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Introducing Dielectrophoresis as a New Force Field for
Field-Flow Fractionation

Ying Huang, Xiao-Bo Wang, Frederick F. Becker, and Peter R. C. Gascoyne
Department of Experiment Pathology, University of Texas M. D. Anderson Cancer Center, Houston, Texas 77030 USA

ABSTRACT We present the principle of cell characterization and separation by dielectrophoretic field-flow fractionation and
show preliminary experimental results. The operational device takes the form of a thin chamber in which the bottom wall
supports an array of microelectrodes. By applying appropriate AC voltage signals to these electrodes, dielectrophoretic
forces are generated to levitate cells suspended in the chamber and to affect their equilibrium heights. A laminar flow profile
is established in the chamber so that fluid flows faster with increasing distance from the chamber walls. A cell carried in the
flow stream will attain an equilibrium height, and a corresponding velocity, based on the balance of dielectrophoretic,
gravitational, and hydrodynamic lift forces it experiences. We describe a theoretical model for this system and show that the
cell velocity is a function of the mean fluid velocity, the voltage and frequency of the signals applied to the electrodes, and,
most significantly, the cell dielectric properties. The validity of the model is demonstrated with human leukemia (HL-60) cells
subjected to a parallel electrode array, and application of the device to separating HL-60 cells from peripheral blood

mononuclear cells is shown.

INTRODUCTION

The ability to characterize, separate, and purify cell sub-
populations is fundamental to numerous biological and
medical applications, often forming the starting point for
research protocols and the basis for current and emerging
clinical protocols. For example, cell separation can make
possible life-saving procedures such as autologous bone
marrow transplantation for the remediation of advanced
cancers, where the removal of cancer-causing metastatic
cells from a patient’s marrow is necessary (Fischer, 1993).
Another example is blood cell differential analysis, which is
a common procedure in clinical and research laboratories.
Current approaches to cell sorting most frequently exploit
differences in cell density (Boyum, 1974), specific immu-
nological targets (Smeland et al., 1992), or receptor-ligand
interactions (Chess and Schlossman, 1976) to isolate target
cells. These techniques are often inadequate, and sorting
devices capable of identifying and selectively manipulating
cells through novel physical properties are therefore desirable.

Electrical-field-induced forces on polarizable particles
have been the subject of extensive studies in recent years
because of their potential applications for particle charac-
terization and manipulation. Particles, including biological
cells, become electrically polarized under the influence of
applied fields. The induced polarizations can in turn interact
with applied fields, resulting in net electrical forces on the
particles. Because of the sensitive dependence of these
forces on particle dielectric characteristics, these forces can
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be exploited for particle characterization and separation.
Even though Pohl (1977) proposed 20 years ago the pio-
neering idea of utilizing the difference between dielectro-
phoretic (DEP) forces exerted on different particles in non-
uniform electric fields for sorting applications, DEP
phenomena were not effectively exploited for this purpose
until, in recent years, the theoretical understanding of DEP
effects improved and microelectrode arrays were intro-
duced. Two approaches have been demonstrated for DEP
separation: namely DEP migration and DEP retention. DEP
migration exploits opposing polarities of DEP forces ex-
erted on different particle types, so that one type is attracted
toward high-field regions by positive dielectrophoresis
while the other type(s) are repelled by negative dielectro-
phoresis. In this way, different particle types are focused at
different regions of a microelectrode structure and spatial
separation is achieved (Gascoyne et al., 1992; Wang et al.,
1993; Markx et al., 1994a). DEP retention exploits compe-
tition between DEP and fluid-flow forces. Particles experi-
encing a weaker DEP force (negative or small positive) are
eluted by fluid flow, whereas particles experiencing strong
positive DEP forces are trapped at electrode edges against
the drag of the fluid flow (Wang et al., 1993; Markx et al.,
1994b). Using this approach, Becker et al. (1994, 1995)
achieved separation of leukemia and breast cancer cells
from blood under appropriate electrical field and fluid flow
conditions. Talary et al. (1995) reported a different version
of DEP retention wherein DEP trapping forces on cells were
gradually decreased by lowering the frequency of the exci-
tation voltage while maintaining a constant fluid flow rate.
At each field frequency (applied for 10 min), the DEP forces
acting on a given subpopulation of cells became smaller
than the fluid drag forces, so that this subpopulation was
released, eluted, and collected. This allowed a sixfold en-
richment to be achieved of CD34+ stem cells from periph-
eral blood (Talary et al., 1995). More recently, Markx and
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Pethig (1995) reported a continuous separation technique
for separating viable and nonviable cells based on DEP
retention. Both the DEP migration and DEP retention meth-
ods depend upon there being relatively large differential
DEP forces between the particle types being sorted, and thus
it is difficult to separate mixtures of cell subpopulations
with small dielectric differences. The present paper presents
an approach to solving this problem.

Since the 1960s there has been interest in a family of
techniques collectively termed field-flow fractionation
(FFF), wherein the velocity gradient of a hydrodynamic
flow profile is exploited to achieve particle fractionation
(Giddings, 1993). In these techniques, a laminar fluid pro-
file is established in a thin chamber, such that fluid moves
faster with increasing distance from the chamber walls. By
applying a force field perpendicular to the flow direction
and across the flow profile, particles are forced toward a
so-called accumulation wall (typically the bottom wall) of
the chamber. In normal-mode FFF, particles are sufficiently
small (<1 wm) that the diffusion and accumulation forces
counteract, and an equilibrium concentration profile results
along the force-field direction and hence across the fluid
velocity profile. Particles are thereby carried by the fluid at
velocities that depend on their equilibrium profile. Dissim-
ilar particle types exhibit different characteristic concentra-
tion profiles, are carried at different velocities, and hence
take different times to traverse the separation chamber.
Therefore they can be separated by collecting them at ap-
propriate times at the chamber exit. Typically in the normal
FFF mode, small particles are eluted before large ones. In
the second mode of FFF, the imposed force field is so strong
and diffusion forces are sufficiently suppressed, that parti-
cles (typically 1-200 wm in diameter) are instead forced
against the accumulation wall, where the fluid velocity is
low and steric hindrance to flow takes place. In this so-
called steric-FFF mode, larger particles typically are eluted
first because of the larger fluid drag forces they experience.
A third type of FFF, an extension of steric mode, is lift-
hyperlayer FFF, in which the imposed force field is used to
balance the hydrodynamic lift force from the fluid flow.
This lift force is strong close to the chamber walls, and
particles with different properties become positioned at dif-
ferent equilibrium heights from the chamber wall in the
flow profile and are therefore eluted at different velocities.

