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Abstract
Dielectrophoretic field-flow-fractionation (DEP-FFF) was applied to several clinically relevant cell
separation problems, including the purging of human breast cancer cells from normal T-lymphocytes
and from CD34+ hematopoietic stem cells, the separation of the major leukocyte subpopulations,
and the enrichment of leukocytes from blood. Cell separations were achieved in a thin chamber
equipped with a microfabricated, interdigitated electrode array on its bottom wall that was energized
with AC electric signals. Cells were levitated by the balance between DEP and sedimentation forces
to different equilibrium heights and were transported at differing velocities and thereby separated
when a velocity profile was established in the chamber. This bulk-separation technique adds cell
intrinsic dielectric properties to the catalog of physical characteristics that can be applied to cell
discrimination. The separation process and performance can be controlled through electronic means.
Cell labeling is unnecessary, and separated cells may be cultured and further analyzed. It can be
scaled up for routine laboratory cell separation or implemented on a miniaturized scale.

Modern cell separation techniques1,2 have been fundamental to many advances in cell biology,
molecular genetics, biotechno-logical production, clinical diagnostics, and therapeutics. The
most common of these techniques, centrifugation,2 electrophoresis,3 and both fluorescence-
(FACS)4 and magnetic-activated-cell sorting (MACS),5-6 take advantage of differences in cell
density, electrical charge, and immunological surface markers. Using these methods,
investigators and clinicians are able to deplete particular cell populations (e.g., purge tumor
cells from stem cell transplants) or enrich them (e.g., purify CD34+ stem cells from human
blood).

As these technologies have reached maturity, however, it has become more difficult to make
fundamental improvements in separation resolution, cell purity, sample size, and device cost
and portability. Therefore, novel physical methods by which different cell types may be
discriminated and selectively manipulated are desirable. Besides offering additional avenues
for cell identification, such methods should, ideally, allow us to enhance cell separation, exploit
integrated microfluidic methods, separate microliter-size samples, reduce cost, and develop
portable separation devices. To this end, cell dielectric properties have been explored through
dielectrophoresis (DEP) and other AC electro-kinetic effects7-15 for developing cell separation
techniques.16-20

Dielectrophoretic forces occur on cells when a nonuniform electrical field interacts with field-
induced electrical polarization.8,15 Depending on the dielectric properties of the cells relative
to their suspending medium, these forces can be positive or negative, directing the cells toward
strong or weak electrical field regions, respectively.8,15,21 Because cells of different types or
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in distinct biological states have different dielectric properties,12,17,22-24 differential DEP
forces can be applied to drive their separation into purified cell subpopulations.14,16-20,25-26

A recently developed technique, dielectrophoretic-field-flow fractionation (DEP-FFF), has
been demonstrated to exhibit a high and electrically controllable discrimination for cell
separation.18-20 27 DEP forces produced by microelectrodes are used to levitate cells in a thin
chamber to equilibrium heights where sedimentation forces balance the vertical DEP force
components (Figure 1). A carrier fluid moves through the chamber and establishes a
hydrodynamic velocity profile causing cells of different dielectric and density properties
levitated to different equilibrium heights to be transported through the chamber at different
velocities and thereby separated.

Here we report the application of the DEP-FFF method to several problems relevant to basic
research and clinical settings. These are the separation of breast cancer cells from normal T-
lymphocytes and from CD34+ hematopoietic stem cells, the separation of the major leukocyte
subpopulations, and the enrichment of leukocytes from blood. We analyze the separation
criteria, describe how the applied DEP-field conditions can be chosen so as to vary the DEP-
FFF separation discrimination, and discuss the applicability of the DEP-FFF technique to
various cell separation problems including those for which microfluidic devices would be most
suitable.

