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ABSTRACT OF THE THESIS 
 
 
 
 
 

Separation of Cancer Cells from Peripheral Blood Mononuclear Cells using 

pH control and Dielectrophoresis 

 

 

by 

Malisha Pattanaik 

Master of Science in Bioengineering 

University of California, San Diego, 2009 

Professor Michael Heller, Chair 

 

The ability to identify, characterize and isolate cancer cell subpopulations 

from a global cell population is important and fundamental for effective cancer 

diagnostic treatments. Cells that have shed from a primary tumor site at early 

stages of malignant progression and then enter the blood circulation are called 

circulating tumor cells (CTC). Although only a small percentage of CTC survive 

(roughly 0.05%), the detection of these cells provides an excellent indicator of 

metastatic primary tumor sites. The necessity for effective measurement of CTC 

requires engineering a standardized detection method capable of processing 

whole blood samples. An alternative method to cell selection is the alternating 

current (AC) electrokinetic technique, dielectrophoresis (DEP), which employs 
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the use of alternating current (AC) fields to separate cells. Previous studies have 

confirmed the diagnostic ability of identification and separation of live cells from 

dead ones using DEP. A novel approach utilized to kill explicit cell lines in order 

to perform DEP separations of live and dead cells, employs a developed theory 

that tumor microenvironments are more acidic than normal microenvironments. 

By combining the selection of cancer cells from normal cells through pH control 

and subsequently separating these cells using dielectrophoresis an effective 

circulating tumor cell detection system can be produced. 
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Chapter 1: INTRODUCTION 

In clinical diagnosis, the ability to identify, characterize and isolate cancer 

cell subpopulations from a global cell population is important and fundamental for 

effective cancer diagnostic treatments. Detection of cancer at an early stage, i.e. 

before tumor infiltration into surrounding tissue, often leads to successful 

treatment. Conversely, the highest mortality rates for cancer occur during the 

metastatic phase of the cancer life cycle, which is the most common cause of 

cancer-related death in patients with solid tumors. Strong evidence exists that a 

small percentage of tumor cells shed from a primary tumor site at early stages of 

malignant progression, enter the blood circulation and travel to distant locations 

to form secondary tumor masses. These cells that have entered the blood 

circulation are called circulating tumor cells (CTC). Current approaches in 

detection of micro-metastases involve measuring CTC in peripheral blood (PB) 

for early diagnosis of cancer. Successful detection proves to be extremely 

difficult due to the low frequency of CTC found in the blood (~1-5 in 10x109 cells). 

Although only a small percentage of CTC survive (roughly 0.05%), the detection 

of these cells provides an excellent indicator of metastatic primary tumor sites. 

The necessity for effective measurement of CTC requires engineering a 

standardized detection method capable of processing whole blood samples. 

Current methods for cell selection include but are not limited to 

centrifugation, gel filtration, electrophoresis, flow cytometry and exploitation of 

specific immunologic targets for receptor-ligand interactions.  These approaches 

however, are expensive, time-consuming and lack standardized protocols. An 
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alternative method to cell selection is the alternating current (AC) electrokinetic 

technique, dielectrophoresis (DEP), which employs the use of alternating current 

(AC) fields to separate cells. Dielectrophoresis is characterized as the motion of 

particles caused by polarization effects in a non-uniform AC electric field. A 

particle becomes electrically polarized when subjected to an alternating electrical 

field. If the field is inhomogeneous, the particle will experience dielectrophoretic 

forces directing them toward either regions of high field strength or low field 

strength. The magnitude and direction of the dipole induced varies with the 

applied frequency, as well as the dielectric properties of the particle and its 

suspension media.  

Cell separation using DEP techniques have many applications since DEP 

can separate cells according to changes in conductivity, physical changes inside 

the cells or the presence of a cell wall. Previous studies have confirmed the 

diagnostic ability of identification and separation of live cells from dead ones 

using DEP. Taking into account that biological cells exhibit distinctly different 

dielectric properties upon cell death, an effective means for separation can be 

attained.  

Many techniques exploiting specific characteristics of cells, including heat 

therapy have been utilized to kill explicit cell lines in order to perform DEP 

separations of live and dead cells. An ideal method for selecting cancerous cells 

from normal cells involves killing the normal cell line, while keeping the cancer 

cells alive. A novel approach to this method employs a developed theory that 

tumor microenvironments are more acidic than normal microenvironments. There 
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is a wider range of pH values in malignant tissue, from roughly pH5.0 - pH7.6, 

compared to normal tissue, which ranges from pH7.0 - pH 8.06.   

This thesis is focused on creating a novel cancer detection method by 

combining the selection of cancer cells from normal cells through pH control and 

subsequently separating these cells using dielectrophoresis to produce a 

detection system with the potential capability for one in a million cell sorting. 

The specific goals of this study can be summarized as: 

1.) Evaluation of the effect of acidic microenvironments on the survivability 

of cancer cells vs. normal tissue.  

2.) Characterization of a cancerous cell line, immortalized line of T 

lymphocytes (Jurkat) and characterization of a normal cell line, i.e. 

Peripheral Blood Mononuclear Cells (PBMC) using dielectrophoresis 

(DEP).  

3.) Detection and separation of live cells from dead cells using 

dielectrophoresis (DEP). 

To accomplish these goals, the following experiments were designed and 

conducted in this thesis: 

The studies performed in this thesis exclusively utilized one cancerous cell 

line and one normal line. An immortalized line of T lymphocytes (jurkat) was 

obtained from ATCC and maintained through the course of the experiments. The 

selection of the jurkat cell line stems from the awareness of the disastrous effects 

of blood cancers, such as leukemia, on both young and old cancer patients. Dr. 

D. Messmer’s Laboratory kindly provided peripheral Blood Mononuclear Cells 
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(PBMC) samples. Previous studies by Huang et al. confirmed that due to the 

dielectric similarities of jurkat cells and PBMCs, separation by dielectrophoresis 

is not feasible. With this knowledge in hand, the decision to select PBMC as the 

normal cell line was made in order to fully substantiate our proposed detection 

system. 

Cell survivability of both the jurkat cell line and PBMC was first assessed 

in varying pH values in RPMI complete media and 0.05xTBE/250mM sucrose 

buffer solution by trypan blue exclusion testing. The later buffer solution, 

0.05xTBE/250mM sucrose, is an appropriate buffering solution for 

dielectrophoretic experiments due to the conductivity properties required for 

DEP. According to theories on tumor cell survival in acidic environments, it was 

anticipated that the jurkat cells will have high cell survivability, while PBMC will 

not survive under the given pH conditions and within a certain time. Ideally, 

similar results in cell survival rates were expected in both buffer solutions and the 

selection of a standard pH value in which all jurkat cells survive and all PBMC die 

should be attainable.  Cell survivability analysis resulted in a standard pH value 

of 5.4 in both RPMI complete media and 0.05xTBE/250mM sucrose buffer 

solution.  

