current (DC) or steady electric field 

in an electrolyte. This is traditionally accomplished through Faradaic reactions 

occurring at the interface where each electrode (anode and cathode) contacts the 

electrolyte [10]. Charged particles such as nucleic acids or proteins can be 

separated and the rate of the migration is related with the net charges on the 



particles, mass and shape of the particles, properties of the supporting medium 

and strength of the electric field. EP can be categorized due to used supporting 

media such as paper electrophoresis, cellulose acetate membrane electrophoresis, 

gel electrophoresis (agarose gel, starch gel, and polyacrylamide gel) [11]. These 

-on-a-

[10]. To overcome this problem, chip-based capillary 

electrophoresis (CE) systems are developed for separation of charged particles. 

Over the last 5 10 years there has been a strong push towards portable CE 

systems which has led to a variety of successful devices [12] TM 

instrument was developed as a CE system with a 2 cm x 2 cm low fluorescing 

fused-silica microseparation chip including 10 cm separation column. Figure 1.2 

presents the CE system and separation chip. 

 

 

Figure 1.2 TM instrument (b) microseparation chip [13]. 

 

1.2.3 Dielectrophoresis 

spatial gradient of the electric field. DEP can be used to characterize the 

polarizability aspect of electrical phenotype. The polarizability of cells is 



primarily due to the cell wall (if present), membrane, and/or cytoplasmic electrical 

properties, depending on the applied field frequency [14]. 

A dielectrophoretic microsystem, consisting of a microchannel with an array of 

can drive the selective movement of various particles, such as microbeads [15]

[19], yeasts [20], [21], bacteria [22], [23], viruses [24], [25], blood cells [26] [29], 

and rare cells [30] [49]. Because of the relevance with the thesis objectives, 

manipulations of blood cells and rare cells were investigated particularly. 

1.2.3.1 Manipulation of Blood Cells 

The possibility of focusing and separating blood cells based on their conductivity 

and shape characteristics has a great potential in studying fundamental cell 

properties as well as in the medical diagnostics field [26]. 

The motion of a suspension of erythrocytes (RBCs) in response to a high-

frequency alternating current (AC) field in a microfluidic device was examined 

with parallel and orthogonal electrode configurations. Pearl chain formation 

occurs rapidly after the RBCs are focused by electrode repulsion in both 

configurations [26]. Figure 1.3 shows the device schematic and the frequency 

dependence of aggregation is quantified for human blood cells. 



 

Figure 1.3 (a) Microchip schematic and (b) frequency dependence of aggregation 
of RBCs [26]. 

 

Gordon et al. used DEP for the analysis and discrimination of RBC starvation 

ages. The research was based on bovine RBCs and their crossover frequency 

changes due to glutaraldehyde concentration during starvation ages. It is known 

that glutaraldehyde addition to the cells removes positive amino groups which are 

found on the surface of the cells and destroys lipid the membrane. Crosslinking of 

the membrane and interior proteins produce a polyelectrolyte network to enhance 

the stability of the cells. [27]. For the utilizing the pDEP and nDEP forces on 

RBCs, quadrupole electrode array was chosen and the cells were observed in their 

different starvation ages (1 week, 2 weeks, and 4 weeks) as shown in Figure 1.4. 



The square dots illustrate the 1 week starvation age, circular dots illustrate the 2 

weeks starvation age, and triangular dots illustrate the 4 weeks starvation age of 

RBCs as shown in Figure 1.4b. The glutaraldehyde concentration differences do 

not cause any important changes in the low frequency cof of RBCs with different 

starvation ages, but an increase can be seen in the high frequency cof intervals of 

RBCs at the same starvation ages. According to Gordon et al. electrical properties 

of cells can be changed in different starvation ages with the treatment of 

glutaraldehyde as a result of crosslinking of the membrane and interior proteins of 

the cells. 

 

Figure 1.4 (a) Fabricated quadrupole electrodes and pDEP & nDEP responses 
and, (b) crossover frequency changes due to different starvation ages [27]. 



Blood serum analyses are crucial for diagnosing various diseases and blood serum 

has unique physical and chemical properties compared with blood cells. Thus, 

blood serum and blood cells can be separated from each other in dielectrophoretic 

applications (Figure 1.5) [28].  

 

Figure 1.5 Electrode configuration and experimental results for blood serum and 
blood cell seperation [28]. 

 

Due to the need for high-purity, low-stress platelet separation technology,  

purification  of  platelet rich plasma (PRP)  can be performed  to  eliminate  red  

and  white  blood  cells  using  dielectrophoretic and flow-induced shear force 

(Figure 1.6) [29]. 

 

Figure 1.6 (a) Electrode configuration, and (b) applying 20 Vpp & 75 kHz and 20 
Vpp & 100 kHz for platelets, respectively. Vector arrow indicates a blood cell and 

arrowheads indicate platelets [29]. 



1.2.3.2 Manipulation of Rare Cells 

For early cancer detection and monitoring the progress of treatment, it is essential 

to isolate cancer cells from blood cells. Due to differences in size and dielectric 

properties of cancer cells, DEP can be used to isolate cancer cells from blood cells 

[30]. DEP has been used for the manipulation and isolation of several rare cell 

types including human leukemia cells [31] [34], human breast cancer cells [35]

[41], cervical carcinoma cells from red blood cells [42], human oral squamous cell 

carcinoma cells from human HPV-16 transformed keratinocyte cells [43], human 

breast cancer cells from normal T-lymphocytes [44], human colon cancer cells 

from red blood cells [45], prostate cancer cells from colorectal cancer cells [46], 

malaria infected RBCs from healthy RBCs [47], [48], and human  mesenchymal 

stem cells (hMSC) [49]. 

Live human leukemia cells can be selectively isolated from dead cells utilizing 

their electrical signatures (Figure 1.7) [33]. Because of no contact between 

electrodes and the medium, problems including contamination, electrochemical 

effects, bubble formation, and the harmful effects of joule heating is prevented 

[50]. 

 

Figure 1.7 (a) cDEP device1 schematic and experimental result with cell trapping 
at V1 = V2 = 100 Vrms at 152 kHz and V3 = V4 = Ground (b) cDEP device2 

schematic and experimental result with cell trapping at V1 = 40 Vrms at 500 kHz 
and V2 = Ground [33]. 



Besides the separation of cancer cells from non-cancer ones, DEP can be used to 

separate differentiated cancer cells from each other. Demircan et al. utilized DEP 

for separation of multidrug resistant cancer cells and sensitive cancer cells, on a 

continuous flow microfluidic channel with 3D electrodes. Trapping of K562AR 

cells on the electrodes were obser  

(Figure 1.8) [34]. 

 

Figure 1.8 (a) Device schematic, (b) experimental results for sensitive K562 & 
K562AR cells at 48.64 MHz, V = 9 Vpp [34]. 

 

For the rapid isolation of HeLa cells from RBCs, a microdevice including circular 

microelectrodes was fabricated and tested. It was shown that HeLa cells were 

selectively concentrated at the center pair of microelectrodes from RBCs with a 

recovery rate of around 64.5% (Figure 1.9) [42]. 



 

Figure 1.9 (a) Circular electrodes and cell movements schematic, (b) Device 
schematic (c) experimental results for HeLa cells and RBCs at 1 MHz, V = 16 Vpp 

[42]. 

 

Another dielectrophoretic cell separation device was made to fractionate cells 

according to their cell cycle phases. MDA-MB-231 cells in two different cell 

cycle phases (G1/S and G2/M) were applied to the device and separation was done 

at 20 Vpp & 800 kHz as shown in Figure 1.10 [39]. 



 

Figure 1.10 The physics of separation for cells in difference phases in their cell 
cycle [39]. 

 

DEP was used to separate prostate cancer cells from colorectal cancer cells, which 

have the same sizes and shapes. 12 Vpp and 2.5 MHz were applied to both cell 

types and prostate cancer cells (LNCaP) were manipulated under nDEP, but no 

manipulation was observed on colorectal cancer cells (HCT116). Enrichment 

 (Figure 1.11) 

[46]. 



 

Figure 1.11 (a) Device schematic and (b) experimental results for nDEP on 
prostate cancer cells, passive electrodes and active electrodes, respectively [46]. 

 

Gascoyne et al. showed that DEP can be used for the detection and isolation of 

malarial RBCs from healthy ones. Plasmodium falciparum-infected red cells were 

used and investigated in mixtures with healthy RBCs and they exhibit a non-linear 

DEP crossover frequency response to increasing cell suspension conductivity, 

where healthy RBCs exhibit a linear response as shown in Figure 1.12. It was seen 

that transmembrane conductances of the infected RBCs were very high in 

comparison to healthy RBCs because of having modifiable pores on their plasma 

membranes. Permeation pathways begin to appear about 6h after infection of the 

RBCs and parasites synthesize protein channels on the plasma membrane of 

RBCs. Thus, transport of wide range of solutes into RBCs occurs and this changes 

the ion balance of the infected RBCs. Because of these differences, 



dielectrophoretic responses of the infected RBCs differ from healthy ones and 

isolation can be done by DEP [47]. 

Figure 1.12 Dielectrophoretic crossover frequency characteristics of healthy 
RBCs and malarial RBCs [47]. 

 

1.3 Research Objectives and Thesis Organization 

Especially in the early stages of cancer, only a few tumor cells are present in 

blood (1-100 cancer cells/5x109 blood cell/ml blood). For every rare tumor cell in 

blood there are almost billion more RBCs with it [51]. Thus, enrichment of rare 

cells is crucial before detection. 

The primary research objective of this thesis is to develop a MEMS-based DEP 

device for rare cell enrichment from blood with high selectivity, sensitivity, and 

throughput.  

To achieve this objective, following studies are aimed: 

 Designing a microchannel, which satisfies dielectrophoretic manipulation of 

different cell types according to their dielectric properties. The system 

should operate without any hydrodynamic focusing and labeling.  



 Dielectric modeling of RBCs and rare cells (K562 human leukemia cells 

and MCF7 human breast adenocarcinoma cells) using MATLAB, according 

to their dielectric properties reported in literature. 

 Hydrodynamic and electrical analysis of the design with COMSOL software 

utilizing finite element model (FEM) simulations. 

 Development of the fabrication flow and fabrication of the DEP devices. 

 Testing of DEP devices with RBC and rare cells mixtures. 

 Cell counting and calculating the enrichment factor of the DEP devices. 

Thesis has been organized in six chapters as follows: 

Chapter 2 provides the necessary background information and significant analysis 

parameters about DEP in microfluidics.  Moreover, literature survey for 

applications of DEP for particle/cell manipulation is given. 

Chapter 3 presents the dielectric properties of cells, including dielectric modeling 

techniques, dielectric modeling of red blood cells, K562 cancer cells and MCF7 

cancer cells. 

Chapter 4 includes the design and FEM simulations of the DEP devices with 

detailed structural explanations. 

Chapter 5 presents the microfabrication process of the DEP devices. 

In chapter 6, experimental analyses of the DEP devices are presented. The 

performances of the devices are assessed by applying the K562 cancer cell lines, 

MCF7 cancer cell lines and red blood cells, and analyzing their responses at 

different frequencies.  In addition, rare cell enrichment factor is calculated and 

presented for the last generation devices. 

Lastly, chapter 7 presents thesis conclusion and offers some recommendations for 

the further research.  

  



 

  



CHAPTER 2 

2. THEORY OF DIELECTROPHORESIS 

THEORY OF DIELECTROPHORESIS 

 

 

 

2.1 Dielectrophoresis 

In 1951, Pohl et al. introduced the term dielectrophoresis (DEP) for the first time 

solvent resulting from polarization forces produced by an inhomogeneous electric 

 DEP is the Greek word phorein, an effect where a particle 

is carried as a result of its dielectric properties. [52]. First DEP-activated systems 

were developed by Pohl using tungsten wires and applying them to remove 

carbon-black fillers from polyvinyl chloride samples. Around 10 kV level 

voltages were needed to generate electric fields for manipulating target objects 

because of the large scale of the system [53]. After micro-scale electrodes were 

started to be used as nonuniform electric field generators, voltages which were 

used in the systems lowered and new opportunities were opened for DEP in 

biomedical microfluidic systems [54]. 

DEP force is determined by the magnitude and polarity of the charges induced on 

a particle by the applied field [55]. 

The DEP force is responsible for motion of polarizable particles, which is defined 

as below: 

 (2.1) 

 



The dipole moment depends on the geometry of particle and for a homogeneous 

sphere is defined as: 

 (2.2) 

where r is radius of the particle,  is the absolute permittivity of the surrounding 

medium which is defined as  ( 8.85x10-12 F/m is the permittivity of the 

vacuum and  is dielectric constant of the medium), fCM is a complex variable 

known as Clausius-Mossotti factor related to the effective polarizability of the 

particle, and E . Combining equations 

(2.1) and (2.2) gives the time-averaged DEP force applied on a spherical particle 

as: 

 (2.3) 

This equation includes two independent terms for DEP force. First term is called 

as classical DEP force which is proportional to the real part of the fCM and spatial 

nonuniformity of electric field magnitude. Second term is called travelling wave 

DEP force which is proportional to the imaginary part of the fCM and spatial 

nonuniformity of the phase component.  represents the gradient operator for 

electric field. 

The expression for the time-average DEP force (acting on a spherical particle) is: 

 (2.4) 

Clausius-Mossotti factor is represented as: 

 (2.5) 

The term fCM denotes the real component of the function of complex permittivities 

within the parentheses. This term may vary between -0.5 and +1, determined by 

the properties of the medium and the moving particle. If this is positive, the force 

exerted upon the particle will be positive and the particle will move towards areas 

of high electric field gradient - positive dielectrophoresis (pDEP). If this is 

negative, the force exerted upon the particle will also be negative, and the particle 



will move towards areas of lowest electric field gradient - negative 

dielectrophoresis (nDEP). 