FFF has been successfully employed for analysis and
fractionation of macromolecular, colloidal, and particulate
materials with different force mechanisms such as sedimen-
tation, cross-flow, thermal diffusion effects, and electro-
phoresis (Giddings, 1989; Cardot et al., 1994). Separation of
cells and cellular components has been reported in biomed-
ical applications (Berg and Turner, 1991; Litzen et al., 1993;
Mosersky et al., 1988). Nevertheless, a major factor limiting
further FFF development was the lack of an effective force
mechanism for sensitively controlling the equilibrium posi-
tions of particles throughout the flow profile based on
differences in their intrinsic properties. For lift-hyperlayer
FFF, fractionation relies on establishing an equilibrium be-
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tween the imposed field and hydrodynamic lift. Typically
the imposed field is spatially homogeneous, and equilibrium
is achieved by balancing it against the inhomogeneous lift
force. This is not ideal for cell separation applications,
because the lift force falls off rapidly with height above the
accumulation well and depends mainly on particle size. This
results in limited discriminatory ability between particle
types.

Here we introduce the concept of balancing spatially
inhomogeneous dielectrophoretic levitation forces with ho-
mogeneous gravitational forces as a means of controlling
the heights of particles for FFF applications (Gascoyne et
al., 1996). Thus we combine dielectrophoretic levitation of
particles (Kaler and Jones, 1990; Fuhr et al., 1992) with FFF
concepts to provide a versatile separation method. In this
article we present a theoretical description of this dielectro-
phoretic field-flow fractionation (DEP-FFF) technique and
demonstrate its validity with a simple, biologically relevant
experimental model.

DEP-FFF THEORY

Consider a thin chamber constructed with a bottom wall that
supports a planar electrode array. Under AC electrical ex-
citation, the array will produce height-dependent dielectro-
phoretic forces on particles in the chamber. The vertical
component of the DEP force averaged along a horizontal
plane at a height 4 above the electrode plane that acts on a
particle of radius r can be written as (Jones, 1979; Wang et
al., 1995)

Foep, = 2”"'€m'j Re(fCM)<VE2RMS - a,)
= 2menr’pRe(fom)q(h) U )

where Egys is the RMS value of the field strength for an
applied RMS voltage U, and Re(fy,) is the real component
of foms, the Clausius-Mossotti factor. fey, reflects the mag-
nitude and direction of field-induced polarization in the
particle at frequency f, and is given by fo, = (€ — €€ +
2€y,), where € and €}, are the frequency-dependent com-
plex dielectric permittivities of the particle and its suspend-
ing medium. The function g(h) reflects the height depen-
dence of the vertical DEP force component, which
decreases with increasing height. Because electrode polar-
ization causes a frequency-dependent voltage drop at the
electrode/solution interface (Schwan, 1992; Zhou et al.,
1995; Wang et al., 1997), we have also introduced the
function p (p(f)) to correct for its effect on DEP forces.

The idea is to use DEP forces to levitate and position
particles at equilibrium heights that reflect their dielectric
properties. Thus particles with dielectric differences will, in
general, attain different equilibrium positions. At equilib-
rium, the DEP and sedimentation forces acting on a particle
will balance, so that

4
3 wr (Pp — png t+ F per, = 0, 2
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where g is the acceleration due to gravity, and p;, and p,, are
the densities of the particle and its suspending medium,
respectively. Combining Eqgs. 1 and 2, we obtain

2(p, — Pm8 = 3€npPRe(fem)q(hey) U? 3)

whence the equilibrium height follows as

_ _,( 2(p, — Pm)8 )
hey=q 5o
“ 3€npRe(fom) U?

where ¢~ '(h) is the inverse of g(h). Equation 4 shows that
particle levitation is determined by the relative particle
density (p, — py), the particle dielectric property Re(fcwm),
the field distribution g(h) in the vertical direction, the ap-
plied voltage U, and the electrode polarization function
p(f).

If a laminar flow profile is now established in the cham-
ber, the fluid velocity v; at a height # above the bottom wall
follows a hyperbolic function:

“

h h
V= 6<v>ITI<l - ﬁ) 5)

where H is the chamber thickness and (v) is the mean fluid
velocity. A particle of radius  located at a height 4 from the
chamber bottom wall in this flow profile will be carried
along at a velocity v, given (Williams et al., 1992) as

v = -k (62)

Where
5 r

and

0.74

k= 05— 0210g((h — NI

forh<1.1r (6b)

Here k. (< 1) is a coefficient that characterizes the retarda-
tion effect that occurs as the particle approaches the cham-
ber wall. In addition to the dielectrophoretic and gravita-
tional forces in Eq. 2, the equilibrium height of a particle in
the fluid-flow profile will be affected by the hydrodynamic
lifting force Fy;, given by

h = _1(2(% — Pwlg — 3Flift/(27"3))
- 3&y,pRe(fon)U?