Upon confirmation of jurkat and PBMC cell survivability and selection of a 

standard pH value (pH 5.4) for experimentation, dielectrophoresis experiments 

were administered on each cell line separately. The DEP experiments were 

conducted on a microelectrode array device Nanochip®. For these experiments, 

it was expected that the Jurkat cells stained with Syto® Red fluorescent (SYTO 
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64), which remained alive in pH 5.4 environment, would concentrate in the 

positive DEP high-field regions at the microelectrodes. The PBMC, which had 

been killed in pH 5.4, would be expected to concentrate in the low-field negative 

DEP region.  

Based on the results of the above-mentioned experiments, a preliminary 

investigation was conducted using a mixture of jurkat cells and PBMC in 

0.05xTBE/250mM sucrose buffer solution. The cells were processed under the 

same protocol as the above-mentioned experiments, however the mixture of cells 

were incubated in pH 5.4 together prior to DEP experimentation. Similarly to the 

separated DEP experiments, the jurkat cells were expected to concentrate in the 

positive DEP high-field regions at the microelectrodes, while the PBMC, which 

had been killed in pH 5.4, would be expected to concentrate in the low-field 

negative DEP region. 

Summary of my findings in this study: 

1.) The immortalized T lymphocyte (jurkat) line maintained close to 100% cell 

survivability in a wide range of acidic environments (pH 5.4- 6.5) in a given 

two hour incubation period.   

2.) Peripheral Blood Mononuclear Cells (PBMC) had decreasing cell survival 

rate in a wide range of acidic environments (pH 5.4-6.5), with zero survival 

in a given two hour incubation period.  

3.) Jurkat cell line experienced positive DEP and fully concentrated at the 

high-field region on the microelectrodes of the micro-array device within 

10 minutes of DEP field activation.  
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4.) PBMC line experienced negative DEP and fully concentrated at the low-

field regions of the micro-array device within 10 minutes of DEP field 

activation.  

5.) Cell separation between live and dead cells was successfully completed 

using dielectrophoresis.  

6.) Preliminary DEP separation experiments on the mixture of Jurkat and 

PBMC in solution provided promising results. The PBMC were seen 

experiencing negative DEP, concentrating at the low-field regions within 

10 minutes of the DEP field application.  A small percentage of jurkat cells 

were experienced positive DEP, localizing at high-field regions on the 

microelectrodes.  
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Chapter 2: LITERATURE REVIEW 

2.1) Cancer and Cancer Detection  

 Cancer is characterized as a disease in which a group of cells display 

uncontrolled growth, invasion in adjacent tissue and often metastasis. The most 

life threatening aspect of the oncogenic process involves metastasis [1]. 

Metastasis arises from the spread of cancer from a primary site to secondary 

tumor growth at distant locations [2].  The pathway of primary tumor growth 

towards metastasis consists of a series of steps, if completed that give rise to a 

metastatic tumor (Fig. 1) [1-3]. Initially, a primary tumor begins to grow from a 

group of cells exhibiting uncontrollable growth coupled with invasion and 

destruction of adjacent tissues [1-3]. To support the metabolic activity of the 

growing primary tumor cells, new blood vessels penetrate the growing tumor site 

in a process called angiogenesis. This process creates a transport site for tumor 

cells to enter into blood circulation [1-3]. Tumor cells may enter into circulation in 

a process called intravasation [2]. These cells that have entered the blood 

circulation are called circulating tumor cells (CTC). Upon entry, the circulating 

tumor cells (CTC) must survive in circulation until they arrest at a new organ site 

and extravasate from the circulation into a surrounding tissue. Once tumor cells 

have reached a new site, cells will initiate and maintain growth forming pre-

angiogenic micrometastases, which sustain growth with the formation of new 

blood cells [2].  Circulating Tumor Cells contain specific angiogenic, invasive, and 

metastatic properties and are also proven to be selective for cells with survival 
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characteristics in the circulatory system and markers for migration to distant end-

target organs [4].  

            

Figure 1: Metastatic Pathway [3] 
 

 

 Detection of cancer at early stages when tumor growth has not spread to 

other locations often leads to successful treatment options; however, when 

cancer is diagnosed after metastasis, treatments are far less successful [1-11]. 

There are a wide range of medical tests available for use in cancer detection 

including X-rays, CT scans, ultrasound scans, isotope scans, MRI scans and 

PET scans which are all capable of revealing the presence, as well as the 
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location and size of a tumor [5]. Screening tests, which include the cervical 

smear test, occult blood tests, gastro-oesophageal tests and mammography 

exams, may provide insight into potential cancer growths in patients who are not 

exhibiting any symptoms. Endoscopic techniques can utilize flexible mirrored 

endoscopic tubes to image and possibly biopsy lesions in specific body cavities 

including the alimentary tract, thorax and peritoneal cavity [5]. Blood and serum 

tests may reveal evidence of tumor presence in circulation [4-9]. However, the 

most direct method for evidence of cancer is a tissue biopsy, in which a piece of 

tissue is taken from a suspected cancer and examined microscopically. With 

most instances, when provided with a representative sample of tissue, cancer 

detection, as well as cancer type and origin of cancer site can be diagnosed [5].  

2.2) Circulating Tumor Cell Importance and Current Detection Methods 

 As previously mentioned above circulating tumor cells (CTC) are tumor 

cells that have been shed from a primary tumor site and have then entered the 

blood circulation. Cristofanilli et al. has determined that the concentration of CTC 

can predict the survival of metastatic cancer, as well as its response to therapy 

[6]. Detection of CTC is considered to be a clinically relevant prognostic indicator 

and may be used as criteria for aggressive therapeutic options [8,9].  Previously 

conducted studies have shown a direct relationship between cancer progression 

and increased levels in CTC [10]. However, detection of cells in circulation 

proves to be a significant challenge due to decreased CTC survival (roughly 

0.05%) and initiation of metastasis [8]. Although only a small percentage of CTC 
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survive, the detection of these cells provides an excellent indicator of metastatic 

primary tumor sites [1-10]. 

The use of basic immunohistochemistry protocols for detection of tumor 

cells in circulation has been increasingly successful. Newly developed 

technology has been designed to detect tumor cells in whole blood [4,10,11]. 

These detection methods rely on antibody recognition of a specific tissue-type 

marker or cancer–specific marker [4,10,11]. For example, antibodies for specific 

cytokeratins, intermediate filament proteins found in epithelial cells can be used 

to distinguish epithelial cells from a heterogeneous cell population [4].  

Immunohistochemical techniques, however, depend heavily on the specificity 

and sensitivity of manufactured antibodies used [4]. This reliance, therefore, does 

not provide a standardized technique of detection.   