 

 

Figure 2.1 Positive and negative DEP effects on a polarizable particle [56]. 

 

From equations (2.4) and (2.5), it can be understood that: 

 E=0). 

 If particle radius gets larger, then the DEP force acting on the particle 

increases when the other parameters remain constant. 

 

is greater or less than that of the medium. 

 Square of the applied electric field gradient acts on the DEP force, so that 

DEP can b  

 E) with a factor of 1012 V2 / m3 

biological cells, thus the electrode geometry in the design is important to 

reach this level [52]. 

2.2 Microscale Electrode Materials for DEP Devices 

In DEP, the microelectrodes define the nonuniform electric field distribution and 

the subsequent force field map, thus it is crucial to decide on the appropriate 

material for microelectrodes [57]. 

 



2.2.1 Metal Microelectrodes 

Metal microelectrodes are preferred to generate electric fields by wide majority in 

BioMEMS applications [58]. Metals such as Gold (Au), Titanium (Ti), Chromium 

(Cr), Platinum (Pt), Silver (Ag), Copper (Cu), Nickel (Ni), Aluminum (Al), are 

generally chosen as microelectrode materials, because of having high electrical 

conductivities and planar and 3D microelectrode configurations can be fabricated 

with techniques such as sputtering [59], [60], [61] evaporation [62], [63], [64], 

electroplating [34], [65] and inkjet printing [66], [67]. 

2.2.2 Silicon Microelectrodes 

Microelectrodes made of silicon ensure relatively low-cost and simple fabrication 

in comparison to metal microelectrodes. Besides, silicon microelectrodes can be 

oxygenated into SiO2. Thus, microelectrodes are insulated from the solution and 

possible cell damages caused by direct contact between cells and microelectrodes 

can be avoided [68]. 

 

Figure 2.2 (a) Device schematic and (b) cell trapping and fusion on the tips of the 
microelectrodes  [68]. 



Silicon microelectrodes can be fabricated using DRIE process through a silicon 

oxide mask on thin heavy doped silicon wafer which is anodically bonded to the 

glass substrate. After DRIE, glass substrate can be wet etched from bottom. 

Electrical contacts for silicon microelectrodes are provided with the metallization 

of the bottom glass wafer [69]. Figure 2.3 presents the device schematic and 

experimental results of the system. 

 

Figure 2.3 (a) Device schematic having silicon microelectrodes (b) experimental 
results on live and dead cells [69]. 

 

2.2.3 Carbon Microelectrodes 

Carbon is very inert to most solvents and electrolytes, has excellent 

biocompatibility and its electrochemical stability is wider than gold and platinum 

[70]. 

Carbon microelectrodes only require polymer photolithography and heat 

treatment, thus fabrication of these microelectrode types are relatively simple and 

inexpensive in comparison to metal microelectrodes [71]. Carbon electrode 

structures are shown in Figure 2.4. 



 

Figure 2.4 SEM images of carbon electrode examples [72]. 

 

Even in nanoscale, fabricated carbon nanotube electrodes apply relatively low 

trapping voltages and still high enough field gradients for trapping nanoscale 

objects can be achieved [73]. A device schematic and the results of the applied 

different frequencies on the electrodes are shown in Figure 2.5. 

 

Figure 2.5 (a) Device schematic and (b) SEM & AFM images of carbon nanotube 
electrodes and experimental results for DNA trapping in different frequencies and 

voltages [73]. 

 
2.2.4 Polymer-based Microelectrodes 

Polymer based microelectrodes are used in microparticle manipulations because 

of having wider range of electrode shapes and topologies. Electrodeposited 

polypyrrole (PPy) which is a conductive electroactive polymer can be used as 

microelectrode and produced with electropolymerization technique as shown in 

Figure 2.6 [70]. 



 

electrodeposited polypyrrole (PPy). 6 Vpp and 500 Hz was applied to induce DEP 

in the beads [74]. 

 

 

Figure 2.6 (a) Device schematic and (b) SEM images of 3D polymer-based 
electrodes [70]. 

 

PDMS can be made conductive by adding Ag. Composite AgPDMS electrodes 

embedded to the sidewalls of the microchannel were designed and fabricated to 

[75]. 

 



 

Figure 2.7 (a) Device schematic of a device with conductive AgPDMS 
microelectrodes and (b) experimental results for different sized microparticles at 

30 V & 1 MHz [75]. 

 

2.2.5 Liquid Microelectrodes 

Liquid electrodes avoid the real estate loss due to reservoirs containing 

macroscopic electrodes, allowing for potentially massive integration on chip. The 

 at the 

junction of the main and access channels [58]. 



 

Figure 2.8 (a) Device schematic and (b) experimental results of manipulation of 
beads via liquid electrode implemented microfiluidic DEP device [58]. 

 

According to another study, liquid electrode concept had large metal electrodes 

which were situated in lateral chambers. The electric field was then conducted to 

the main microchannel by narrow access channels as shown in Figure 2.9 [76]. 

 

Figure 2.9 (a) Device schematic of DEP device with liquid electrodes and (b) 
experimental results for healthy and infected RBCs [76]. 

 



Mercury droplets can be used as liquid electrodes in the side channels of 

microchannels. Particles in the main microchannel can be manipulated by these 

droplets which are controlled by syringe pumps when activated. Yeast cells were 

manipulated by this method with applying voltages between 100 V  800 V and 

frequencies between 1 kHz - 1 MHz as shown in Figure 2.10 [77]. 

 

Figure 2.10 (a) Microchannel schematic of a DEP device with liquid mercury 
electrodes and (b) liquid electrode activation results [77]. 

 

2.3 Microscale Electrode Configurations Used for DEP Devices 

To be able to produce desired nonuniform electric field in dielectrophoretic 

systems, decision of the most appropriate microelectrode configuration is 

essential. Many microelectrode configurations were designed and tested till now 

and can be divided into two main categories as planar microelectrodes and 3D 

microelectrodes. 

2.3.1 Planar Microelectrodes 

Planar electrodes are generally patterned at the bottom of the microchannels [78]. 

Some of the studied planar microelectrode configurations are interdigitated [79], 

oblique [80], castellated [81], spiral [82] and dot type [78] microelectrodes. 

Interdigitated microelectrodes (Figure 2.11a) are activated with sinusoidal 

fields are formed on the edges of the electrodes and weak electric fields occur at 

interior parts of the electrodes. 



Oblique configuration (Figure 2.11b) has two opposite electrodes activated with 

180 phase difference and the straight arms of these electrodes incline at small 

angles. The tips of these straight arms are close to opposite straight arms and have 

the strong electric field. Other regions have weak electric fields in comparison to 

the tips. 

Castellated microelectrode configuration (Figure 2.11c) consists of opposite 

castellation arrays and these arrays are activated with sinusoidal voltages having 

opposite arrays and weak electric fields occur between opposite electrode pairs. 

Spiral configuration (Figure 2.11d) for microelectrodes is designed for 

manipulation of particles and cells selectively moving to either the center or 

periphery of the array. 

Dot type microelectrode configuration (Figure 2.11e) is used for cell trapping and 

isolation. The electric field is higher at the dot edges than the dot centers. The 

electric field strength can be increased by adding ground planes between neighbor 

dot electrodes. 

 

Figure 2.11 Planar electrode configuration examples (a) interdigitated [78] (b) 
oblique [80] (c) castellated [81] (d) spiral [82], and (e) dot type [78]. 

 



2.3.2 3D Microelectrodes 

3D electrodes are developed to perform characterization studies on large 

populations of particles [78]. Some types of 3D microelectrode configurations 

include sidewall patterned [83], extruded [84] and contactless [85] 

microelectrodes. 

Sidewall patterned configuration (Figure 2.12a) is comprised of vertically 

embedded 3D electrodes in the sidewalls of the microchannels. Uniform DEP 

field can be generated along the height of the microchannels. That makes an 

advantage for manipulating large populations of particles in the microchannel. In 

contrary, weak DEP fields are generated in the microchannel center and that limits 

the flow rate and microchannel width. 

Extruded configuration (Figure 2.12b) is made to lower the Joule effect and 

increase the DEP force. Any planar electrode configuration can be used for 

fabricating extruded microelectrodes. Energizing the extruded electrodes are the 

same with planar electrodes. Neighbor electrodes are activated with the voltages 

phase difference. 

In contactless configuration (Figure 2.12c), 3D electrodes are inserted in a highly 

conductive solution isolated from the microchannel. Because of the microchannel 

wall, a capacitance and an electric field are created by applying AC signal to the 

electrodes. Strong electric field occurs at the interface between conductive 

solution and microchannel (on the microchannel walls) and weak electric field 

occurs in the centerline of the microchannel similar to the sidewall patterned 

configuration. 



 

Figure 2.12 3D electrode configuration examples (a) sidewall [83] (b) extruded 
[84], and (c) castellated [85]. 

                                                                                                                                                                                                                                                         

  



 

 

 

 

 

 

 

  



CHAPTER 3 

3. CELLS AND DIELECTRIC MODELING 

CELLS AND DIELECTRIC MODELING 

 

 

 

Dielectric modelling of particles is considerably important in DEP based 

microfluidic designs. Before applying cells into the DEP system, dielectric 

properties of the cells and medium should be known to understand the Re (FCM) 

effect on the dielectrophoretic manipulation of the cells. Dielectric properties of 

the cells are used as input data during FEM simulations in microfluidic DEP 

systems. In this chapter, firstly blood and its content is presented and then, cell 

dielectric modeling ideas and dielectric modeling of cells within the scope of this 

thesis are explained. 

3.1 Structure of Blood 

Blood  is  the  principal  vehicle  and  medium  that  serves  to  provide nutrients  

and  remove  waste  products  throughout  the  complex  multi-cellular 

constituents of the body  organs.  It consists of a plasma fluid with a number of 

formed elements [86]. 

Blood accounts for 6-8% of body weight in normal, healthy humans. The density 

of blood (1060 kg/m3) is slightly greater than the density of water, mostly because 

of the high density of RBCs [87]. 

3.1.1 Blood Plasma 

55-60% of blood volume consists of plasma. Plasma is the transparent, amber-

colored liquid in which the cellular components are suspended [87]. Blood plasma 

is about 90-95% water and contains numerous dissolved materials including  

proteins, lipids, carbohydrates, electrolytes, hormones, and pigments [86]. 



3.1.2 Blood Cells 

Blood consists of 40-45% formed elements. Those formed elements include red 

blood cells (erythrocytes), white blood cells (leukocytes) and platelets 

(thrombocytes) [87]. 

Mammalian red blood cells (RBCs) contain no nucleus or subcellular metabolic 

structures. They travel as individual cells in blood vessels to deliver oxygen to the 

tissues. They contain hemoglobin, the oxygen carrier and survive for 3 to 7 

months within the blood stream [88]. Because of containing no DNA or RNA, 

RBCs are unable to synthesize proteins [89]. RBCs are biconcave discs with a 

[90] and total count of RBCs in blood is 4.3-

5.9x109 cells/ml for males and 3.5-5.5x109 cells/ml for females [91]. 

White blood cells (WBCs), derived from the common myeloid progenitor cell, are 

the main components of the innate immune system, which mediates the first-line 

defense against microbial attack. In general, WBCs can be categorized as 

neutrophils, eosinophils, basophils, monocytes and lymphocytes [89]. WBCs are 

spherical with a diameter range of approximately 7- [90] and total count of 

WBCs in blood is 4.5-11x106 cells/ml [91]. 

marrow. The mean diameter of a platelet is about 1- [87] and total count of 

platelets in blood is 150-400x106 cells/ml [91]. 



 

Figure 3.1 SEM image of blood cells [92]. 

 

3.1.3 Rare Cells in Blood 

Rare cells can be classified as circulating tumor cells (CTCs), antigen-specific T 

cells, endothelial progenitor cells and hematopoietic stem cells [93]. 

In metastatic stage of cancer, cancer cells are released from primary cancerous 

tumor site, enter to the bloodstream and colonize other organs. These cells are 

named as circulating tumor cells (CTCs) [94]. 

Various methods have been described for their detection and an initial enrichment 

step is required, since CTCs are very rare in blood [93]. When using DEP for rare 

cell enrichment, firstly modeling of the cells should be performed. 

3.2 Cell Dielectric Modeling 

Cell membrane, which is composed of a phospholipid bilayer with structural 

proteins embedded in it, acts like a capacitor parallel with a resistor since 

phosphate groups are conductive and lipid backbone layers in between acts as 

dielectric structure. Impedance of the cell membrane is calculated utilizing the 

following formulas for its resistance and capacitance, respectively. 



 (3.1) 

 

 (3.2) 

 

In equations above, R and C are used for describing the resistance and 

capacitance, respectively.  and  denote conductivity and permittivity, 

respectively, and L and A determine perimeter and crossectional area, 

respectively. d is the thickness of cell membrane. L is calculated a r and A is 

r2. After the necessary cancellation, L/A becomes 2/r (r is the 

radius of the cell). Figure 3.2 presents the electrical circuit projection of the cell. 

 

Figure 3.2 The biological cell and electrical circuit projection [95]. 

 



The cytoplasm of a biological cell consists of cytosol and organelles (for 

eukaryotic cells). Cytosol is composed of mostly water and also includes proteins, 

ions etc. Cytoplasm is more conductive than the cell membrane because of ions 

and it can be modeled with its impedance like the cell membrane. 

To be able to use electrical circuit elements of cells in DEP based microfluidic 

designs, these parameters should be converted into single complex permittivity 

formula for membrane and cytoplasm of the cell. 

