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ABSTRACT 

 

Cancer is a major health issue that has been associated with over 80 million deaths worldwide in 

the last decade. Recently, significant improvements have been made in terms of treatment and 

diagnosis.  However, despite these advancements there is still a demand for low-cost, high-

accuracy, and easy-to-use technologies capable of classifying cells.  Analysis of cell behavior in 

microfluidic deformability assays provides a label-free method of observing cell response to 

physical and chemical stimuli.  This body of work shows advancements made toward reaching our 

goal of a robust and cost-effective biosensing device that allows for the identification of normal 

and cancer cells.  These devices can also monitor cell responses to physical and chemical stimuli 

in the form of mechanical deformation and chemotherapeutic drugs, respectively.  Our initial 

design was a microfluidic device that consisted of three channels with varying deformation and 

relaxation regions.  Cell velocities from the deformations regions allowed us to distinguish 

between normal and cancer cells at the single-cell level.  The next design used a singular 

deformation channel that was embedded with an array of electrodes in order to measure entry time, 

transit time and velocities as a single cell passes through the channel.  These factors were found to 

reveal information about the biomechanical properties of single cells.  Embedded electrodes were 

implemented in order to reduce post processing times of the data analysis and provide more insight 

into the bioelectrical information of cells.  Finally, we report a microfluidic device with parallel 

deformation channels and a single electrode pair to improve throughput and automate data 

collection of deformability assays.  This thesis demonstrates how microfluidic deformability 

assays, with and without embedded electrodes, show promising capabilities to classify different 



 

cells based on their biophysical traits which can be utilized as a valuable tool for testing responses 

to physical and chemical stimuli. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Multi-Constriction Microfluidic Sensors for 

Single-Cell Biophysical Characterization 

Parham Ghassemi 

GENERAL AUDIENCE ABSTRACT 

 

Cancer is a worldwide health issue with approximately 1.7 million new cases each year in the 

United State alone. Although a great amount of research has been conducted in this field, the 

numerous uncertainties and heterogeneity among tumors, which is amplified by the large diversity 

between patients, has limit progress in both diagnostics and therapy.  Traditionally, cancer studies 

have primarily focused on biological and chemical techniques. However, more recently, 

researchers have begun to leverage engineering techniques to acquire a new perspective on cancer 

to better understand the underlying biophysical attributes. Thus far, various engineering 

methodologies have produced meaningful results, but these techniques are costly and tend to be 

laborious.  As a result, there is a need for low-cost, high-accuracy, and easy-to-use technologies to 

aid with cancer research, diagnostics, and treatment.  An emerging field to alleviate these concerns 

is microfluidics, which is a science involving the flow of fluids in micro-scale channels. The field 

of microfluidics shows a great deal of promise for the development of clinically ready devices for 

analyzing cancer cells at both the population and single cell levels.  Investigating the behavior of 

cancer cells at a single cell level can provide valuable information to help better understand the 

responsiveness of tumors to physical or chemical stimuli, such as chemotherapeutic drugs.  This 

thesis reports multiple robust and cost-effective biomedical micro-devices that are used to analyze 

normal and cancerous cells.  These devices consist of a microfluidic channel with sensors and are 

created using micro-fabrication techniques. The unique designs have enabled the evaluation of 

cells based on their mechanical and electrical properties.  Specifically, the mechanical properties 

can be measured by forcing a cell into a microfluidic channel that is smaller than the diameter of 

the cell and recording its response to this physical stimulus.  Electrical properties are measured 



 

simultaneously as the cells are probed for their mechanical properties.  In general, the mechanical 

and electrical properties of cells can be altered when they undergo internal change (i.e. diseased 

cells) or experience external stimuli.  Thus, these properties can be utilized as indicators of cancer 

progression and can be used to distinguish tumorigenic from non-tumorigenic cells.  Data 

collection from these devices is automated, allowing for the rapid acquisition of mechanical and 

electrical properties of cells with minimal post-processing. Results from these devices have been 

promising in their ability to indicate significant differences among various normal and cancer 

populations based on their mechanical and electrical attributes.   
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1.  Introduction 
 

Cancer is one of the leading causes of death in the world and is involved in approximately 

9 million deaths each year, making it a major worldwide health problem [1].  Metastasis, the spread 

of cancer to other regions of the body via blood and lymphatic vessels, is the main cause of deaths 

due to cancer [2, 3].  Researchers across the world attempt to combat cancer by developing new 

techniques for early detection, screening, treatment, and improving quality of life [1, 4, 5].   

However, early detection, screening, and treatment can be difficult because of the heterogeneity 

of cancer from patient to patient.  In fact, the underlying mechanisms which cause the formation 

and progression of cancer cells still remains largely unknown. Thus, understanding the biophysical 

properties of cells can help create a connection between the mechanics and biological functions of 

cells [6, 7].   

In order to improve our insight on these biophysical properties, we developed microfluidic 

biosensing devices capable of revealing information about the biomechanical and bioelectrical 

properties of single cells.  Using this information, we were able to differentiate between normal 

and cancer cells, as well as test the effects of chemotherapeutic drugs on such biophysical 

properties.  In this chapter, we will examine cells modeled as mechanical and electrical objects in 

combination with current microfluidic platforms that combine deformability assays and impedance 

spectroscopy. 

1.1 Cell as a Mechanical Object 

 

A cell mainly consists of three important components: membrane, cytoskeleton, and 

nucleus (Figure 1.1) [8].The cytoskeleton is the structural foundation of a cell that defines the 

shape of the cell and plays a key role in its mechanical rigidity [9].  The cell cytoskeleton consists 
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of three different kinds of protein filaments (shown in Figure 1.2): actin filaments (or 

microfilaments), intermediate filaments, and microtubules [10, 11].   

 

 

Figure 1.1: Overview of main cell components [8]. 

 

                   

Figure 1.2: Illustration of cell with cytoskeleton components [12]. 

 

Microtubules provide the basic organization of the cytoplasm, actin filaments contribute to 

cell shape and are involved in cytokinesis and cell movement, and intermediate filaments provide 
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mechanical support for the plasma membrane [10, 13]. In general, actin filaments play a vital role 

in the structural integrity and deformability of the cell when it experiences lower strains.  In 

contrast, intermediate filaments tend to deform only when the cell experiences larger strains.  

Microtubules are primarily responsible for providing structure to the cytoskeleton [13]. One model 

used to describe the role of actin filaments and microtubules is the Tensegrity Model. 

   

Figure 1.3: A cell and its contractile filaments and compressive elements [14]. 

 

The Tensegrity (tensional integrity) model is a method of evaluating the structure of a cell 

and understanding the mechanics of its behavior.  The model suggests that cell structure and shape 

relies on preexisting tensile stresses (prestresses) in the cytoskeleton.  The fibers in the 

cytoskeleton, primarily actin filaments, behave like muscles and create tension [15-20].  These 

prestresses are balanced by the internal compression from cytoskeletal components (microtubules) 

and adhesion forces from the extracellular matrix [18, 21].  The mechanical rigidity and stiffness 

of cells are correlated to these preexisting stresses, suggesting that more prestress indicates more 

stability and lower deformability [15-20].  Figure 1.3 illustrates a cell with prestress filaments and 

compressive stress elements [14]. The yellow lines are the prestress filaments and the green tube-

like structures are the compressive stress elements. Cell characterization can be then done by using 
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biomechanical properties of the cells, such as size and deformability [22].  These characteristics 

can help define the metastatic potential of cells. 

Cancer cell metastasis depends on its ability to deform into blood and lymphatic vessels 

[3]. Cell deformability can operate as a potential biomarker to differentiate diseased and healthy 

cells [22-25].  Benign and cancerous cells have differences in stiffness, as it is well known that 

cancer cells are more deformable than normal cells [22-26].  Single-cell deformability can also be 

used as a label-free biomarker for cell phenotyping and assessing cancer invasiveness [22]. Single-

cells passing through deformation regions is used as a method to test the deformability of cells. 

Deformation regions are microfluidic channels that have cross-sections smaller than the cell’s 

diameter, which essentially force the cells to deform in order to pass through the channel.  The 

time it takes for cells to enter (entry time) and pass through (transit time) the deformation channel 

can be used to characterize the cells. 

Cell stiffness is related to invasiveness and researchers have used these mechanical 

phenotypes as targets for molecular therapy of cancer.  Cells that are more invasive tend to have 

softer mechanical characteristics, which improves its ability to deform like those in a metastatic 

population [27].  When comparing similarly sized cells with different metastatic potential, higher 

metastatic potential correlates to faster entry times in a deformability channel than cells with lower 

metastatic potential.  Also, cells with higher metastatic potential show increases in transit times. 

This suggests that not only does deformability increase, but friction is possibly reduced, which 

could play a role in invasive cancer cells squeezing into tight spaces [28]. In general, cancer cells 

are associated with increasing deformability when compared to normal epithelial cells [22, 23, 25, 

29]. 
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Current developed methods for cell deformability and cell elasticity measurements include: 

micropipette aspiration [30-32], atomic force microscopy [33-35], optical deformability [23], 

magnetic bead twisting assays [36], and optical tweezers [37]. 

 

 

Figure 1.4: Traditional techniques used to measure mechanical properties of cells [38]. 