  Another current system incorporates magnetic nanoparticles coupled to 

antibodies to allow for the detection and enumeration of epithelial cells separated 

from whole blood via magnetic incubation [4,6,9,10]. Identification of cells is done 

by fluorescently staining components of the cell [6,10] and subsequently placing 

the cells in a magnetic chamber.  Cells labeled with the magnetic nanoparticles 

will align along the magnetic lines within the chamber and can then be counted 

[4].  Advantages to using this method include enhanced imaging quality and 

specific detection of only intact cells, which require a nucleus and stained 

membrane. However, the use of magnetic nanoparticles encounters similar 

limitations in standardized procedures [4,10].   
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     RT-PCR methods have been used to qualitatively and quantitatively detect 

and calculate the levels of circulating tumor cells in whole blood. RT-PCR utilizes 

the amplification of specific cDNA sequences based on the design of 

oligonucleotide primer probes that recognize the target gene of interest [4]. The 

primer probes used in these detection methods are designed to contain general 

tumor cell characteristics [4]. Limitation of using PCR includes amplification of 

nonspecific products, time constraints, and a lack of a consistent standardized 

protocol.   

These morphological and non-morphological methods for detection have 

consistently resulted in varying results with a significant occurrence of false 

positive results. Therefore a standardized technique for detection is necessary 

and is currently being executed [4,8,10-12].  Limitations on sample size produce 

challenges to current methods of detection. With samples of small cell 

concentrations, multiple measurements are difficult to assess.  Also, 

consideration of utilizing larger blood volume samples is unrealistic at this stage 

in development [11].  This lack of adequate detection methods limits the ability of 

consistent detection, quantification and characterization of circulating tumor cells 

[4].  

The prominent detection device for CTC selection in clinical use is the 

CellSearch system (Veridex, Warren, NJ), which is designed to enrich and 

enumerate circulating tumor cells from peripheral blood [12-14]. The CellSearch 

system provides the first automated, standardized and regulatory- approved 
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system for detection and quantification of CTC in peripheral blood. It is also the 

first system to allow for clinical use of CTC in the metastatic setting of cancer. 

Validation studies performed by Riethdorf et al. confirmed the first multicenter 

study involving samples from 92 patients with metastatic breast cancer, proving 

that the CellSearch system is a reliable detection of CTC in whole blood [12]. 

Allard et al. further demonstrated that the CellSearch system provides an 

accurate method for counting CTC reliably, despite low number of cells and a 

wide range of morphologic heterogeneity [13].  The next phase in therapeutic 

approaches, however, is to develop a system that allows detection and targeting 

of dormant CTC because the majority of CTC found in peripheral blood has been 

shown to be in a non-proliferating condition [12].  

2.3) Dielectrophoresis 

2.3.1) Theory   

Applying the principles of alternating current electrokinetics through the 

phenomena of dielectrophoresis (DEP) can provide an efficient method for 

separation of cells [15], bioparticles [16], DNA [17], proteins [18] and potentially 

other biomarkers [15-28]. Dielectrophoresis is characterized as the motion of 

matter caused by polarization effects in a non-uniform electric field. Unlike 

electrophoresis, charged particles are not required to exhibit motion [17,19]; 

Movement is dependent upon the force felt by a dielectric material in a non-

uniform field.  A particle becomes electrically polarized when subjected to an 
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alternating electrical field. If the field is inhomogeneous, the particle will 

experience dielectrophoretic forces directing them toward strong or weak 

regions. The magnitude and direction of the dipole induced varies with frequency 

applied and is also dependent on the dielectric properties of the particle in 

suspension and the medium it is suspended in [15-25]. Dielectrophoretic force, 

FDEP for a dielectric sphere immersed in a medium can be represented by 

Equation 1 [15-25]:  

       (1) 

Where em is the dielectric medium, r is the particle radius, Erms is the root mean 

square value of the electric field and fCM is the Clausius-Mossoti factor:  

       (2) 

Where e*p and e*m are the relative complex permittivity’s of the particle and the 

medium, respectively [17]. Permittivity describes how an electric field affects and 

is affected by a dielectric medium. It is determined by the ability of a material to 

polarize in response to the field applied. Permittivity relates to a material’s ability 

to transmit an electric field.  Positive dielectrophoresis (DEP) is observed when 

the dielectric constant of the particle is larger than that of the medium, Re [fCM] > 

0. In positive DEP, the particle moves towards the locations with the greatest 

electric field gradient, the high-field region. Conversely, negative DEP is 

observed when the dielectric constant of the particle is smaller than that of the 
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medium, Re [fCM] <0. The particle will move towards the location with smallest 

electric field gradient, the low-field region, when negative DEP is observed [17].  

2.3.2 Applications of Dielectrophoresis in biotechnology  

The application of dielectrophoresis, using microelectrode structures, has 

been utilized to perform many effective, high-resolution biological techniques, 

including selective trapping, manipulation and separation of cells, bacteria, DNA 

and other bioparticles [18-28]. Dielectrophoresis eliminates the necessity for 

extensive labeling processes seen in common techniques for cell separation 

including fluorescence activated cell sorter (FACS) [27]. Dielectrophoresis 

compared to other separation methods, including optical tweezers and ultrasonic 

particle manipulation, has the ability to induce both positive and negative forces 

[28]. For example, separation of a bioparticle of interest can be administered by 

trapping via positive DEP forces. While the electric field is still on, the remaining 

bioparticles experiencing negative DEP and/or weakly positive DEP can be 

washed out [27-29]. Subsequently, the positive DEP particles are collected from 

the separation chamber once the electric field is turned off [27]. A variety of 

automated systems have been developed allowing for simultaneous separation 

of positive and negative DEP bioparticles [16,27], as well as high-throughput 

continuous cell separation chips incorporating hydrodynamic DEP processes 

[28]. The advent of “lab-on-a-chip” devices utilizing dielectrophoresis provides a 

very effective, low cost diagnostic tool [29].  
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2.3.3) Dielectrophoresis for Cell Separation 

DEP has successfully been used for the detection and separation of 

cancer cells and concentrations of cells in dilute suspensions, as well as trapping 

and characterizing cells according to their dielectric properties [20,21].  Cell 

separation using dielectrophoresis have many applications since DEP can 

separate cells according to changes in conductivity, physical changes inside the 

cells, or presence of cell wall [25]. Biological cells exhibit large induced-dipole 

moments dependent on the frequency of the applied field [23].  Difference in 

electrical properties of adjacent cellular materials and structures results in large 

interfacial polarization at the boundaries of the structures [21-23].  Utilizing these 

characteristics of cells, DEP can be particularly useful in the manipulation and 

separation of varying cell populations [23]. 

2.3.4) Dielectric Properties of Cells 

The dielectric properties of cells have been classified by determining the 

cells crossover frequency, the frequency at which the cell experiences zero 

dielectrophoresis forces [20]. Previous studies have shown specific cells' 

crossover frequencies as a function of suspension conductivity. Huang et al. 

determined the dielectric properties of six different cultured cell lines, including 

monocytic cells (U937), T cell lymphoma cells (Jurkat), HTLV-1 tax-transformed 

human T cells (Ind-2), peripheral blood mononuclear cells (PBMC), glioma cells 

(HTB), and neuroblastoma cells (SH-SY5Y) by measuring each individual cell 
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types crossover frequency at varying suspension conductivity. These 

measurements were then utilized to calculate the predicted frequency 

dependency of DEP forces for each individual cell type by manipulating the DEP 

force equation (Eq 1).  