Some cell models have been developed to apply right conversion. General models 

for cells are spherical and ellipsoidal models. Because of nonhomogeneous 

structures of cells (for most of them), cell modeling techniques are based on shell 

numbers around cells, such as single shell modeling, double shell modeling. For 

the single shell modeling the Claussius Mossotti factor (fCM) of the cell, which 

characterizes its dielectric response, is given by: 

 (3.3) 

where,  and  are the complex permittivity of the cell and the medium, 

respectively. The real part of the Claussius Mossotti factor describes the 

dielectrophoretic force on a cell, whereas the imaginary part gives the 

electrorotational torque on the cell. The cell interior is regarded as a smooth 

sphere and the membrane as a smooth, concentric shell. The cell complex 

permittivity is given by: 

 (3.4) 

 



where, r is the cell radius, d is the membrane thickness, and and  

are the effective complex permittivities of cell membrane and cell interior, 

respectively [96].  

3.2.1 Dielectric Modeling of Red Blood Cells (RBCs) 

Red blood cells (RBCs) or erythrocytes are continually formed in the bone 

marrow. RBCs originate from nucleated stem cells, which mature into nucleated 

RBCs are terminally differentiated cells (they cannot divide anymore) and are 

shed from the bone marrow into the blood circulation [97]. Figure 3.3 presents the 

enucleation of RBCs. 

 

 

Figure 3.3. Erythropoiesis steps and enucleation of red blood cells. 

 

The presence of a nucleus may prevent big nucleated RBC to squeeze through 

these small capillaries. Therefore, during the evolutionary development, nature 

has found that it was better to extrude the nucleus and also other cell organelles, 

such as endoplasmic reticulum for protein synthesis, which are not needed for 

their actual function as oxygen carrier [98]. 

As first shown by the dielectric measurements of Hober et al [99], a red blood cell 

appears electrically as a conducting sphere (the cytoplasm) surrounded by a 

resistive membrane. If, negatively charged neuraminic acid residues projecting 

from their membranes are neglected, then red blood cells can be modeled as a 

conducting sphere surrounded by a resistive shell [100]. 



Table 3.1 shows the dielectric parameters of RBCs which are arranged from 

literature. 

Table 3.1 The dielectric parameters of RBCs (N/A: not avaliable). 

rcell  Cmem (mF/m2) cyto(S/m) cyto Reference 

2.80 9.00 N/A N/A [44] 

3.20 10.89 0.40 212 [101] 

3.30 8.20 0.54 N/A [102] 

N/A 12.00 0.52 57 [47] 

3.50 N/A 0.53 50 [103] 

3.20 10.02 0.50 106 Average 

 

According to the parameters in the Table 3.1, mem of RBCsaverage value was 

calculated from equation (3.2) as 9.06. Cell membrane conductivity was taken as 

1x10-6 S/m and cell membrane thickness was assumed as 8 nm [104]. Then, a 

MATLAB code [105] according to the single shell modeling was used to draw the 

Re(fCM)  frequency graph (Figure 3.4). The medium conductivity was initially 

chosen as 2.5 mS/m in MATLAB code. This medium conductivity was reported 

in a study [106], while defining the dielectric properties of K562 cells. From this 

point of view, the crossover frequencies of RBCs at 2.5 mS/m medium 

conductivity were checked first. Then, another medium conductivity was chosen 

as 10 mS/m and crossover frequencies of RBCs were checked. Based on the 

graph, positive and negative DEP regions and crossover frequency of RBCs were 

determined in these two different medium conductivities (2.5 mS/m as reference 

and 10 mS/m) to compare the crossover frequencies of RBCs. 

 



 

Figure 3.4 Re(fCM med = 2.5 mS/m & 10 mS/m 
med = 78. 

 

As it can be seen in the Figure 3.4, there are three important regions. First one is 

nDEP region which contains negative values of Re(fCM), second one is crossover 

frequency points (zeroDEP) where Re(fCM) values are equal to zero and the last 

region is pDEP region which contains positive values of Re(fCM). Due to the 

application of different medium conductivities, crossover frequency points differ. 

For 2.5 mS/m medium conductivity, crossover frequency of RBCs is 20.9 kHz 

while for 10 mS/m medium conductivity, crossover frequency of RBCs is 85.5 

kHz. Re(fCM) value remains positive at higher frequencies and there is no other 

crossover frequency point for RBCs. 

3.2.2 Dielectric Modeling of K562 (Human Chronic Myeloid Leukemia) 
Cell Lines 

Chronic Myeloid Leukemia (CML) is a malignant chronic disorder of 

hematopoietic stem cells that results in increased myeloid, erythroid and platelet 

cell count in peripheral blood. The natural history of this disease is a progression 

from a benign chronic phase to a rapidly fatal blast crisis. The human myeloid cell 



line K562 was established by culturing leukemic cells from the pleural effusion of 

a patient in blastic transformation. K562 cells are arrested in very early stages of 

development and provide a unique population of primitive human leukemia cells 

that can be induced to differentiate along with erythroid, monocyte-macrophage, 

and megakaryocytic lineages in response to various stimuli [107]. 

Table 3.2 shows the dielectric parameters of K562 cells which are taken from 

various articles. 

Table 3.2 The dielectric parameters of K562 cells (N/A: not avaliable). 

rcell  Cmem (mF/m2) cyto(S/m) cyto Reference 

9.20 9.70 0.23 N/A [31] 

9.00 9.70 0.28 N/A [108] 

8.00 8.20 0.23 40 [106] 

8.70 9.20 0.25 40 Average 

 

According to the parameters in the Table 3.2, mem of K562saverage value was 

calculated from Equation 3.2 as 10.40. Cell membrane conductivity was taken as 

1.8x10-6 S/m and cell membrane thickness was assumed as 10 nm [106]. Then, the 

same MATLAB code [105] which this time has different input parameters was 

used to draw the Re(fCM)  frequency graph (Figure 3.5). 

 



 

Figure 3.5 Re(fCM) vs frequency graph for K562s med = 2.5 mS/m & 10 mS/m 
med = 78. 

 

The nDEP region contains negative values of Re(fCM) and pDEP region contains 

positive values of Re(fCM). At crossover frequency, Re(fCM) values are equal to 

zero. For K562 cell lines, there are two different crossover frequency points at the 

same medium conductivity. 4.6 kHz & 51 MHz are the crossover frequencies at 

2.5 mS/m medium conductivity, and 26.3 kHz & 51 MHz are crossover 

frequencies at 10 mS/m medium conductivity. Above 51 MHz, Re(fCM) level 

again gets negative and  the cells observe nDEP force. 

3.2.3 Dielectric Modeling of MCF7 (Human Breast Adenocarcinoma) Cell 
Lines 

Breast cancer is a complex and heterogeneous disease. In the laboratory, breast 

cancer is often modelled using established cell lines. Tremendous advances in our 

understanding of the biology of breast cancer have been made over the past 

several decades using breast cancer cell lines [109]. 



Table 3.3 shows the dielectric parameters of MCF7 cells which are taken from 

various articles. 

Table 3.3 The dielectric parameters of MCF7 cells (N/A: not avaliable). 

rcell  Cmem (mF/m2) cyto(S/m) cyto Reference 

9.08 22.20 N/A N/A [110] 

12.68 N/A N/A N/A [36] 

N/A 12.4 0.23 N/A [38] 

10.88 17.3 0.23 50* Average 

* As cytoplasmic permittivity is not available in the literature for MCF7 cells 

assumption was done based on the same value at similar breast cancer cell lines 

(MDA-MB231) [101] as 50 for MCF7saverage. 

Because of the limited information about MCF7 cells, some important values 

were written as N/A in the table. According to the parameters in the Table.3.3, 

mem of MCF7saverage value was calculated from Equation 3.2 as 16.69. Cell 

membrane conductivity and cell membrane thickness was assumed 1.8x10-6 S/m 

and 10 nm, similar to K562s.  

After that, positive and negative DEP regions and crossover frequency points of 

MCF7s were checked in the Re(fCM)  frequency graph with the help of same 

MATLAB code used for RBCs and K562s before (Figure 3.6). 

 



 

Figure 3.6 Re(fCM med = 2.5 mS/m & 10 mS/m 
med = 78. 

 

For MCF7 cells, there are two different crossover frequency points at the same 

medium conductivity. 1.5 kHz & 52.9 MHz are the crossover frequencies at the 

2.5 mS/m medium conductivity, and 12.7 kHz & 52.9 MHz are the crossover 

frequencies at the 10 mS/m medium conductivity. Beyond 52.9 MHz frequency, 

Re(fCM) value gets negative again and the cells observe nDEP force. 

3.2.4 Dielectric Modeling of RBC & K562 Mixture 

In order to apply different cell types in a mixture to the microchannel, Re(fCM) 

responses due to frequency of these two cells should be drawn in the same graph 

and thus, the needed frequency points can be determined easily for the separation 

of the cells. 

Figure 3.5 shows the needed frequency points of these two cell types in the same 

graph. Medium conductivity was chosen as 10 mS/m due to greater absolute 

Re(fCM) values at the nDEP regions for both cell types (|-0.5| for RBCs and |-0.4| 

for K562s) in comparison to 2.5 mS/m medium conductivity. 



 

Figure 3.7 Re(fCM med = 10mS/m and 
med = 78. 

 

5 kHz frequency value can be used for manipulating both cell types by nDEP. 

26.3 kHz is crossover frequency point for K562 cells. At this frequency separation 

of RBCs from K562 cells can be realized, because K562 cells observe no DEP 

force, while RBCs will be repelled by nDEP. 1 MHz frequency can be used for 

manipulation of both cell types by strong pDEP. 51 MHz is the other crossover 

frequency point for K562 cells and separation of RBCs from K562 cells can be 

realized, because K562 cells observe no DEP force, while RBCs observe pDEP. 

3.2.5 Dielectric Modeling of RBC & MCF7 Mixture 

The same study was done for RBC & MCF7 cell mixture and both cell types were 

drawn at the same graph as seen in Figure 3.8. Medium was again chosen as 10 

mS/m for a better nDEP separation. 



 

Figure 3.8 Re(fCM med = 10 mS/m 
med = 78. 

 

5 kHz frequency value can again be used for manipulating both cell types by 

nDEP. 12.7 kHz is crossover frequency for MCF7 cells and separation of RBCs 

from MCF7 cells can be realized, only RBCs will observe nDEP force at this 

frequency. 1 MHz frequency can be used for manipulation of both cell types by 

strong pDEP. 52.9 MHz is the other crossover frequency point for MCF7 cells 

and separation of RBCs from MCF7 cells can be realized, as only RBCs observe 

pDEP at this frequency. 

 

  



CHAPTER 4 

4. DESIGN AND SIMULATION 

DESIGN AND SIMULATION 

 

 

 

In this chapter, the designs of the devices are presented. Firstly, the design of the 

1st generation devices, used to apply negative dielectrophoresis (nDEP) for 

manipulation of cells, is given. Secondly, 2nd generation devices, used to prevent 

electrolysis effect on the electrodes during nDEP application are explained. 

Thirdly, two alternatives for 3rd generation device designs are given in details. The 

modifications in the design of 2nd generation devices to form 3rd generation 

devices with reasons are also discussed in detail. Finally, the FEM simulations of 

the designs are demonstrated with the explanation of simulation method in 

COMSOL Multiphysics  3.4 software. 

4.1 Design of the DEP Devices 

4.1.1 The Design of 1st Generation DEP Devices 

In the first generation DEP devices, two consecutive DEP regions composed of 

planar V-shaped electrodes were designed. The parylene-C based microfluidic 

channel was kept relatively wide (1 mm) in order to avoid channel clogging due to 

high number of RBCs (5-6x109 cells/ml), and to increase the throughput for 

shorter analysis times (at least 7.5 ml blood is needed to be processed for CTC 

detection in real samples). The device is designed to operate with nDEP principle. 

In the first DEP region, it is aimed to focus all cells (RBCs, K562 cells and MCF7 

cells) towards the walls of the microchannel with nDEP. This eliminated the need 

for hydrodynamic focusing, which is done usually by using separate inlets or 

obstacles inside the microchannel, complicating the operation. Hence, the 



proposed system has only one inlet, which is easier to operate. The second DEP 

region serves to pull only RBCs towards the center, leading to the separation of 

K562 human leukemia cells (or MCF7 cells) from RBCs. The device has two 

outlets for the collection of separated cells. Figure 4.1 shows the schematics of 

proposed device. 

 

Figure 4.1  The illustration of the 1st generation DEP devices, with enlarged views 
of DEP area. 

 

In continuous flow microfluidic DEP applications, there basically two forces 

acting on particles: DEP force and the hydrodynamic forces. While desgining the 

electrode geometries, these two forces should be considered together. Electrode 

anglesand spacing between electrodes were chosen carefully to manipulate cells 

under the continuous hydrodynamic force. To decide the electrode shapes, sizes, 

distances and angles, iterations should be tried with simulations. Planar electrodes 

can be easily placed to the bottom of the microchannel and thus large 

microchannels can be obtained without losing any DEP force in comparison to 

side-

the highest limit for parylene-based microchannels to apply whole blood without 



between parallel electrodes increase the DEP force enormously. Collateral 

electrodes were combined with arcs to make it easier to apply voltage on 

the DEP force, which decreases in z-axis in planar electrode geometries. Hence, 

the channel height should be kept relatively small in order to ensure that all cells 

passing through the channel are affected by DEP force. 

The magnitude of the voltage was determined as 20 Vpp and the frequency of the 

voltage was chosen 5 kHz for the first DEP region and 26.3 kHz for the second 

DEP region according to cell dielectric modeling in MATLAB. 

Table 4.1 shows parameters, utilized in the design of 1st generation devices. 

Table 4.1 Design parameters utilized for the 1st generation devices. 

 Main Channel Electrodes Outlet Channels 

Length   - 

Width    

Height    

Type of Material Parylene-C Gold Parylene-C 

Material Thickness  -  

Angles of outlet 

channels 
- -  

Electrode Type - Planar - 

Angles btw 

electrodes 
-  - 

 

 



Table 4.1 (continued). 