THEORETICAL BACKGROUND
As shown in Figure 1, dielectrophoretic levitation forces generated by the interdigitated
microelectrode array are used to levitate cells to different equilibrium heights in the chamber.
It was demonstrated previously18-20 that the equilibrium heights are dependent on the cell
dielectric polarization factor αDEP, the density difference (ρm -ρc) between the cells and the
suspending medium, and the applied DEP signal amplitude U, and are given by

(1)

where d0 and d1 are constants dependent on electrode geometry and dielectric permittivity of
the suspending medium. The dielectric polarization factor αDEP is a function of the applied
field frequency f. Under the influence of a parabolic flow profile, the velocity of a cell located
at a height heq from the chamber bottom surface is given by

(2)

where H and W are the chamber thickness and width, respectively, and Fr is the fluid flow rate.
kr (<1) is a coefficient that characterizes a retardation effect that occurs when particles are close
to the chamber wall.

Thus, by choosing appropriate DEP field and fluid flow conditions based on eqs 1 and 2, cells
having different dielectric and density properties can be levitated to different heights above
the electrode surface and thereby be caused to move at different velocities under the influence
of the flow profile. Typically, DEPFFF is operated under a single frequency field (f in eq 1).
The optimal separation frequency can be determined theoretically by calculating18-20 the
frequency dependencies of cell velocities on the basis of dielectric and density properties of
cell types to be separated and choosing the frequency at which maximum velocity difference
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occurs. Alternatively, the separation frequency can be identified empirically after
experimentally determining the DEPFFF responses of individual cell populations at different
frequencies. DEP field conditions used in this work were chosen through this latter approach.
As described18-20 previously, stable DEP levitation of cells is possible only in the frequency
region where the cell dielectric polarization factor αDEP is negative. For mammalian cells
suspended in a medium having an electrical conductivity ~10 mS/m, negative αDEP occurs in
the frequency range up to ~100 kHz. Thus, we first measured the DEP-FFF responses of
individual cell populations in the frequency ranges up to 100 kHz and then chose the separation
frequencies at which the cell populations to be separated demonstrated large differences in the
DEP-FFF elution times.

For separation of some cell mixtures, DEP signals having a frequency modulation were used.
Under a single-frequency condition, efficient separations typically occurred in the frequencies
where DEP forces exerted on the cells of one type exhibited a wide distribution from being
negative to positive because of the inherent heterogeneity in cell dielectric properties.18,20

Thus, the cells under negative DEP forces were levitated to different heights while those under
positive DEP effects were trapped at the electrode elements. This lead to a broadening of the
cell elution fractograms. We found experimentally that sweeping the signal frequency could
decrease the number of the cells being trapped on the electrode elements and lead to more
compact elution fractograms. A comprehensive analysis of the single-frequency and swept-
frequency protocols has been provided elsewhere.45

EXPERIMENTAL SECTION
Cell Preparation

Human breast cancer MDA-435 cells were cultured in MEM supplemented with 10% fetal
bovine serum under standard tissue culture conditions.12,22 Hematopoietic CD34+ stem cells
were prepared from mobilized peripheral blood samples using a MACS system (Miltenyi
Biotech), yielding >90% pure CD34+ cells. Leukocyte subpopulations (T-, B-lymphocytes,
monocytes, and granulocytes) were derived from buffy coat preparations (Gulf Coast Regional
Blood Bank, Houston, TX) using density-gradient centrifugation, MACS sorting, and
erythrocyte lysis, as described previously.24 To allow for flow cytometry detection of the cells
eluted from the DEP-FFF chamber, CD34+ cells, B-lymphocytes, and monocytes were labeled
with PE- or FITC-conjugated CD34, CD3, and CD14 antibodies (Becton Dickinson, San Jose,
CA), respectively, by incubating the cell suspension with the antibody solution (volume ratio
5:2) for 30 min at 4 °C in the dark. Labeled cells were then washed once and resuspended in
an isotonic buffer (8.5% w/v sucrose plus 0.3% w/v dextrose) having an electrical conductivity
of 10 mS/m, which was adjusted by adding culture medium. Appropriate cell populations were
then mixed in the sucrose buffer. Cell mixtures included MDA-435 cells with T-lymphocytes,
MDA-435 cells with CD34+ stem cells, B-lymphocytes with monocytes. The final cell
concentration was ~1.2 × 106/mL.