At the crossover frequency, the cells should experience zero 

dielectrophoresis forces, implying Eq.1 will equal zero. Therefore, the crossover 

frequency can be determined as followed: 

       (3) 

Huang et al. proposed characterizing the dielectric properties of a biological cell 

as a single-shell model, describing the cell as a homogeneous, high-conductivity 

aqueous interior entity surrounded by a poorly conducting plasma membrane, the 

shell [20]. It is assumed that the dielectric permittivity, ε, and conductivity, σ, for 

both the interior and the shell are frequency independent. However, the dielectric 

properties of the cell εp and σp, are frequency dependent on the interface 

between the interior and the membrane shell. This can be described by Equation 

4, assuming d is the thickness of the plasma membrane, and ε*
int, ε*

mem are the 

complex permittivity of interior and plasma membrane, respectively: 

                  (4) 
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 By limiting the frequency values to below 1 MHz, and considering that the 

cell internal conductivity is much higher than that of the plasma membrane, 

Equation 3 was approximated in terms of specific membrane capacitance (Cmem= 

εmem/ d) and conductance (Gmem= σmem/d): 

     (5) 

Cmem and Gmem were then determined through an optimization algorithm by 

adjusting the model parameters to minimize error between measured and 

theoretically calculated crossover frequencies [20]: 

       (6) 

Where I corresponds to each experimental point and  is calculated 

using Equation 4.  

Using the single shell model, specific membrane capacitance (Cmem) and 

conductance (Gmem), were determined using Eq. 5 and 6 through the analysis of 

 dependence on medium conductivity, cell radius, and cell dielectric 

parameters [20]. With the dielectric parameters determined, Eq. 1,2, and 4 were 

utilized to calculate the predicted frequency dependency of DEP responses at 

the crossover frequency range at these specified conditions: 1200µS/cm for 

medium conductivity, 50 for εnt and 0.5 S/m for σint (Fig. 2). Based on the 

information provided in Fig. 2, the  of HTB, Ind-2, or U937 cells is distinct 
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enough to allow separation of each cell type with any of the remaining five cell 

types; however the  of PBMC, Jurkat, or SH-SY5Y cells allows distinct 

separation from only HTB, Ind-2 or U937 cells [20].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: The predicted frequency dependency of the DEP response at the crossover 
frequency range: HTB (), Ind-2 (), U937 (*), PBMC (x), Jurkat () and SH-SY5Y () at 
medium conductivity (1200µS/cm) 
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2.3.5) Dielectric Differences between Live and Dead Cells 

One aspect of using DEP for cell separation of particular importance and 

promise in diagnostic abilities is the identification and separation of live cells from 

dead ones [23]. Taking into account that biological cells exhibit distinctly different 

dielectric properties upon cell death, an effective means for separation can be 

attained.  

The cell membrane consists of a lipid bilayer containing many proteins 

and is very thin and highly insulating. The conductivity of the cell membrane is 

around 10-7 S m-1, however the interior of the cell, containing many dissolved 

charge molecules, will have a significantly higher conductivity, 1 S m-1.  Upon cell 

death, the cell membrane becomes highly permeable and the conductivity 

increases by a factor of 104, with the cell contents freely exchanging material with 

the external medium through the small pores on the membrane. A large change 

in dielectric properties upon cell death results in a large change in the initial 

dielectric polarizability, allowing for a distinct difference in DEP response (both 

positive and negative) [22-23]. The differences in positive and negative DEP can 

lead to an effective method of separation between live and dead cells. 
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2.4 Acidity in Tumor Microenvironments 

2.4.1 Theory 

     Measurements of pH in tissue have shown that tumor microenvironments 

tend to be more acidic than normal tissue [30-41].  There is a wider range of pH 

values in malignant tissue, from roughly pH 5.0- pH 7.6, compared to normal 

tissue, which ranges from pH 7.00-pH 8.06 [30]. Different cancer cells have 

varying measured pH tumor microenvironments compared to their respective 

normal tissue (Fig 3). Estimates of pH values in tissue were initially obtained 

through insertion of pH microelectrodes consisting of a probe, 1mm to few mm in 

size, for measuring pH. Measurements obtained by this method predominantly 

reflect the pH of the extracellular environment. Lower extracellular pH is not only 

an important consequence of tumor growth; knowledge of the influence of pH can 

further explain tumorgenic transformation, as well as the development of more 

effective tumor therapeutics [34].  Furthermore, knowledge of the pH difference 

between tumor cells and normal cells can be used to exploit specific cancer 

detection technologies. Following proper tissue culture protocol, most 

mammalian cells will not survive or proliferate at pH levels lower than 6.0 [30-31].  

2.4.2 Causes of Acidity in Tumor Microenvironment  

              There are many proposed influences in the acidity seen in tumor 

microenvironments. Early studies conducted by Warburg demonstrated that 

tumor cells produce large amounts of lactic acid, compared to normal tissue, due 
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to a higher rate of aerobic glycolysis [38].  Subsequently, as tumor growth 

increases, the deterioration of supporting vasculature results in an inadequate 

oxygen supply to the tumor tissue.  Tumor growth in a hypoxic microenvironment 

must rely on anaerobic glycolysis for energy, which ultimately produces lactic 

acid.  Lactic acid buildup due to increased amounts of lactic acid production from 

aerobic and anaerobic glycolysis, coupled with poor removal of lactate due to 

insufficient supporting vasculature leads to the acidity found in tumor 

microenvironments [30,38]. This hypothesis was demonstrated by comparison of 

lactic acid measurements in tumor and normal cells. A consistently greater 

amount of lactic acid was found in tumor cells. These studies have further 

confirmed an increased rate of glycolysis in tumor cells compared to normal 

cells.  Additionally, the increased rate of glycolysis and production of lactic acid 

seen in tumor cells implies the existence of hypoxic regions in which tumor cells 

are dependent on anaerobic glycolysis [30].   

     Although the importance of lactic acid production in tumor cell acidity has 

been well established, recent studies have confirmed other sources for the acidic 

microenvironment. Studies performed by Guillino et al showed that the tumor 

interstitial fluid (TIF) of varying tumor cells contained higher levels of 

CO2 compared to normal tissue [40].  In addition, studies performed by Newell et 

al. and Yamagata et al. showed that tumor cells derived from glycolysis-impaired 

cells, lacking lactate dehydrogenase or phosphoglucose isomerase, were as 

acidic as parental tumor cells, although producing insignificant amounts of lactic 
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acid [35,41]. Helmlinger et al. demonstrated how glycolysis-impaired tumor cells 

maintained similar acidic microenvironments to normal tumor cells [31].  They 

confirmed increased activity of the pentose phosphate pathway (PPP), which 

metabolizes consumed glucose, with two of the pathways intermediates feeding 

into the glycolytic pathway attributing to the acidity of the tumor cells [31].  
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Chapter 3: MATERIALS AND METHODS  

3.1 Cell culture 

Immortalized line of T lymphocytes (jurkat), obtained from ATCC was 

maintained (1,000,000/ml) in RPMI 1640 supplemented with 10% Fetal Bovine 

Serum, (RPMI 1640 complete media).  