Gaps btw electrodes - 
 

 
- 

Gaps btw walls and 

electrodes 
  - 

Voltage magnitude - 20 Vpp - 

Voltage frequencies - 
5 kHz & 26.3 kHz 

5 kHz & 12.7 kHz 
- 

 

4.1.2 The Design of 2nd Generation DEP Devices 

The aim of the 2nd generation DEP devices is to increase the cell manipulation 

efficiency by preventing electrolysis effect on electrodes. 

After testing 1st generation devices, it was observed that bubbles were formed on 

the planar electrodes and expanding bubbles became huge obstacles for cells in 

continuous flow. Bubble formation was an unexpected issue due to inert 

properties of gold electrodes. After checking fabrication steps, it was found that 

30 nm Titanium layer which is applied to hold gold layer tight to the glass 

substrate was directly connected to the medium in the microchannel because of 

undercut during gold etching process. Titanium reacted with water in medium and 

formed TiO2. During the reaction, bubble formation observed in all 1st generation 

devices fabricated. 

Fabrication flow of 1st generation devices was checked and it was decided to add 

an insulating Parylene-C layer coating step between metal etching and 

microchannel photolithography. Parylene-C layer thickness was decided as 0.5 

-2010 

Labcoter). 

After fabrication of 2nd generation devices, cell tests were repeated. Adding an 

extra step including Parylene-C coating prevented electrolysis on electrodes. The 



design parameters for the 2nd generation devices are the same with 1st generation 

devices given in Table 4.1. 

4.1.3 The Design of 3rd Generation DEP Devices 

3rd generation devices include two different alternative designs, named as 

grounded version and gapped version. 

The aim of the grounded version DEP devices is similar to the 1st and 2nd 

generation DEP devices, but applying pDEP and high flow rates this time. 1st DEP 

region in the devices focuses all cells in the mixture towards the walls and then 

2nd DEP region selectively manipulates blood cells to the center of the 

microchannel while not affecting the rare cells. Grounds located between these 

two electrode regions prevent the crosstalk between two DEP regions, to which 

different frequencies are applied. 

The aim of the gapped version DEP devices is to apply pDEP on flowing cells in 

high flow rates for manipulation and then filter the blood cells through the gaps on 

the walls. This system is a combination of electrical and mechanical separation 

methods. 

nDEP idea was tested in 1st and 2nd generation devices, however successful 

manipulation of cells were observed only at very low flow rates (0.1- ), 

which is not suitable for high throughput operation. Besides, cells escape from the 

open areas in the middle of the first DEP region electrodes, where the lines of V-

electrodes are not physically connected. Besides, the number of the electrode pairs 

is insufficient for the effective manipulation under continuous flow, which 

decreases the efficiency of the enrichment. 

Due to the drawbacks, 3rd generation DEP devices were designed to manipulate 

cells with pDEP by applying frequencies at MHz level. By this way, higher DEP 

forces can be generated, and hence, higher flow rates can be applied, increasing 

the throughput. Under pDEP force, cells are caught on planar electrodes and then 

slither on them. This slithering idea is novel in literature and high throughput can 



be achieved due to successful slithering in high flow rates. Figure 4.2 and 4.3 

show the schematics of proposed alternative designs. 

 

Figure 4.2 The illustration of the 3rd generation DEP devices  grounded version, 
with an enlarged view of DEP area. 

 

 

Figure 4.3 The illustration of the 3rd generation DEP devices, with enlarged views 
of DEP area. 

 



Electrode angles and structures were chosen similar as in 1st and 2nd generation 

devices, but this time the number of electrode pairs and the lengths of electrodes 

were increased. To prevent the cell escape in the middle of the channel, the 

middle of the electrodes were combined to each other to make a closed V-shape 

structure for successful cell manipulation. 

For the grounded version of the 3rd generation devices, pDEP is used for both 

focusing and selecting the cells in the applied mixture. 

Table 4.2 shows parameters, utilized in the design of 3rd generation devices 

grounded version. 

Table 4.2 Design parameters utilized for the 3rd generation devices  grounded 

version. 

 Main Channel Electrodes Side Channels 

Length   - 

Width   
 

 

Height    

Type of Material Parylene-C Gold Parylene-C 

Material Thickness  -  

Insulating Layer 

Thickness 
-  - 

Angles of side channels - -  

Electrode Type - Planar - 

 

 

 



Table 4.2 (continued). 

Angles btw electrodes -  - 

Gaps btw electrodes - 
 

 
- 

Number of electrode 

pairs 
- 10 - 

Voltage magnitude - >10 Vpp - 

Voltage frequency - 
1 MHz & 51 MHz 

1 MHz &52.9 MHz 
- 

 

For the gapped version of 3rd generation devices, after successful manipulation of 

cells towards the main channel walls with pDEP, cells are filtrated through 

wide gaps on the walls. Due to the comparison of size ranges of blood cells and 

walls for optimum filtration in the 

case of preventing K562 cell escape. 

Table 4.3 shows parameters, utilized in the design of 3rd generation devices  

gapped version. 

Table 4.3 Design parameters utilized for the 3rd generation devices  gapped 

version. 

 Main Channel Electrodes 
Side 

Channels 

Length   - 

Width  20  
 

 



Table 4.3 (continued). 

Height    

Type of Material Parylene-C Gold Parylene-C 

Material Thickness  -  

Insulating Layer 

Thickness 
-  - 

Angles of side channels - -  

Electrode Type - Planar - 

Angles btw electrodes -  - 

Gaps btw electrodes - 
 

 
- 

Number of electrode 

pairs 
- 9 - 

Voltage magnitude - 20 Vpp - 

Voltage frequency - 1 MHz - 

 

4.2 Simulation Method 

After design parameters are determined, simulations were performed in COMSOL 

Multiphysics  3.4. 

Main idea of performing simulations before fabrication of devices was testing the 

DEP force distribution on planar electrodes in the microchannel and interaction 

between DEP force and hydrodynamic force. 

Firstly,    module 

was chosen for simulating DEP force created by planar electrodes. The walls of 

the microchannel are Parylene-C, thus Laplace equation inside the channel with 



difference was applied to the parallel electrodes and the electrode boundary 

term is not constant in DEP equation and it is needed to prove uniformity of DEP 

force on the electrodes. Equation below was utilized to achieve the simulation: 

 (4.1) 

 

To apply this equation to COMSOL, an expression was written 

sqrt(((2*(Vx*Vxx+Vy*Vyx+Vz*Vzx))^2)+((2*(Vx*Vxy+Vy*Vyy+Vz*Vzy))^2)+((

2*(Vx*Vxz+Vy*Vyz+Vz*Vzz))^2))  in subdomain plot in post processing part as a 

plot parameter after solution of the simulation. 3D simulations were utilized, 

because of the need to track the cell manipulations on the planar electrodes. 

For particle tracing simulations combined with electrostatics, 

 in  in  module was 

chosen. Because of the combination of electrostatics and microfluidics, the 

streamline plot in post processing part should be modified. In COMSOL, velocity 

field equations in x, y, and z directions are defined with u, v, and w for the given 

medium, respectively. Due to 3D manipulation, caused by planar electrodes, these 

velocity field components should be written as: 

u+((constant)*(2*(Vx*Vxx+Vy*Vyx+Vz*Vzx))) 

v+((constant)*(2*(Vx*Vxy+Vy*Vyy+Vz*Vzy))) 

w+((constant)*(2*(Vx*Vxz+Vy*Vyz+Vz*Vzz))) 

(4.2) 

 

 

 



for DEP force applications, where u, v and w are the medium velocities in x, y and 

z directions, and constant is expressed as: 

 

 (4.3) 

Constant values were calculated according to Eqn. 4.3 for RBCs, K562s and 

MCF7s in different frequency levels. Table 4.4 shows the constant values for 

different cell types. 

Table 4.4 Cell parameters and constants with different frequencies utilized for the 

1st & 2nd generation devices. 

 RBCs K562s MCF7s 

 3.2 8.7 10.9 

Medium Permittivity 78 78 78 

Medium Viscosity 8.92x10-4 8.92x10-4 8.92x10-4 

Constant @ 5 kHz -1.188x10-18 -7.043x10-18 -8.653x10-18 

Constant @ 26.3 kHz -9.464x10-19 2.595x10-21 N/A 

Constant @ 12.7 kHz -1.135x10-18 N/A 5.61x10-21 

 

According to the Table 4.5, RBCs have negative constants and nDEP is dominant 

for RBCs in 5 kHz, 26.3 kHz and 12.7 kHz. K562 cells have two constants and 

the constant at 26.3 kHz is about thousand fold lower than the constant at 5 kHz, 

which cannot manipulate K562 cells. Thus 26.3 kHz can be assumed as crossover 

frequency for K562 cells. The same ratio is calculated for MCF7 cells at 5 kHz 

and 12.7 kHz, thus 12.7 kHz can be assumed as crossover frequency for MCF7 

cells. Theoretically, constants should be exactly zero at 26.3 kHz and 12.7 kHz 

levels for K562 cells and MCF7 cells, respectively. Exact zero values for Re (fCM) 



cannot be decided from applied MATLAB graphs, because of the limitation to 

100000 data points in the written MATLAB code. 

Starting velocities and entrance length for the microchannel inlets can be chosen 

individually. Starting velocity was initially chosen as 0.015 m/s, which is 

was chosen as 0.15 m, because of the applied inlet tubing length. No slip 

boundary conditions were utilized with incompressible Navier Stokes equation. 

Outlet boundary conditions were chosen as zero pressure, because they are at 

atmospheric pressure. 

4.2.1 Simulations of 1st Generation DEP Devices 

Calculations of constant values and determination of signs for velocity 

expressions paved the way for 3D particle tracing simulations for 1st generation 

DEP devices. It is known that the gradient of electric field square should be 

greater than 1012 (kg2m/s6A2) for the manipulation of biological cells. Hence, 3D 

electric field simulation of 1st generation devices and 3D particle tracing 

simulations were made by using parameters given in Table 4.5. 

Table 4.5 Given parameters for 1st generation devices in COMSOL. 

Electric field 
gradient 

simulations 
(Electrostatics
, generalized 

module) 

Boundary 
conditions 

subdomain 1 (microchannel) Electric insulation 

subdomain 2 (planar electrodes) Electric potential 

Fluidic 
properties 

subdomain 1 (microchannel) -2  

subdomain 2 (planar electrodes) 6  

Solution 
part 

solved equation Laplace 

time interval for 5 kHz 0:5x10-5:2x10-4 

time interval for 26.3 kHz  0:9.5x10-6:3.8x10-5 

time interval for 12.7 kHz 0:1.97x10-5:7.88x10-5 

 

 

 



Table 4.5 (continued). 

Particle 
tracing 

simulations 
(Incompressi
ble Navier-

Stokes 
module) 

Boundary 
conditions 

subdomain 1 (microchannel) 

Inlet: laminar inflow; 
average velocity= 
0.015 m/s; entrance 
length= 0.15m, 
walls : no slip 
outlet: pressure, no 
viscous stress, 0 Pa 

subdomain 2 (planar electrodes) Not active 

Fluidic 
properties 

subdomain 1 (microchannel) dynamic 
viscosity=8.92x10-4 
Pa.s 

subdomain 2 (planar electrodes) Not active 

Solution 
part 

solved equation Incompressible 
Navier-Stokes 

time interval Stationary 

 

In determining the design parameters on planar electrodes, straight-singular, 

straight-

DEP forces created were compared. Figure 4.4, 4.5, and 4.6 show the electric field 

gradient square along straight-singular, straight-double, and castellated planar 

electrodes, respectively. 

 



 

Figure 4.4 3D electric field gradient simulation of simplified design  straight 
electrodes. 

 

 

Figure 4.5 3D electric field gradient simulation of simplified design  straight-
double electrodes. 

 



 

Figure 4.6 3D electric field gradient simulation of simplified design  castellated 
electrodes. 

straight-singular electrode shape cannot create enough electric field gradient to 

manipulate cells around electrodes, but it can be easily understood from other 

-double electrodes and castellated electrodes 

create required electric field gradient to manipulate cells around electrodes. 

Because of the high manipulation power of straight-double electrode structure, it 

was decided to continue to improve design with this kind of electrode type. Figure 

4.7, 4.8 and 4.9 show modified versions of straight-double electrodes in the 

microchannel. 

 



 

Figure 4.7 3D electric field gradient simulation of simplified design  
straight-double electrodes. 

 

 

Figure 4.8 3D electric field gradient simulation of simplified design  
straight-double electrodes, diagonally divided. 

 



 

Figure 4.9 3D electric field gradient simulation of simplified design  
straight-double electrodes, linearly divided. 

 

To increase the nonuniformities in the electric field, long electrodes were divided 

into two parts with two different ways. Although diagonal division caused a 

decrease around the electrodes, linear division protected the electric field, while 

creating extra nonuniformity. Thus, linear division was chosen for modification. 

After proper electrode modifications, 3D particle tracing simulations were made 

for straight-

electrode angles were compared and because of inaccurate results 

cell manipulation in the microchannel. Figure 4.10 shows the 3D electric field 

-double electrodes. 

 



 

Figure 4.10 3D electric field gradient simulation of simplified design  
straight-double electrodes, divided. 

 

According to the parameters given in Table 4.4, streamlines of RBCs, K562 cells 

and MCF7 cells were simulated. Considering RBC and K562 cell mixture, 5 kHz 

and 26.3 kHz frequencies were applied for both cell types. It is known that only 

one omega parameter can be given as an input datum in Comsol Multiphysics  

3.4, thus only one frequency domain is solved for every simulation. Simulation 

results for both cells in 5 kHz and 26.3 kHz can be found in Appendix A. After 

obtaining simulation images, new merged images were created from 5 kHz and 

26.3 kHz particle tracing simulations for RBCs and K562 cells. Figure 4.11 and 

4.12 show merged images of the 3D particle tracing simulations for these cells 

due to their dielectric properties at two different frequencies. 

 



 

Figure 4.11 3D particle tracing simulation for RBCs at 5 kHz activation for 1st 
DEP region & 26.3 kHz activation for 2nd DEP region. 

