
Abstract. Background/Aim: Breast cancer has shown
improved prognosis over the years, yet due to different types
of breast cancer and different phenotypes of breast cancer
cells, it is essential to have an accurate diagnostic procedure.
Materials and Methods: A unique methodology employing
direct current (DC) electrophoresis and electroosmosis in
fabricated microfluidic devices was used. This phenomenon
was used to discern breast cancer cells from normal breast
epithelial cells based on their electrophoretic mobility and
electroosmosis. Results: Breast cancer cells (MDA-MB-231)
rapidly covered the wound in scratch assay compared to
mammary epithelial cells (MCF-10A). However, under DC
electrophoresis and electroosmosis MCF-10A cells were
observed to move at higher velocities compared to MDA-MB-
231 cells under similar voltages. Conclusion: Our study
provides an economical and efficient method of studying
electrophoretic and electrokinetic phenomenon of different
cell types that can be used to the advantage of detecting and
monitoring cancer progression.

Cancer is the second leading cause of death worldwide, and
has a heavy economic burden ($1.17 trillion, 2010) on the
society (1). Breast cancer is the most commonly diagnosed
cancer and is the second leading cause of cancer-related
death among women. Although the incidence of breast
cancer has considerably declined and medical advancement
has increased life expectancy, risk factors for cancer
including aging and obesity are on a rise, and thus measures
need to be taken for early diagnosis and treatment.

Microfabrication at the cellular level is the new
technological tool for detecting and treating cancer. Cancer

cells possess unique characteristics: growth at low oxygen, less
negative membrane potential, lower membrane capacitance and
cytoplasmic conductivity, and fermentative metabolism
compared to normal healthy cells (2). These properties are
being exploited to discern cancer cells from normal healthy
cells in a population. In this article, we report for the first time
a new feature exploiting differential velocity of cells (tumor
versus normal) under electric field using the phenomenon of
direct current (DC) electroosmosis and electrophoresis. 

Lab-on-a-chip-based devices are being used to analyze
chemicals and for manipulation of biological cells and
tissues (3-6). Electroosmosis is defined as the motion of
liquid relative to a charged surface under the influence of an
electric field (7). The two main classifications of this process
include DC and alternating current (AC) electroosmosis. 

As shown in Figure 1a the negatively charged walls along
the channel allow electroosmosis to occur. This process is due
to the formation of an electric double layer (EDL) from
potassium chloride solution that comes in contact with a
charged surface. Electroosmotic velocity can be measured in
microchannels using Helmholtz-Smoluchowski approximation
for thin EDL (Equation 1). 

Equation 1

uEO is the Helmholtz-Smoluchowski electroosmotic velocity,
ζ is the zeta potential, ε0 is the absolute permittivity in the
vacuum, ε is permittivity of the liquid, εf is the relative
permittivity of the fluid, μ is the dynamic viscosity of the
fluid, and Ex is the electric field. 
Similar to electroosmosis, electrophoresis describes the
motion of a charged particle relative to its surrounding liquid
(8) (Figure 1b). The separation and behavior of particles
during electrophoresis is a result of varying velocities (v),
which is a product of particle’s mobility (μ) and applied
voltage (E) (Equation 2). 

v=μE        Equation 2
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In this paper, both electrophoresis and electroosmosis were
utilized to understand the mobility of cells when subjected
to voltage variations. In biological systems, cancer cells
show increased movement (metastasis) compared to
differentiated tissue cells, however, voltage application can
alter the behavior of both cell types due to variations in
cellular morphologies. 

Materials and Methods
Cell culture. MDA-MB-231 (breast cancer cells), and MCF-10A
(non-tumorigenic mammary epithelial cells) were obtained from the
American Type Culture Collection (Manassas, VA, USA). MDA-
MB-231 cells were grown in DMEM/F12 media supplemented with
5% fetal bovine serum, whereas MCF-10A cells were grown in
DMEM/F12 media supplemented with 5% horse serum, 20 ng/ml
epidermal growth factor, 0.5 μg/ml hydrocortisone, 100 ng/ml
cholera toxin, and 10 μg/ml insulin. 