Peripheral Blood Mononuclear Cells (PBMC) samples (1,000,000 

cells/100µL) were kindly provided by D. Messmer’s Laboratory.  

3.2 Buffer solutions 

Concentrated 5x Tris-borate-EDTA (TBE) buffer solution was diluted using 

Milli-Q Ultrapure water to 0.05x TBE. Sucrose (99%, Fischer Scientific) was 

subsequently added to the solution to a desired 250mM concentration. 

Conductivity measurements were made using a Horiba B-173 Conductivity meter 

using a two-cell electrode, calibrated using conductivity standard solution. 

Conductivity measurements were performed throughout each procedure to 

ensure conductivity values remained constant.  

3.3 pH characterization 

Initial pH characterization was completed by incremental addition of 1N 

HCl to RPMI 1640 complete media in trial by error methodology.  Increments of 

5µL acid were added to 1ml samples of media until the desired pH range of 5.0-

7.6 (pH values of 5.0, 5.4, 5.8, 6.5,7.6) was achieved.  pH values were checked 

using Sigma pH indicator test strips (pH 0.0-6.0, pH 7.0-14.0) and confirmed 

using sypHony pH meter (VWR®), following prescribed calibration protocol.  The 

pH characterization of 0.05xTBE/250mM sucrose buffer, for use during DEP 
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experimentation, was then analyzed using similar methods with a desired range 

of 5.0-8.0(pH values of 5.0, 5.4, 5.8, 6.5,8.0) 

3.4 Cell survivability in varying pH levels 

Cell survivability was assessed in both jurkat and PBMC incubated in 

varying acidic environments (pH 5.0-8.0). Equivalent concentrations of each cell 

line (1,000,000 cells/ml) were resuspended in RPMI 1640 complete media 

altered to each desired pH level.  Cells were incubated for 2 hours, and trypan 

blue testing was used to analyze cell viability at 0, 30-, 60-, 90-, and 120- min 

time points. Subsequently, cell viability was examined in 0.05xTBE/250mM 

sucrose buffer at varying pH environments using the same methodology. 

According to previous studies, it is expected that the cancerous, jurkat cells will 

survive in the more acidic environment, while the normal, peripheral blood 

mononuclear cells will all die in a specific time frame [29-40]. These observances 

are expected in both RPMI 1640 complete media and 0.05xTBE/250mM sucrose 

buffer. 

3.5 DEP Experiments 

3.5.1 Preparation of Cells 

Jurkat cells are stained with Syto® Red fluorescent (SYTO 64) nucleic acid 

stain (Invitrogen) to concentrations of 10 µM, 1 µM, 0.01µM and 0.001 µM. 

Stained cells are washed thrice by spinning cells down at 1500 rpm for 5 

minutes, resuspended in 0.05xTBE/250mM buffer at pH 5.4 and incubated for an 

hour at 37°C. Cells are further washed, re-suspended in 0.05xTBE/250mM buffer 

and counted.  
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PBMC samples were washed by spinning down at 1500 rpm for 5 

minutes, resuspended in 0.05xTBE/250mM sucrose buffer at pH 5.4 and 

incubated for an hour at 37°C. Cells were then washed, re-suspended in 

0.05xTBE/250mM sucrose buffer and counted.  

3.5.2 DEP Microelectrode Array Setup 

The DEP experiments were conducted on a microelectrode array device 

Nanochip® (Nanogen). This device contained100 individually addressed 

platinum circular microelectrodes that are 80µm in diameter (Fig. 1). The 

microelectrodes have a center-to-center spacing of 200 µm from each adjacent 

microelectrode. The array is coated with a layer of porous polyacrylamide 

hydrogel that is 10 µm thick. The microelectrode array is encased in a 

microfluidic cartridge with a defined 20µL sample chamber [16]. Using a 3x3 

array of microelectrodes as the working area, alternating current was applied in a 

checkerboard-addressing pattern. This pattern implies that each microelectrode 

is given the opposite bias of its nearest neighboring electrode. A field distribution 

model completed previously showed that by using checkerboard pattern of 

addressing, a regular distribution of the electric field could be obtained [16]. This 

distribution includes a confined field minima (negative DEP) in the regions 

around the microelectrodes, as well as a confined field maxima (positive DEP) at 

the microelectrodes [16]. For these experiments, it is expected that the jurkat 

cells, which remain alive in pH 5.4 environment, will concentrate in the positive 

DEP, high-field regions at the electrodes. The PBMC, which have been killed in 
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pH 5.4, will be expected to concentrate in the low-field (negative DEP) region. 

Prior to each experiment, the microelectrode chip is flushed with 

0.05xTBE/250mM sucrose buffer and then 200 µL of each sample is loaded into 

the chip. There should be a final sample volume of 20µL in the sample chamber.   

3.5.3 DEP measurements  

A custom-designed switching system allowing for individual control of 

voltage and frequency of the microelectrodes was used to apply the DEP field 

onto the microarray chip. AC voltages and AC frequency was set using a Hewlett 

Packard 3245A Universal Source. The AC frequency was set to 700 kHz at 15 

volts peak-to-peak (Vpp), with the waveform set to sinusoidal. The microarray 

device was viewed using a 10x objective in an Olympus BX51W1 microscope 

with excitation and emission filters for red fluorescence (ex 585nm and em 

605nm). Images were captured using an Olympus DP71 camera with both bright 

field and fluorescence images obtained.  

Initial DEP experiments were performed in order to assess which dye 

concentration provided the same DEP settings as unstained jurkat cells 

(frequency of 700 kHz at 15 volts peak to peak.) Experiments were run for 10 

minutes for each stained sample, with images captured at 0-, 5- and 10- minute 

time points and compared to a control sample of unstained jurkat cells.  The 

stained sample selected for further DEP measurements most closely resembled 

unstained jurkat cell DEP characteristics and could still be visualized clearly 

under fluorescence settings. 
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Experiments were run for 10 minutes for each sample, both jurkat cells 

and PBMC individually, with images captured at 0-, 5- and 10- minute time 

points. Finally, DEP experiments were performed with a mixture of jurkat and 

PBMC in solution. Similar to the previous DEP experiments, the jurkat cells were 

initially stained with Syto® Red fluorescence (SYTO 64) to a concentration of 

0.01µM. The cells were then mixed together and incubated in pH5.4 in 

0.05xTBE/250mM sucrose buffer solution. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Microelectrode Array Setup 
a.) An overview of the microelectrode array in the sample chamber, b.) 10x view of 3x3 array of 
microelectrodes used as the working area for DEP measurements, c.) Schematic of relative AC 
polarity biased on each microelectrode in a geometric checkerboard setup. Areas on the 
electrodes indicate positive DEP high field regions, while dotted squares indicate negative DEP 
low field regions. d.) A 10x view of 3x3 array of microelectrodes with negative DEP and positive 
DEP regions [16]. 
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Chapter 4: RESULTS AND DISCUSSION 
 