 

 

Figure 4.12 3D particle tracing simulation for K562 cells at 5 kHz activation for 
1st DEP region & 26.3 kHz activation for 2nd DEP region. 

 

Dielectric modeling of RBCs and K562 cells shows that both cell types are 

exposed to nDEP in 5 kHz and they can be focused towards microchannel walls 

due to first DEP region electrode locations. On the other hand, crossover 

frequency of K562 cells was calculated as 26.3 kHz, when this frequency is 

applied to the second DEP region in the microchannel K562 cells cannot be 

manipulated and they will continue to their flow without any direction change, but 



it is not the same for RBCs and they are exposed to nDEP in 26.3 kHz and 

manipulated towards the center of the microchannel. 

Considering RBC and MCF7 cell mixture, 5 kHz and 12.7 kHz frequencies were 

applied for both cell types. Simulation results for both cells in 5 kHz and 12.7 kHz 

can be found in Appendix A. After obtaining simulation images, new merged 

images were created from 5 kHz and 12.7 kHz particle tracing simulations for 

RBCs and MCF7 cells. Figure 4.13 and 4.14 show merged images of the 3D 

particle tracing simulations for these cells due to their dielectric properties at two 

different frequencies. 

 

Figure 4.13 3D particle tracing simulation for RBCs at 5 kHz activation for 1st 
DEP region & 12.7 kHz activation for 2nd DEP region. 

 

 



 

Figure 4.14 3D particle tracing simulation for MCF7 cells at 5 kHz activation for 
1st DEP region & 12.7 kHz activation for 2nd DEP region. 

 

4.2.2 Simulations of 2nd Generation DEP Devices 

-C to prevent electrolysis 

necessitates to make simulations to compare the electric field gradients in 1st and 

2nd generation devices. Table 4.6 presents the parameters used for the 2nd 

generation devices in COMSOL. 

Table 4.6 Given parameters for 2nd generation devices in COMSOL. 

Electric field 
gradient 

simulations 
(Electrostatics
, generalized 

module) 

Boundary 
conditions 

subdomain 1 (microchannel) Electric insulation 

subdomain 2 (planar electrodes) Electric potential 

subdomain 3 (insulating layer) Electric insulation 

Fluidic 
properties 

subdomain 1 (microchannel)  

subdomain 2 (planar electrodes) 6  

subdomain 3 (insulating layer) 
-16 S/m; 

 

Solution 
part 

solved equation Laplace 

time interval for 5 kHz 0:5x10-5:2x10-4 

time interval for 26.3 kHz  0:9.5x10-6:3.8x10-5 

time interval for 12.7 kHz 0:1.97x10-5:7.88x10-5 



2D electric field gradient simulations of 1st and 2nd generation device electrodes 

were made and results were compared. Figure 4.15 and 4.16 show the electric 

-C coated electrodes. 

 

Figure 4.15 2D electric field gradient simulation for 1st generation device 
electrodes. 

 

 

Figure 4.16 2D electric field gradient simulation for 2nd generation device 
electrodes. 



When the DEP fields were compared, a decrease in the DEP force due to the 0.5 

made and analyzed. Figure 4.17 and 4.18 show the amounts of electric field 

gradients of naked and Parylene-C coated devices, respectively. 

 

Figure 4.17 Electric field gradient-Channel width graph for 1st generation device 
electrodes. 

 

 

Figure 4.18 Electric field gradient-Channel width graph for 2nd generation device 
electrodes. 



The graphs show that there is a ten-fold decrease in the DEP force. It is obvious 

that decrease will cause an efficiency lost in testing the devices, but preventing 

electrolysis is essential for getting proper results from the devices during cell 

tests. 

4.2.3 Simulations of 3rd Generation DEP Devices 

3rd generation devices were designed for applying pDEP for slithering and 

manipulating of cells on the planar electrodes. Application of pDEP brings the 

idea of cell slither on the electrodes, when a sensitive balance is made between 

hydrodynamic force and DEP force in the microchannel. Table 4.7 presents the 

applied parameters of 3rd generation devices in COMSOL. 

Table 4.7 Given parameters for 3rd generation devices in COMSOL. 

Electric field 
gradient 

simulations 
(Electrostatics
, generalized 

module) 

Boundary 
conditions 

subdomain 1 (microchannel) Electric insulation 

subdomain 2 (planar electrodes) Electric potential 

Fluidic 
properties 

subdomain 1 (microchannel) -2  

subdomain 2 (planar electrodes) 6  

Solution 
part 

solved equation Laplace 

time interval for 1 MHz 0:2.5x10-7:1x10-6 

Particle 
tracing 

simulations 
(Incompressi
ble Navier-

Stokes 
module) 

Boundary 
conditions 

subdomain 1 (microchannel) 

Inlet: laminar inflow; 
average velocity= 
0.012 m/s; entrance 
length= 0.15m, 
walls : no slip 
outlet: pressure, no 
viscous stress, 0 Pa 

subdomain 2 (planar electrodes) Not active 

Fluidic 
properties 

subdomain 1 (microchannel) dynamic 
viscosity=8.92x10-4 
Pa.s 

subdomain 2 (planar electrodes) Not active 

Solution 
part 

solved equation Incompressible 
Navier-Stokes 

time interval Stationary 



During the cell tests of the 1st and 2nd generation devices, some cell escapes from 

DEP region were observed due to empty region between arms of V-shaped 

electrodes.  To prevent cell escapes, electrodes were extended and combined. A 

closed V-shaped electrode structure was designed and simulated. Figure 4.19 

shows the electric field gradient distributions of new closed V-shaped electrodes. 

 

Figure 4.19 Top view of electric field gradient simulation around closed 
electrodes. 

 

For the simulations of grounded version of 3rd generation devices, capacity of 

ground electrodes to prevent crosstalk between electrodes activated with different 

frequencies, were studied. 3D voltage distributions with and without ground 

electrodes were simulated. Ground electrodes separate the voltage distribution 

regions and thus crosstalk between electrodes can be prevented. Figure 4.20 

shows the voltage distribution simulation results in the microchannel with and 

without ground electrodes. 



 

Figure 4.20 Voltage distributions in the microchannel (a) without and (b) with 
ground electrodes. 

 

After voltage distribution simulations, 3D electric field gradient simulations were 

performed with the grounded versions of 3rd generation device designs. For the 

first DEP region, an extra electrode pairs was added and the electric field gradient 

amount between these two neighboring electrode pairs was checked and no 

abnormalities in the electric field gradient were observed. Results proved that 

DEP field was above the cell manipulation level next to the V-shaped electrodes 

and ground electrodes. Figure 4.21 presents the electric field gradient distribution 

for grounded version of 3rd generation devices. 



 

Figure 4.21 The electric field gradient distribution for grounded version of 3rd 
generation devices. 

 

Then, 3D electric field gradient simulations were made with new types of 

electrodes in the gapped version of 3rd generation device designs. Different types 

of side channel gaps were tried and DEP force distribution was checked. Figure 

4.22 and 4.23 show DEP force distribution around two different gap types. 

 

 

Figure 4.22 3D electric field gradient simulation of simplified gap design version 
1. 

 



 

Figure 4.23 3D electric field gradient simulation of simplified gap design version 
2. 

 

Because of the importance of the gap size adjustments on the walls, 2D 

hydrodynamic simulations were made without electric field gradient simulations. 

Various alternatives were tried on main channel width, gap angle, wall length and 

wall depth, respectively. Gap vertical width was held constant 

is a key parameter for filtration of cells with different sizes. 

Table 4.8 shows the parameters tried for gap regions in 2D hydrodynamic 

simulations. 

Table 4.8 Parameters which were tried for gap regions in 2D hydrodynamic 

simulations. 

 
1st 

alternative 

2nd 

alternative 

3rd 

alternative 

4th 

alternative 

Gap angle     

Gap vertical width     



Table 4.8 (continued). 

Gap entrance 

width 
    

Main channel 

width  

 

 
- - - 

Wall length  
- - - 

Wall depth  - - - 

 

Firstly, the effect of main microchannel size on the pressure and velocity of the 

medium was observed. Figure 4.24 and 4.25 show the 1000 

effects on velocity and pressure differences. 

 

Figure 4.24 2D hydrodynamic flow simulation  
 



 

 

Figure 4.25 2D hydrodynamic flow simulation  
 

 

width main channel when same inlet velocities are applied for both channels. 

Narrowing main channel can be thought as a better choice for increasing 

mechanical filtration due to relatively high pressure drops on the gaps, but it can 

also increase the vacuuming effect on the gaps and the cells which are thought to 

be filtered and traveled only in the main channel can pass to the side channels 

through gaps. On the other hand, because of the need for applying high amounts 

rd generation device design. 

When it is checked carefully, pressure and velocity drops from first gaps to the 

last one can be distinguished. Every peak should be adjusted equal to each other 

for a proper filtration through all gaps. Because of the need for velocity peak 

comparison. Figure 4.26, 4.27 and 4.28 

effects on velocity and pressure differences, respectively. 



 

Figure 4.26 2D hydrodynamic flow simulation  
 

 

 

Figure 4.27 2D hydrodynamic flow simulation  
 



 

Figure 4.28 2D hydrodynamic flow simulation  ain channel width, 
 

 

the filters lose permeability (nearly no pressure and no velocity field after 5th gap). 

as the same angle with electrodes and better to use, but gap numbers 

should be decreased due to the narrow angle. However the number of gaps plays a 

key role on efficiency of filtering mechanism. Relatively better velocity field 

 gap angle makes it the best alternative when compared 

 

Gap angle adjustments raised a new problem, size expansion at the gap entrance. 

Hence, gap angles and gap entrances sizes should be considered at the same time 

with velocity drops on gaps.  

The aim of utilizing a filtration mechanism in the 3rd generation devices is to get 

rid of most of the RBCs using their small sizes. While doing so, the gap entrances 

should not be plugged up with K562 cells or other cancer cells. However, 



perfect for filtering idea, but the high velocity drop causes the loss of 

 

After the decision of gap angles and main channel width, wall length and wall 

depth could be determined. While the wall depth is decided by the durability of 

Parylene-C, the wall length is decided both by durability of Parylene-C and gap 

numbers. 

lengths, because more gaps can be made due to short wall length and it increases 

the filtration efficiency in the 

chosen for 3rd generation device design. Figure 4.29 and 4.30 show relatively, the 

 

 

Figure 4.29 2D hydrodynamic flow simulation  n channel width, 
 



 

 

Figure 4.30 2D hydrodynamic flow simulation  
 

 

and velocity field drops were compared. Figure 4.31 

simulation. 



 

Figure 4.31 2D hydrodynamic flow simulation  
 

 

 

 



  



CHAPTER 5 

5. FABRICATION 

FABRICATION 

 

 

 

This chapter presents fabrication steps of the all three generations of DEP 

microchannel devices, including fabrication flows, mask drawings in the Cadence 

Layout Editor, and fabricated device images. 

The devices were fabricated with surface micromachining techniques. All 

microchannels were made of Parylene-C and all electrodes were made of gold. 

The designs of 1st and 2nd generation devices were fabricated on 4" wafers and the 

3rd generation device designs were fabricated on 6" wafers for the first time in our 

research group.  

5.1 Fabrication of the 1st Generation Devices 

1st generation device fabrication is a three mask process and it consists of metal 

sputtering, wet and dry etching, photolithography, and Parylene-C coating steps.  

Fabrication steps in details are given in Appendix B as Table B.1. Figure 5.1 

presents the whole fabrication process for the 1st generation devices. 

 



 

Figure 5.1 The fabrication flow of 1st generation devices. 

 

Fabrication was started with dehydration of the 4" glass wafers which were 

precleaned with piranha and etched with BHF. After that, parylene 

was made with silane. -C 

was used in SCS PDS2010 Labcoter device (the amount of Parylene-C to be used 

is optimized as two times the desired thickness, in g). 

After parylene coating step, Ti (30 nm) & Au (400 nm) were sputtered on the 

wafer. Ti is used as an adhesive layer for Au. Then, these metal layers were 

patterned by 1st mask (clear field) shown in Figure 5.2, utilizing S220-3 positive 

photoresist. The aim of using S220-3 positive photoresist is not to lose sharpness 

of electrode edges during wet etching of metals. Wet etching of Ti & Au layers 

were made with Ti etchant, consisting of Hydrofluoric acid (HF), Hydrogen 

peroxide (H2O2) and DI water (H2O), and Aqua Regia, consisting of Hydrogen 

chloride (HCl) and HNO3 (Nitric oxide). Figure 5.3 presents the planar electrode 

structures. 

 



 

Figure 5.2 1st mask layer of  the 1st generation devices. 

 

 

Figure 5.3 The image of planar electrodes after wet metal etching step. 

 

The microchannel, inlets, and outlets were patterned with 2nd mask (clear field), 

utilizing AZ9260 positive photoresist (as double spin). Double spin process of 

A

microchannel. Then, for the wall formation of microchannel, a second Parylene-C 

 



 

Figure 5.4 2nd mask layer of the 1st generation devices. 

 

After microchannel structure fabrication, openings for contact pads, inlet and 

outlet reservoirs were formed with reactive ion etching (RIE). Figure 5.5 shows 

the 3rd mask layer (dark field) applied for RIE. For a proper parylene RIE process 

diced and 10 devices were obtained per one 4" wafer. 

 

Figure 5.5 3rd mask layer of the 1st generation devices. 

 

After dicing, each device was inserted into acetone for 2-3 days to strip the 

photoresist, used as sacrificial layer.  Figure 5.6 presents the fabricated device. 

 



 

Figure 5.6 Fabricated device for the 1st generation. 

 

5.2 Fabrication of the 2nd Generation Devices 

2nd generation device fabrication is similar to the 1st generation device fabrication. 