For DEP-FFF enrichment of leukocytes from blood, human blood was taken from healthy
volunteers and stained with PECD45 antibody solutions to label leukocytes. The cell samples
were then diluted in the isotonic sucrose buffer to achieve the final cell concentration of ~5 ×
106/mL.

DEP-FFF System Setup
The DEP-FFF chamber and experimental setup are shown in Figure 1. Interdigitated
microelectrodes having 50-μm width and spacing were fabricated on 50 × 50 mm glass
substrates using standard photolithography. A Teflon spacer, which was cut in the center to
provide a separation channel (H 0.42 × W 25 × L 388 mm), was sandwiched between a top
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glass plate and a long electrode plate (consisting of eight electrode substrates in series). The
microelectrodes were connected in parallel to a lab-built PA05-based power amplifier (Apex
Micro-technology, Tucson, AZ). The top and bottom plates were drilled with 1.6-mm-diameter
holes to fit inlet and outlet PEEK tubing (0.0625-in o.d., 0.010-in i.d., Upchurch Scientific,
Oak Harbor, WA). An infusion syringe pump (Daigger, Wheeling, IL) was connected to the
chamber through an injection valve (Rheodyne model 7010, Rheodyne, Cotati, CA) equipped
with a 50-μL loop to provide continuous flow of the carrier medium in the chamber. A second
syringe pump was connected to the top outlet port of the chamber and was operated to withdraw
the cell-free portion of the carrier fluid that constituted as much as 95% of the total flow through
the chamber. Cells exited the chamber through the bottom outlet port and were fed directly to
the injection needle of a flow cytometer (BRYTE HS, Bio-Rad, Hercules, CA) for detection,
bypassing the normal cytometer sample handling fluidics.

DEP-FFF Operation Protocol
The DEP-FFF chamber was first loaded with sucrose buffer. An aliquot of the cell mixture (50
μL) was then introduced into the inlet port of the chamber through the injection valve, as
described previously.26,28,29 A DEP signal (4 V p-p) at 10 kHz was applied to the electrodes
during sample injection so that cells were levitated in the chamber by DEP forces and thereby
prevented from adhering to the bottom surface of the chamber. Different operation protocols
were then applied for separating different cell mixtures after sample injection. The protocols
for separating MDA-435 cells from T-lymphocytes consisted of the following steps:

1. Prior to the application of the fluid flow, a 10 kHz field was applied for 10 min to
allow the cells to reach their equilibrium height positions. As described previously,
19 cell sedimentation time depends on cell size, density difference between the cells
and the suspending medium, the viscosity of the medium, and the sedimentation
distance. Our calculation based on these parameters demonstrated that all the cell
types studied here would sediment to a total chamber height of 0.42 mm in less than
7 min.

2. A flow velocity profile was established in the chamber by starting the injection and
withdrawal syringe pumps at rates of 2 and 1.6 mL/min, respectively. The DEP field
was switched to 40 kHz (or swept between 15 and 35 kHz at a cycle period of 5 s).
This condition was maintained for 5 or 7 min so that all the T-lymphocytes were eluted
from the chamber and identified and counted by the on-line flow cytometer.

3. The DEP field was changed to 5 kHz so that the previously retained MDA-435 cells
were now levitated, eluted from the chamber, and detected by the flow cytometer.