4.1 pH Characterization   
 

According to previous studies evaluating cancer cell survival in acidic 

environments, a pH range from 5.0 to 8.0 was selected [29-41]. In order to obtain 

these pH values, 1N HCl was added in designated increments to 1ml samples of 

both RPMI complete media and 0.05xTBE/250mM sucrose buffer solution in a 

trial and error methodology (Table 1). Upon addition of 1N HCl, pH values were 

initially measured using pH testing strips, Sigma pH indicator test strips, and 

were later confirmed using an automated pH meter, sypHony pH meter. The pH 

values selected for evaluation were 6.5, 5.8, 5.4, and 5.0. The control, 

designated at pH 7.6 for RPMI complete media and pH 8.0 for 0.05xTBE/250mM 

sucrose buffer solution, had zero addition of 1N HCl for both solutions 

respectively. A significantly larger addition of acid was required in the RPMI 

complete media due to a stronger buffering capacity of this media. It can also be 

seen that the difference between microliters HCl addition for designated pH 

values is considerably smaller for the 0.05xTBE/ 250mM sucrose solution.  It is 

important to note that the values of 1N HCl aliquots are for 1ml samples of buffer 

and should be adjusted accordingly if using larger sample sizes. 
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Table 1: pH Characterization of Buffer Solutions.1N HCl aliquots (µL) added to RPMI 1640 
complete media and 0.05xTBE/250mM Sucrose to achieve necessary pH values of 6.5, 5.8, 5.4, 
and 5.0. The control, designated at pH 7.6 for RPMI complete media and pH 8.0 for 

0.05xTBE/250mM sucrose buffer solution 

.  

4.2 Cell survivability in acidic environment 

Cell survivability at varying pH levels was assessed for both the jurkat and 

PBMC lines in both RPMI complete media and 0.05xTBE/250mM sucrose buffer 

solution. Similar survival rates for each cell line were expected in the two 

solutions. Cell lines (1,000,000 cells/mL in 5mL aliquots) were incubated in pH 

6.5, 5.8, 5.4, and 5.0, as well as a control line for two hours. Cell viability was 

analyzed by trypan blue testing at 30-minute increments, 0-, 30-, 60-, 90-, 120- 

minute time points.  

 

4.2.1 Jurkat Cell Survivability 

Similar results were seen in both media solutions at distinct pH levels and time 

points for the jurkat cells. Fig. 4 and 6 provides the complete results of the jurkat 

 Buffer Solution 1N HCl added (µL) 

 RPMI 1640 complete  
0.05xTBE/ 250 mM 

sucrose  

Control  0 0 

pH 6.5 25 2.0 

pH 5.8 30 3.0 

pH 5.4 35 3.0 

pH 5.0 40 4.5 
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cells in all pH levels tested in RPMI complete media and 0.05xTBE/250mM 

sucrose buffer solution, respectively. Figure 5 shows the further breakdown of 

Figure 4 into each pH level. In RPMI complete media, 100% cell survivability was 

observed in the jurkat cell line at both pH 6.5 and 5.8 upon completion of the two-

hour incubation (Fig. 5a and 5b). At pH 5.4, the jurkat cells in RPMI complete 

media sustained close to 100% cell survivability up to the 90-minute time point 

and recovered 92% survival at the end of the two-hour incubation (Fig. 5c). The 

survival rate of jurkat cells in RPMI complete media at pH 5.0 observed a 

significantly fast drop to 11% within the 60-minute time point, with zero percent 

survivability at the end of the two-hour incubation time (Fig. 5d). Figure 7 shows 

the further breakdown of Figure 6 into each pH level. In 0.05xTBE/250mM 

sucrose buffer solution, 100% cell survivability was observed for jurkat line at pH 

6.5, 5.8, and 5.4 within the 60- minute time point (Fig. 7a-7c). By the duration of 

the two-hour incubation the percent cell viability for pH 6.5, 5.8, and 5.4 were 

96%, 95%, and 94% respectively (Fig. 7a- 7c). The jurkat cell line experienced a 

similar response at pH 5.0 in 0.05xTBE/250mM sucrose, as in the RPMI 

complete media, with 9% cell survivability at the 60-minute time point and zero 

percent survivability at the end of the two-hour incubation time. A 10% error rate 

was determined for each cell survival experiment. This error percentage is built-in 

to inaccuracies that result in the use of a hemacytometer including 

inhomogeneous mix of cells resulting in only small representatives of the sample 

being counted. 
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4.2.2 PBMC Survivability 

As expected, the PBMC line experienced low to zero cell survivability at 

the completion of the two-hour incubation time in both media solutions. Figure 8 

and 10 provide the overall cell survivability of PBMC at all pH levels tested in 

RPMI complete media and 0.05xTBE/250mM sucrose buffer solution, 

respectively. Figure 9 shows the further breakdown of Figure 8 into each pH 

level. In RPMI complete media, PBMC in both pH 6.5 and 5.8 exhibited  10% cell 

survivability at the 60-minute time point with close to zero percent survival at the 

120-minute time point (Fig. 9a and 9b). For the PBMC line in RPMI complete 

media at pH 5.4 and 5.0, there was zero percent survival by the 60- minute time 

point (Fig. 9c and 9d). Figure 11 shows the further breakdown of Figure 10 into 

each pH level. PBMC line in 0.05xTBE/250mM sucrose buffer solution exhibited 

similar results. However, similar to the PBMC line in pH 5.4 and 5.0, in the 

0.05xTBE/250mM sucrose buffer solution at pH 5.8, the PBMC survival rate was 

zero percent at the 60-minute time point (Fig. 11a - 11d). A 10% error rate was 

determined for each cell survival experiment, as well.  