It has the same three masks and consists of metal sputtering, wet and dry etching, 

photolithography and Parylene-C coating steps. Only difference is adding one 

more step after wet etch of electrodes in the fabrication process. This step is 0.5 

-C coating of the electrodes to prevent electrolysis. All related 

parameters are given in Appendix B as Table B.2. Figure 5.7 presents the whole 

-C 

coating. 

 



 

Figure 5.7 Fabrication flow of the 2nd generation devices. 

 

 

Figure 5.8 Electrodes of the 2nd -C 
coating. 

 

 

 

 



5.3 Fabrication of the 3rd Generation Devices 

3rd generation device fabrication differs from the previous fabrications due to new 

design idea of filtration through microchannel walls and 6" wafer sizes. New 7" 

masks were designed to fabricate 3rd generation devices. Fabrication processes 

including metal sputtering, wet and dry etching, photolithography and Parylene-C 

coating steps were applied similar to the 2nd generation device fabrication. 

Fabrication steps in details are given in Appendix B as Table B.3.  

3rd generation includes two different alternative designs, but these alternatives 

have similar fabrication flows. Figure 5.9 presents the fabrication processes for 3rd 

generation devices. 

 

Figure 5.9 Fabrication flow of the 3rd generation devices. 

 

3rd generation device fabrication was started with dehydration of the 6" glass 

wafers which were precleaned with piranha and etched with BHF. After that, 

 Then, Ti (30 nm) & Au (400 nm) 

metal coatings were applied. Later, these metal layers were patterned by 1st mask 

(clear field) shown in Figure 5.10 and Figure 5.11, utilizing S220-3 positive 



photoresist. Wet etching of Ti & Au layers were again made with Ti etchant and 

Aqua Regia. Figure 5.12 presents the planar electrode structures of 3rd generation 

devices. 

 

Figure 5.10 1st mask layer of  the 3rd generation devices  grounded version. 

 



 

Figure 5.11 1st mask layer of  the 3rd generation devices  gapped version. 

 

 

Figure 5.12 The image of planar electrodes after wet metal etching step. 

 

Some of the devices in the 1st mask of the 3rd generation (both grounded and 

gapped) were drawn by means of having asymmetrical electrodes for increasing 

the cell manipulation efficiency. Asymmetry was created by shifting the electrode 

-  level 

(microchannel center) in y direction, respectively. Figure 5.13 shows these 

asymmetrical electrode shapes in the 1st mask including distances. 

 



 

Figure 5.13 Asymmetrical electrodes drawn for 3rd generation devices. 

 

The microchannel, inlets and outlets were patterned with 2nd mask (clear field), 

utilizing AZ9260 positive photoresist (as single spin) shown in Figure 5.14 and 

5.15. Single spin process of AZ9260 is applied because of the need for reaching 

a second Parylene-  

 

Figure 5.14 2nd mask layer of the 3rd generation devices  grounded version. 



 

Figure 5.15 2nd mask layer of the 3rd generation devices  gapped version. 

 

After microchannel structure fabrication, openings for contact pads, inlet and 

outlet reservoirs were formed with reactive ion etching (RIE). Figure 5.16 and 

5.17 show the 3rd mask layer (dark field) applied for RIE. Finally, each wafer was 

diced and 32 devices were obtained per one 6" wafer. 

 

Figure 5.16 3rd mask layer of the 3rd generation devices  grounded version. 



 

Figure 5.17 3rd mask layer of the 3rd generation devices  gapped version. 

 

After dicing, each device was inserted into acetone for 2-3 days to strip the 

photoresist, used as sacrificial layer.  Figure 5.18 and 5.19 present the fabricated 

devices. 

 

Figure 5.18 Fabricated device for the 3rd generation  grounded version. 

 



 

Figure 5.19 Fabricated device for the 3rd generation  gapped version. 

 



  



CHAPTER 6 

6. RESULTS AND DISCUSSION 

RESULTS AND DISCUSSION 

 

 

 

This chapter includes the experimental results on the DEP devices.  In the first 

part, preparation steps for the cells were presented. Second part includes 

experimental setup. Test results of the 1st generation devices were presented in the 

third part. Then, test results of the 2nd and 3rd generation devices were explained in 

the fourth and fifth parts, respectively. 

6.1 Preparation of the Cells 

For the testing of DEP devices, RBCs, K562 cells and MCF7 cells were prepared, 

applied to the microchannels and then results were obtained. 

Whole blood samples were collected in 3 ml tubes including 3.6 mg K3EDTA 

from the peripheral blood vessels of healthy volunteers in Medical Center, 

METU. To extract RBCs, centrifugation was done with Sigma 4-96KS centrifuge 

at 600g RCF for 10 min. After centrifugation, different ratios of dilutions were 

done on RBCs to get the required amounts for testing. 

For the monitoring purposes of RBCs inside the microchannel, no staining was 

used for the single cell type tests because of the natural red colors of RBCs under 

bright field, but when cell mixture tests were done, RBCs were stained with 

31002 TRITC, Chroma filter. 

K562 cells were cultured in RPMI 1640 medium containing 10% (w/v) fetal 

bovine serum (FBS) and 0.2% (w/ 2 in 

humidified incubator in the Department of Biology, METU.  Before each tests, 



cells were washed twice with the DEP medium which has a conductivity of 10 

mS/m.  This medium contained 8.5% (w/v) sucrose and 0.3% (w/v) dextrose to 

adjust osmotic pressure inside the cell. Besides, cells were counted using 

hemocytometer and the cell concentrations were adjusted accordingly. 

For the monitoring purposes of K562 cells inside the microchannel, fluorescein 

diacetate (FDA), a fluorescent dye used to stain live cells, was applied.  FDA was 
6 cells.  After 

staining procedure, cells were observed as green under fluorescent microscope 

with GFP filter. 

The same procedure was applied to MCF7 cells to observe MCF7 movements 

under fluorescent microscope. 

6.2 Experimental Setup 

For the enrichment of rare cells (K562s and MCF7s) from RBCs, continuous flow 

analyses were carried out in Class 10.000 Clean Room, in Electrical and 

Electronics Engineering Department, METU. The test setup is shown in Figure 

6.1.  To adjust the flow rate, a programmable syringe pump (Lab Smith) and its 

carried out under 

SZX12). A monochromatic high-speed camera (Photometrix Evolve 128) was 

-time processing of screenshots was carried 

was generated by energizing the electrodes with a signal generator (Agilent, 

nce (two by 

two) for 1st, 2nd and 3rd generation (grounded) DEP devices and two of four 
rd generation (gapped) 

DEP devices. 



 

Figure 6.1 Experimental setup used for testing the DEP devices. 

 

6.3 Test Results 

6.3.1 Test Results for the 1st Generation DEP Devices 

1st generation devices were tested after fabrication for the proof of nDEP 

manipulation idea with the frequencies which were decided by MATLAB graph 

in Figure 3.5. Initial tests were done by application of 5 kHz to first DEP region 

and 26.3 kHz to second DEP region. Figure 6.2 shows the microchannel and 

electrodes before activation of electrodes. 

 



 

Figure 6.2 1st generation device microchannel and electrodes a) without cells and 
b) with cells (no flow). 

 

In addition to nDEP frequencies, pDEP frequencies were also tested on these 1st 

generation devices. Figure 6.3 shows the K562 movements in the microchannel 

due to nDEP and pDEP. 

 

Figure 6.3 K562 cancer cell movements in the microchannel 
voltage = 20 Vpp, frequency = 5 kHz & 1 MHz) a) nDEP effect on K562 cancer 

cells (escaping) b) pDEP effect on K562 cancer cells (trapping). 

 



During tests, air bubble formations on the electrodes were observed. Air bubble 

formation speeds changed depending on the applied frequency. Frequencies at 

kHz levels, which are nDEP frequencies, caused air bubble formations on the 

electrodes slowly. In comparison to this, frequencies at MHz levels which are 

pDEP frequencies, caused rapid air bubble formations around electrodes. Because 

of the air bubble formations on the electrodes, cells could not flow properly in the 

microchannel and DEP operations were prevented. Figure 6.4 shows the air 

bubble formation in the microchannel due to activation of electrodes. 

 

Figure 6.4 Air bubble formation on the electrodes (no flow, voltage = 10 Vpp, 
frequency = 5 kHz) a) only first electrode region is active b) both electrode 

regions are active. 

 

The air bubbles form due to electrolysis. Planar gold electrodes are directly in 

contact with the liquid medium in the microchannel. There is no insulation layer 

between electrodes and medium. When the images from metal etching step were 

checked carefully, it was seen that Aqua Regia, which was used as Au etchant 

during fabrication of the devices overetched the gold parts of electrodes and Ti 



parts, which lie under the Au as an adhesive layer were directly in contact with the 

medium. Electrocatalytic oxidation of Ti occurred and this reaction caused 

bubbles on the contacting areas of Ti. 

6.3.2 Test Results for the 2nd Generation DEP Devices 

In order to prevent air bubble formations in the microchannels of the 1st 

-C layer coating on 

the electrodes was added to the fabrication of the 2nd generation DEP devices. As 

shown in Figure 6.5, this has prevented the air bubble formation around the 

activated electrodes. 

 

Figure 6.5 No air bubble formation on thin Parylene-C coated electrodes activated 
with different frequencies at 20 Vpp.  

 

After preventing air bubble formations on the electrodes, tests were continued for 

the manipulation of the cells via nDEP force. RBCs and K562s were tested 

individually. 

Figure 6.6 and 6.7 presents the RBC manipulations via the nDEP force at 20Vpp, 

at 5 kHz and 26.3 kHz, respectively. Flow rates were adjusted between 0.1  1 

seen in the images because of pumping of the syringe. These air bubbles which 

are formed during cell mixture suction to the syringe reservoir, were firstly 

located at the inlets of the microchannels, flowed through the microchannel and 

remained stable at some regions because of low flow rates. 



 

Figure 6.6 RBC manipulation with nDEP at 20Vpp 
rate. 

 
Figure 6.7 RBC manipulation with nDEP at 20Vpp 

rate. 

  



Figure 6.8 and 6.9 presents the K562 manipulations due to the nDEP force at 

20Vpp, at 5 kHz and 26.3 kHz, respectively. Flow rates were adjusted between 0.1 

 

Figure 6.8 as three individual cells), but 26.3 kHz is the crossover frequency of 

K562 cells, at which they onbserve no DEP force as seen in Figure 6.9. 

 

Figure 6.8 K562 manipulation with nDEP at 20Vpp 
rate. 

 

Figure 6.9 K562 manipulation with nDEP at 20Vpp 
rate. 

 

flow rates in these microchannels. Low flow rates increase the process duration, 

which is undesirable. 



After the trials of nDEP frequencies, pDEP frequencies such as 1 MHz were 

applied to the cells in 20 Vpp to check the cell trapping on the planar electrodes. 

Cell reactions were astonishing at hig

. 

 

Figure 6.10  K562 manipulation with pDEP at 20Vpp 
rate. 

 

Figure 6.11  K562 manipulation with pDEP at 20Vpp low 
rate. 

 

Due to the successful cell movements on the planar electrodes by applying high 

flow rates (20   

pDEP application was chosen for the manipulation of the cells and enrichment of 

rare cells from blood. 

During 2nd generation DEP device tests, many cell escapes from the open parts of 

V-shaped electrodes, decreasing the device efficiency. Besides, 2nd generation 

DEP devices were designed for applying nDEP forces for the cell manipulations 



and collateral electrode numbers were not enough to manipulate the cells to the 

desired regions in pDEP. For these reasons, 3rd generation devices were designed 

and fabricated. 

6.3.3 Test Results for the 3rd Generation DEP Devices 

3rd generation devices were designed, simulated, fabricated and tested by taking 

drawbacks of 2nd generation DEP devices into consideration. 

Two alternatives, named as grounded and gapped devices were tested for cell 

manipulation capacities under pDEP forces. For the testing of grounded version, 

two different frequencies were applied to the focusing and selective DEP 

microelectrode pairs. 1 MHz frequency was applied for the first DEP region, 

where all cells were focused towards the walls of the microchannels. Due to 

ground electrodes between DEP regions, which are activated at different 

frequencies, crosstalk was prevented. In the second part, which is named as 

selective DEP region, the crossover frequency of K562 cells was applied. Hence, 

only RBCs were manipulated to move towards the microchannel center by sliding 

over the planar electrodes. K562 cells were continued to their undisturbed flow by 

applying crossover frequencies at the selective DEP region. 

For the first tests, K562 cells were applied to the grounded version of the 3rd 

generation DEP devices and both DEP regions were activated at 1 MHz to 

observe the cell slide and cell jumps from one electrode pair to another at 20 Vpp 

and jumps of K562 cells on the electrodes. As it can be seen in the Figure 6.12, 

some K562 cells were trapped on the electrodes. 



 

Figure 6.12 K562 cell movements in grounded version of 3rd generation devices at 
20Vpp /min flow rate (1 MHz for both DEP regions). 

 

Trapped rare cells decrease the efficiency of the devices, but this issue can be 

solved by decreasing the applied electrical potential. Figure 6.13 and 6.14 present  

K562 cells and RBC manipulations, respectively, at 18Vpp 

rate. 



 

Figure 6.13 K562 cell movements in grounded version of 3rd generation devices at 
18Vpp st DEP region and 51 MHz for 2nd 

DEP region). 

 

 

Figure 6.14 RBC movements in grounded version of 3rd generation devices at 
st DEP region and 51 MHz for 2nd 

DEP region). 

 



Second alternative of 3rd generation devices, which has filtering gaps on the walls 

of the main microchannel, were tested with K562 cells. This time, testing 

procedure became easier because of applying only one frequency to the 

microelectrodes (1 MHz for pDEP). All planar electrodes function as focusing 

electrodes and manipulate all cells towards the gaps, K562 cells which have larger 

sizes, were filtered, while RBCs, which have smaller sizes, pass through the gaps 

to the side channels, at 20 Vpp 5 presents the 

K562 cell movements on the symmetrical electrodes of gapped version of the 3rd 

generation devices.  

