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Abstract DC-Dielectrophoresis (DC-DEP), the induced
motion of the dielectric particles in a spatially non-uniform
DC electric field, is applied to separate biological cells by
size. The locally non-uniform electric field is generated by
an insulating hurdle fabricated within a PDMS microchannel.
The cells experience a negative DEP (accordingly a
repulsive) force at the corners of the hurdle where the
gradient of local electric-field strength is the strongest. The
DC-DEP force acting on the cells is proportional to the cells’
size. Thus the moving cells deviate from the streamlines and
the degree of deviation is dependent on the cell size. In this
paper, we demonstrated by using this method that, combined
with the electroosmotic flow, mixed biological cells of a few
to tens of micrometers difference in diameter can be
continuously separated into different collecting wells. For
separating target cells of a specific size, all that is required is
to adjust the voltage outputs of the electrodes.
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1 Introduction

The cell is the most basic functional element in living
organisms. Cells contain important information for
genetic development, metabolism, immunological
responses, and all other biological processes. Therefore
cell separation according to their phenotypes is a
fundamental technique in biology and medical biotech-
nology. Because of their small size ranging from
hundreds of nanometers to tens of micrometers, and
their dense population, one needs more advanced
techniques and subtle devices, instead of traditional
tweezers and pipettes, in order to physically access the
cells. Thank to the rapid development of lab-on-a-chip
technology in the recent decade, researchers can now do
cell loading, docking, culturing, sorting, lysis, detection
and even single-cell on-chip analysis (Toner and Irimia
2005; Voldman 2006; Dittrich et al. 2006; EIl-Ali et al.
2006). These cellular lab-on-a-chip devices are not simply
scaled-down versions of conventional lab apparatus, they
are equipped with various micro- and nanotechnologies.
The future of health care may be revolutionized by hand-
held analyzers because of their advantages including
dramatically reduced consumption of samples and
reagents, high speed, integrated functions, automation
and portability.

Among the existing techniques for cell manipulations
and separation, dielectrophoresis (DEP) may be the most
popular method (Gascoyne and Vykoukal 2002; Hughes
2002). DEP arises from the interaction of a dielectric
particle, such as a cell, and a spatially non-uniform electric
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field. Because electric fields can be scaled down easily at
the microscale, a highly non-uniform electric field at a
length scale comparable to cell size can be generated at
relatively lower voltages. The generated DEP force affects
the dynamic behavior of the cells by inducing translational
motion or reorientation. Since the relative dielectric
polarization (and hence the dielectric response) of the cells
depends on the driving frequency of the applied electric
field, an alternating (AC) electric-field is usually applied to
generate DEP forces of different magnitudes and directions.
Therefore DEP devices may be reconfigured for separating
other cell phenotypes by modifying field frequency or
amplitude. As a common practice in the AC-DEP, an array
of metal electrodes is embedded inside a microchannel
network to generate a dynamic non-uniform electric field.
The micro-electrode structure required for AC-DEP can be
fabricated and integrated into the lab-on-a-chip system by
conventional photolithographic techniques. Alternatively,
static non-uniform electrical fields can be achieved under a
DC electric field by specially designed features, such as
obstruction or hurdles using electrically insulating materi-
als. Some interesting applications of DC-DEP for particle
trapping and concentration in microsystems have been
reported recently (Cummings and Singh 2000, 2003;
Lapizco-Encinas et al. 2004a, b; Chou et al. 2002; Prinz
et al. 2002; Chou and Zenhausern 2003; Ying et al. 2004).
The benefits associated with this insulating material based
DC-DEP technique are obvious: (1) there is no embedded
metal electrode, which greatly reduces the complexity of
fabrication by using simple techniques such as soft
lithography; (2) the structure is mechanically robust and
chemically inert; (3) gas evolution due to electrolysis
around the metal electrodes is avoided inside the channel;
and (4) DC electric fields can perform both the DEP
particle manipulation and the electrokinetic particle trans-
port simultaneously in a microchannel.