4.2.3 Implications of Cell Survivability Analysis 

Survivability analysis indicated pH 5.4 an appropriate pH level and an 

incubation time of 60 minutes for the DEP experiments. These settings provide 

favorable conditions for the proposed DEP experiment protocols: at pH 5.4 with 

60-minute incubation time, jurkat cells exhibit close to 100% cell survivability, 
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while the PBMC line has zero percent survival. Therefore, according to the theory 

of differences of dielectric properties of live and dead cells, the live Jurkat cells 

should experience positive DEP and the PBMC line should experience negative 

DEP, and separation of the two cell lines can be achieved. The cell survivability 

analysis confirmed that both jurkat and PBMC lines behaved similarly in both 

RPMI complete media and 0.05xTBE/250mM sucrose buffer solution. Since 

similar results were obtained, 0.05xTBE/250mM sucrose buffer solution, which is 

an appropriate buffer solution for DEP, was selected for the remaining 

dielectrophoresis experiments. As was discussed in the literature review section, 

DEP in high conductivity buffers leads to an inability to separate different cell 

lines from each other. As a result, it is iimperative to use a solution that is low 

conductivity yet is still osmotically balanced to achieve cell surivability. In 

previous work, it has been discovered that using 0.05x TBE with 250mM sucrose 

solution accomplishes both tasks because 0.05x TBE has low conductance and 

250mM sucrose balances the osmolarity needed by the cells while adding very 

little conductance to the overall solution.  
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Figure 4: Percent of jurkat cell survivability in different pH in RPMI complete media vs. 
Incubation time.   
The pH range tested at values 5.0, 5.4, 5.8, 6.5, and control (8.0) at 0-, 30 min-, 60 min-, 90 min-, 
and 120 min- time points 
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Figure 6: Percent of jurkat cell survivability in different pH in 0.05xTBE/ 250mM sucrose 
buffer vs. Incubation time.   
The pH range tested at values 5.0, 5.4, 5.8, 6.5, and control (8.0) at 0-, 30 min-, 60 min-,       
90 min-, and120 min- time points.  
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Figure 8: Percent of PBMC survivability in different pH in RPMI complete media vs. 
Incubation time. The pH range tested at values 5.0, 5.4, 5.8, 6.5, and control (8.0) at 0-, 
30 min-, 60 min-, 90 min-, and120 min- time points 
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Figure 10: Percent of PBMC survivability in different pH in 0.05xTBE/ 250mM sucrose 
buffer vs. Incubation time.   
The pH range tested at values 5.0, 5.4, 5.8, 6.5, and control (8.0) at 0-, 30 min-, 60 min-, 90 
min-, and 120 min- time points. 
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4.3 DEP experiments  

 Prior to conducting any dielectrophoresis experiments; both cell lines were 

processed accordingly: jurkat cells were stained with Syto® Red fluorescence 

(SYTO 64) dye to a concentration of 0.01µM and incubated in pH5.4 for one hour 

and the PBMC line was incubated in pH 5.4 for an hour in individual flasks. After 

incubation, trypan blue cell counts were administered on both jurkat and PBMC 

samples and the cells were resuspended in 0.05xTBE/250mM sucrose buffer 

solution to concentrations of 1,000,000/ml and 10,000,000/ml, respectively. 

Trypan blue testing confirmed that all PBMC in the sample were dead. The jurkat 

cell line's conductivity in buffer solution was recorded as 1.26 mS/cm and the 

PBMC's conductivity was recorded as 1.10 mS/cm at the end of the incubation 

hour.  

4.3.1 PBMC DEP experiments 

 A 200µL sample of dead PBMC in solution was loaded into the micro-

array chip and the DEP field was applied at 700kHz, 15 Vpp for 10 minutes. 

Images were taken under bright field at 1/13s exposure time at 0-min, 5-min and 

10-min time points (Fig. 12). Upon loading of the sample, the dead PBMC were 

randomly dispersed in the 3x3 array (Fig. 12a). Within 5 minutes of applying the 

field, the PBMC begin to exhibit negative DEP and concentrate significantly in the 

low field region (Fig. 12b). At 10 minutes, roughly 100% negative DEP was 

observed, with the PBMC fully concentrated in the low field region (Fig. 12c). A 

5x view of the complete microarray chip at 10 minutes provides a clear view of 

the negative DEP effects on the PBMC (Fig.13). 
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Figure 12: PBMC DEP Experiments 
a. PBMC sample loaded into microarray chip, prior to DEP field application. The 3 x 3 array 
working area is indicated by the red box; b. PBMC begin to concentrate in the low-field region 
(negative DEP) at 5 minutes, indicated by yellow box; c. PBMC have fully concentrated in low-
field region at then end of 10 minutes. 
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Figure 13: 5x view of PBMC fully concentrated at low-field region.  
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4.3.2 Jurkat DEP experiments 

 A 200µl sample of jurkat cells in solution was loaded into the microarray 

chip and the DEP field was applied at 700kHz, 15 Vpp for 10 minutes. Images 

were taken under both bright field at 1/13s exposure time and red fluorescence at 

10s exposure time at 0-min, 5-min and 10-min time points (Fig. 14 and Fig. 16).  

Prior to application of the DEP field, the jurkat cells were randomly dispersed in 

the 3 x 3 working array (Fig. 14a and 16a). After 5 minutes of DEP field 

activation, jurkat cells experienced positive DEP, concentrating on the 

microelectrodes (Fig. 14b and 16b) in the 3 x 3 working array. The jurkat cells 

further concentrated on the microelectrodes at the completion of 10 minutes (Fig. 

14c and 16c).  

 The extent of positive DEP being experienced by the Jurkat cells can be 

better visualized at 5x view (Fig. 15 and Fig. 17). The jurkat cells have distinctly 

concentrated on the activated microelectrodes, indicated by the red and yellow 

boxes, respectively. An interesting phenomenon is observed in the adjacent 

microelectrodes, which can be seen in the 5x view. The adjacent microelectrodes 

indicated in Fig. 15 and Fig. 17 seem to be experiencing positive DEP as if these 

microelectrodes have been activated in a phenomenon called phantom electrode 

effect, where nearby conducting materials (such as the unacitvated platinum 

electrodes) act as though they are activated because of the electric field 

emanting from the activated electrodes going through them. This process occurs 

for all conducting materials in the pathway of emanated AC Electric Fields. 
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Figure 14: Bright Field Images of Jurkat DEP Experiments. a. Jurkat cell sample loaded into 
microarray chip, prior to DEP field application. The 3 x 3 array working area is indicated by the 
red box; b. Jurkat cells, experiencing positive DEP, concentrate on the microelectrodes after 5 
minutes of DEP field activation; c. Jurkat cells, experiencing positive DEP, further concentrate on 
the microelectrodes after 10 minutes of DEP field activation. 



 

 

46 

 
             
            
            
            
            

           
Figure 15: 5x view of Jurkat cells experiencing positive DEP, fully concentrated on the 
activated microelectrodes. 
The electrodes experiencing Phantom Electrode Effect are indicated. 
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Figure 16: Red Fluorescence Images of Jurkat DEP Experiments. 
a. Jurkat cell sample loaded into microarray chip, prior to DEP field application. The 3 x 3 array 
working area is indicated by the yellow box; b. Jurkat cells, experiencing positive DEP, 
concentrate on the microelectrodes after 5 minutes of DEP field activation; c. Jurkat cells, 
experiencing positive DEP, further concentrate on the microelectrodes after 10 minutes of DEP 
field activation. 
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Figure 17: 5x view of Jurkat cells under red fluorescence experiencing positive DEP, fully 
concentrated on the activated microelectrodes. 
The electrodes experiencing Phantom Electrode Effect are indicated. 
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4.3.3 Preliminary DEP experiments with mixture of cells in solution 