 

AFM is used as a method to look at cells by probing the sample with a cantilever tip to 

study its mechanical properties.  Studies show that using AFM, relative metastatic potential of 

ovarian(and possibly other types of cancer cells) can by evaluated by using cell stiffness as a 

biomarker [39].  There are many issues involved with AFM, including extensive sample 

preparation, low repeatability, experimental costs, and unrealistic cell environment.  

Another method of probing cell deformability is through a dual beam optical stretcher [23, 

26].  Using the optical stretcher technique it was realized that cancer cells deforms 5X more than 

normal cells and metastatic cells deform 2X more than non-metastatic cancer cells [26]. The issue 

with optical stretching techniques is that forces applied on the cell from a laser is not sufficient to 
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completely deform the cell and is not good for simulating in vivo conditions of cell migration [24].  

Dual beam optical stretchers have been improved by incorporating a microfluidic cell delivery 

system to look at cell biomechanical properties in a more realistic environment. By looking at the 

cell’s response to constant stress, it was discovered that cancer cells experience higher axial strain 

than normal cells [25].  By utilizing a magnetic tweezer system, the mechanical stiffness of cells 

with varying invasiveness were compared.  It was discovered that cancer cells with the lowest 

migratory and invasive potential are 5X stiffer than their highest migratory and invasive potential 

counterparts.  This proves that mechanical phenotypes can be key component for determining 

metastatic potential of cell populations and even at the single-cell level [27]. 

The main disadvantages of using these techniques is that they have low throughputs [22].  

To overcome this issue, researchers are looking to also improve robustness and ease-of-use of 

these platforms [7].  To improve the throughput of cell classification using mechanical 

deformability, a method that involves using deformability induced forces and inertial lift forces in 

inertial microfluidic platforms [22].  These devices take advantage of micro-scale scale phenomena 

to provide a high-throughput platform for cell classification using cell deformability as a 

biomarker.  Recently, Hydrodynamic stretching of single cells [40] and microcavity arrays [41] 

have also be used in high-throughput mechanical phenotyping [40, 41]. These devices have been 

proven to be useful for cell separation and high-throughput deformability measurements [22].  

Although the throughput issue was addressed, long post-processing times and complexity of usage 

still exists.   

Microfluidic deformability cytometry provides comparable statistical accuracies to 

traditional flow cytometry techniques, and also uses label-free biophysical biomarkers, opening 

opportunities for clinical diagnosis, stem cell characteristics and single-cell biophysics [40]. 
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To conclude, cell deformability in microfluidics platforms can be used as a biomarker for 

identifying cells of different malignancies from a sample which proves that it is capable of being 

used in cancer diagnostic applications [24].  

1.2 Cell as an Electrical Object 

 
Single cells can be modeled as a dielectric shell, where each layer has its own permittivity 

and conductivity. The simplest model is the single-shell model, shown in Figure 1.5, which is 

useful for representing nucleus-free cells such as a red blood cell.  The multi-shell model, shown 

in Figure 1.6, adds complexity to the model but better represents nucleated cells [42].  For example 

looking at the double shell model shown in Figure 1.7, starting from the inner to outer region the 

model represents the cell nucleus, nuclear envelope, cytoplasm, and plasma membrane, 

respectively.  Each region also has its own respective dielectric properties such as permittivity and 

conductivity [43]. 

             
Figure 1.5: Single-shell model of cell [42].                      Figure 1.6: Multi-shell model of cell [42]. 
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Figure 1.7: Double-shell model of a cell with corresponding dielectric and geometric parameters [43]. 

 
Impedance spectroscopy techniques can be used to measure the dielectric properties of 

single cells which can be modeled as a combination of linear components, such as a resistor and/or 

capacitor, in an electric circuit model (Figure 1.8) [44].  These electrical components can represent 

cell membrane resistance and capacitance, along with cytoplasm resistance.   

Impedance spectroscopy can be used to obtain physiological properties from cells and has 

advantages that include simplicity, ease of use, non-invasive, and real-time capabilities.  When an 

AC signal passes through the cell has a low frequency, the plasma membrane will act a barrier to 

the flow of current, which can be measured as an impedance value. The impedance value has an 

amplitude and phase that is proportional to the cell’s volume.  At higher frequencies, the membrane 

is permeable to the electrical AC current and the measurements provide information about the 

intracellular contents.  At intermediate frequencies the membrane acts less like a barrier and can 

provide information about the properties of the cell membrane.  The current flow passing through 

cells at difference frequencies is shown in Figure 1.9.  Different frequencies can provide different 

information about the cell, therefore multi-frequency measurements provide the capability to 

distinguish cells by size, membrane properties, and intracellular properties [45].   
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Figure 1.8:  Electric circuit model for cell suspended between a pair of electrodes [44]. 

 

 

 
 
Figure 1.9: Diagram of current flow through cells at low (solid lines) and high frequencies (dotted lines) 

[46].  

 

There are a variety of impedance spectroscopy techniques that can be used to extract these 

electrical properties of cells and cell populations. These techniques include Electrical Cell-

Substrate Impedance Sensing (ECIS) and impedance spectroscopy in flow cytometry.  ECIS 

involves measuring the change of the impedance of an electrode or across an electrode pair as an 

AC current passes through it.  This technique is used to monitor the dynamic changes of biological 

cells that have adhered onto the typically gold electrodes.  ECIS relies on the cells’ ability to resist 

Electrode 

Cell 
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the flow of electric current and measurements can be taken at singular frequencies or a sweep 

across multiple frequencies[47].  The impedance is directly related to the adherence of the cells 

onto the electrodes, so it can be used to measure cell growth and proliferation. As cells begin to 

die the impedance will decrease because they will detach from the electrode surface.  Due to this 

cellular behavior, other applications for ECIS device include measuring responses to chemical 

stimuli, which can be useful for evaluating the cytotoxicity of drugs and screening for optimal drug 

dosage in treatments.  Although ECIS can be used in a wide variety of applications, it has 

restrictions due to its reliance on cell adherence.  This technique is not suitable for single-cell 

analysis, but other methods such as impedance spectroscopy in flow cytometry have that 

capability.  Impedance spectroscopy in flow cytometry can also have a high-throughput, making 

it applicable for cell population studies as well. 

Impedance spectroscopy in flow cytometry can be a tool for label-free cell characterization. 

Cell characterization is done by finding cell size, membrane capacitance, and cytoplasm 

conductivity as a function of frequency [48]. Dielectric spectroscopy has the potential to be used 

in the following applications: cell differentiation, mitosis/cell cycle monitoring, cytotoxicity and 

cell death, and as a drug screening platform.   Cell differentiation is characterized by changes in 

cell morphology, aggregation, cell adhesion, ion channel activity or gene and protein expression, 

which are all changes that result in changes in the impedance spectrum of the cell [45].  

Impedance spectroscopy in flow cytometry has also been used as a label-free method for 

quantifying the progression of cancer cells.  Researchers have compared normal breast epithelial 

cells (MCF10A) to early stage breast cancer cell line (MCF-7), invasive human breast cancer cell 

line (MDA-MB-231), and metastasized human breast cancer cell line (MDA-MB-435).  It was 

shown that the magnitude and phase had convincing differences from the cancer cell lines.  This 
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device could lead to development of diagnostic tools for cancer detection and drug therapy [49]. 

Wide microfluidic channels have been used to measure electrical properties of single cells and 

model the cell as an equivalent circuit.  Using this model, they interpret the data measured at 

various frequencies in order to find cell cytoplasm conductivity and specific membrane 

capacitance [50]. Another application of impedance flow cytometry is pollen analysis where the 

robust and label-free method can provide reliable data estimating plant cell viability [51]. 

Impedance measurements can also be a viable non-invasive method to monitor cells during 

mitosis and their cell cycle. Dying cells experience change in impedance and can be used to 

measure the effect of chemicals on cell mortality [45].  Additionally, flow cytometry combined 

with impedance measurements have been used to discriminate between live and dead cells [52].  

Impedance also has a great deal of potential to screen for the cytotoxicity of various agents, 

including chemicals, drugs, and florescent tags and can also observe the stresses these reagents 

have on the cells.  This technology can be implemented in point-of-care systems which can act as 

a biosensor for quick real-time measurements, replacing traditionally slow and invasive 

cytotoxicity assays [45].  Drug concentrations and drug incubation time have shown to have an 

inversely proportional effect on cell impedance values [53-56].  These systems can also have high-

throughput due to their multiplexing capabilities. Therefore, these platforms have the ability to test 

different drugs and drug dosages in the same conditions simultaneously [45]. 

To conclude, impedance spectroscopy is a valuable tool in cell biosensing applications and 

there is great potential as a cost effective tool to replace conventional methods of cell analysis.  

Traditionally, extensive sample prep could include staining, labeling, and fixing of samples, all of 

which can be replaced using this label-free method.  Impedance spectroscopy can be used in label-

free analyzers for applications including: cell differentiation, cell cycle progression, cytotoxicity, 
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and cell death detection. Implementation into microfluidic systems allows for the flexibility of 

devices to be incorporated into systems for cell monitoring, drug screening, flow cytometry and 

even point-of-care platforms.  Impedance spectroscopy allows label-free, rapid, cost-effective and 

highly sensitive technique that holds great potential in becoming a standard in biological cell 

characterization for a wide array of applications [45]. 