For separating other cell mixtures, different DEP field conditions were applied during the
second segment of the protocol and are summarized in Table 1. Fluid flow conditions were
chosen according to two factors. First, as in our earlier findings,18-20 we noted that the fluid
flow rate as high as several milliliters per minute influenced the time when the cells were eluted
but not relative widths of the elution peaks of the cells. Thus, it was desirable to operate at a
high flow rate to reduce the separation time. Second, the separated cells were detected by the
flow cytometer, which has a maximum operational flow rate of ~0.4 mL/min. This sets an
upper limit on the total flow rate since it is required that all eluted cells go through the cytometer.
On the basis of these considerations and the observed DEP-FFF responses of individual cell
populations, we have chosen a total flow rate of 2 mL/min for most of our separation studies.
The flow rate at the withdrawal syringe pump was varied for different studies to maximize the
cell concentration going through the cytometer. The only exception was for the separation of
leukocytes from blood where a total flow rate of 0.5 mL/min was used because of the relatively
high cell concentrations in the initial cell mixture. In all the studies reported here, we
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experimentally verified that no cells were present in the withdrawal syringe after separation
experiments.

RESULTS AND DISCUSSION
Separation of Breast Cancer Cells from Normal T-lymphocytes

The isolation and enumeration of cancer cells circulating in peripheral blood is potentially an
important screening tool for early detection of cancer and allows for the genetic and
biochemical characterization of cancer cells for diagnosis and prognosis.28-30 Current methods,
which can detect one cancer cell per ~106 mononuclear cells, involve separation of
mononuclear cells from the blood, enrichment of cancer cells, and finally flow cytometric28,
29 or PCR detection.30 To demonstrate the usefulness of the dielectrophoretic approach to this
problem, we investigated the DEP-FFF separation of cultured, human breast cancer MDA-435
cells from T-lymphocytes, which constitute approximately 80% of peripheral blood
mononuclear cells.

Cell dielectric properties and DEP behaviors depend sensitively on the frequency of the applied
electrical field.7,8,16,17 Therefore, to establish suitable cell-separation conditions, we measured
the DEP-FFF responses of breast cancer cells and T-lymphocytes separately as a function of
frequency. Figure 2 shows cell elution fractograms for the two populations. While both cell
types exhibited narrow, single elution peaks at 5 kHz, the fractogram for the breast cancer cells
quickly broadened as the field frequency was increased above 10 kHz. At 20 kHz, only ~35%
of the breast cancer cells were eluted; the rest were retained in the chamber by positive DEP
forces. These cells were held at electrode edges by positive DEP forces and eluted from the
chamber when we reduced the applied field frequency to 5 kHz. In contrast, the elution peak
width for T-lymphocytes changed more gradually, and almost all were eluted at frequencies
up to 50 kHz. These differences suggested that the two cell types should be separable at
frequencies between 20 and 50 kHz.

To examine this possibility under demanding conditions, we prepared a cell mixture at a ratio
of 2:3 (breast cancer/T lymphocyte) at a concentration of 1.2 × 106 cells/mL and applied DEP
field frequencies around 30 kHz. As the DEP-FFF fractograms in Figure 3 show, the mixture
was separated in 11 min and purities above 92% for the two populations and a total cell recovery
of ~70% were achieved (Table 1). The separation occurred because, at frequencies around 30
kHz, T-lymphocytes were levitated well above the chamber bottom wall by DEP forces and
transported under the influence of the fluid flow. Meanwhile, breast cancer cells were either
barely levitated (and, therefore, carried slowly by the slower-moving fluid near the chamber
bottom wall) or were trapped at the electrodes and immobilized by positive DEP forces. After
T-lymphocytes were eluted from the chamber, the DEP field was switched to 5 kHz and breast
cancer cells were then levitated and quickly eluted.