Scratch wound healing assay. Cells were grown in 6-well plates to
complete confluency after overnight incubation. A scratch was made
in the most confluent zone using a sterile 1 ml pipet tip, floating
cells were washed once with ice-cold PBS and incubated with
media. Phase-contrast images were taken at 0, 24 and 48 h to
analyze gap closure.

Construction of microfluidic device. Glass slides were sonicated
with 1 M KOH (Acros Organics, NJ, USA) (15 min), rinsed with
DI water (2 to 3 min), sonicated with acetone (15 min), rinsed with
DI water (2 to 3 min), sonicated with isopropanol (Fisher Science
Education, Pittsburgh, PA, USA) (15 min), and then rinsed with
isopropanol and DI water (2 to 3 min). Finally, sample surfaces
were sonicated with DI water following a 15-min rinse with
acetone, ethanol and DI water. Samples were dried with air gun and
then put above hot plate at 120˚C for 3 min. These sample surfaces
were stored in clean boxes to avoid dust.

Microfluidic device consisted of a microchannel with two
reservoirs on opposing sides of the channel (Figure 2). A clean razor
blade was used to cut a thin strip of clear tape into the desired
channel shape. This strip was placed into a petri dish. A prepolymer
and curing agent with a 10:1 ratio was poured into the petri dish.

The resultant polydimethylsiloxane (PDMS) was left to cure for 36
h at room temperature. After completion, the cured PDMS along
with the microfluidics channel was carefully removed from the petri
dish using a clean razor blade. Before adhering PDMS to the glass
slide, the two reservoirs were punched into either side of the
microfluidics channel. Deionized water was used to clear the
reservoirs, and the entire slide was cleaned with a corona discharge.
Following cleaning process PDMS was gently placed upon the clean
glass slide.

Microfluidic measurements. A charge-couple device, or CCD
camera, was used to capture the location of cells at a given time
(every ten milliseconds) (Figure 3). These images were used to
conduct velocity field measuremtents through 2-D micro-PIV image
acquisition to target specific cells. A MATLAB code was used to
analyze the images. Microscope magnification of 4× was used to
analyze the desired vector field of the fluid. 

Results
A relatively steady positive relationship between maximum
velocity and applied voltage was observed throughout the
interval (Figures 4 and 5). A spike in velocity was shown
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Figure 1. Electroosmosis and electrophoresis phenomenon in microchannel (12, 13). 

Figure 2. Schematic diagram of the microfluidic device.



between 3V and 3.5V as well as between 4.5 V and 5 V for
MDA-MB-231 cells. The maximum velocity at any voltage
was much lower than the corresponding velocity for MCF-
10A cell. MCF-10A cells were shown to have a loose
exponential relationship with velocity and applied voltages
(Figure 5). At lower voltages (1 V to 4 V), the increase in
maximum velocity was rather gradual, however, there was
nearly a 100 mm/sec increase in the recorded velocities
from 4 V to 4.5 V. Between 4.5 V and 5 V, the velocity
continued to increase at a smaller rate and changed by
roughly 33.67 mm/sec. 

The electro kinetic process gives a range of applied
voltages spanning between 1V and 5V. A relatively steady
positive relationship between maximum velocity and
applied voltage was observed throughout this interval
(Figures 4 and 5). A spike in velocity was noted between 3V
and 3.5V as well as between 4.5V and 5V (Figure 4). The
relationship between maximum velocity and applied voltage
was relatively similar to that of MCF-10A cell (Figure 5).
However, the maximum velocity at 1V of MDA-MB-231
was significantly lower than MCF-10A cell at roughly 2.919
(mm/s). This trend continued throughout the various applied
voltages. At 5V, the largest maximum velocity throughout
the given interval was found to be 61.05532 (mm/s) (Figure
4). This value was much lower than the velocity for the
MCF-10A cell which was 199.0956 (mm/s) at the same
voltage (Figure 5).