A number of theoretical studies have addressed the hydro-
dynamic lifting effect, and several physical mechanisms for
F);, have been proposed, including the fluid inertial effect
(Cox and Hsu, 1977), shear-stress gradient-induced lift
(Leighton and Acrivos, 1985), and lubrication theory (Gold-
man et al., 1967). Nevertheless, the lifting forces predicted
from all of these theories are much smaller than those
observed experimentally (Williams et al., 1992). Although
the nature of the lifting force remains in question, Williams
et al. (1992) have determined its dependency on the cham-

N

Volume 73 August 1997

ber thickness H, particle position h, radius r, mean fluid
velocity (v), and fluid viscosity 1, based on the experimen-
tal data for artificial polystyrene beads, and presented the
empirical relationship

6mr(v)

Fig = CH_(h——T)

(®)
where C (= 0.172) is a constant.

The operational principle of DEP-FFF can be summa-
rized as follows. By applying appropriate voltage signals to
the electrodes, particles with different dielectric and/or den-
sity properties can be levitated to different heights (Eq. 7)
and thereby caused to move at different velocities under the
influence of the flow profile (Egs. 5 and 6, Fig. 1). Particles
preloaded at the chamber inlet will then exit the chamber at
different times, so they can be collected separately. In this
way, the times taken for particles to transit the chamber
directly reflect their dielectric and density properties, and
this dependency can be utilized for particle characterization
and separation. The fact that the velocity gradient in the
flow profile is actively exploited for DEP-FFF constitutes
the main difference from the DEP retention method. In the
DEP retention method, all particles stay on the same plane,
and depending on the competition of the horizontal fluid
drag and DEP forces, they are either eluted from the cham-
ber or trapped at the electrode edges until the electrical
forces are removed or made weak enough to release them.
In contrast, in DEP-FFF, particles are positioned in different
planes throughout the hydrodynamic flow profile above the
electrode surface as a result of the balance between sedi-
mentation, vertical DEP, and hydrodynamic-lift forces.
Thus particles are eluted in a continuous fashion at different
velocities under the influence of horizontal fluid drag acting
in their respective planes. In this way, DEP-FFF utilizes the
full range of fluid velocities within the flow profile and,
more importantly, exploits the three-dimensional capacity
of the separation chamber. This tends to limit particle-
particle interactions (Becker et al., 1995) that occur when
the particles are confined largely to a single active plane, as
in the DEP retention approach to separation, because the
mean distance between cells in DEP-levitation is increased
as they are spread out vertically above the electrode plane.

To demonstrate the dependencies of particle height and
velocities on particle dielectric properties and on the voltage
and frequency of the applied field as predicted in the above
equations, we shall present experimental data for human
leukemia HL-60 cells on a parallel electrode system. Fur-
thermore, we shall apply DEP-FFF to separate human leu-
kemia HL-60 cells from peripheral blood mononuclear cells
as an example of cell fractionation.

MATERIALS AND METHODS
Cells

The human leukemia HL-60 cell line was used as a model system in this
study. Cells were cultured in RPMI 1640 medium supplemented with 10%
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Schematic diagram outlining the DEP-FFF principle. A fluid flow profile is established in a thin chamber whose bottom plane supports a

microelectrode array. Two particles of different dielectric properties equilibrate at different heights under the balance of DEP levitation, hydrodynamic lift,
and sedimentation forces. Particle 2, being levitated further away from the chamber bottom wall, exhibits a larger velocity under the influence of fluid drag

than particle 1.

fetal bovine serum, 1 mM glutamine, and 20 mM HEPES (Life Technol-
ogies, Gaithersburg, MD), 0.5% penicillin, and streptomycin solution
(Sigma, St. Louis, MD), and were maintained in 75-cm? plastic flasks
under a 5% CO,/95% air atmosphere at 37°C in a humidified incubator.
HL-60 cells were harvested at a density of 2 X 10%ml in the exponential
growth phase by gently rocking the flask 48 h after seeding. Cell suspen-
sions were found to have >98% viability by Trypan blue dye exclusion.
Cells were harvested from complete medium by centrifugation at 100 X g
for 10 min and were then resuspended at a density of ~10%ml in isotonic
8.5% (w/v) sucrose plus 0.3% (w/v) dextrose buffer. The conductivities of
the final suspensions were adjusted with culture medium to a nominal
value of 50 mS/m, and were then measured with a conductivity meter
(EC19101-00; Cole-Parmer Instrument, Chicago, IL). Peripheral blood
mononuclear (PBMN) cells were prepared from a buffy coat by standard
density gradient separation (Boyum, 1974). To quantify cell levitation
effects, the specific densities of HL-60 cells were assessed to be 1.071 =
0.003 g/cm® with centrifugally generated continuous Percoll density gra-
dients (Pharmacia, Uppsala, Sweden) calibrated by Percoll density marker
beads. The specific density of the cell suspending medium was measured
to be 1.033 g/cm® with a hydrometer (VWR Scientific, Greenbelt, MD).

Electrode chambers

Parallel electrode arrays, shown in Fig. 2, were fabricated by standard
photolithography. In brief, gold-coated (thickness 250 A over a 100-A
titanium seeding layer) glass blanks (Thin Film Technology, Buellton, CA)
were spin-coated at 3000 rpm with S1830 photoresist (Shipley, Marlbor-
ough, MA) to ~1 um thickness. The photoresist was polymerized by
baking on a hot plate at 110°C for 1 min and then exposed to UV light
through a positive mask image (Process Technologies, Oak Creek, WI) of
the electrode array, using a mask aligner (AB Manufacturing, San Jose,
CA). The exposed photoresist was developed with MF351 developer, and

the exposed gold-and-titanium region was then etched. Finally, the pho-
toresist covering the unetched regions of the electrodes was removed with
acetone. Arrays of parallel electrode elements with equal widths and gaps
of 20 and 50 um were both used in this study.