Purging Breast Cancer Cells from CD34+ Hematopoietic Stem Cells
Treatment of advanced cancers often requires autologous, hematopoietic progenitor cell
transplantation. For this to succeed, all cancer cells must be removed from the bone marrow
or mobilized peripheral blood that will constitute the transplant. Currently, the most widely
used technique for removing these cells is MACS in which CD34+ stem cells are positively
selected and cancer cells are washed away and thereby excluded.31-32 Disadvantages of this
method are the need for antibody-activated magnetic beads, a long incubation time for adequate
cell labeling, and difficulty of removing the labels after sorting. DEP-FFF as a stand-alone or
adjunct method for preparing stem-cell transplants eliminates the need for labeling by
exploiting the intrinsic cell properties and overcomes these disadvantages.
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As a demonstration, we used a mixture of cultured breast cancer cells and CD34+ stem cells
at a ratio of 1:1. On the basis of the frequency dependencies of DEP-FFF responses of the two
cell populations (data not shown), a DEP field of 40 kHz was applied for DEP-FFF separation.
The fractograms (not shown) were similar to those shown in Figure 3. As was the case for T-
lymphocytes, CD34+ cells were levitated higher than breast cancer cells and, therefore, into a
faster moving part of the velocity flow profile where they were eluted more quickly than the
breast cancer cells. DEP-FFF separation resulted in a CD34+ stem cell fraction having purity
above 99.5% (Table 1).

Separation of the Major Leukocyte Subpopulations
Purification of major leukocyte subpopulations (i.e., T- and B-lymphocytes, monocytes, and
granulocytes) is important in many clinical and biomedical applications. The differential
diagnosis of bacterial, viral and parasitic infections and of mononucleosis and leukemia, for
example, requires the enumeration of leukocyte subtypes. In research, purified leukocyte
subpopulations are required for the study of molecular signaling between leukocyte
subpopulations by the interleukins and for the analysis of immunological capacities of
distinctive cell types.33-34

The major leukocyte subpopulations have significantly different dielectric properties.24 To
determine the feasibility of purifying them by DEP-FFF, we mixed T- (or B-) lymphocytes
with monocytes, T- (or B-) lymphocytes with granulocytes, and monocytes with granulocytes.
To illustrate the DEP-FFF separations, we will consider the mixture of B-lymphocytes and
monocytes, which was typical of all the blood cell mixtures. To obtain these cells, B-
lymphocytes and monocytes were purified from a leukocyte-enriched buffy-coat preparation
using the MACS method.24 The DEP-FFF elution times for B-lymphocytes and monocytes
differed greatly with applied DEP field between 25 and 45 kHz (data not shown). This
suggested that a swept frequency field between 25 and 45 kHz would be a suitable separation
condition, and this was applied for DEP-FFF to a cell mixture (1:2 for monocytes/B-
lymphocytes) at a total concentration of 1.2 × 106 cells/mL. A typical DEP-FFF fractogram
obtained under these conditions is shown in Figure 4. DEP-FFF separation resulted in monocyte
and B-lymphocyte fractions having purities of 94 and 92%, respectively (Table 1).

Enrichment of Leukocytes from Blood
Separation of erythrocytes and leukocytes from blood, typically performed using centrifugation
or filtration,35 is a basic requirement for many biomedical procedures such as erythrocyte
transfusion.36 We therefore attempted to use DEP-FFF to enrich leukocytes (and erythrocytes)
from blood diluted 1:1000 in a sucrose buffer. On the basis of the DEP-FFF characteristics of
erythrocyte and leukocyte subpopulations (data not shown), a DEP field at 10 kHz was applied
for DEP-FFF. A typical fractogram is shown in Figure 5; leukocytes were enriched 35-fold
and erythrocyte purity was increased from 99.8% in the blood sample to >99.99% in the final
erythrocyte fraction. Again, we believe that the differential cell velocities exploited in the DEP-
FFF separation arose from levitation-height differences between leukocytes and erythrocytes.