 From the results of the individual DEP experiments, it is evident that 

separation of the cancerous cell line from normal line can be achieved using 

dielectrophoresis by means of separating live cells from dead ones. However, the 

eventual goal is to have separation of the cancer cell line from a mixture that 

includes normal cells.  Similar to the previous DEP experiments, the jurkat cells 

were initially stained with Syto® Red fluorescence (SYTO 64) to a concentration 

of 0.01µM. The cells were then mixed together to give a concentration of 1.25 x 

1,000,000/ml jurkat cells to 30,000,000/ml PBMC and incubated in pH5.4 

0.05xTBE/250mM sucrose buffer solution. After the hour, a 200µl sample of the 

mixture in solution was loaded into the micro-array chip and the DEP field was 

applied at 7MHz, 15 Vpp for 10 minutes. Upon loading of the sample, the mixture 

of cells was randomly dispersed in the 3x3 array (Fig. 18a and Fig 19a). Within 5 

minutes of applying the field, the PBMC begin to exhibit negative DEP and 

concentrate significantly in the low field region (Fig. 18b). A small amount of 

jurkat cells were exhibiting positive DEP and can be seen on the microelectrodes 

under red fluorescence (Fig 19b). At the completion of 10 minutes, the PBMC 

have further concentrated in the low field region, and a small percentage of jurkat 

cells can be seen on the high field region of the microelectrodes (Fig 18c and 

19c).  Although the PBMC have fully concentrated in the low field region, it is 

unclear as to whether the jurkat cells have fully experienced positive DEP. It is a 

possibility that the jurkat cells have been killed, are adhered to the chip's 

polyacrylamide gel layer, or are trapped below clusters of dead PBMC. The 
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results show strong evidence of separation of the cancerous jurkat cells from the 

normal PBMC, however further experimental design is necessary to strengthen 

the separation intensity, as well as standardize the procedure.   
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Figure 18: Bright field images of jurka/PBMC mixture DEP Experiments 
a. Sample is loaded into microarray chip, prior to DEP field application. The 3 x 3 array working 
area is indicated by the red box; b. After 5 minutes of DEP activation PBMC begin to concentrate 
in the low-field region (negative DEP) and a few Jurkat cells, experiencing positive DEP, 
concentrate on the microelectrodes; c. After 10 minutes of DEP field activation PBMC have fully 
concentrated in low-field region and more Jurkat cells, experiencing positive DEP, concentrate on 
the microelectrodes. 
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Figure 19: Red Fluorescence Images of Jurkat/PBMC mixture DEP Experiments. 
a. Sample is loaded into microarray chip, prior to DEP field application. The 3 x 3 array working 
area is indicated by the red box; b. After 5 minutes of DEP activation PBMC begin to concentrate 
in the low-field region (negative DEP) and a few Jurkat cells, experiencing positive DEP, 
concentrate on the microelectrodes; c. After 10 minutes of DEP field activation PBMC have fully 
concentrated in low-field region and more Jurkat cells, experiencing positive DEP, concentrate on 
the microelectrodes. 
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Chapter 5: CONCLUSION, IMPLICATIONS, AND FUTURE WORK 

 In this study, all specific goals stated previously were successfully 

completed within the scope of this project. By exploiting different characteristics 

of cancer and normal cells, a novel cancer detection method was created by 

combining the selection of cancer cells from normal cells through pH control and 

subsequently separating these cells using dielectrophoresis producing a 

detection system. The effects of acidic microenvironments on the survivability of 

cancer cells vs. normal cells were assessed and the proposed theory of 

increased cancer cell survival compared to normal cell survival in lower pH levels 

was confirmed. The immortalized T lymphocyte (jurkat) line maintained close to 

100% cell survivability in a wide range of acidic environments (pH 5.4- 6.5) in a 

given two hour incubation period while the Peripheral Blood Mononuclear Cells 

(PBMC) had decreasing cell survival rate in a wide range of acidic environments 

(pH 5.4-6.5), with zero survival in a given two hour incubation period.  The 

characterization of the jurkat cell line as well as the characterization of the PBMC 

using dielectrophoresis was effectively achieved in separate DEP experiments. 

Within 10 minutes of DEP field activation, the jurkat cell line, which was 

confirmed to be alive, experienced positive DEP and fully concentrated at the 

high-field region on the microelectrodes of the micro-array device while the 

PBMC line, which was confirmed to be dead, experienced negative DEP and fully 

concentrated at the low-field regions of the micro-array device.  These results 

further confirmed the separation of live cells from dead cells using 

dielectrophoresis. 
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 Preliminary experiments designed to show the separation and detection of 

jurkat cells from PBMC in a mixed solution were conducted as well. The results 

of these trials prove very promising for future experiments with further developed 

protocols. In these experiments, the PBMC fully concentrated in the low field 

region, however, only a percentage of the jurkat cells experiencing positive DEP 

were seen on the high-field regions at the microelectrodes. There are many 

possible explanations for the jurkat cells behavior in the mixed jurkat/PMBC 

solution. Some potential causes include, but are not limited to: the jurkat cells 

have been killed, the cells are adhered to the chip's polyacrylamide gel layer, or 

the cells are trapped below clusters of dead PBMC. Although there is strong 

evidence that separation of jurkat cells from a mixture of jurkat/PBMC in solution 

can be achieved, further investigation is required.  

 Implications: The results of this thesis have significant clinical 

implications for detection of cancer cells in peripheral blood. In clinical diagnosis, 

the ability to identify, characterize and isolate cancer cell subpopulations, such as 

circulating tumor cells (CTC), early on in the tumor life cycle is critical for effective 

cancer therapy. The aforementioned results give substantial evidence of the 

potential to utilize this detection method for the identification and separation of 

various cancer cell lines. Furthermore, this study was able to demonstrate the 

separation of two cell lines, jurkat and PBMC, which Huang et al. (2002) 

confirmed previously, that due to dielectric similarities could not be separated by 

dielectrophoresis. Although the results of this study are groundbreaking, the next 

step in separation of cells in mixture will prove to be quite arduous. The 
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preliminary experiments designed showed that the jurkat cells and PBMC were in 

fact being separated; however the accuracy and precision of separation was not 

validated.  

Future studies continued from this thesis that should be investigated include:  

• 100% separation using dielectrophoresis (DEP) of the cancerous cell line, 

immortalized line of T lymphocytes (Jurkat) from a normal cell line, 

Peripheral Blood Mononuclear Cells (PBMC) in a mixed solution.  

• Comparison and characterization of the degree of separation using DEP 

between jurkat and PBMC in varying ratios of jurkat: PBMC in diluted 

mixture solutions. 

• Evaluation of this detection system using additional cancer cell lines, such 

as RAMOS, 3T3s etc. 

• Evaluation of this detection system using different normal cell lines 

including whole blood samples. 

• Obtaining cancer patient blood samples and applying the experimental 

protocol of this thesis to isolate CTC from whole blood. 

• The conclusive goal of designing this novel detection method would be to 

study the effects of pH and separation using dielectrophoresis on whole 

blood samples of cancer patients. 
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