FFF chambers of dimensions 200 um (H) X 25 mm (L) X 17 mm (W)
were constructed of parallel top and bottom glass plates separated by a
Teflon spacer, as shown in Fig. 2. The arrays of parallel electrodes were on
the inner surface of the bottom plates. Polyethylene tubes (ID 0.87 mm;
OD 1.22 mm), glued into holes drilled through the top glass plate with a
diamond drill, allowed for the introduction and removal of cell suspensions
and eluate buffer.

Cell DEP-FFF kinetics

After the introduction of a cell sample into the chamber inlet, cells were
allowed to settle on the electrode plane for ~20 s before the application of
electrical signals. Sinusoidal voltages between 10 kHz and 1 MHz and up
to 3 V (RMS) from a function generator (HP33120; Hewlett Packard, Santa
Clara, CA) were then applied to the electrode elements through coaxial
cables, and fluid flow was started by pumping the sucrose/dextrose buffer
through the inlet port with a digital syringe pump (Daigger, Wheeling, IL)
at flow rates of 20, 40, or 80 wl/min. Cell kinetic behaviors were viewed
by looking up through the chamber bottom with a Nikon (Melville, NJ)
TMD inverted microscope equipped with a Hamamatsu (Bridgewater, NJ)
CCD video camera and recorded on videotape. Long working-length
objective lenses of 4X to 40X provided final magnifications of between
140 and 1400 on the TV monitor. Cell velocities were analyzed by
measuring the time taken for individual cells to move at least 120 um (=
3 electrode + gap periods). In cell levitation experiments, the fluid flow
was stopped, and heights of the cells above the electrode plane were
measured to an accuracy of *+2 um, by subtracting the corresponding
readings on the focusing dial when focusing first on the electrode plane and
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FIGURE 2 Schematic representation of a DEP-FFF chamber of dimen-
sion 200 wm (H) X 25 mm (L) X 17 mm (W). The cell sample is preloaded
into the inlet regions of the chamber from the cell sample port. After cells
settle onto the bottom wall, eluate buffer is pumped through the chamber
via the eluate buffer port to establish a hydrodynamic laminar flow profile
in the chamber. Appropriate voltage signals are then applied to the elec-
trode elements to cause cells to equilibrate at different heights and travel at
correspondingly different velocities in the flow profile. In this study,
parallel electrodes with equal electrode width and spacing of 20 (or 50) um
were used with alternate elements connected to electrode buses running
along the two long edges of the chamber.

then on the cells and correcting for the refractive index (1.33) of the
suspending medium.

RESULTS
DEP levitation

Fig. 3 shows the typical frequency dependency of levitation
height for HL-60 cells at a suspension conductivity of 56
mS/m for an applied voltage of 1.06 V (RMS). As the
frequency of the voltage was increased from 2 to 30 kHz,
the cell levitation height steadily rose. However, increasing
the frequency above 30 kHz led to a sharp drop-off in
levitation height, until the cell became trapped at the elec-
trode edges above 300 kHz. The levitation characteristics of
other cell types, including murine erythroleukemia DS19
and human breast cancer MDA-MB-231 cells (data not
shown), exhibited qualitatively similar frequency dependen-
cies, except that the sharp transition from cell levitation to
trapping occurred in characteristically different frequency
ranges for each cell type. Fig. 4 shows the typical voltage
dependency of HL-60 levitation at a frequency of 17.8 kHz.
Clearly, the levitation height exhibited a sublinear, mono-
tonic relationship to the applied voltage.

DEP-FFF velocity

The effectiveness of applying DEP forces to control particle
velocities in a fluid flow profile was studied by measuring
the velocities of HL-60 cells in a DEP-FFF chamber as a
function of the frequency and magnitude of the signals
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FIGURE 3 Frequency dependency of levitation height (#) of a typical
HL-60 cell (radius 6.6 pwm) suspended in a sucrose/dextrose medium of
conductivity 56 mS/m under an applied voltage of 1.06 V (RMS) on a
parallel electrode array (20 wm width and spacing). No fluid flow is
present. The continuous curve represents the best fit of the experimental
data using Eq. 10, where the factor Re(fcn) is based on a single-shell
dielectric model (Irimajiri et al., 1979; Huang et al., 1992), for which the
cell interior relative permittivity and conductivity are assumed to be 75 and
0.75 S/m, respectively. The best fit yielded values for the membrane
capacitance and conductance of 16.3 mF/m? and <50 S/m?, respectively.

applied to the electrode array. It was not possible to measure
these dependencies for single cells because of the imprac-
ticality of tracking them throughout an entire experiment.
Instead, the velocities of ~20 individual cells chosen at
random were determined for each experimental condition.
Fig. 5 illustrates the frequency dependencies of the mean
velocity of HL-60 cells for three different rates of fluid
flow. Cells moved faster with increasing flow rate; thus at

20
15 ¢
10

Cell height (um)

0 t— )
0.00 0.60 1.20 1.80

Applied voltage (V RMS)

FIGURE 4 The voltage dependency of the levitation height (¢) of an
HL-60 cell (radius 6.3 wm) suspended in a medium of conductivity 56
mS/m for an applied field of frequency 17.8 kHz. No fluid flow is present.
The continuous curve represents the best fit of Egs. 10 and 13 to the
experimental data, whence the factor Re( fom) is derived as —0.43. In the
simulation, the value for the electrode polarization factor p(f) at 17.8 kHz
was 0.67, as taken from Fig. 8 (see text). The parameter hy in Eq. 13 was
determined to be 29.5 pm.
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FIGURE 5 The frequency dependency of the mean velocity for HL-60
cells suspended in a sucrose/dextrose medium of conductivity 44 mS/m in
a thin chamber containing parallel microelectrode arrays (20 wm width and
spacing) at flow rates of 20 (W, (v) = 98); 40 (#, (v) = 196); and 80
wl/min (@, (v) = 392 um/s). The applied voltage was 1.06 V (RMS).
Chamber dimensions were 200 um (H) X 25 mm (L) X 17 mm (W). Each
symbol represents the mean velocity of ~20 cells. The continuous lines
show the best fit of Eq. 10, the broken lines (20 ul/min, — —; 40 ul/min,
— - - —; 80 ul/min, — - —) the averaged cell velocity when the electrical
field was turned off. In the single shell model, the cell radius, interior
relative permittivity, and conductivity are taken to be 5.8 ym (measured by
microscopy), 75, and 0.75 S/m, respectively. The best fits for the three flow
rates gave values for cell membrane-specific capacitance of 15.6 (= 0.95)
mF/m? and conductance of 220 ( 76) S/m>.