 

Figure 6.15 K562 cell movements in gapped version of 3rd generation devices 
with symmetric  

 

Asymmetric electrodes were then tested with K562 cells & RBCs mixture with 6- 

million cells/ml concentration (K562 cells / RBCs ratio was 1:5). Figure 6.16 and 

6.17 present the RBCs and K562 cells manipulations on the asymmetric 

electrodes for the gapped version of the 3rd generation DEP devices. 



 

Figure 6.16 RBC movements in the gapped version of 3rd generation devices with 
asymmetric electrodes, at 20Vpp  

 

Figure 6.17 K562 cell movements in gapped version of 3rd generation devices 
 

 

6.4 Cell Enrichment Calculations 

For the quantification of the efficiency of devices, cell enrichment factor has been 

calculated by dividing the ratio of cancer cells and RBCs in the cancer cell outlet 

by that in the inlet (Equation 6.1) [111]: 

 (6.1) 

Thus, a two-fold enrichment at the cell outlet indicates that the desired cell 

percentage is doubled at the output relative to the input. For calculation of the cell 

enrichment factor of the devices, cells were counted in the hemocytometer before 



applying to the microchannel and then counted again after taken from cancer 

outlet.  

In addition to cell enrichment factor calculations, recovery rate calculations were 

done by dividing the amount of cancer cells in the cancer cell outlet by that in the 

inlet (Equation 6.2) [112]: 

 (6.2) 

Firstly K562 cell enrichment is realized in K562 cells & RBCs mixture. Figure 

6.18 presents the K562 and RBC counts in cell mixture, measured before injection 

mixture and counted under fluorescent microscope (Olympus SZX12). For the 

cell mixture before enrichment, five individual samples were taken and an average 

value was calculated.  

 

Figure 6.18 K562 and RBC counts from five individual samples before 
enrichment. 

 

 



Table 6.1 presents the K562 and RBC ratios in cell mixture before applying to the 

microchannel. 

Table 6.1 K562 & RBC ratios in the cell mixture before enrichment. 

 
1st 

sample 

2nd 

sample 

3rd 

sample 

4th 

sample 

5th 

sample 
Average 

Ratio of K562 cells to 

RBCs 
0.79 0.69 0.68 0.83 0.83 0.75 

Normalized Ratio of 

K562 cells to RBCs 
1:1.27 1:1.44 1:1.47 1:1.20 1:1.20 1:1.33 

 

Figure 6.19 presents the K562 and RBC counts from cancer cell outlet of the 

device, after enrichment. To count the cells, same steps with previous part were 

applied. For the cell mixture taken from cancer cell outlet after enrichment, again 

five individual samples were taken and another average value was calculated. 

Table 6.2 presents the K562 and RBC ratios in cell mixture taken from cancer cell 

outlet. 

 



 

Figure 6.19 K562 and RBC counts from five individual samples after enrichment. 

 

Table 6.2 K562 & RBC counts in the cell mixture taken from cancer cell outlet. 

 
1st 

sample 

2nd 

sample 

3rd 

sample 

4th 

sample 

5th 

sample 
Average 

Ratio of K562 cells 

to RBCs 
1.05 1.13 1.19 1.15 1.02 1.09 

Normalized Ratio of 

K562 cells to RBCs 
1:0.96 1:0.88 1:0.84 1:0.87 1:0.98 1:0.92 

 

According to the average values for the Table 6.1 and 6.2, cell enrichment factor 

for K562s were calculated as 1.45 from Eqn. 6.1. That means a 1.45 fold increase 

is realized for K562 percentage at the output relative to the input. The percent of 

reduction in RBC numbers at the cancer cell output relative to the input was 

calculated as 60%. The recovery rate for the K562 cells were calculated as 59% in 

the cancer cell outlet. Table 6.3 presents the summary of the calculated values of 

cell enrichment factor and recovery rate of K562 cells. 



Table 6.3 Calculated values of cell enrichment factor and recovery rate of K562 

cells (c.e.f.: cell enrichment factor). 

 K562 cells / 

RBCs 

# of K562 cells 

(units) 
c.e.f. 

Recovery 

Rate 

Before enrichment 0.75 45.80 
1.45 59% 

After enrichment 1.09 27.00 

 

Secondly MCF7 cell enrichment was realized in MCF7 cells & RBCs mixture. 

Figure 6.20 presents the MCF7 and RBC counts in cell mixture before 

enrichment. To count MCF7 cells and RBCs, same steps with K562 counting part 

were applied. For the cell mixture before enrichment, five individual samples 

were taken and an average value was calculated. Table 6.4 presents the MCF7 and 

RBC ratios in cell mixture before enrichment. 

 

Figure 6.20 MCF7 and RBC counts from five individual samples before 
enrichment. 



Table 6.4 MCF7 & RBC counts in the cell mixture before enrichment. 

 
1st 

sample 

2nd 

sample 

3rd 

sample 

4th 

sample 

5th 

sample 
Average 

Ratio of MCF7 

cells to RBCs 
0.48 0.47 0.54 0.57 0.52 0.52 

Normalized Ratio 

of MCF7 cells to 

RBCs 

1:2.08 1:2.13 1:1.85 1:1.75 1:1.92 1:1.92 

 

Figure 6.21 preents the MCF7 and RBC counts in cell mixture taken from cancer 

cell outlet, after enrichment. To count the cells, same steps with previous part 

were applied. For the cell mixture taken from cancer outlet after enrichment, again 

five individual samples were taken and another average value was calculated. 

Table 6.5 presents the MCF7 and RBC ratios in cell mixture after enrichment. 

 

Figure 6.21 MCF7 and RBC counts from five individual samples after 
enrichment. 



Table 6.5 MCF7 & RBC counts in the cell mixture taken from cancer cell outlet. 

 
1st 

sample 

2nd 

sample 

3rd 

sample 

4th 

sample 

5th 

sample 
Average 

Ratio of MCF7 cells 

to RBCs 
0.66 0.54 0.65 0.52 0.53 0.59 

Normalized Ratio of 

MCF7 cells to RBCs 
1:1.52 1:1.85 1:1.54 1:1.92 1:1.89 1:1.69 

 

According to the average values for the Table 6.4 and 6.5, cell enrichment factor 

for MCF7 cells were calculated as 1.13 from Eqn. 6.1. That means a 1.13 fold 

increase is realized for MCF7 cells percentage at the output relative to the input. 

The reduction percentage of the RBCs at the cancer output relative to the input 

was realized as 27%. The recovery rate for the MCF7 cells were calculated as 

82% in the cancer cell outlet. Table 6.6 presents the summary of the calculated 

values of cell enrichment factor and recovery rate of K562 cells. 

Table 6.6 Calculated values of cell enrichment factor and recovery rate of MCF7 

cells (c.e.f.: cell enrichment factor). 

 

When the two enrichment factor values are compared, the cell enrichment factor 

calculated for MCF7 cells is lower than the factor calculated for K562 cells. 

According to the literature data, MCF7 cells are larger than K562 cells. Thus, 



MCF7 cell enrichment factor should be higher than the K562 cell enrichment 

factor in normal conditions. 

Although the tests showed that most of the RBCs were eliminated through the 

filtering gaps in the microchannels by escaping to the side channels or by sticking 

to the filters, after some time, RBCs started not to escape to the side channels. 

Sticking of RBCs caused clogging in the filters. Hence, newly coming RBCs 

could not traverse the gaps, and move toward cancer cell outlet, decreasing the 

enrichment factor. Besides, some rare cell escapes from the gaps were observed 

during the tests. The filter gap sizes were designed according to given cell sizes in 

the literature data. However, cancer cell sizes are not uniform, and some smaller 

cancer cells could pass through the gaps. This has further decreased the 

enrichment factor. 

The results are combined for getting a rare cell enrichment factor in these DEP 

devices. The combined rare cell enrichment factor is 1.3, which means that rare 

cell percentages increase 1.3 fold in the rare cell outlet compared to the inlets of 

the DEP devices. An average 1.3 fold increase in the rare cell outlet compared to 

the inlets of the DEP devices, is still comparable with the other cell enrichment 

studies in the literature, although there are a few studies. 

Gonghao et al. designed four different microchannels based on the viscoelastic 

properties of the cells and one of these devices have a minimum enrichment factor 

for K562 cells as 1.15 and an average enrichment factor as 3.2 [111]. Table 6.7 

presents the cell enrichment factors of K562 cells for Gonghao et al. and this 

study as a comparison. 

 

 

 

 



Table 6.7 Average and minimum cell enrichment factors of K562 cells (c.e.f.: cell 

enrichment factor). 

c.e.f. (average) c.e.f. (minimum) Reference 

3.20 1.15 [111] 

1.45 1.23 - 

 

Cheng et al. reported a DEP-based microfluidic device for separation of AS2-GFP 

cells. They reported recovery rates, defined as the collected cell amounts from 

target outlet divided by cell amounts given from inlet, for the applied cells in 

different flow rates. The recovery rate results for AS2-GFP cells (applying 30 

) are calculated as ~60% [112]. These values were calculated as 

59% for K562 cells and 82% for MCF7 cells at the same flow rate in this thesis 

study. Table 6.8 presents the recovery rates of the rare cells for Cheng et al. and 

this study as a comparison. 

Table 6.8 Recovery rates of the rare cells . 

AS2-GFP cells K562 cells MCF7 cells Reference 

~60% N/A N/A [112] 

N/A 59% 82% - 

 

According to the comparisons of enrichment factors and recovery rates, 3rd 

generation devices are promising for the future improvements on this study. 

  



CHAPTER 7 

7. CONCLUSION AND FUTURE WORK 

CONCLUSION AND FUTURE WORK  

 

 

 

In this thesis, the primary goal was to develop a MEMS-based DEP device for 

rare cell enrichment from blood. To achieve this goal, design, simulations, 

fabrication and experimental tests were performed. 

Due to the various advantages, such as the low-cost fabrication, no harmfulness to 

the cells, no labeling needs, and ease of application in cell manipulation; DEP has 

been selected as the most suitable method among other cell manipulation 

techniques. The most challenging issue in rare cell enrichment from blood is the 

very high cell density of blood cells. Also, the volume of blood that should be 

processed is relatively high (>7.5 mL). These issues should be considered 

carefully in the design of electrode and microchannel geometries for DEP based 

of parylene-C microchannel fabrication) to have a high throughput and to perform 

manipulation with high amount of cells in a continuous flow. Because of having a 

 

In the 1st and 2nd generation devices, cell enrichment was done based on the nDEP 

principle, where cells are kept out of the strong electric fields generated by 

microelectrodes inside the microchannel.  

 



In the 1st generation devices, problem of bubble formation was observed, which is 

caused by direct contact of the electrodes with the liquid medium. This has been 

solved in 2nd generation devices, where electrodes were coated with a thin 

parylene-C insulating layer. These devices included two consecutive DEP regions 

(focusing and selective), to which different frequencies at 20Vpp electric potential 

were applied based on the dielectric properties of K562 human leukemia cells, 

MCF7 human breast adenocarcinoma cells and RBCs from literature. Cell 

manipulations were observed at 0.1-

simulations. Although cell manipulations were observed in the microchannels, 

some inabilities and limitations of these two generations such as cell escapes in 

the middle of the microchannels due to the microelectrode locations, crosstalk 

between different DEP regions due to applying different frequencies and low flow 

rates operation decreased the working capacity of these generations. To overcome 

these limitations, a novel design has been developed where pDEP force and the 

hydrodynamic forces have been used to fine-tune the cell movement over the 

electrodes under a high flow rate (up to 30 l/min). Sliding of the cells on the 

planar electrodes idea necessitates a critical balance between drag force and DEP 

force. In the literature, there are many pDEP studies on cell manipulations, but 

these studies are based on cell trapping. 

3rd generation devices bring some novelties to the study. Cell sliding on the planar 

electrodes is the primary finding with application of positive DEP frequencies (1 

MHz). Electrode structures and locations were revised for optimum cell sliding. 

Asymmetric allocations and merging the tips of the planar electrodes prevented 

cell escapes. In addition, gaps were put to the walls of the main channel and a 

size-based separation was added to the devices. While smaller sized RBCs passed 

through the gaps and were directed to the waste channels, large sized rare cells 

(K562 and MCF7 cells) were filtered and manipulated to the cancer cell outlet. 

Cell enrichment factor was calculated for both cell mixtures and satisfactory 

results were achieved with the 3rd generation devices. 



Up to now, the design optimizations and experimental achievements were 

introduced. When the results were investigated carefully, some future studies 

should be done for improving the enrichment efficiency, such as: 

 Increasing the throughput by adding parallel microchannels, so the device 

can be utilized for high sample volumes. 

 Optimizing the filtering gap sizes to prevent RBC clogging and cancer cell 

escapes. The size of cancer cells and RBCs may vary depending on the 

sex, age, race, genetic factors, and different disease phases. Also, the 

mechanical properties of cells, like elasticity and shapes, may vary 

depending on the carrier fluid properties. These challenges make it 

difficult to decide on the optimal gap size for filtration-based separation. 

 Optimizing the microchannel and filter gap sizes within the boundaries of 

MEMS fabrication techniques, to deal with coagulation and clogging 

issues. 
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APPENDIX A: COMSOL SIMULATIONS 

COMSOL SIMULATIONS 

 

 

 

3D particle tracing simulation of RBCs for 5 kHz is presented in Figure A.1. 5 

kHz was applied to both electrode regions at the same time and four individual 

streamlines were simulated under nDEP force. Top view simulation was also 

observed without visible DEP region on the electrodes, thus RBC manipulation 

can be seen clearly. First DEP region manipulates RBCs to the walls, then second 

region again manipulates RBCs into the center of the microchannel, thus they can 

be directed to the waste channel. 

 

Figure A.1 3D particle tracing simulation for RBCs at 5 kHz. 