 

1.3 Microfluidic Approach to deformability assays and impedance Spectroscopy 

 
 

Microfluidics have been used to look at the behavior of breast cancer cells and have the 

ability to distinguish between non-malignant and malignant cells.  The benefits of microfluidics 

includes the ability to study over the overall cell mechanical properties and they can better mimic 

in vivo conditions that the cells will experience [24]. Biomechanical properties of cells obtained 

in deformability assays can give information on cell health, for example cell stiffness changes 

when cells change from a healthy to unhealthy state [57]. Entry time and transit time can be used 

to distinguish between non-malignant and malignant cells.   For example, when comparing normal 

and cancer breast cells, transit times of both are approximately equivalent but normal cells have 

much higher entry times [24]. Impedance measurements from frequencies 40 Hz to 1 GHz supply 

information about membrane capacitance, cytoplasm conductivity and cytoplasm permittivity as a 

function of frequency.  Multi-frequency measurements applied to a single cell can give us ability 

to classify a cell by size, membrane properties, and intracellular properties [58]. 
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Figure 1.10: Illustration of cell passing through a constriction channel along with the corresponding 

impedance plot [57]. 

 

Electrodes imbedded in a microfluidic device with a deformability channel enhances 

throughput and heavily reduces post-processing, which is shown below in Figure 1.10 [57].  

Researchers have developed a device that monitors cell during the cell cycle and can detect the 

transition between different physiological states [59].  During the cell cycle (Figure 1.11), cell 

impedance increases while cell duplicates its contents and during DNA replication (G1 and S 

phase).  In contrast, impedance decreases during mitosis (nuclear division) and cell division (G2 

and M phases) [60].  These types of devices can be used as tools for cell cycle studies. 

 

Figure 1.11: Description of the cell cycle [61]. 

Entry 

Transit 
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Currently, one technique that combines impedance measurements in microfluidic 

deformability assays use micropillar traps to capture the cells and take impedance measurements 

[62, 63].  To improve impedance measurements, carbon nanotubes are being used as biosensors 

for cancer metastatic diagnosis with single-cell resolution.  This tool was used for distinguishing 

cancerous stages of both breast and colon carcinoma cells [62].  Further research is being done for 

real-time monitoring of cells. In one case, cells’ electrical responses have been measured during 

mechanical aspiration. This system was used for comparing healthy cells to malignant ones in real-

time.  Results also showed that the remodeling of actin filaments decreased their electrical response 

and cancer cells did not change as much as healthy cells [63]. 

Previously at the VT MEMS Lab, others investigated mechanical response of cells using 

AFM [64].  It was shown that cancer cells with high metastatic potential are softer than their non-

invasive counterpart.  As an extension of that study, in order to replace the need of the high-costing 

and unrealistic deformation conditions, a microfluidic deformability assay was developed with a 

single deformation channel [65]. Another device was created to evaluate a single-cells’ response 

to experiencing a series of iterative deformations and use their velocities in these deformation 

regions to discriminate metastatic cancer at the single-cell level [66].  These results exhibit the 

viability of using mechanical deformation in microfluidics as a trusted method of evaluating the 

biomechanical properties of cells.  In this paper, we introduce new methods of evaluating the 

biophysical properties of cells.  Chapter 2 will focus on the biomechanical properties of cells by 

showing how multiple deformation regions can be used to better distinguish normal and cancer 

cells.  In chapter 3, we enhance the previous single-channel/single-deformation design with one 

device that has higher-resolution velocity measurements and another device with improved 
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throughput using parallel deformation channels.  Chapter 4 will include a conclusion along with 

the future outlook of this body of work. 
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2. Single-Cell Mechanical Characteristics 

Analyzed by Multi-Constriction Microfluidic 

Channels 

 
This chapter is produced from [41] with permission from the American Chemical Society. 

Ren, X., Ghassemi, P., Babahosseini, H., Strobl, J. S., & Agah, M., Single-Cell Mechanical 

Characteristics Analyzed by Multiconstriction Microfluidic Channels. ACS Sensors, 2017.  2(2), 

p. 290-299. 

 

My contributions towards this body of work included device fabrication, sample preparation, 

experimentation and data collection.  Device fabrication included using our designed and 

fabricated SU-8 mold to create PDMS microfluidic channels using soft lithography techniques, 

which were then bonded onto glass slides using plasma-activated bonding.  Sample preparation 

involved creating a single-cell suspension by trypsinization of adherent cell culture and subsequent 

suspension in respective cell culture medium.  I was involved in experimental setup and execution 

by collecting high-speed videos of cell transition in the parallel microfluidic channel.  To collect 

velocities of the cell’s transition in the constriction channels, post-processing of the high-speed 

videos was done.  In addition, I assisted with the writing of the manuscript. 

 

2.1 Introduction: 

 

Studies of the mechanical characteristics of single cells have been previously used in cancer 

research [1,2]. Different stages of cancer cells have significant mechanical differences due to the 

stiffness of their cell membrane [3]. Other well-developed methods and techniques based on cell 

membrane properties, the epithelial cell adhesion molecule (EpCAM) and fluorescence detection 

for the sorting of cancer cells require specific equipment, such as atomic force microscopy [3,4], 
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costly antibody reagents [5,6] and flow cytometry setups [7-10]. Microfluidic chips bring new 

technologies and methods to both cancer cells analysis and circulating tumor cell (CTC) detection 

and sorting [11]. Size-based microfluidic channels for CTC cancer cell separation are broadly used 

in CTC studies which sense the different diameters of cancer cells, white blood cells and red blood 

cells [12-17]. In order to analyze and sort different cancer cells with similar sizes, investigators 

have chosen to use constriction channels and study the dynamics of cells, usually accompanied by 

other methods sensitive to both biomechanical and bioelectrical properties to enable identification 

[18-22].  

Characterization of the mechanical properties of cancer cells using a microfluidic device 

with constriction channels has been proven to be an accurate method to differentiate different cell 

lines [23-26]. Metastatic cancer cells have softer cell membranes, as well as deformation ability in 

microfluidic constriction channels. On the other hand, normal cells have a cytoskeleton with higher 

mechanical strength, including but not limited to actin filaments, intermediate filaments, and 

microtubules [27, 28]. Therefore, the deformation time of cancer cells and normal cells has been 

shown to differ due to their mechanical properties. Many studies have focused on the entry time 

and transit time of cells in a constriction channel, and analysis has defined criteria typifying 

specific cell lines [29]. By plotting the dynamic parameters of the single cells in constriction 

channel, different cell lines, including breast cancer cells [3, 18, 23], lung cancer cells [19, 30, 31], 

kidney tumor cells [32], and cervical cancer cell lines [33, 34], can be separated into groups in 

order to achieve cell characterization [35]. However, using a single constriction channel or 

adjustable constriction channels have limited capabilities to distinguish between cancer cells and 

normal cells. When differentiating various cell lines, scientists studying characterization of cancer 

cells have added an additional bioelectrical measurement along with the single constriction 
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channel [2, 20]. At the same time, improvements in the methods used to induce cells’ deformation 

using not only constriction channels, but also lateral displacement array or pillar array [17,36] in 

a microfluidic chamber [13, 14] have enhanced the resolution of characterizing cells.  

This manuscript reports a multi-constriction multi-channel microfluidic device for 

analyzing velocity profiles of single-cells which provides greater single-cell resolution of normal 

and cancer cells than that afforded by a single constriction channel studies. Smartphone video-

microscopy was used to capture the dynamic motions of cells as each passed through the series of 

constriction channels. The result was a distinct velocity profile at each stage of deformation in the 

multiple constriction channels. Compared to single-constriction channels, multi-constriction 

channels divide the cell deformation into multiple stages, which effectively reveals the 

deformation process of each cell with higher resolution, and hence a new and simple way to 

observe the variations in individual cells’ velocity profiles. The series of relaxation regions 

separating the constriction channels causes cells to experience multiple relaxations where cell 

membrane/shape recovery takes place. The length of relaxation regions are kept as 50 μm 

constantly, so that the results can focus on the effects of the constriction, the relaxation count and 

constriction length. The microfluidic channels device was designed with three different 

configurations to compare the ability to differentiate two different cell lines in each channel. We 

also compared the effect of adding one or multiple relaxation regions in the constriction channel. 

The velocity profiles analyses were focused on comparing the initial velocity change due to the 

deformation at the entrance of each channel and the exiting velocity at the last segment of the 

channel, where the cells have experienced sufficient deformations. The multiple deformation 

procedure increases the ability of deformation and recovery of the cells. Based on our experimental 

results, the ability to differentiate between cancer cells and normal cells in a multi-constriction 
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channel is higher than that achieved with either a single constriction channel or two constriction 

channels with only one relaxation region. After establishing criteria to examine the difference 

between initial velocities and final velocities, we successfully differentiated ~94.3% of the cancer 

cells from normal cells. Then, four testing samples were used to verify our criteria. The results 

indicated that the selected criteria for the multi-constriction channels have an accuracy around 

95% to tell the difference between cancer cells and normal cells.  

2.2 Materials and Methods 

Cell culture and sample preparation 

 

We prepared the highly metastatic breast cancer cells MDA-MB-231 and benign breast 

epithelial cells MCF-10A to represent normal cells with the same concentration of ~50,000 

cells/mL. Both MDA-MB-231 and MCF-10A cells were provided by the Tissue Culture Shared 

Resources of the Lombardi Comprehensive Cancer Center, Georgetown University in 

Washington, DC. MDA-MB-231 cells were grown in F12:DMEM (Lonza, Basel, Switzerland) 

with 10% fetal bovine serum (FBS), 4 mM glutamine and penicillin-streptomycin (100 units per 

mL). MCF-10A cells were grown in F12:DMEM with penicillin-streptomycin (100 units per mL), 

2.5 mM L-glutamine, 20 ng/mL epidermal growth factor (EGF), 0.1 μg/mL cholera toxin, 10 

μg/mL insulin, 0.5 μg/mL hydrocortisone, and 5% horse serum. The cells were grown in T-25 cm2 

culture flasks at 37°C in a 5% CO2 in air atmosphere until cells were ready for subculture.  