an applied frequency of 17.8 kHz, the mean velocity in-
creased from 77 (£ 4.1) to 292 (* 32) wm/s as the flow rate
was varied from 20 to 80 pl/min. The overall frequency
dependency did not appear to change with the flow rate, and
application of voltage signals caused HL-60 cells to move at
either higher or smaller velocities. For a flow rate of 20
wl/min, in the applied frequency range of 10-50 kHz, cell
velocities were about four times higher than they were with
no field applied. In the narrow frequency band from 100 to
300 kHz, cell velocities decreased sharply to those observed
with no field applied. At 100 kHz, individual HL-60 cells
exhibited vastly different velocities, and fast-moving cells
traveled five times faster than the slowest ones. Under these
conditions, the variance of cell velocities was ~30%, in
contrast to ~10% for frequencies below 100 kHz. Increas-
ing the field frequency above 300 kHz resulted in a further
decrement in mean velocity to values much smaller than
those observed in the absence of an electrical field. For
example, at 1 MHz, the mean velocities were ~40% and
73% of the zero-field values for flow rates of 20 and 80
wl/min, respectively. For the small flow rate of 20 wl/min,
some HL-60 cells were even trapped on electrode edges.
The voltage dependencies of the mean velocity are shown
in Fig. 6 for HL-60 cells at a fixed frequency of 31.6 kHz
for three different flow rates, and as in Fig. 5, increasing the
flow rate led to faster cell elution. For a given flow rate, the
mean velocity increased steadily with applied voltage.
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FIGURE 6 Voltage dependency of the mean velocity of HL-60 cells
suspended in a sucrose/dextrose medium of conductivity 44 mS/m in a thin
chamber containing parallel microelectrode arrays (20 wm width and
spacing) at flow rates of 20 (ll, (v) = 98), 40 (®, (v) = 196), and 80
wl/min (@, (v) = 392 um/s). The applied field frequency was 31.6 kHz.
Chamber dimensions were 200 um (H) X 25 mm (L) X 17 mm (W). The
continuous curve represents a best fit of Eq. 10 to the experimental data, for
which the factor Re(fy,) was derived as —0.46 (= 0.065).

Separation of HL-60 cells from peripheral blood
mononuclear cells

Two approaches, namely DEP retention and DEP-FFF,
were used to separate HL-60 cells from a mixture with
PBMN cells in a parallel electrode chamber. The device was
the same as in Fig. 2, except that it had dimensions of 375
um (H) X 150 mm (L) X 24 mm (W) and electrode widths
and spacings of 50 um. Cell mixtures in the ratio of 1:5 for
HL-60:PBMN cells (predominately lymphocytes) were pre-
pared in isotonic sucrose/dextrose buffer containing 10°
HL-60 cells/ml at a conductivity of 10 mS/m. About 250 ul
of cell mixture was loaded into the chamber with a syringe
for each separation experiment, and cells were allowed to
settle on the electrode plane for ~20 s. For DEP retention,
signals of 0.88 V (RMS) at 50 kHz were then applied to the
electrode arrays, while the sucrose/dextrose eluate buffer
was pumped through the chamber at a flow rate of 160
wl/min. All HL-60 cells were trapped at the electrode edges,
while PBMN cells were carried away with the fluid and
were collected at the chamber outlet. The voltage was then
switched off to release the HL-60 cells, which were subse-
quently collected.

For DEP-FFF, voltage signals of 25 kHz and 0.88 V
(RMS) were applied to the electrode arrays, and an eluate
flow in the chamber was established at a rate of 160 pl/min.
Almost all of the PBMN cells and HL-60 cells were levi-
tated and were caused to move under the influence of the
fluid. Using the significant difference in cell size as the
basis for identification, it was observed that PBMN cells
were levitated to higher positions and traveled about twice
as fast as HL-60 cells. Therefore PBMN cells were eluted
from the chamber in about half the time (15 min) taken by
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HL-60 cells (26 min), and excellent separation was thereby
obtained.

DISCUSSION
DEP levitation

To analyze the cell levitation characteristics, we determined
the field distribution of parallel electrode arrays by using
both the charge density method (Sadiku, 1996) and the
Green’s theorem-based method (Wang et al., 1996). The
two analyses gave similar results, and a vector representa-
tion of the DEP force distribution for a plane normal to
parallel electrodes is shown in Fig. 7. It was found that the
vertical DEP component averaged over horizontal planes
parallel to the electrode surface exhibited an approximately
exponential decay with height 4, so that the function g(h) in
Eq. 1 can be approximated as

q(h) = A exp(—4mh/d) )

where A is a constant and d is the periodic distance (d = 80
um, A = —2.77 X 10" m™ for parallel electrodes of 20
pum width and spacing) of the parallel electrode array.
Combining Egs. 4 and 9, we can then express the equilib-
rium height of a cell as

p 3en
heq = 2;(2 In(U) + In(ApRe(fem)) + ln(m))