 

3D particle tracing simulation of RBCs for 26.3 kHz is presented in Figure A.2. 

26.3 kHz was applied to both electrode regions at the same time and four 



individual streamlines were simulated under nDEP force. RBCs were manipulated 

into the waste channel because of having nDEP at 26.3 kHz. 

 

 

Figure A.2 3D particle tracing simulation for RBCs at 26.3 kHz. 

 

3D particle tracing simulation of RBCs for 12.7 kHz is presented in Figure A.3. 

12.7 kHz was applied to both electrode regions at the same time and four 

individual streamlines were simulated under nDEP force. 12.7 kHz can 

manipulate RBCs into the waste channel. 

 

 

Figure A.3 3D particle tracing simulation for RBCs at 12.7 kHz. 



3D particle tracing simulation of K562 cells for 5 kHz is presented in Figure A.4. 

5 kHz was applied to both electrode regions at the same time and four individual 

streamlines were simulated. 5 kHz can be used to manipulate K562 cells by nDEP 

force. 

 

 

Figure A.4 3D particle tracing simulation for K562 cells at 5 kHz. 

 

3D particle tracing simulation of K562 cells for 26.3 kHz is presented in Figure 

A.5. This frequency was applied to both electrode regions at the same time and 

four individual streamlines were simulated. 26.3 kHz is one of the crossover 

frequencies for K562s and these cells flow without any manipulation. 

 

 



 

Figure A.5 3D particle tracing simulation for K562 cells at 26.3 kHz. 

 

3D particle tracing simulation of MCF7 cells for 5 kHz is presented in Figure A.6. 

5 kHz was applied to both electrode regions at the same time and four individual 

streamlines were simulated. At 5 kHz, MCF7 cells can be manipulated by nDEP 

force. 

 

Figure A.6 3D particle tracing simulation for MCF7 cells at 5 kHz. 

 



3D particle tracing simulation of MCF7s for 12.7 kHz is presented in Figure A.5. 

This frequency was applied to both electrode regions at the same time and four 

individual streamlines were simulated. 12.7 kHz is one of the crossover 

frequencies for MCF7 cells and these cells flow without any manipulation. 

 

 

Figure A.7 3D particle tracing simulation for MCF7 cells at 12.7 kHz. 
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APPENDIX B: FABRICATION FLOWS 

FABRICATION FLOWS 

 

 

 

Fabrication flow of 1st generation devices is presented in Table B.1. 

Table B.1: Detailed fabrication flow of the 1st generation devices. 

  1st generation devices fabrication flow 

1 Glass wafer (4") 

2 Piranha (30 min) + BHF (2 min) cleaning 

3 Dehydration at oven at 110 C for 20 min 

4 Parylene coating 

  with silane 

   

5 Dehydration at oven at 95 C for 40 min 

6 Ti sputtering as adhesion layer (AJA-1) 

  600 W 270 sec 30 nm 

7 Au sputtering layer (AJA-1) 

  350 W 680 sec 400 nm 

8 Dehydration at oven at 95 C for 40 min 

9 Lithography for electrode formation 

Mask 1 HDMS coating 500 rpm 15 sec + 4000 rpm 40 sec 

  S220-3 spin 500 rpm 15 sec + 4000 rpm 40 sec 

   

  Expose UV for 5 sec (vacuum contact) 

  Develop in MF24A for 60 sec 



Table B.1 (continued).

  DI water rinse 90 sec + 90 sec 

  Dry by N2 

  Inspection 

  Hardbake at  

  Desicator for 5 min 

10 Descum 2 min 

11 Au etching 

  Aqua regia (600 ml HCl + 200 ml HNO3) activation for 15 min 

 Preparation of aqua regia solution (by adding 800 ml DI water) 

  Etching for 80 sec 

 DI water rinse 3 cycles 

  Dry by N2 

  Inspection 

12 Ti etching 

  Ti etchant (25 ml HF + 25 ml H2O2 + 1550 ml DI water) 

  Etching for 19 sec 

 DI water rinse 3 cycles 

 Dry by N2 

 Inspection 

13 PR strip 

  In acetone for 45 min 

 In IPA for 10 min 

  DI water rinse 3 cycles 

  Dry by N2 

  Inspection 

14 Dehydration at oven at 95 C for 40 min 

15 Lithography for microchannel formation 

Mask 2 HDMS coating 300 rpm 10 sec + 1000 rpm 30 sec 



Table B.1 (continued).

  AZ9260 spin 300 rpm 10 sec + 1000 rpm 30 sec (first layer) 

  Edge bead removal 

  Wait for 15 min 

  

 AZ9260 spin 300 rpm 10 sec + 1000 rpm 30 sec (second layer) 

 Edge bead removal 

 Wait for 15min 

   

  Cooling at  

  Rehydration (overnight) 

  Expose UV for 40 sec (vacuum contact) 

  Develop in AZ826MIF for 10 min 

  DI water rinse 90 sec + 90 sec 

  Dry by N2 

  Inspection 

 Expose UV for 20 sec (vacuum contact) 

 Develop in AZ826MIF for 10 min 

 DI water rinse 90 sec + 90 sec 

 Dry by N2 

 Inspection 

16 Microchannel thickness measurement (Dektak) 

17 Parylene coating 

  without silane 

   

18 Opening lithography 

Mask 3 HDMS coating 500 rpm 10 sec + 750 rpm 30 sec 

  AZ9260 spin 500 rpm 10 sec + 750 rpm 30 sec (first layer) 

  Edge bead removal 



Table B.1 (continued).

  Wait for 15 min 

   

  AZ9260 spin 500 rpm 10 sec + 750 rpm 30 sec (second layer) 

  Edge bead removal 

  Wait for 15min 

   

   

  Rehydration (overnight) 

  Expose UV for 55 sec (vacuum contact) 

  Develop in AZ826MIF for 20 min 

  DI water rinse 90 sec + 90 sec 

  Dry by N2 

  Inspection 

  Expose UV for 55 sec (vacuum contact) 

  Develop in AZ826MIF for 20 min 

  DI water rinse 90 sec + 90 sec 

 Dry by N2 

 Inspection 

19 Parylene etching with RIE 

  In RIE (3 x 20 min) 

  Inspection 

20 Dicing 

21 PR strip 

  In acetone for 2 days 

 

 

 

 



Fabrication flow of 2nd generation devices is presented in Table B.2. 

Table B.2: Detailed fabrication flow of the 2nd generation devices. 

  2nd generation devices fabrication flow 

1 Glass wafer (4") 

2 Piranha (30 min) + BHF (2 min) cleaning 

3 Dehydration at oven at 110 C for 20 min 

4 Parylene coating 

  with silane 

   

5 Dehydration at oven at 95 C for 40 min 

6 Ti sputtering as adhesion layer (AJA-1) 

  600 W 270 sec 30 nm 

7 Au sputtering layer (AJA-1) 

  350 W 680 sec 400 nm 

8 Dehydration at oven at 95 C for 40 min 

9 Lithography for electrode formation 

Mask 1 HDMS coating 500 rpm 15 sec + 4000 rpm 40 sec 

  S220-3 spin 500 rpm 15 sec + 4000 rpm 40 sec 

  Softbake  

  Expose UV for 5 sec (vacuum contact) 

  Develop in MF24A for 60 sec 

  DI water rinse 90 sec + 90 sec 

  Dry by N2 

  Inspection 

   

  Desicator for 5 min 

10 Descum 3 min 

11 Au etching 

  Aqua regia (600 ml HCl + 200 ml HNO3) activation for 15 min 



Table B.2 (continued).

 Preparation of aqua regia solution (by adding 800 ml DI water) 

  Etching for 120 sec 

 DI water rinse 3 cycles 

  Dry by N2 

  Inspection 

12 Ti etching 

  Ti etchant (20 ml HF + 20 ml H2O2 + 1560 ml DI water) 

  Etching for 25 sec 

 DI water rinse 3 cycles 

 Dry by N2 

 Inspection 

13 PR strip 

  In acetone for 60 min 

 In IPA for 10 min 

  DI water rinse 3 cycles 

  Dry by N2 

  Inspection 

14 Parylene coating (as insulating layer) 

  without silane 

  

 Inspection 

15 Dehydration at oven at 95 C for 40 min 

16 Lithography for microchannel formation 

Mask 2 HDMS coating 500 rpm 15 sec + 1000 rpm 30 sec 

  AZ9260 spin 500 rpm 15 sec + 1000 rpm 30 sec (first layer) 

  Edge bead removal 

  Wait for 15 min 

  



Table B.2 (continued).

 AZ9260 spin 500 rpm 15 sec + 1000 rpm 30 sec (second layer) 

 Edge bead removal 

 Wait for 15min 

  Hardbake at oven from  

   

  Rehydration (overnight) 

  Expose UV for 40 sec (vacuum contact) 

  Develop in AZ 826MIF for 12 min 

  DI water rinse 90 sec + 90 sec 

  Dry by N2 

  Inspection 

 Expose UV for 40 sec (vacuum contact) 

 Develop in AZ 826MIF for 15 min 

 DI water rinse 90 sec + 90 sec 

 Dry by N2 

 Inspection 

17 Microchannel thickness measurement (Dektak) 

18 Parylene coating 

  without silane 

   

19 Opening lithography 

Mask 3 HDMS coating 500 rpm 10 sec + 750 rpm 30 sec 

  AZ9260 spin 500 rpm 10 sec + 750 rpm 30 sec (first layer) 

  Edge bead removal 

  Wait for 15 min 

   

  AZ9260 spin 500 rpm 10 sec + 750 rpm 30 sec (second layer) 

  Edge bead removal 



Table B.2 (continued).

  Wait for 15min 

   

   

  Rehydration (overnight) 

  Expose UV for 55 sec (vacuum contact) 

  Develop in AZ 826MIF for 20 min 

  DI water rinse 90 sec + 90 sec 

  Dry by N2 

  Inspection 

  Expose UV for 55 sec (vacuum contact) 

  Develop in AZ 826MIF for 20 min 

  DI water rinse 90 sec + 90 sec 

 Dry by N2 

 Inspection 

20 Parylene etching with RIE 

  In RIE (3 x 20 min) 

  Inspection 

21 Dicing 

22 PR strip 

  Acetone for 2 days 

 

 

 

 

 

 

 

 



Fabrication flow of 3rd generation devices is presented in Table B.3. 

Table B.3: Detailed fabrication flow of the 3rd generation devices. 

  3rd generation devices fabrication flow 

1 Glass wafer (6") 

2 Piranha (30 min) + BHF (2 min) cleaning 

3 Dehydration at oven at 110 C for 20 min 

6 Ti sputtering as adhesion layer (30 nm) (Bestec-1) 

  300 W T1:120 sec T2:165 sec Flow:2.5 sccm 

7 Au sputtering layer (400 nm) (Bestec-1) 

  300 W T1:120 sec T2:440 sec Flow:6.2 sccm 

8 Dehydration at oven at 110 C for 30 min 

9 Lithography for electrode formation 

Mask 1 HDMS coating 500 rpm 10 sec + 4000 rpm 40 sec 

  S1813 spin 500 rpm 10 sec + 4000 rpm 40 sec 

   

  Expose UV for 4.5 sec (vacuum contact) 

  Develop in MF24A for 60 sec 

  DI water rinse 90 sec + 90 sec 

  Dry by N2 

  Inspection 

   

  Desicator for 5 min 

 Inspection 

10 Descum 3 min 

11 Au etching 

  Aqua regia (1200 ml HCl + 400 ml HNO3) activation for 15 min 

 Preparation of aqua regia solution (by adding 2400 ml DI water) 

  Etching for 120 sec 

 DI water rinse 3 cycles 



Table B.3 (continued).

  Dry by N2 

  Inspection 

12 Ti etching 

  Ti etchant (50 ml HF + 50 ml H2O2 + 3900 ml DI water) 

  Etching for 27 sec 

 DI water rinse 3 cycles 

 Dry by N2 

 Inspection 

13 PR strip 

  In SVC-175 for 30 min 

  DI water rinse 10 cycles 

  Dry by N2 

  Inspection 

14 Parylene coating (as insulating layer) 

  with silane 

  

 Inspection 

15 Dehydration at oven at 95 C for 40 min 

16 Lithography for microchannel formation 

Mask 2 HDMS coating 400 rpm 15 sec + 700 rpm 30 sec 

  AZ9260 spin 400 rpm 15 sec + 700 rpm 30 sec 

  Edge bead removal 

  Wait for 15 min 

  

   

   

  Rehydration (overnight) 

  Expose UV for 50 sec (vacuum contact) 



Table B.3 (continued).

  Develop in AZ 826MIF for 15 min 

  DI water rinse 90 sec + 90 sec 

  Dry by N2 

  Inspection 

17 Microchannel thickness measurement (Dektak) 

18 Parylene coating 

  without silane 

  parylene thickness 

19 Opening lithography 

Mask 3 HDMS coating 500 rpm 10 sec + 750 rpm 30 sec 

  AZ9260 spin 500 rpm 10 sec + 750 rpm 30 sec (first layer) 

  Edge bead removal 

  Wait for 15 min 

   

  AZ9260 spin 500 rpm 10 sec + 750 rpm 30 sec (second layer) 

  Edge bead removal 

  Wait for 15min 

   

   

  Rehydration (overnight) 

  Expose UV for 55 sec (vacuum contact) 

  Develop in AZ 826MIF for 20 min 

  DI water rinse 90 sec + 90 sec 

  Dry by N2 

  Inspection 

  Expose UV for 55 sec (vacuum contact) 

  Develop in AZ 826MIF for 20 min 

  DI water rinse 90 sec + 90 sec 



Table B.3 (continued).

 Dry by N2 

 Inspection 

20 Parylene etching with RIE 

  In RIE (3 x 20 min) 

  Inspection 

21 Dicing 

22 PR strip 

  Acetone for 4 days 

 