MCF-10A cells were shown to have a loose exponential
relationship with velocity and applied voltages (Figure 5). At
lower voltages, from 1V to 4V, the increase in maximum
velocity was rather gradual. The average change in velocity

between these two voltages was roughly 19.33 (mm/s)/V.
This trend stopped once the applied voltage surpasses 4V.
There was nearly a 100mm/s increase between the recorded
velocities at 4V and 4.5V. Interestingly, this jump was not
observed anywhere else between 1V and 5V of the recorded
data. Between 4.5V and 5V, the change in velocity came
down to roughly 33.67mm/s. An undisputed trend throughout
the data is that as the applied voltage is increased the
maximum velocity of the fluid increases as well.

Cellular mobility in the absence of applied voltage was
evaluated using scratch wound healing assay. Clear zone
in the scratch wound assay represents wound created in a
confluent cell layer using a micropipette tip (Figure 6).
Cell movement was observed in MDA-MB-231 cells
within 24 h of creating the wound which was completely
covered at about 48 h. MCF-10A cells showed no
movement towards the gap and the wound remained intact.

Discussion

Breast cancer, in particular, has received great attention as
it is the leading cause of cancer-related mortality in women
and also has a genetic predisposition. Phenotypically cancer
cells display unique properties such as uncontrolled
proliferation, immortality, invasiveness, and metastasis (9).
The most common and rapid method for detection of cancer
is using a biopsy but it is invasive. Other methods used to
monitor progression of cancer including imaging techniques
(CT, MRI, and sonography), and biomarker analysis
(ELISA, PCR) are time consuming and expensive (10).
Microfluidic devices in this context have been designed for

Dutta et al: DC Electrophoresis of Breast Cancer Cells

5735

Figure 3. Schematic diagram of the experimental set up.



multiple tumor biomarker analysis in a single setting using
electro-chemiluminescence, power-free miRNA analysis,
and label-free size-based isolation in pancreatic cancer,
gastric cancer, and gastritis (10). In this paper, we reported
a novel methodology of discerning breast cancer cells from
normal breast epithelial cells using principles of
electroosmosis and electrophoresis in a microfluidic device.

Triple-negative advanced-stage breast cancer cell line,
MDA-MB-231, displays similar genetic profile as non-
tumorigenic mammary epithelial cells, MCF-10A. However,
invasive cell lines (MDA-MB-231) exhibit higher spreading
rate and altered cytoskeletal arrangements compared to non-
invasive cell lines (MCF-10A) regardless of their genetic
profile (11). This has been attributed to differential expression
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Figure 4. Velocity vector at different applied voltages (a-f, top) and relationship of maximum velocity in MDA-MB-231 cancer cells with applied
voltages in microfluidic device (bottom). 



of structural proteins. Our results showed that cancer cells
rapidly covered scratch wound in cell culture, indicative of
metastasis, though MCF-10A cells showed no movement
towards the area of wound despite longer incubation.
Electrophoretic cell movement, in contrast, displayed higher
mobility for normal cells compared to cancer cells for similar
voltages. In a study focused on separating cells by

electrokinetics in biological fluids using AC voltages, it was
shown that while cancer cells remained closer to the top of
the center electrode, non-tumorigenic white blood cells due
to their smaller size and lesser polarizability, showed fluidic
movement away from the electrode (12).

The main goal of this work was to fabricate very simple
fluidic devices and generate both DC electroosmosis and
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Figure 5. Velocity vector at different applied voltages (a-f, top) and relationship of maximum velocity in MCF-10A cells with applied voltages in
microfluidic device (bottom). 



electrophoresis transport phenomena. It was demonstrated
that the velocity of both cell lines increased with increasing
voltage, and the velocity was much higher for normal
mammary epithelial cells (MCF-10A) compared to cancer
cells (MDA-MB-231), which suggests a possible structural
difference that will be further investigated. 

Conclusion

This paper provides a unique and cost-efficient methodology
of understanding motility behavior of cancer cells and
normal epithelial cells under DC electrophoresis and
electroosmosis. This process can be used to array a wide
range of cancer cells based on their variable movement under
the influence of applied voltage.
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Figure 6. Scratch wound healing over 48 h in MDA-MB-231 and 
MCF-10A cells.