The morphology of the cells was observed before trypsinization (Figure 2.1). The cells were then 

detached from the flask with Trypsin-EDTA solution (Trypsin-EDTA solution 10X, , Sigma); The 

MDA-MB-231 cells were trypsinized at 37°C for 2 min and MCF-10A cells were trypsinized at 

37°C for 15 min. Before every experiment, the viability of the cells was observed under a 

microscope using trypan blue (Trypan blue solution (0.4%), Lot. 42K2360, Sigma) 37. Both trypan 
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blue and culture medium were warmed to 37°C in a water bath before usage. The viability of the 

cells was 100%, as determined by the count using a hemocytometer.  

 

Figure 2.1: MDA-MB-231, MCF-10A cell size distribution; cell image before trypsinization. 

 

Microfluidic channel fabrication 

 

The multi-constriction channels devices were fabricated on a silicon wafer with two layers of SU-

8 (SU-8 3005 and SU-8 3025, MicroChem, Newton, MA) photolithography and 

polydimethylsiloxane (PDMS) soft-lithography, followed by PDMS and glass bonding after 

plasma treatment. Three different configurations of channels were connected to a main delivery 

channel, as shown in the channel configurations in Figure 2.2. All the constriction channels had a 

cross-section of 8 μm by 8 μm. The first channel contains only one constriction channel with a 

length of 250 μm; the second channel contains two constriction channels with lengths of 125 μm 

each, and a relaxation section with a length of 50 μm; the third channel contains five constriction 

channels with a length of 50 μm each, and relaxation sections of 50 μm between every constriction 

channel.  
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Figure 2.2: Microfluidic device fabrication processes. 

 

The SU-8 mold consists of two layers with 8 μm of SU-8 3005 and ~25 μm of SU-8 3025, 

as illustrated in Figure 2.2. Tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane (TFOCS, 

Fisher Scientific) was coated on the surface of the molds for the easy release of PDMS. After the 

mold was prepared, standard PDMS (SYLGARD® 184, Dow Corning, Midland, MI) replica 

molding was conducted to fabricate the microchannels. The PDMS channels were then bonded to 

a glass slide after air plasma treatment using plasma cleaner (Harrick Plasma, model PDC-001, 

Ithaca, NY).  
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2.3 Experimental 

Experimental setup 

The microfluidic device was mounted on an inverted microscope (Zeiss Axio Observer, 

LSM-510, Thornwood, NY) with a lens magnification of 20×. One side of the delivery channel 

was connected to a reservoir with a cell sample. Three outlets were connected together to a syringe 

pump to create the same negative pressure. The cell delivery was initiated by applying a one-time 

negative pressure by another vacuum pump. The cell delivery was maintained by the pressure 

Figure 2.3: (a) Defining the velocity regions in three channel configurations using segment ①~⑩; The 

(b) velocity and (c) velocity increments of MDA-MB-231 cells and MCF-10A cells in three different 

microfluidic channels. 

 

(a) 

(b) 

(c) 
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difference between the cell sample reservoir and the opening of the other side of the delivery 

channel. This channel dimension is good for cell sizes from 11 μm to 19 μm. Normal cells (MCF-

10A) with 25 μm or larger will completely clog the microchannel. 

Instead of a high speed camera, a smartphone’s slow motion function was applied to record 

videos of cell movement with a frame rate of 240 frames per second. The video can be analyzed 

to extract information about the motion of each cell traveling through the constriction channels. 

As shown in Figure 2.2, the single constriction channel was referred as channel 1; the middle 

channel with one relaxation at 125 μm was referred as channel 2; and the five-constriction and 

four relaxation channel was referred as channel 3.  

Data collection 

The data of the movement of the cells in the three different channels were collected from 

the smartphone videos. For analysis, only the constriction channels were considered, where all 

three channels have the same total length of 250 μm in constrictions. The velocity distribution for 

every 25 μm was plotted in Matlab. As shown in Figure 2.3, the velocity at each segment was 

represented as ① to ⑩. The velocities in segments ① to ⑩ were recorded as V1, V2, V3, … , 

V10, respectively. Next, the velocity increment between every 25 μm was calculated. The velocity 

increments between two segments are defined as: 𝜀𝑚,𝑛 =
𝑉𝑚−𝑉𝑛

𝑉𝑛
, where m = 1,2,3,…,8,9, 10, and n = 

1,2,3,…,8,9, 10, representing ten segments in constriction channel.  

2.4 Results 

Velocity of the cells 

 The velocity and the increments of velocity between every 25 μm of both MDA-MB-231 

and MCF-10A in three channels are demonstrated in Figure 2.3. Each cell line in every channel is 

represented by a color, and the same color will be used in the single cell analysis.  
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The initial entry velocity of MDA-MB-231 cells was similar regardless of the number of 

relaxation regions. This can be seen in Figure 2.3(b) by comparing the heights of the red bar ①, 

orange bar ① and purple bar ① into channel 1, channel 2, and channel 3 as shown in the channel 

configurations in Figure 2.3(b), respectively. Similarly, the initial entry velocity of MCF-10A cells 

was independent of the number of relaxation regions as can be seen by comparing the heights of 

blue bar ①, pink bar ① and green bar ①. These results serve to validate the measurement system 

because the aperture to each channel type (channel 1, channel 2, and channel 3) is identical. Due 

to the same dimension of the entrance of constriction channels, the same cell line had a similar 

entry velocity in channel 1~3.  

As seen in Figure 2.3(b), the initial entry velocity measurement of MDA-MB-231 cells 

entered segment ① of each channel twice as fast as MCF-10A cells. Also shown in Figure 2.3(b), 

from the initial entry velocity of the MDA-MB-231 cells in channel 1, 2 and 3 (red bar ①, orange 

bar ①, and purple bar ①, respectively), the average velocity of MDA-MB-231 cells was 

measured as ~1.2×103 μm/s, with a standard deviation of ~0.6×103 μm/s. Also from Figure 2.3(b), 

from the initial entry velocity of the MCF-10A cells in channel 1, 2 and 3 (blue bar ①, pink bar 

①, and green bar ①, respectively), the average velocity of MCF-10A cells was measured as 594.0 

μm/s, with a standard deviation of 473.0 μm/s.  

We assume the initial entry velocity  

𝑉𝐶𝐴 = 𝑘 ∙ 𝑉𝑁𝑅 

where k represent how much times the velocity of cancer cells is compared to normal cells. Using 

α = 0.05, the 𝑡𝑘 in t-test is 1.647; therefore, k=1.92. This means that the probability of the initial 

velocity of cancer cells is 1.92 times to normal cells is larger than 95%. If 𝑘 = 2, which means 𝑉𝐶𝐴 >

2 ∙ 𝑉𝑁𝑅, the possibility p = 79.87%. Similarly, if 𝑉𝐶𝐴 > 1.86 ∙ 𝑉𝑁𝑅, the possibility p = 99%.  



 29 

 

Table 2.1: Velocity difference calculated by the velocity profiles in Figure 2.3. 

 MDA‐MB‐231 MCF‐10A 

channel 1 2 3 1 2 3 
𝜺𝟐,𝟏 1.36 1.26 1.91 0.18 0.53 0.76 

channel  2   2  
𝜺𝟔,𝟓  ‐0.23   ‐0.08  

 

It is well-recognized that metastatic cancer cells are softer than normal cells [2, 25, 26] and 

this has been correlated with faster deformation and transit times in constriction channels [3, 33, 

31, 38]. Here we have improved the resolution of such studies by analyzing velocity profiles. The 

initial velocity incremental difference between MDA-MB-231 cells and MCF-10A cells was 

further analyzed as illustrated by Figure 2.3c. 𝜀2,1 is defined by the equation: 𝜀2,1 = (V2 − V1)/V1 

. As calculated velocity difference (Table 2.1) from Figure 2.3c, the average 𝜀2,1 of the MCF-10A 

cells in channel 1 (blue), channel 2 (pink), and channel 3 (green) is 1.36, 1.26, 1.91, respectively 

(Table 2.1). This shows that after 25 μm of deformation, MCF-10A cells reach a much higher V2 

compared to the initial entry velocity V1. However, the 𝜀2,1 of MDA-MB-231 cells was calculated 

to be 0.18, 0.53 and 0.76, respectively for channels 1, 2, and 3; these data indicated a slight 

decrease in the velocity of the MDA-MB-231 cells after their initial entry into the channel. This at 

first seems inconsistent with the “softer” biomechanical nature of the cancer cells, and we 

investigated this in greater depth.  

The average velocity profiles can indicate the heterogeneity of the population of a cell-line. 