It is desirable to explore the practical applications of
DC-DEP on particle separation. Recently, the authors
proposed a novel method using DC-dielectrophoresis for
separation of particles by size (Kang et al. 2006a). In the
previous work, we demonstrated that a mixture of
polystyrene microparticles of two different sizes can be
continuously separated and diverted into two different
collecting wells. As a practical application, in this
paper, we will show the continuous separation of biolog-
ical cells by size using the same principle. First we will
review the theory of the DC-DEP force affecting the
trajectory of cell motion. Then we will describe the
experimental design and setup in detail. Finally we will
demonstrate the results for separation of human white
blood cells and breast cancer cell groups and discuss the
limitations associated with the use of electric field in this
method.
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2 Theory

Consider a dielectric particle in an electrically conducting
liquid. In the presence of an externally applied electric
field, the particles and the surrounding medium are
electrically polarized, and the surface charge accumulates
at the interfaces due to the difference in electrical
permittivity and conductivity of the particle and the liquid.
The polarization induces an effective dipole on the particle
and the DEP force arises because of the interaction of the
particle’s dipole and the spatial gradient of the electric field.
For an insulating spherical particle of radius a, in a
nonuniform electric field E, the net DEP force is given by
(Pohl 1978; Jones 1995)

Fpep = 2”5fa3.7CMv|E|2 (1)

where & is the electrical permittivity of the suspending
medium. fcy, represents the Clausius—Mossotti (CM) factor,
which describes the relaxation in the effective polarisability
of the particle. The low frequency limiting value of CM
factor foy = (Up — Jf) / (ap + J_,») depends solely on the
conductivity of the particle and the suspending medium.
Considering the case of insulating particle suspended in a
conducting buffer solution, o, =0 and oyE -n = 0; the
CM factor becomes —1/2. Accordingly, the net DEP force
acting upon a spherical particle reduces to

FDEP = —ns,-a3V\E\2 (2)

At the low frequency limit, the cell membrane blocks the
DC current and causes the cell to behave like an insulating
sphere (Jones 1995). Thus expression 2 is also valid for a
live cell. It can be inferred from Eq. 2 that the magnitude of
the DEP force is proportional to the particle volume
(4md’ / 3) and the gradient of the electric field intensity,
V|E|*. The negative sign in Eq. 2 implies that the DC-DEP
force always directs to the local electric-field minimum.
Thus it is also called the negative DEP.

In this work, electroosmotic flow (EOF) of an electrolyte
solution is generated inside a microchannel under an
applied DC electric field. The liquid properties are assumed
to be uniform throughout the channel. Joule heating effects
are neglected (Xuan et al. 2004; Erickson et al. 2003). The
channel walls are made of electrically insulating materials.
A rectangular or triangular hurdle is fabricated in the
middle section using the same material. Figure 1 illustrates
the electric-field lines and the contours of the electric-field
strength E around the hurdle. Because the total current is
conserved in any cross-section of the main channel, the
electric field is constricted in the gap region between the
hurdle and the channel wall. Thus a stronger and non-
uniform local electric field is created near the edges of the
hurdle.
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Fig. 1 Distribution of the
electric-field lines and
contours of the electric-field

strength £ around the
rectangular hurdle; Darker area
has a stronger electric field

=T 405

ursA

-3 2

By the combined effect of electroosmotic flow (EOF)
and the electrophoresis (EP), a suspended particle can move
along with the fluid and pass through the gap region. The
forces that determine particle trajectories include the
dielectrophoretic force, the electrophoretic force, and
the Stokes frictional force. In addition there is a dynamic
(momentum-associated) component that links the trajectory
with particle acceleration, which can be safely neglected
because of the particle’s micron size. The characteristic
time scale for the acceleration phase is about 10 second,
which is of orders of magnitudes smaller than the time scale
of the variation of the external forces as well as the time
scale of the observation system. Instead of the detailed
mathematical formulation, which can be found in the
authors’ previous publications (Kang et al. 2006a), a brief
of the operation principle is outlined here. As shown in
Fig. 2, the electric field has a local maximum at the corner
of the hurdle. Since the DC-DEP force directs to the local
field minimum, the particle experiences a repulsive force
when it moves around the corner of the hurdle. The
magnitude of the repulsive DEP force is proportional to
the particle size. Therefore a larger particle is subjected to a
larger DEP force and tends to be deflected to a stream
further away from the corner, in comparison with a smaller
particle. The similar DEP deflection occurs when the
particle passes the corner on the other side of the hurdle.
Similarly, particles moving around a triangular shaped