Cell Dielectric Separation Criteria
The DEP-FFF method exploits cell dielectric and density properties as the basis of separation.
18-20 In the frequency range used for the separations described here, cell dielectric properties
are determined by the extent to which the applied field penetrates the cell interior via the
capacitance of the plasma membrane. At low frequencies, the field penetration is small and the
entire applied field appears across the poorly conducting membrane. Thus, cells are less
polarizable than the suspending medium and tend to be repelled from strong electrical field
regions by negative DEP forces. In our electrode configuration, this causes levitation. At higher
frequencies, the field penetrates the plasma membrane into the cell interior, which is more
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conductive than the suspending medium under our conditions. Cells become more polarizable
than the medium, the DEP forces become positive, and cells are attracted to the strong field
regions and immobilized at the electrodes.7,8,11,16 Take breast cancer MDA-435 cells and T-
lymphocytes as an example. Because of differences in cell membrane morphology and
composition, T-lymphocytes have a mean membrane capacitance approximately half that of
breast cancer cells,17,23 and the frequency range in which sufficient field penetration occurred
for the DEP force to become positive was therefore higher for T-lymphocytes. Thus, in the
frequency range from 15 to 35 kHz, T-lymphocytes were strongly levitated by negative DEP
forces and were transported quickly through the chamber under the influence of the fluid flow.
Breast cancer cells, however, were only weakly levitated into the slow-moving fluid close to
the chamber bottom wall or were trapped by positive DEP forces at the electrodes. The
differential velocities for T-lymphocytes and the breast cancer cells resulted in the DEP-FFF
separation of the two populations. It follows that cell membrane dielectric properties,
determined by membrane composition and morphological structures,14,18,21-23 were the
DEPFFF separation criteria exploited here.

Over the last 15 years, the dielectric properties8-12,14,16,17,22-24,37-41 of many normal and
cancerous cell types have been shown to be distinct and to depend not only on cell type but
also on the biological state. For this reason, we have introduced the concept of cell dielectric
phenotype.16-17 The dielectric phenotypes of T-lymphocytes allow them to be distinguished
from breast cancer cells, monocytes, and granulocytes, and leukemia cells can be distinguished
from normal leukocytes.23 Other examples include significant membrane dielectric alterations
accompanying temperature-sensitive transformation of rat kidney cells;12 drug-induced
differentiation in leukemia cells;22 mitogenic stimulation of human lymphocytes;23

fertilization of rabbit oocytes;38 and changes in cell environment such as exposure to heavy
metals,39 organic toxins,40 or hypo-osmotic media.41 These examples suggest that by
exploiting such dielectric phenotypes, the DEP-FFF technique may be applied for
discrimination, characterization, and separation of cell subpopulations in many biomedical
problems.

DEP-FFF Operational Parameters
DEP-FFF is quite distinct from conventional FFF in which hydrodynamic lift forces make an
important contribution to performance. Under our conditions, cell levitation heights were
determined by the balance between DEP and sedimentation forces and were not influenced by
the flow-rate-dependent hydrodynamic lifting forces.

DEP-FFF separation depends on the balance of DEP levitation and sedimentation forces acting
on cells in the starting mixtures. Sedimentation forces can be controlled by varying the density
and osmolarity of the suspending medium. In general, the density of the medium should be
less than that of the cells, and the combined solute concentrations in the medium should be
chosen to maintain the desired osmolarity. Further, by adjusting the conductivity of the medium
and the voltage and frequency of the applied electrical field, DEP forces experienced by
different cell types can be fine-tuned to allow small differences in cell-dielectric phenotypes
to be sensitively exploited. These parameters may be predicted16,18-20 from the dielectric and
density properties of the cells in the starting mixture and can be chosen to ensure that cell
levitation height differentials are maximized.18,19 Thus, the dielectric polarization factor,
αDEP, may first be calculated as a function of the applied frequency based on the mean cell
dielectric parameters of the individual cell populations.16,17,20 Then, the frequency-dependent
cell levitation heights and corresponding DEP-FFF velocities may be calculated18-20 using eqs
1 and 2. Optimal separation frequencies may then be identified as the frequencies at which the
largest velocity differences are found for the cell populations to be separated. If preferred,
optimal electrical field parameters may also be discovered empirically by scanning the applied
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field over a range of frequencies. For example, for the electrical conductivity (10 mS/m) of the
suspending medium used here, DEP frequencies may be varied between 1 and 100 kHz to
achieve separation of most mammalian cell types because, above this frequency range, cells
exhibit positive dielectrophoretic forces and are trapped at the electrode elements.