However, we need to analyze the detailed velocity differences in each segment to find the different 

mechanical characteristics. Channel 2 has one relaxation region between segment ⑤ and ⑥ (as 

illustrated in the “channel 2” in Figure 2.3(c)). The velocity has a drop for both MDA-MB-231 
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cells and MCF-10A cells at V6 compared to V5, as shown in segment ⑥ of the orange and pink 

in Figure 2.3(b). 𝜀6,5 is defined by the equation: 𝜀6,5 = (V6 − V5)/V5 . As calculated velocity difference 

(Table 2.1) from Figure 2.3(c), the average 𝜀6,5 of the MDA-MB-231 cells and the MCF-10A cells 

in channel 2 (orange and pink), is −0.23 and −0.08, respectively. This indicated that the velocity of 

MDA-MB-231 cells had been reduced more than MCF-10A cells. In another word, MCF-10A 

cells inherited a higher more exiting velocity after the relaxation region between segment ⑤ and 

⑥. Channel 3 contains five constriction channels, each 50 µm in length, separated by relaxation 

sections of 50 µm between every constriction channel. Cells deformed at the entrance of the first 

constriction channel (defined as segment ① in the “channel 3” in Figure 2.3(b)) and exited at the 

last segment of the final constriction channel (defined as segment ⑩ in the “channel 3” in Figure 

2.3(b)), where the cells have experienced sequential deformations. Cancer cells recovered back to 

a round cell shape quicker than normal cells in each relaxation segment and we defined this as 

“deformation performance”. Therefore, the cancer cells showed deformation performance at the 

entrance to each constriction channel, which resulted in a decreasing velocity.  
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As shown in Figure 2.3(a), the initial velocities (segment ①, 0~25 μm traveling distance 

in constriction channel) of MDA-MB-231 cells were ~1100 μm/s (purple bar ①), and exiting 

velocities (segment ⑩, 215~250 μm traveling distance in constriction channel) were ~2200 μm/s 

 Figure 2.4: Scatter plot of MDA-MB-231 cells and MCF-10A cells velocity increments of comparing ε10,2 

to ε9,2, ε8,2, ε6,2, and ε4,2 in channel 1 (a), channel 2 (c), and channel 3 (e); and comparing ε9,1 to ε8,1, ε7,1, ε5,1, 

and ε3,1 in channel 1 (b), channel 2 (d), and channel 3 (f). 

(a) (b) 

(c) (d) 

(e) (f) 
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(purple bar ⑩). In contrast, normal cells deformed slower initially, but reached a relatively higher 

velocity after two or three deformations. Normal cells stay in a rod-like shape without fully 

recovering back to an original spherical shape. The initial velocities of MCF-10A cells were ~600 

μm/s (green bar ①), and exiting velocities were ~4100 μm/s (green bar ⑩). The geometry shapes 

of normal cells were almost fixed when the normal cells entered the fourth and fifth constriction 

channels. The entrance time of cancer cells into the fourth and fifth channel was longer than the 

normal cells.  

Single cell velocity analysis 

 

In order to illustrate how well MDA-MB-231 and MCF-10A cells can be differentiated at 

the single cell level, Figure 2.4 presents the scatter plots of single cell velocity data in each channel 

using the same color legend as in Figure 2.3. Each dot represents the data of one cell.  

The scatter plot of the MDA-MB-231 and MCF-10A cells’ velocity differences in channel 

1, 2, and 3 calculated at different regions within each channel are shown in Figure 2.4. The data 

from Channel 1 is the focus in Figure 2.4(a) and 2.4(b). Here it can been seen when comparing 

𝜀10,2 and 𝜀9,1, (the ending velocity (V9 and V10), respectively) and the entry velocities (V1 and V2), 

the MDA-MB-231 (red dots) and MCF-10A cells (blue dots) had major overlaps in channel 1. The 

velocity profiling using the channel 1 configuration cannot distinguish between the cancer and 

normal cells at the single-cell level. About 95% of the cancer cells will be recognized as normal 

cells by the criterion 𝜀10,2 < 0. Almost no cells have 𝜀10,2> 0, which means both MDA-MB-231 cells 

and MCF-10A cells have completely deformed and accelerated during passage through the single, 

250 μm constriction channel. Compared to 𝜀8,2, and 𝜀6,2 in Figure 2.4(a), the criterion 𝜀4,2 showed a 

better segregation of red and blue dots into two separate regions. V1 and V2 represent the 

beginning of the constriction channel, where cells begin to deform. MDA-MB-231 and MCF-10A 
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cells showed a different deformation performance during the first 100 μm of the channel 1. MDA-

MB-231 cells took a shorter time to reach a higher velocity than MCF-10A cells at V4. Therefore, 

the 𝜀4,2 of MDA-MB-231 cells had a higher value than MCF-10A cells in Figure 2.4(a). This 

phenomenon supports atomic force microscopy (AFM) data showing that MCF-10A cells were 

stiffer than MDA-MB-231 cells 2, 3, 38, which might account for inability of MCF10A cells to reach 

higher velocities in a continuous constriction channel of 250 μm.  

Channel 2: As shown in Figure 2.4(c) and 2.4(d), the relaxation region between velocity 

segments ⑤ and ⑥ of the constriction channel 2 separated the channel into two 125 μm channels. 

The scatter plot of MDA-MB-231 cells (orange dots) and MCF-10A cells (pink dots) had major 

overlap at both in 𝜀10,2 and 𝜀9,1 regions, as well as in different velocity segments, such as 𝜀8,2, 𝜀7,1, 

𝜀5,1 and 𝜀3,1. Because the complete deformation of MDA-MB-231 and MCF-10A cells was achieved 

by around the 100 μm mark within channel 2, the velocity differences were similar for both of 

these cell types within each velocity segment. The scatter plot in Figure 2.4(c) and 2.4(d) indicated 

that the channel 2 configuration was not useful in differentiating MDA-MB-231 and MCF-10A 

cells.  

In channel 3, the short relaxation and constriction allowed the cells to continue 

experiencing a secondary deformation after the first relaxation. As shown in Figure 2.4(e) and 

2.4(f), all of the MCF-10A cells (purple dots) had ε10,2>0, and the majority of MDA-MB-231 cells 

(green dots) fell into ε10,2<0. By further consideration of ε7,1, more cancer cell dots fell into the 

region where ε7,1<2. V7 was the velocity in the fourth constriction region in channel 3. Therefore, 

based on the scatter plots of MDA-MB-231 and MCF-10A cells, it is possible using the channel 3 

configuration to accurately identify individual single cell from either the MDA-MB-231 or MCF-

10A cell line. The 𝜀4,2 in Figure 2.4(a) had a separation between MDA-MB-231 and MCF-10A 
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cells. In channel 1, using criterion of ε4,2>0.5*ε2,1, the false negative (cancer cells observed as 

normal cells) rate is 7.4%, and the false positive (normal cells observed as cancer cells) rate is 

19%. Using criteria of ε4,2> 0.5*ε2,1 and ε4,2>0.3, the false negative rate is 7.4%, and the false 

positive rate is 19%, which means that the ε4,2 does not further improve the differentiation rate. If 

we include more criteria, such as criterion II and III, the false negative rate decreased to 5.6%; 

however, it increases the false positive rate to 21%, so the differentiation results in channel 1 

doesn’t have a sufficient balance between false negative and false positive rates.  

Using 𝜀10,2, 𝜀8,2, 𝜀6,2 and in Figure 2.4(a) had limitations in further improving the separation 

results. Some dots that cannot be separated by 𝜀10,2 or 𝜀8,2 but can be separated by 𝜀9,1 and 𝜀7,1. More 

mechanical alternation of the cells during constriction channels can bring variations in the cells’ 

velocity profiles.  

Differentiation criteria 

 

To better define how normal cells and cancer cells can be differentiated in channel 3, 

specific criteria are established for separating the different cells based on their velocity profiles 

and their cell shape changes. Video observations revealed that MDA-MB 231 cells deformed faster 

than MCF-10A cells. In channel 3, MDA-MB-231 cells recovered their normal spherical shape 

while in the first and second relaxation regions; in contrast, here, MCF-10A tended to maintain 

the flattened shape they had acquired while passing through the constriction channels. When 

MDA-MB-231 cells continued deforming in the third and fourth constriction regions, by virtue of 

maintaining their flattened shape, MCF-10A cells had a smoother entry and transit in the fourth 

and fifth constriction regions. We propose that these differences in cell shape recovery are 

reflective of differing mechanical properties and these contribute to the cell separation seen in the 

scatter plot of MDA-MB-231 and MCF-10A cells in channel 3, shown in Figure 2.4(e). By using 
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the velocity at the last constriction channel and the first constriction channel we can differentiate 

the majority of the cancer cells from normal cells. Based on Figure 2.4(f), further decreasing of 

the overlapping areas between the MDA-MB-231 and MCF-10A cells can be achieved by adding 

the additional criteria of 𝜀7,1 < 2. In channel 3, the entrance time of cancer cells into the fourth and 

fifth channel will take longer than the normal cells. Therefore, the 𝜀7,1 of normal cells will be larger 

than cancer cells. According to our experiments in channel 3, most MCF-10A cells have 𝜀7,1 > 2, 

or 𝑉7 > 3 ∙ 𝑉1. In summary, we can further distinguish the contrasting mechanical properties 

between MDA-MB-231 and MCF-10A using the following criteria:  

(1) Criterion I: 

{
 

 𝜀10,2 =
V10 − V2

V2
≥ 0 (Normal cell)

𝜀10,2 =
V10 − V2

V2
< 0 (Cancer cell)

 

(2) Criterion II: 

{
 
 
 
 

 
 
 
 𝜀10,2 =

V10 − V2

V2
≥ 0 (Normal cell)

𝜀10,2 =
V10 − V2

V2
< 0 (Cancer cell)

𝜀9,1 =
V9 − V1

V1
≥ 2 (Normal cell)

𝜀9,1 =
V9 − V1

V1
< 2 (Cancer cell)

 

(3) Criterion III: 

{
 
 
 
 

 
 
 
 𝜀8,2 =

V8 − V2

V2
≥ 0 (Normal cell)

𝜀8,2 =
V8 − V2

V2
< 0 (Cancer cell)

𝜀7,1 =
V7 − V1

V1
≥ 2 (Normal cell)

𝜀7,1 =
V7 − V1

V1
< 2 (Cancer cell)

 

In order to evaluate the sensitivity of the criteria we listed, the receiver operating 

characteristic (ROC) curve was plotted in Figure 2.5. The sensitivities of cancer cells in channel 
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1, 2, and 3 were 0.69, 0.80, and 0.90, respectively; and the sensitivities of normal cells in channel 

1, 2, and 3 were 0.76, 0.86, and 0.96, respectively. For channel 3 (green and purple) using criteria 

II & III listed above had the best differentiation results between cancer cells and normal cells.  