Fig. 2 DEP force and its effect on a particle near the rectangular
hurdle corner. Darker area has a stronger electric field

hurdle also experience the DEP repulsion. As a result, the
trajectory deviation because of the DEP deflection will be
different for particles of different sizes and hence they can
be separated into distinct flow streams. We will show in this
investigation that by controlling the electroosmotic flow
streams after the hurdle, cells of different sizes can be
finally diverted into different collecting wells.

3 Experiment

The design of the DC-DEP separation chip and the
specific dimension of the microstructure are shown in
Fig. 3. There are four branches connected to four different
wells. Well B and C are for the cell mixture and the
driving buffer solution, respectively. Well A and D are for
collecting the separated small and large cells, respectively.
Branches A, C, and D are 300 um in width. Branch B is
90 um in width. All of the branch channels are 45 pm in
depth (in z direction). The kernel structure is a rectangular
hurdle (240x 130 wm) or a triangular hurdle (240 pum in
base width, 130 pum in height) located between the
inputting branches (B and C) and the separation branches
(A and D). The PDMS (poly-dimethylsiloxane) micro-
channel was fabricated following the soft lithography
protocol (Duffy et al. 1998). A detailed fabrication
procedure can be found in reference (Xuan et al. 2005).
Fixed white blood cells from an HIV-infected subject and
the live mammalian breast cancer cells are used individually
in the separation experiments. The white blood cells were
fixed and supplied in suspension in a lysis buffer (1x DMEM,
Mediatech, #10-013-CV, Herndom, VA). The solution con-
tains white blood cells (granulocytes, monocytes, and
lymphocytes) ranging from 8 to 14 um and other components
(platelets, lysed RBC debris, etc) smaller than 5 pum. The
cancer cells (cell line MCF7) range from 20 to 60 pm and
were supplied in suspension in nutrition solutions (10 mM
Tris, pH 7.5, 50 mM NaCl, 250 mM Trehalose, and 0.02%
EDTA). The cell concentration was normally about 10°/ml.
Since the mass density of the cells are slightly greater than
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Fig. 3 Design of the separation chip. (a) Chip design for cell
separation; (b) Dimension of the chip and inner structure

that of suspension buffer, the cell solutions were well
vortexed prior to use to prevent sedimentation.

In standard protocols for preparation of the nutrition
solutions, sucrose instead of trehalose is used. However in
this study we have tried both sucrose and trehalose, and
found that trehalose gives better protection to the cells
under application of the electric field. Under the same
situation, the destruction of the cells in trehalose is much
lower than in sucrose. This is in accord with the finding by
Haritou et al. (2000). They tried eight different sugar media,
including sucrose and trehalose, and found that trehalose
suppresses the cell destruction (hemolysis) the best, and at
the same time it suppresses the cell fusion very well.

Before the experiment, the channel and all the wells
were primed with the working buffer (the suspension
solutions). Then the cell mixture was introduced into well
B with a 1-ml plastic syringe. A high-voltage DC power
supply (Glassman High Voltage Inc., High Bridge, NJ) was
used to drive the fluid flow through the microchannel
network by platinum electrodes submerged in each well. A
custom-made voltage controller was used to adjust individ-
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ual voltage output of the four electrodes. In the experi-
ments, electrode D was always grounded. The voltage
outputs to electrodes A, B, and C were carefully adjusted to
ensure that the fluids in the inputting branches B and C
always moved towards the hurdle and flowed into the
separation branches A and D.