The cells being studied here have a minimum characteristic dimension of 6 or 7 μm. Brownian
motion for such ªlargeº particles is negligible and plays little or no role in determining cell-
levitation heights. Thus, the diffusion/dispersion process of cells is not an important factor that
influences the cell distribution in the vertical dimension or leads to zone broadening. Rather,
zone broadening, in our case, reflects limitations in how tightly cells were initially focused in
the flow direction (injection mode, relaxation, etc.) and inherent cell dielectric and density
heterogeneities.

Comparison with Other Cell Separation Methods
DEPFFF is quite distinct from conventional FFF in which hydrodynamic lift forces make an
important contribution to performance. Under our conditions, cell-levitation heights were
determined by the balance between DEP and sedimentation forces and were not influenced by
the flow-rate-dependent hydrodynamic lifting forces. Generally speaking, separation
techniques can be divided into bulk (including centrifuge-based sedimentation and MACS)
and single-cell (such as FACS) methods. DEP-FFF is a bulk cell-sorting method that can be
applied to many separation problems. Cell labeling is not necessary, making it particularly
attractive to applications where labels for targeted populations are not available or labels would
interfere with cell uses after separation. Cells separated by DEP-FFF are viable and can be
cultured for further studies. Furthermore, physical properties exploited by DEP-FFF play little
or no role in other cell identification/separation methods so that the technique may be used in
conjunction with other methods to achieve improved discrimination between cells. For
example, populations from DEP-FFF separation may be further analyzed for their genetic
characteristics by PCR or sorted by FACS. Like most bulk techniques, DEP-FFF can be applied
to cell separations where sterile conditions are necessary. Finally, the DEP-FFF method is
applicable to a wide range of sample sizes and can be scaled up for routine laboratory cell
separation, handling several million cells at a time or, at the other extreme, implemented on
miniaturized scale. This makes the method ideal as a sample preparation step for integrated
microfluidic analysis devices such as micro total analysis systems.26,42-44 Indeed, DEPFFF
may become the method of choice in such applications because most current cell separation
techniques cannot be readily implemented for microscale sample preparation needs. As an
example, the DEP-FFF enrichment of leukocytes from blood could be applied in conjunction
with micro PCR in an integrated microfluidic device to allow molecular amplification/analysis
of a target-cell subpopulation in blood. Microfluidic applications of DEP-FFF will dramatically
reduce the apparatus size, cost, and operational complexity associated with cell separation. To
this end, we have built a prototype DEP-FFF device having a separation channel of 0.2 × 1 ×
50 mm and demonstrated that it had similar separation performance to the system used in this
work. With mass-produced microelectrodes, a DEP-FFF system could be made for less than
1/100 the cost of a typical FACS sorter. Thus, while cell separation with current methods can
be achieved mainly in well-equipped biological laboratories, DEP-FFF based microfluidic
diagnostic devices could become accessible at the point-of-care in doctors' offices and available
in rural settings or in developing nations.
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Figure 1.
DEP-FFF principle and experimental setup. A thin, rectangular chamber was constructed with
microfabricated, interdigitated electrodes on its bottom wall. Different cell types were levitated
to different equilibrium heights under the influence of the opposing DEP (FDEPz) and
sedimentation (Fsed) forces. With a flow-velocity profile established in the chamber from the
injection syringe pump, the cells at different heights (h2 > h1) were carried through the chamber
at different velocities (V2 > V1) and thereby separated. Cells exited the chamber from the bottom
outlet port and were detected and counted by an on-line flow cytometer.
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Figure 2.
Frequency dependency of DEP-FFF elution fractograms for (A) T-lymphocytes and (B) human
breast cancer MDA-435 cells obtained by the on-line flow cytometer. Compared with T-
lymphocytes, MDA-435 cells exhibited rapidly broadening elution fractograms as frequencies
increased above 10 kHz. Note the frequency scale difference. Cells were suspended at 1.2 ×
106/mL in an isotonic sucrose/dextrose buffer having an electrical conductivity of 10 mS/ m.
The applied voltage was 4 V p-p. The injection and withdrawal syringe pumps were operated
at 2 and 1.6 mL/min, respectively.
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Figure 3.
DEP-FFF fractograms showing the separation of human breast cancer MDA-435 cells from
T-lymphocytes by a DEP field (A) at 40 kHz and (B) swept between 15 and 35 kHz, followed
by a 5 kHz field (see Method and Materials for details). The corresponding contour plots (C
and D) show fluorescence level vs elution time for cells exiting the DEP-FFF chamber. To
allow identification, the T-lymphocytes were florescently labeled with PE-conjugated CD3
antibodies. Cell suspension, DEP signal voltage, and fluid-flow conditions were the same as
for Figure 2.
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Figure 4.
DEP-FFF fractogram showing the separation of monocytes from B-lymphocytes. The injection
and withdrawal syringe pumps were operated at 2 and 1.9 mL/min, respectively. Identification
of monocytes and B-lymphocytes by flow cytometry was made possible by prelabeling them
with PE-CD14 and FITC-CD19 antibodies, respectively. The cell suspension and DEP field
conditions were the same as in Figure 3, except that the DEP field was swept between 20 and
40 kHz.
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Figure 5.
Flow cytometric cell count for leukocytes (CD45+, solid line) and erythrocytes (CD45-, dashed
line) as a function of elution time during DEP-FFF enrichment of leukocytes from blood. More
than 95% of leukocytes eluted between 15 and 17.5 min. The leukocyte/ erythrocyte ratio
increased from 1:700 to 1:19, a 35-fold enrichment. The DEP-FFF was operated under a 10
kHz DEP field with the injection and withdrawal syringe pumps operated at 0.5 and 0.4 mL/
min, respectively.
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Table 1
DEP-FFF Separation Performance Summary