  

 

Figure 2.5: ROC curve of the cancer cells (CA) and normal cells (NR) in channel 1, 2 and 3, respectively. 

 

Based on these differentiation criteria, scatter plots using criteria II, III, and the 

combination of both II & III was shown in Figure 2.6. Criteria I was able to differentiate all the 

normal cells (purple dots with 𝜀10,2 < 0). After labeling the dot of each cancer cell with sequence 

number 1~108 in scatter plot, we observed the sequence number of each cell. Criteria II with an 

additional term 𝜀9,1 was able to identify more cancer cells with 𝜀10,2 > 0. Criteria III was similar to 

criteria II, except that we only used 𝜀8,2 and 𝜀7,1. Criteria III had some overlap of normal cells in 

𝜀8,2 < 0 and 𝜀7,1 < 2. Therefore, we combined criteria II and III together, and used scatter plots, 

displayed in Figure 2.6(c), to help visualize the separation. The normal cells (purple dots) were 

further apart to the cancer cells (green dots).  
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                 (a)                (b)              (c) 

Figure 2.6: Scatter plot of using criteria II (a), III (b), and combining II & III (c) to differentiate MDA-      

MB-231 cells and MCF-10A cells in channel 3. 

 

Figure 2.7: Differentiate rate of cancer cells (CA) and normal cells (NR) in channel 3 using different 

velocity analysis criteria. 
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By directly applying 𝜀10,2 > 0, based on the scatter plot data in Figure 2.6(a) and bars in 

Figure 2.6(a), all of the normal cells can be recognized as normal cells (recorded as NR→NR); 

however, ~51% of the cancer cells were observed as normal cells (recorded as CA→NR) with 

𝜀10,2 > 0. Using criteria II and III, as shown in the scatter plot in Figure 2.6(a) and 2.6(b) and bars 

in Figure 2.7(b) and 2.6(c), the identification of normal cells were compromised in order to achieve 

higher likelihood of cancer cells being observed as either cancer cells (recorded as CA→CA) or 

as normal cells (CA→NR). After we applied both criteria II and III together, we achieved an 

acceptable ratio to differentiate cancer cells and normal cells.  

Testing sample in Channel 3 

 

In order to verify the quality of our differentiation criteria, four blind samples with either 

cancer cells or normal cells were tested. The data of velocity at each constriction increment in 

channel 3 was analyzed.  

 

Figure 2.8: Differentiation ratio of cancer cells (CA) and normal cells (NR) using four blind-testing 

samples (s1, s2, s3, and s4) in channel 3. 

 

The combination of criteria II & III was applied here to the blind-test samples (s1, s2, s3, 

and s4). As a result indicated in Figure 2.8, two samples were observed as cancer cells and the 
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other two samples were observed as normal cells, which agreed to the predicted cells before 

testing.  

2.5 Discussion 

 

The initial deformation of the cells was affected by the mechanical properties of the cells, 

since the microfluidic channel geometries and experimental conditions were the same. The kinetic 

behaviors of the cells were directly related to the mechanical properties, such as Young’s modulus, 

cell membrane stiffness, and tension stress of the membrane. These velocity profiles vary between 

normal cells and cancer cells, because cancer cells have lower membrane stiffness and 

cytoskeleton strength as documented by previous studies [3, 4, 39, 40]. The velocity of the cells 

depends on fluidic pressure, flow rate, and the geometry of the cells. The cross-section of the 

microfluidic channels and flow rate are kept constant for both MDA-MB-231 and MCF-10A 

medium, so that the Reynolds number of both samples can be considered constant. The mechanical 

characteristics can be revealed by the dynamic behaviors of the cells. The stiffness of the cell 

membrane dominates the shear force and shear stress between the cell membrane and the 

microfluidic channel side wall. The Young’s modulus of the cells affects the deformation of the 

cell membrane when the cross-section of the microfluidic channel changes. Both the stiffness of 

the cell membrane and the Young’s modulus of the cells are typical bio-markers used to distinguish 

cancer cells from normal cells. By studying the average velocity at each segment and the velocity 

difference between different segments, we can differentiate the different cell types due to their 

different mechanical characteristics.  

The first approaches that used microfluidics for differentiating cells were explored by using 

a single constriction channel like the channel 1 we presented in our device. The cells experienced 

a one-time deformation in a single constriction channel, which relied on both the cell size and 
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stiffness. The differentiation merely based on velocity was not reliable due to the variability in cell 

size which is unavoidable due to at a minimum, cell cycle phase dependent variations in cell size. 

In a single constriction channel (channel 1), our experiments had a differential ratio of 52.9% for 

the cancer cells, which was similar to the results of others’ experiments with single constriction 

channel with 8 μm × 8 μm cross-section [18]. Chen, et al., used the elongation and transit time of 

the cells in single constriction channel to characterize breast cancer cells, with a differential ratio 

about 57.5% [18]. This low recognition rate was another reason why scientists were encouraged 

to search for new methods to further differentiate different types of cells. Rather than adding 

electrodes to measure impedance to combine biomechanical and bioelectrical parameters of the 

cells, we opted to add relaxation regions to separate the single constriction channel into multiple 

constriction channels to emphasize the biomechanical characteristics of the cells. Our differential 

ratio for both cancer cells and normal cells can reach more than 94%, which was also verified by 

four blind-testing samples.  

From viewing images from the video microscopy, each cell, even within a cell line 

population, is different and unique. In the single-constriction channel (channel 1), the MDA-MB-

231 cells have a higher velocity than the MCF-10A cells. The single-constriction channel with 

length of 250 μm was separated into 10 segments; however, the 10 segments of the velocity profiles 

in channel 3 included 5 velocities deformation regions. The two types of cells performed 

differently in velocity profiles with the five deformation regions, which was suitable in cell type 

differentiation. In channel 2, both cell types have a decreasing velocity at the relaxation region 

between 125~150 μm. In channel 3, due to the short constriction region and short relaxation region, 

MDA-MB-231 cells do not experience a full shape recovery process (deformation performance). 

Compared to channel 1, channel 3 distinguishes cell types by adding multiple deformation and 
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relaxation regions, which make V7, V5, V3 more useful in differentiating different cell types. 

Channel 3 introduced more mechanical alternations for the cells, which increases the membrane 

mechanical differences between normal cells and cancer cells. Each time the cell deforms, a greater 

separation is obtained for cells of different metastatic potential. Therefore, based on the velocity 

profiles generated in constriction regions and relaxation regions, channel 3 had more opportunities 

to have varying velocity profiles, including velocity increments, for MDA-MB-231 cells and 

MCF-10A cells. MCF-10A cells in channel 3 have a long deformation time at the entrance, 

however, they kept the rod-like shape and moved into the succeeding constriction regions with a 

higher initial velocity. With the continuous acceleration, MCF-10A cells reach a higher final 

velocity than MDA-MB-231 cells. In other words, once the MCF-10A cells deform, they retain 

the shape that facilitates their passage. MDA-MB-231 cells show more plasticity in their shape 

with a net retardation of their velocities.  

In our experiments, the effect of multiple relaxation regions are studied in multiple-

constriction channels (channel 3) in order to differentiate between cancer cells and normal cells. 

In future work, the length of relaxation regions can be modified and tested. The cancer cells and 

normal cells behave differently during the constriction and relaxation regions. The constriction 

time was determined by the constriction channel length, while the relaxation time was determined 

by relaxation position and relaxation length. With a longer relaxation region, the cancer cells can 

recover more after the constriction channels, which may have a recovery that behaves differently 

compared to the recovered normal cells.  

2.6 Conclusions 

 

After calculating the velocity increments in the fourth channel and fifth channel compared 

to the initial velocity in multiple-constriction channels (channel 3), the scatter plot of the single 
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cell velocity data of each MDA-MB-231 (n= 108 cells) and MCF-10A (n= 105 cells) cells showed 

clear separation of the two cell lines into distinct regions, which successfully differentiated ~94.4% 

of the cancer cells from normal cells. Due to the fact that normal cells are stiffer than cancer cells, 

multiple relaxation regions gave cancer cells more chance to recover into its original shape, and 

enlarged the dynamic velocity increments along the constriction channels. Our measurement by 

smart phone video through microscope was reliable. Furthermore, this method has a potential to 

be developed into a convenient phone application of health examination. Our experimental results 

indicated that multi-constriction microfluidic channels can be used to differentiate metastatic 

MDA-MB-231 and MCF-10A cells at the single cell level. For future studies, the quantity of 

parallel constriction channels can be increased to have higher throughput. 
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3.  Bioimpedance Detection of Transit Time 

3.1 Introduction 

 
Cells deform as they pass through microfluidic constriction channels. Cell deformation 

time (entry time) and cell passage velocity through a constriction channel relating to cell 

viscoelastic properties have been used as biomechanical markers to differentiate between normal 

and diseased cells, and to analyze the efficacy of therapeutic drugs [1, 2]. Cell velocities 

measured in constriction channels can be used to characterize single cells and even to 

differentiate between cells of different metastatic potential [3]. The common practice is to use 

video microscopy to image cell movements in channels and to perform advanced post-processing 

image analysis, both of which limits the system throughput and clinical applicability [3].  