H
o
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w
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FIGURE 7 Vector representation of the DEP forces acting on a cell of
radius 5.8 um for a plane normal to parallel electrodes (electrodes are
represented by the bold line at z = 0) for an applied voltage of 1 V (RMS).
Parameter Re(f,,) was assumed to be —0.5 for the calculation. Scale
bar = 500 pN.
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Using Eq. 10, we simulated the frequency dependencies
of cell levitation height. For this simulation, the electrode-
polarization function p(f) was determined through analysis
of experimental impedance data. Electrode polarization
(Schwan, 1992) is an effect associated with the discontinu-
ity in current carriers at the electrode/solution interface.
Such a discontinuity leads to a frequency-dependent poten-
tial drop across the interface, causing the voltage impinging
on the bulk solution to be smaller than that applied to the
electrodes. To quantify this effect in terms of p(f), we
measured the total impedance of the electrode system as a
function of the applied frequency and fitted the data to an
ion-diffusion-based model for electrode polarization. This
model assumes that the polarization capacitance and resis-
tance are both proportional to f % and that the impedance
has a frequency-independent phase angle (Schwan, 1992).
The total impedance of the system is then given by

Z‘ _ Zb + Z — Rbulk
otal ullke = pol 71+ 1297 RouicCourk

—-0.5 i
(o + )

where the resistance (R,,,) and capacitance (Cy,,) of the
bulk solution are in parallel, and the resultant bulk imped-
ance (Z,y) is in series with the polarization resistance
(Rof %) and capacitance (Cof ~%°). Analysis of the ex-
perimental data for the frequency dependence of Z,,, based
on Eq. 11 allowed us to determine the polarization param-
eters (R, = 652 Q - Hz*® and C, = 6.5 mF - Hz®" for a
5.75-cm? parallel electrode array of 20 um width and spac-
ing) and, in turn, to calculate the polarization function p(f)
as

an

(f) = k — @ — Rou
PU) = Ut Zew (1 + 277f RouteCoutd otk + Zpor) )

The frequency dependency of the polarization function p(f)
is shown in Fig. 8. For a bulk-solution conductivity of 56
mS/m, more than 40% of the applied voltage was dropped
at the polarization interface at a frequency of 10 kHz, and it
was only above 25 kHz that more than 90% of the applied
voltage was available to produce dielectrophoretic forces
within the chamber. Thus electrode polarization accounts
for the increment of the cell levitation height in the fre-
quency range 2-30 kHz observed in Fig. 3. At frequencies
above 50 kHz, the polarization effect was negligible, and
the sharp drop-off in the levitation height observed above 50
kHz resulted from the decrement of the parameter Re(fcnp)
(see Fig. 10). Combining Egs. 10 and 12, we performed a
best fit of frequency-dependence data of the levitation
height to a single-shell dielectric model (Irimajiri et al.,
1979; Huang et al., 1992) of HL-60 cells. Good agreement
between experiment and theory was found, as evidenced by
the fact that the regression coefficient for fitting (defined as
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FIGURE 8 The frequency dependency of the electrode polarization
function p(f) expressing the proportion of the voltage applied to the
electrode array that impinges on the bulk solution to give rise to DEP
forces. The electrical conductivity of the bulk solution was 56 mS/m.

(1 - Ei(htheoreticall(f)i - hexperimental(f;))z/zihezxperimental(fi)))
was typically >0.99.

For a fixed applied field frequency, and thus a constant
value of Re(f), the equilibrium height of cells exhibited a
logarithmic dependence on the applied voltage:

heq=%_ran+h0 (13)
where h, is a constant that corresponds to the levitation
height at an applied voltage U = 1 V at fixed values of
Re(fem), p(f), pe. and p,, (see Eq. 10). Thus the levitation
height h., increased with the applied voltage U, and the
incremental slope was inversely proportional to U. By fit-
ting Eq. 13 to the experimentally observed voltage depen-
dence of levitation height, we were able to derive values of
Re(fom) for different cells at each applied frequency. Al-
though, as shown in Fig. 4, reasonable fits were obtained
(regression coefficienr = 0.99), the levitation heights pre-
dicted from Eq. 13 were consistently smaller than the ex-
perimentally observed values for small applied voltages (=
0.2 V (RMS)). We believe that this discrepancy arose be-
cause the theoretical treatment of Eq. 13 is based solely on
dipole-derived forces and ignores force contributions from
higher order polarization (Washizu and Jones, 1996).

DEP-FFF velocity

Combining Egs. 5, 6, and 10, we obtain the particle velocity
in a DEP-FFF chamber:

v, = 3k'<v>d(2 In(U) + In(ApRe(fep)) + 1n(——3—6“‘—))
P 2mH M 2(p. — pm)g
3k(v)d>
— W(Z In(U) + ln(ApRe(fCM))
+ 1n(—3€m ))2
2(p. = Pm)g (14)
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However, as discussed earlier, particles traveling in a DEP-
FFF chamber experience hydrodynamic lift forces in addi-
tion to the DEP-levitation and gravitational forces that are
taken into account in Eq. 14. The hydrodynamic lift effect is
evidenced by the fact that the mean velocities of HL-60
cells, when no electrical field was applied, were 23.1
(%=2.3), 48.5 (=6.8), and 99.5 (*16.2) um/s for flow rates
of 20, 40, and 80 ul/min, respectively, more than twice than
those (10.1, 20.2, and 40.4 um/s) predicted under the as-
sumption that cells settled to just 0.1 uwm above the elec-
trode plane. Assuming an average cell radius of 5.8 wum,
Eqgs. 5 and 6 show that the cell centers must have been
levitated by the lift forces to average heights of 9, 9.4, and
9.7 um (corresponding to the distance between cell surfaces
and the electrode plane of 3.2, 3.6, and 3.9 um), to attain
their observed velocities for flow rates of 20, 40, and 80
ml/min, respectively. Using these estimated heights and Eq.
8, we determined the corresponding lift forces. It was found
that the equilibrium lift force at a flow rate of 80 wl/min was
3.4 times higher than for a flow rate of 20 wl/min. This is
incompatible with the fact that the equilibrium hydrody-
namic lift force must always equal the sedimentation force
and be independent of the flow rate. This discrepancy may
have resulted from the fact that both Egs. 6 and 8 are based
on experimental data for smooth polystyrene beads and may
not be applicable to the rough HL-60 cells studied here. To
accurately analyze DEP-FFF performance, we are therefore
currently investigating this hydrodynamic lifting effect for
mammalian cells, and special attention is being paid to the
influence on the lifting force of thermal convection gener-
ated by applied-field-dependent Joule-heating. Thus al-
though it is clear that the equilibrium positions of cells
within our DEP-FFF chamber were determined, as embod-
ied in Eq. 7, by the balance between DEP-levitation, the
hydrodynamic lift, and sedimentation forces, a lack of
knowledge of the precise nature of the hydrodynamic lift
component renders Eq. 14 inadequate and currently makes
it impossible to obtain an analytical expression for the cell
velocity in the DEP-FFF chamber at low applied voltages.