experimental systems (protocol)a cell types

purity after
separationd

(%) total-cell recoveryf (%) separation time (min)

MDA-435 vs T-lymphocytes (2:3)
b MDA-435 99.2 69 11

(40 kHz, 5 min; 2/1.6 ml/min)a T-lymphocytes 92

MDA-435 vs T-lymphocytes (2:3)
b MDA-435 98 75 11

(15-35 kHz, 5 min; 2/1.6 ml/min)a T-lymphocytes 92

MDA-435 vs CD34+ cells (1:1)b MDA-435 96 70 14

(40 kHz, 7 min; 2/1.9 ml/min)a CD-34+ 99.5

monocytes vs B-lymphocytes (1:2)
b monocytes 94 73 15

(20-40 kHz, 7 min; 2/1.9 ml/min)a B-lymphocytes 92

enrichment of leukocytes from
blood leukocytes 5e 55 25

(10 kHz, 25 min; 0.5/0.4 ml/min)c erythrocytes 99.99

a
Single frequency or swept frequency (cycle period, 5 s) of the DEP field used during the 2nd segment of the protocol (see DEP-FFF Operation Protocol

for the meaning of the 2nd segment). The two flow rates correspond to the infusion and withdrawal syringe pumps at the chamber inlet and outlet ends,
respectively.

b
The ratio between the two cell populations in initial mixtures.

c
The enrichment of leukocytes from blood used a DEP field at 10 kHz for 25 min.

d
Purity after separation was determined by the flow cytometry for the corresponding elution peaks.

e
Leukocyte to erythrocyte ratio was increased from 1:700 to 1:19 after DEP-FFF enrichment.

f
Cell recovery was defined as the ratio of the total cell number detected by flow cytometry at the DEP-FFF chamber outlet end to the targeted total cell

number that was calculated on the basis of the cell concentration and the injection loop volume. We noted that some cells were temporarily trapped at the
inlet (and outlet) tubing between the separation chamber and the injection valve (and the cytometer) during the DEP-FFF process.
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