Impedance spectroscopy alleviates the aforementioned limitations and also provides further 

insight into cell bioelectrical properties. Bioelectrical signatures, such as specific membrane 

capacitance and cytoplasm conductivities, give another dimension to characterize and distinguish 

different cells.  This chapter introduces two microfluidic deformability bioimpedance sensing 

devices, Multi-Electrode Single Channel (MESC) chip and Single Electrode Multi-Channel 

(SEMC) chip, which attempt to improve resolution of velocity measurements and throughput, 

respectively.  MESC consists of a single deformation channel with an array of electrodes, while 

SEMC is made up of an array of parallel deformation channels with a single pair of electrodes.  

3.2 Materials and Methods 

 

Cell Culture 

For experimentation we used the highly metastatic breast cancer cell-line MDA-MB-231 

(American Type Culture Collection (ATCC), Manassas, VA).  To prepare the samples, the MDA-

MB-231 cells are detached from a culture flask using 0.5 mL of trypsin-EDTA (1X) and 2 minutes 
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of trypsinization at 37°C. The detached cells are then suspended in culture medium and diluted to 

~10 × 104 cells/mL. During experimentation, samples are stored at 37°C in order to maintain the 

ideal cell environment.  Cell viability is then tested using trypan blue (trypan blue solution (0.4%), 

lot 42K2360, Sigma), and the cells were determined to be 100% viable.  

Device Fabrication 

 

 Fabrication of the electrodes starts with the patterning of a Pyrex wafer with photoresist 

(S1813, MicroChem, Newton, MA) by means of photolithography. MESC electrodes are made of 

Indium Tin Oxide (ITO), while SEMC electrodes are gold.  Using sputter deposition, ITO 

electrodes are evaporated onto the patterned pyrex wafer and created using typical lift-off 

techniques for MESC.  SEMC uses the same method, except gold electrodes are evaporation on 

the pyrex substrate using electron beam (e-beam) evaporation.  To create the microfluidic 

channels, we patterned a silicon wafer with two layers of SU-8 (SU-8 3005 and SU-8 3025, 

MicroChem, Newton, MA) through photolithography to create a master mold. The SU-8 3005 was 

used to build the constriction channels with a height of 8 μm; and the SU-8 3025 was used to build 

the remaining microfluidic channels with a total height of ~30 μm. The mold is then coated with 

tridecafluoro-1,1,2,2-tetrahydrooctyl-1-tricholosilane (TFOCS, Fisher Scientific) for easy release 

of polydimethylsiloxane (PDMS). Using soft-lithography techniques, we use the master mold to 

create the PDMS microchannel. Through plasma activated bonding we align and bond the PDMS 

microchannels onto the glass with electrodes.  Due to misalignment and channel clogging the 

device yield is 80%.  Each electrode has its own bond pad so that wires can be soldered in order 

to be connected to the impedance spectroscope. 
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3.3 MESC Device 

 

Channel Design and Experimental Setup 

The sensor consists of two separate channels, delivery and constriction, to prevent cell 

accumulation at the constriction and prohibits clogging (shown in Figure 3.1).  

 

 

Figure 3.1: Full view of microfluidic biosensor. 

 

The delivery channel consists of single cells suspended in a medium that pass through the 

channel from an inlet to an outlet. Once the cells are inputted at the inlet, a vacuum pump is used 

to apply a negative pressure at the outlet, which allows the cells to flow through the delivery 

channel because of the pressure differences. The entrance of the constriction channel is located at 

the center of the delivery channel. A negative pressure is being applied at the end of the constriction 

channel via a Harvard Apparatus syringe pump in order to initiate flow through the constriction 

channel. Once a cell has entered the constriction channel, the flow coming from the delivery 

channel stops until the cell trapped in the constriction channel has passed through completely. 
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The device (Figure 3.1) consists of an array of eight 10 µm-wide electrodes with 10 µm 

spacing between each electrode (Figure 3.2). The purpose of implementing ITO electrodes was to 

achieve an all-transparent device that can be used to fully track cells from the entrance to the exit 

of the constriction channel using an inverted microscope (Zeiss Axio Observer, LSM-510, 

Thornwood, NY); the transparent electrodes cover half of the channel. The outermost electrodes 

are aligned 15µm away from the entrance and exit of the 100 µm-long, 8 µm-wide and deep 

constriction channel. Electrode #1 or ‘E1’ and Electrode #8 (E8) are located at the entrance and 

exit, respectively, of the constriction channel.  

 

 

Figure 3.2: Electrode array. V1 and V2 represents velocity in the 1st and 2nd 50um of the channel, 

respectively. 

 

Experimentation was done using a multitude of electrode-pair combinations (listed in Table 

3.1) by applying a 2V AC signal at 8 different frequencies, ranging from 1~1000 kHz, while 

measuring the impedance between each pair of electrodes. Each configuration was tested pairwise 

both simultaneously and individually. For example for configuration [A], impedance was 

measured across Pair 1 and Pair 2 individually, then measured simultaneously. Measurements were 

taken at a high sampling rate, which allowed us to have a high enough resolution to track the cell 

at specific positions and in turn obtain accurate velocity measurements. The purpose of taking 

these measurements was to see how simultaneous impedance measurements affect each other. 

10 um 
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High-speed video recording, at 500 frames per second (FPS), was done for cross verification of 

cell location and impedance signals. 

 

 

 

Table 3.1: Electrode configurations. 

Configuration Pair 1 Pair 2 

[A] E1→E2 E7→E8 

[B] E2→E5 E4→E7 

[C] E2→E7 E4→E5 

[D] E2→E4 E5→E7 

 

Results/Discussion  

 

With the array of eight electrodes (Figure 3.2) we were able to explore multiple electrode 

configurations (Table 3.1) for tracking the transit of cancer cells through the constriction channel. 

All configurations provided interesting data, but each provided varying types of information. The 

variations in the obtained impedance data were related to the sensitivity and overall tracking 

capabilities.  For instance, whether or not the electrode pair can track the cell from entrance to exit 

or only as it passes through a certain region in the constriction channel. Some configurations 

provided lower sensitivities and redundant information about the cells, so these combinations were 

discarded. Using the Zurich Instrument Spectroscope, we were able to measure two pairs of 

electrodes simultaneously, allowing us to capture two different types of measurements. For 

example, the combination of E1→E8 and E4→E5, where one electrode pair gave information 

about the cell’s transit throughout the whole channel and the other a higher resolution measurement 

of the cell’s transit through the center of the channel, respectively. Configuration [A] gave us 
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information about the complete transit of the cell, where Pair 1 and Pair 2 were used as secondary 

confirmations of each other. Configuration [B] was measured in hopes of obtaining differential 

measurements, but simultaneous measurements using this electrode pair resulted in each pair 

interfering with each other, greatly reducing the sensitivity and loss of the accurate cell tracking. 

Configurations [C] and [D] also resulted in loss of important information due to measurement 

interference. This interference was likely due to the electric field that each electrode pair generates, 

so electrode pairs within close proximity of each other experience some sort of interference making 

the resulting impedance measurement very noisy. As the signal to noise ratio was greatly 

decreased, it was difficult to distinguish between variations in the impedance plots due to cell 

transitions or noise. 

We used MDA-MB-231 cells, highly metastatic breast cancer cells, in this manuscript 

because they are a long-established cell line typically used as a model system for preliminary 

experimentation. Figure 3.3 displays the movement of a deformed cell inside the constriction at 

different important points of the cell’s transit. These meaningful points are listed in Table 3.2 and 

were selected because they provided meaningful information regarding the tracking of cells and 

measuring velocities at in the first and second half of the constriction channel.  

 

Table 3.2: Cell position with corresponding description. 

Position Description 

[1] Cell reaches entrance. 

[2] Cell completely enters channel. 

[3] Front of cell reaches channel center. 

[4] Back of cell reaches channel center. 

[5] Front of cell reaches channel exit. 

[6] Cell completely exits channel. 
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Figure 3.3: Figures of cell position as described in Table 3.2. 

 

For this paper, we focused on the configuration where E1→E2 and E7→E8 are Pair 1 and 

Pair 2, respectively, and are being measured simultaneously. Velocity in the first (V1) and second 

(V2) half of the constriction channels (shown in Figure 3.2) and the entry and transit times were 

measured, all of which can give us information about the biomechanical properties of the cell. 