The cell motion was monitored by an inverted optical
microscope (Nikon Eclipse TE-2000U) and recorded by a
progressive CCD camera (QImaging, Burnaby, British
Columbia, Canada). The camera was operated in video
mode at a frame rate of 11.4 frames per second. The reading
error in determining the particle positions is about +2 pixels
which corresponds to actual dimension of £5.4 pum.

4 Results and discussion
4.1 Rectangular hurdle for fixed cells

As discussed above, the magnitude of the cell trajectory
deviation is proportional to the DEP force acting on the
cell, and hence the cell size. Therefore the trajectories of the
cells of different sizes can be diverted into different streams
after they pass the hurdle. A typical case of separation of
fixed white blood cells is shown in Fig. 4, which is
obtained by superposing a series of consecutive images of
the moving cells. Initially the cell mixture is introduced as a
single stream from the inputting branch B. Then the main
stream of the buffer solution from branch C pushes the
mixture and forces the cells to move closely to the hurdle
corner. After the cells pass through the gap between

Fig. 4 Separation of the white blood cells: (a) 5 pum threshold

separation, V=102V, V=191V, V=343 V, V=0V, and (b) 10 um
threshold separation, V=62V, V=191V, V=343 V, I'pb=0 V
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the hurdle and the channel wall, their trajectories changed.
The trajectory deviation for a bigger cell is greater than that
for a smaller cell or debris because of the different
magnitude of the DEP force they experience at the hurdle
corners. Thus the single stream of mixed cells is separated
into different streams. By adjusting the voltage at electrode
A, all of the cells (greater than 5 pm) move into branch D,
while all the debris of the lysed red blood cells and other
small components can be moved into branch A [Fig. 4(a)].
Using a different value of applied voltage at the electrode
A, the bigger white blood cells (greater than 10 um in
diameter) move into the separation branch D, while the
smaller cells and debris moves into the other separation
branch A [Fig. 4(b)]. In this way, we can purify the cell
mixture by removing the lysis debris, or selectively separate
the larger cells from the other mixture components. As one
of the major advantages, separating target cells of a
different size can be realized simply by adjusting the
applied voltages. Channel reconfiguration, such as a new
design or modified dimensions, is not required.

The highest applied voltage is at electrode C, which
determines the overall voltage level of the chip. As pointed
out in the previous work (Kang et al. 2006b), maintaining an
appropriate voltage level is important to have a high
separation speed by enhancing the EOF while avoiding the
undesired heating problem. Other than the voltage level Vc,
the voltage output at electrodes A and B are also important to
realize the cell separation by size. The applied voltage at
electrode A is for controlling the downstream flow streams
and hence the cell motion after the hurdle. In this
experiment, there exists an effective threshold value of Vj
in order to realize the separation, depending on the specific
separation size requirement. For instance, the effective
voltage V, is about 62 V if one needs to separate cells
bigger than 10 um [as in Fig. 4(b)]; and V4 is about 102 V if
one needs to remove the debris (particles smaller than 5 pm)
from the mixture [as in Fig. 4(a)]. The threshold voltages are
dependent on the channel configuration and the cell size.
They can be easily determined by experimental calibration.
The major function of the electrode B in the inputting well is
for driving the cell mixture into the hurdle region.

4.2 Improved design: triangular hurdle for live cells

The above design of rectangular hurdle is for separation of
the white blood cells, which have been fixed and thus can
withstand the strong local electric field for a longer period
of time. However, when dealing with the live cells, such as
the breast cancer cells used in this study, the narrow
constriction gap region between the rectangular hurdle and
the channel wall is so long that the live cells passing
through it will die. This is because of the extra stress acting
on the cell membrane and the induced Joule heating by the

strong local electric field. To minimize the negative effects
we modified the design and created a triangular hurdle
(as shown in the insets in Fig. 3). In this way, the length of
the path where the cells experience the greatest stress is
greatly reduced. Meanwhile the required DEP force can still
be generated around the tip of the triangular hurdle. To
further facilitate diverting the cell streams, we also designed
divergent output branches downstream after the hurdle.
Figure 5(a) shows the separation of the white blood cells
(greater than 5 um) from the debris. It can be seen that the
triangular hurdle works well in terms of separation
compared with the rectangular hurdle design (Fig. 4).
Furthermore the divergent output branches actually elimi-
nate the stagnant flow area (at the cross of the T-shaped
output branches in Fig. 4) created in the previous design,
and avoid the problem of slowly moving cells getting stuck
in the stagnant region. Figure 5(b) shows the separation of
the large breast cancer cells (about 30 um) from smaller