Despite these limitations of Eq. 14, our experimental data
completely support the conclusion that cell velocity depends
on the parameters Re(f~,) and the applied voltage U (as
shown in Eq. 14), when the DEP force is sufficiently large
for the ill-defined hydrodynamic lift effects to be ignored.
Thus, when we fitted Eq. 14 to the experimentally observed
voltage dependency of the cell velocity shown in Fig. 6,
good agreement between theory and experiment was found,
with regression coefficients exceeding 0.99 for all three
flow rates examined, even though each data point was
derived from measurements on a different set of cells. At
applied voltages below 0.2 V (RMS), however, the observed
cell velocities were systematically larger than predicted by
theory, principally as a result, we believe, of the ill-defined
hydrodynamic lift effects.
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Cell dielectric properties

When we extended our analysis in terms of Eq. 14 to the
dependencies of cell velocity on the applied field frequency
(see Fig. 5), using values of Re(fqy,) calculated with the
single-shell dielectric model of the cells (Irimajiri et al.,
1979; Huang et al., 1992), a reasonably good fit was also
achieved with the following parameters derived: the mean
membrane capacitance and conductance of 15.6 mF/m? and
220 S/m?, respectively. These values are in good agreement
with those reported previously from electrorotation mea-
surements of HL-60 cells (Becker et al., 1994). The fre-
quency dependency of Re(f.y) based on the single-shell
dielectric model is shown in Fig. 10. In the frequency range
5-50 kHz, despite the reduction of magnitude of Re(fcp)
from —0.48 to —0.32, HL-60 cell velocities increased with
frequency because of the increasing cell levitation height
resulting from the diminishing electrode polarization effect
discussed earlier. In the frequency range 50-100 kHz,
Re(fcp) gradually decreased its negative magnitude to zero,
and this resulted in a sharp decrement in HL-60 cell veloc-
ities. As the frequency increased above 100 kHz, Re(fcy\)
became positive for many cells, and these cells were at-
tracted vertically toward the electrode plane and horizon-
tally toward the electrode edges. As a result, cell heights
above the electrode plane and the corresponding cell veloc-
ities became even smaller than those observed in the ab-
sence of an applied field. Thus it is also possible to utilize
positive DEP forces in balance with the hydrodynamic lift
and gravitational forces to control particle heights and ve-
locities in a FFF application. Indeed, the concept of em-
ploying positive DEP forces to attract particles toward the
bottom wall of a flow chamber to realize FFF was suggested
and demonstrated by Washizu et al. (1994) in their studies
of DNA molecules.

We observed that individual HL-60 cells exhibited a wide
spread in velocities at 100 kHz, where the parameter
Re(fcpm) Was close to zero. Because of the inhomogeneous
nature of HL-60 cell cultures (a typical characteristic of
transformed cell populations), a spread of cell dielectric
properties and a corresponding spread of values of Re( fcn)
occurred within each sample. Thus the membrane-specific
capacitance of individual HL-60 cells in a typical culture
was spread over the range of 13-20 mF/m?, as determined
from electrorotation measurements,. As shown in Fig. 9,
two cells with the same density but Re(fcy) values of
—0.01 and —0.02, respectively, had velocities that differed
by 45%. For this reason, small differences in Re(fcm)
between individual HL-60 cells in the culture population
resulted in large variations in their DEP-FFF velocities at
100 kHz. This demonstrates that, when Re(fcy) is close to
zero, cell velocities are very sensitive to cell dielectric
properties. As a result, the DEP-FFF method has the poten-
tial for extremely sensitive discrimination between cell sub-
populations with very subtle dielectric differences, and
therefore represents an important advance over earlier DEP
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FIGURE 9 Dependence of the cell velocity on Re(fcy) in a DEP-FFF
chamber as calculated using Eq. 14 with the following parameters: (v) =
200 um/s; H = 200 um; p, = 1.089; p,, = 1.033 g/cm?, p(f) = 1, radius
r = 5.8 um. DEP forces are assumed to be generated by a parallel
microelectrode of 20 wm width and spacing, with an applied voltage of 1
V RMS, so that d = 80 um and A = —2.77 X 10"* m™3,

retention approaches to cell separation that require rela-
tively large differences in cell dielectric properties.

Separation mechanics

To analyze dielectrophoretic forces acting on HL-60 and
PBMN cells (mainly T- and B-lymphocytes) in the separa-
tion experiments, we calculated the typical frequency de-
pendencies of Re(fqy) (Fig. 10) for HL-60 and T-lympho-
cytes, based on the mean values of their dielectric
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FIGURE 10 Simulated frequency dependencies of Re(fcyy) for HL-60
cells (— - - —) in a suspending medium of conductivity 44 mS/m, and
HL-60 cells (—) and T-lymphocytes (— —) in a suspending medium of
conductivity 10 mS/m. The simulations were based on the mean values of
dielectric parameters for the cells determined from electrorotational mea-
surements. For HL-60 cells, membrane capacitance = 15.6 mF/m?; mem-
brane conductance = 220 S/m?; cell interior conductivity = 0.75 S/m and
relative permittivity = 75; radius = 5.8 pum. For T-lymphocytes, mem-
brane capacitance = 11 mF/m?; membrane conductance = 220 S/m?; cell
interior conductivity = 0.75 S/m and permittivity = 75; radius = 3.2 um.
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parameters determined by the electrorotation technique
(Becker et al., 1994).