Figure 3.4 shows the transient impedance changes corresponding with cell locations (numbers in 

red corresponding to Table 3.2) which occur during a 74.5 sec transit of a cell. Significant changes 

in impedance slopes marked key events during cell transition. For instance, when a cell reaches 

the entry point, the impedance suddenly increases in Pair 2 as the current is blocked. Also, when 

the entire cell deforms and enters the channel, the impedance on Pair 2 starts to increase until it 

passes the channel center. Using the precise locations of the cells, cell velocity for the first/second 

half of the constriction channel was determined.  
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Figure 3.4: Plot of a single cell passing through constriction channel using Configuration A.  Points 1-6 

correspond to channel locations mentioned in Figure 3.3. 

 

To calculate the velocity using the high-speed recorded video we used formulas (1) and (2) 

shown below: 

 

𝐕𝐞𝐥𝐨𝐜𝐢𝐭𝐲 𝟏 (𝐕𝟏) =
𝟓𝟎

(𝐓𝑭𝑴𝑷 – 𝐓𝑬𝒏𝒕)
          (1) 

𝐕𝐞𝐥𝐨𝐜𝐢𝐭𝐲 𝟐 (𝐕𝟐) =
𝟓𝟎

(𝐓𝑬𝒙 – 𝐓𝑭𝑴𝑷)
          (2) 

 

TEnt represents the time where the front of the cell reaches the entrance of the channel, TFMP 

represents the time at which the front of the cell reaches the midpoint of the constriction channel, 

and TEx represents the time when the front of the cell reaches the exit. 

We then compared velocity measurements using impedance plots and high-speed video 

(Figure 3.5). The exact velocity measurements (velocity measured from high-speed video) slightly 
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varies from the estimated velocity (velocity measured from the impedance plot). As you can see 

from Figure 3.5 the velocities are comparable which indicates that the impedance data are 

sufficient for measuring the approximate cell velocity as the cell transits through a constriction 

region. The ability to calculate the approximate cell velocity at the two different constriction 

regions indicates that this device can be used to measure the velocities using the impedance data. 

In turn, this can replace the long and intensive video analysis methods that is currently used in cell 

deformability assays. 

 

 

Figure 3.5: Comparison of measured cell velocity from impedance data and high-speed video. Each Cell 

# represents a single cell. 

 

Between each of the six important cell location points listed in Table 3.2 and shown in Figure 

3.4, there are some minor variations in the impedance. We theorize that these minor variations 

could be related to the location of the nucleus in the cell as it is not necessarily located in the 

center of the cell. This can be useful information because a cell’s nucleus has different properties 
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compared to membrane. Our proposed chip hypothetically can provide data regarding 

cell/nucleus size ratio, an important indicator of cell health status [4]. 

3.4 SEMC Device 

Channel Design and Experimental Setup 

This device consists of 4 parallel deformation channels with a single electrode pair (Figure 3.6).  

Each deformation channel has a relaxation region in between two constriction regions.  A single-

cell suspension is inserted into the inlet and a positive pressure is applied using a Harvard 

Apparatus syringe pump.  Thus, cells are forced to pass through the constriction regions towards 

the outlet on the other end of the device.  

 

Figure 3.6: Device fabrication processes and device configurations. 

 
The microfluidic device was mounted on an inverted microscope (Zeiss Axio Observer, LSM-

510, Thornwood, NY). Video of cells traveling through the microfluidic channel was record at 

240 FPS using a smartphone.  The electrodes are connected to an impedance analyzer (HF2IS 

impedance spectroscope, Zurich Instruments, Zurich, Switzerland).  Impedance measurements 

were taken by applying an AC signal with an amplitude of 1V on the electrodes. Data was 

collected at four different frequencies (1 kHz, 10 kHz, 100 kHz, and 1 MHz).  Impedance results 
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were processed in MATLAB to find the amplitude ratio and phase shift, which are known to be 

major bio-signatures of cells.    The amplitude ratio is defined as: 

Amplitude ratio =
𝑍peak−𝑍base−line

𝑍base−line
                      (3) 

Zpeak represents the highest amplitude peak while the Zbaseline represents the impedance value 

before the cell has entered.  The phase shift represents phase difference between input AC 

voltage and measured AC current response.  This shift exists due to the specific membrane 

capacitance of the cells. 

Results/Discussion  

 

The location of cancer cell #1(red) and #2(blue) in the microchannel with respect to time is 

plotted in Figure 3.8a.  Due to the deformation channel design, the impedance profile of each cell 

has two peaks with a baseline in between (Figure 3.8b). The impedance measured across all four 

channels increased when cell #1 entered one of the four channels, impedance had maxima at 

t=9~13s and t=16~20 s which correlated with cell #1 location in the constriction channels 

(Figure 3.7). The impedance dropped sharply as cell #1 entered the relaxation region (t=14~15s); 

here the impedance value returned to the original baseline typical of the cell-free solution. A 

smaller cancer cell #2, entered another channel as cell #1 was passing through the microchannel, 

which was detected by the electrode pair at t=6s.  

 

Figure 3.7: Image of the four parallel microchannels with electrodes (dark vertical bars); cancer cell #1 

location (encircled in red) at 5, 14, and 20 seconds, respectively is recorded by camera. 
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Figure 3.8: The location of the cancer cells by time (a), and the impedance measurements of the cells (b). 

 

 

Figure 3.9: Three base-lines of the impedance measurement results of MDA-MB-231 cells at four 

frequencies. 

 

The impedance measurement results of MDA-MB-231 showed three different base-lines at 10k, 

100k, and 1MHz (Figure 3.8), because the cells clogged in constriction channels caused an 

increasing of overall impedance value. The three different base-lines showed cells were trapped 

in three channels. At the same time, cells passing through the fourth channel were still recorded 

by impedance measurement. The amplitude ratio and phase shift data of each cell was collected 

from the impedance measurement. They are calculated using amplitude values, and the real and 

imaginary parts of impedance compared to the base-line.  
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3.5 Conclusion and Future Impact 

 

To summarize, we report two bioimpedance sensing devices that are each coupled with a 

cell deformability assay in an innovative microfluidic device for label-free analysis of single-cell 

biophysical properties.  MESC is an all-transparent device that uses impedance sensing to track 

the position of a cell as it transits through a constriction channel, eliminating the need for extensive 

post-processing image analysis. The highly sensitive device can accurately measure transit times 

along with the average cell velocity at different regions of the constriction channel, which are both 

indicators of viscoelastic properties of the cells.  SEMC can measure cell travel time along with 

impedance amplitude and phase shift. Measurements for up to four cells at four different 

frequencies can be taken accurately.  The throughput of this device greatly increased compared to 

our previous designs. 

The bio-electromechanical abilities of our devices provides implications for future research 

related to nuclear tracking, high-throughput applications, and drug efficacy tests. As the device 

can track cells with a high sensitivity, it is possible to obtain specific information on individual 

components of the cell, such as the size nucleus. Since the size of the nucleus can be an indicator 

of cell health, the device could potentially differentiate between healthy and diseased cells [4]. 

Finally, the devices can provide biomechanical and bioelectrical properties of cells, making them 

a potentially useful tool for drug efficacy studies [5]. 
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4.  Conclusion and Future Outlook 
 

Conclusion 

 

In this thesis, a variety of microfluidic chips were developed for label-free measurements 

of biomechanical and bioelectrical properties at the single-cell level.  To achieve these results, 

there are many different skills one would need to learn. These skills include device design, 

microfabrication, impedance spectroscopy, soft lithography with PDMS, cell culturing, and drug 

treatment techniques.   Chapter 1 gives a background on how cells can be modeled as biophysical 

objects. The chapter also discusses different methods of probing cells for their biomechanical and 

bioelectrical properties, in combination with impedance spectroscopy in deformability assays.  

Chapter 2 reports a microfluidic device consisting of multiple constriction channels with varying 

number of constriction counts.  Biomechanical properties of breast cancer and nontumorigenic 

breast cells were assessed by comparing the effect of varying deformation and relaxation regions.  

Velocity profiles of these cells were used to distinguish between each cell type with 95% accuracy.  

Chapter 3 reports two microfluidic biosensors that combine impedance spectroscopy with 

deformability assays to alleviate extensive post-processing times.  The first device, MESC, uses 

an array of electrodes to measure high-resolution cell velocities as they transit through the 

deformation region.  SEMC utilizes parallel deformations channels with a pair of electrodes to 

improve the throughput and automate data collection of deformability assays.   
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Figure 4.1: Skills necessary for creating microfluidic sensors for biophysical characterization 

Future Outlook 
 

There are a wide variety of options for future work that can build upon the current 

technology.  Some avenues include: device improvement, device modeling, and clinical device 

development.  Improvements that can be made on current devices include increasing throughput 

and resolution, and reducing noise and post-processing time.  To further increase throughput, one 

can add more channels in parallel so that data collection can be done in many channels 

simultaneously. Improving resolution on velocity tracking devices can be done by adding floating 

electrodes inside the constriction channels which could potentially act as markers or checkpoints 

for when the cell crosses them. Improving resolution of device will reduce error in velocity 

measurements, making the device more robust.  Additionally, to reduce noise we can take 

differential impedance measurements as the cells pass through the microfluidic channels. 

Modeling current devices would be an appropriate step to better understand the results of the 

device better.  By modeling the electric field created by the electrodes could be a good method of 
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understanding the impedance results.  It can also be important for optimizing the electrodes and 

optimizing the device design.  Finally, the end goal of current work is to create robust devices for 

clinical applications.  Although developing such devices for clinical applications is challenging, it 

is imperative for the advancement of cancer diagnostics and treatments. 

 

Figure 4.2: Diagram illustrating different avenues of future work. 

 