branches: (a) separation of the white blood cells. V=31V, V=136V,
Ve=345 V, Vp=0 V; (b) separation of the large and small breast
cancer cells, VA=56 V, V=154V, V=180 V, Vp=0 V
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ones (about 20 pm). Such large cells are thought to
represent a subset of mammary stem cells. They constitute
a very small portion (less than 1%) of the whole breast cell
population. Large breast stem cells are therefore very rare,
and this is illustrated in Fig. 5(b) where only one large cell
could be detected. The objective of this separation is to
isolate stem cells for cell culture and subsequent analyses.
To keep them alive after separation, we have to use much
lower voltage level [V-=180 V, Fig. 5(b)] compared with
that [Vc=345V, Fig. 5(a)] for fixed cells.

4.3 Limitations

There are some limitations associated with the DC-DEP
separation of the biological cells. Two major problems
are the electric field induced membrane stress and the
Joule heating. The DEP force is proportional to the
gradient of the electric field intensity, V|E[*. The
electroosmotic flow is proportional to the electric field
intensity, £. Theoretically, application of a higher electric
field can generate greater DEP force and stronger
electroosmotic flow. However, we observed that live
cancer cells die a short time after they are exposed to a
very high voltage level, or when they pass through the
narrow constriction in the microchannel, i.e., the gap
region. This is because the strong DC electric field
imposes a great stress on the cell membrane (Voldman
2006). Therefore one cannot significantly increase the
voltage to speed up the separation process and to increase
the separation efficiency. The other side effect associated
with high voltage is Joule heating, which causes signifi-
cant temperature rise locally and can destroy the channel
as well as the biological samples. It is known that a high
temperatures (more than 4°C above the cells’ physiolog-
ical temperature) leads to rapid mammalian cell death, and
even a less extreme temperature increase may have
negative physiological effects (Voldman 2006). In addi-
tion, the cell membrane may also be damaged by some
free radicals (Feeney and Berman 1976), which can be
generated by thermal decomposition and electrolysis at
metal electrodes under the application of high voltage.
Although some sugars work as free radical scavengers and
some enzyme such as catalase and SOD (superoxide
dismutase) provide significant protection (Thamilselvan
et al. 2000), the temperature elevation because of Joule
heating cannot be avoided. Since the viability of the cells
after separation is critical for some subsequent analysis,
such as the breast cancer cells used in this study, it is
highly important to optimize the chip design in order to
improve the sample viability. The work presented in this
paper is explorative proof of concept. However, much
work remains to minimize the negative effects associated
with the application of the electric field.
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5 Summary

DC-Dielectrophoresis is applied to separate white blood cells
and breast cancer cells by their sizes. A DC electric field can
be used to simultaneously perform both the electrokinetic
transport and the DEP separation of cells. The kernel
structure is an insulating hurdle between the input and
separation microchannel branches, which can generate a
local non-uniform electric field. The cell trajectories are
deflected by the DEP force around the hurdle, and large and
small cells are diverted into different streams. By adjusting
the applied voltages at the ends of different branches, a
mixture of biological cells of different sizes can be
continuously separated into two collecting wells.

This separation method can separate cells with a size
difference of a few microns. There exist threshold voltages
which are dependent on the desired separation size and
channel configuration; they can be easily determined by
experimental calibration. The major advantages of this DC-
DEP separation are: (1) It can be easily fabricated because
the channel geometry is simple. (2) It does not need
imbedded microelectrodes inside the channel. (3) The
separation is highly efficient and promises high purity of
the final samples. (4) Separating target cells of a different
size does not require a new channel configuration or
modified dimensions. All that is required is a simple
adjustment to the applied voltage via the electrodes.
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