We showed previously (Becker et al., 1995) that the
condition for separating two dissimilar cell types by the
DEP retention approach is that the DEP forces on one cell
type at the electrode edges prevail against the horizontal
drag of eluate fluid flow and cause the cells to be retained,
while the DEP forces acting on the other cell type(s) are
weak and allow these cells to be eluted. In the case of
retention of HL-60 cells and elution of PBMN cells, the
condition can be written as

617 (v)
14%18 Re(.fCM)lHLkDEPx_HL “He V2 (15)

> n PBMN Re(fCM)lPBMNkDEPx_PBMN

where 7) is the dynamic viscosity of the eluate, and kpgp, 451
and kpgp, ppMmn are the maximum horizontal components of
the field nonuniformity factor VEZ,s arising from excita-
tion of the electrode array for HL-60 and PBMN cells,
respectively. At an applied frequency of 50 kHz, the
Re(fcm) values for HL-60 and T-lymphocytes in Fig. 10
were 0.42 and —0.11, respectively. By adjusting the eluate
flow rate to 160 ul/min, we were then able to satisfy the
above inequality (Eq. 15). Under these conditions, the DEP
force on the HL-60 cells was strongly attractive and ex-
ceeded the horizontal fluid drag by a factor of 3.5 (calcu-
lated using the simulated values for the field parameter
kpepy), resulting in their entrapment. By contrast, the DEP
forces on PBMN cells were repulsive, causing them to be
flushed away.

For DEP-FFF separation, the field frequency was reduced
to 25 kHz, at which frequency Re(fcy,) for HL-60 cells and
T-lymphocytes had the values —0.027 and —0.34, respec-
tively. The DEP-levitation heights predicted by Eq. 10 for
these Re(fy,) values are 33 and 17 wm for T-lymphocytes
and HL-60 cells, respectively. Under these conditions, Egs.
5 and 6 then predict that T-lymphocytes should travel about
twice as fast as HL-60 cells, in good agreement with our
experimental observation. To further illustrate the differ-
ence in elution velocities between HL-60 and PBMN cells,
we determined their frequency dependencies under identical
conditions (Fig. 11). At the low frequency of 10 kHz, the
velocities of HL-60 and PBMN cells were quite similar,
suggesting that they were positioned at similar heights.
Above 20 kHz, HL-60 cells exhibited a sharp drop in
velocities, until at 35 kHz they were retained at the electrode
edges. In contrast, PBMN cells had near-constant velocities
between 10 and 35 kHz, until above 40 kHz their velocity
decreased, and all of the cells were trapped at electrode
edges above 70 kHz.

Separation of HL-60 from PBMN cells in both DEP
retention and DEP-FFF is based on differential DEP forces
resulting from differences between Re(fcy,) values of the
different cell types. It has been well established (Glaser and
Fuhr, 1987; Gascoyne et al., 1992; Wang et al., 1994) that
membrane electrical properties dominate cell dielectro-
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FIGURE 11 Frequency dependencies of the mean velocities for HL-60
(¢) and PBMN (A) cells suspended in a sucrose/dextrose medium of
conductivity 10 mS/m in a thin chamber containing parallel microelectrode
arrays (50 wm width and spacing) for a flow rate of 160 wl/min ((v) = 392
um/s). The applied voltage was 0.88 V (RMS). The chamber dimensions
were 375 um (H) X 150 mm (L) X 24 mm (W). Each point represents the
mean velocity of more than 15 cells. The open symbols correspond to the
cell velocities when the electrical field was turned off.

phoretic responses in the low-frequency range, where we
have operated the DEP retention and DEP-FFF experi-
ments. Indeed, using the electrorotation method, we have
previously determined that the mean membrane capaci-
tances of HL-60 and T-lymphocytes were 15 and 11 mF/m?,
respectively (Becker et al., 1994). Thus it was the difference
in membrane capacitive characteristics that served as the
basis for the separation and discrimination of HL-60 cells
and PBMN cells in these DEP retention and DEP-FFF
studies.

CONCLUSIONS AND PERSPECTIVE

We have reported a new technique for cell characterization
and separation that combines dielectrophoretic levitation
and field-flow fractionation. In this method, an inhomoge-
neous dielectrophoretic-levitation force acts to balance the
homogeneous gravitational force, and provides an effective
mechanism for controlling positions of cells and their cor-
responding velocities in a fluid flow profile. Thus cell
velocities and their corresponding transit time across a
DEP-FFF chamber directly reflect their individual dielectric
characteristics and can be exploited for both characteriza-
tion and separation purposes.

Using HL-60 cells in thin chambers equipped with par-
allel electrode arrays on their bottom walls, we demon-
strated the validity of a theoretical model for the DEP-FFF
system. The cell levitation height and corresponding veloc-
ity in an eluate flow profile were shown to be very sensitive
to cell dielectric properties, especially when the parameter
Re(fcm) was close to zero. This ability is significant for
biological and clinical problems in which cell subpopula-
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tions with subtle differences must be separated. Finally, we
demonstrated that HL-60 cells could be separated from
normal PBMN cells by using both DEP-FFF and DEP
retention approaches.

As shown in Eq. 7, the electric field distribution g(#)
critically determines the sensitivity of the dependence of
cell levitation height, and thus traveling velocity, on cell
dielectric properties. We are directing efforts toward the
design of electrode geometries that provide optimized field
distributions for various applications. Further studies are
also needed to improve our understanding of the nature of
the hydrodynamic lift effect.
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