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ABSTRACT The characterization of a dielectrophoretic/gravitational field-flow-fractionation (DEP/G-FFF) system using
model polystyrene (PS) microbeads is presented. Separations of PS beads of different surface functionalization (COOH and
none) and different sizes (6, 10, and 15 �m in diameter) are demonstrated. To investigate the factors influencing separation
performance, particle elution times were determined as a function of particle suspension conductivity, fluid flow rate, and
applied field frequency and voltage. Experimental data were analyzed using a previously reported theoretical model and good
agreement between theory and experiment was found. It was shown that separation of PS beads was based on the
differences in their effective dielectric properties. Particles possessing different dielectric properties were positioned at
different heights in a fluid-flow profile in a thin chamber by the balance of DEP and gravitational forces, transported at different
velocities under the influence of the fluid flow, and thereby separated. To explore hydrodynamic (HD) lift effects, velocities of
PS beads were determined as a function of fluid flow rate in the separation chamber when no DEP field was applied. In this
case, particle equilibrium height positions were governed solely by the balance of HD lift and gravitational forces. It was
concluded that under the experimental conditions reported here, the DEP force was the dominant factor in controlling particle
equilibrium height and that HD lift force played little role in DEP/G-FFF operation. Finally, the influence of various experimental
parameters on separation performance was discussed for the optimization of DEP/G-FFF.

INTRODUCTION

Dielectrophoresis (DEP) is the translational movement of a
particle in a nonuniform AC electric field driven by a force
arising from the electrostatic interaction between field-in-
duced polarization in the particle and the applied nonuni-
form field (Fuhr et al., 1996; Jones, 1995; Pethig, 1991;
Pohl, 1978; Wang et al., 1995b). DEP fields are generated
by electrode structures of appropriately designed geometry
such as the pin-plate, isomotive, polynomial, or castellated
interdigitated forms (Huang and Pethig, 1991; Marszalek et
al., 1989; Pohl and Pollock 1978; Pethig et al., 1992). Early
studies of dielectrophoresis used electrode structures made
from thin metal wires, needles, or plates (Pohl and Pethig,
1977; Jones and Kraybill, 1986), while modern dielectro-
phoresis employs microfabrication technology to produce
microelectrode arrays capable of producing sufficiently
large DEP forces to induce particle motion with small
applied voltages (e.g., Burt et al., 1990; Fuhr et al., 1992;
Gascoyne et al., 1992; Wang et al., 1995a). DEP forces are
dependent on the spatial distributions of applied electrical
fields as well as the dielectric properties of particles and of
their surrounding medium. Because of these dependencies,
DEP has been exploited for particle characterization (e.g.,

Gascoyne et al., 1994), manipulation (e.g., Fuhr et al., 1992;
Wang et al., 1997), and separation (e.g., Gascoyne et al.,
1992, 1997; Talary et al., 1995).
There are several approaches by which DEP can be

applied for the separation of particles. In DEP migration,
particles possessing different dielectric properties are sub-
jected to DEP forces and are caused to migrate differentially
to strong or weak electrical field regions. Spatial separation
of particles is achieved when particles are focused at dif-
ferent locations on the electrode structure (Gascoyne et al.,
1992; Wang et al., 1993). Several techniques of continuous
particle separation using this principle have been envisaged
(H. A. Pohl, Continuous dielectrophoretic cell classification
method, U.S. Patent 4,326,934, 1982; S. Crane, Dielectro-
phoretic cell stream sorter, U.S. Patent 5,489,506, 1996).
According to one scheme, particles are continuously intro-
duced into a separation chamber at a single inlet point and
are carried through the chamber by fluid flow. DEP forces
are imposed by electrode structures on the chamber walls
and these forces induce continuous particle deflection in the
plane normal to the direction of the fluid flow and parallel
to the chamber bottom. Particles possessing different prop-
erties emerge at the outlet of the chamber at different
positions depending on the direction and magnitude of the
DEP forces experienced. Other methods of DEP separation
utilize a combination of DEP and other forces. In DEP
retention, DEP forces are applied to compete with fluid-
flow forces. Particles experiencing large positive DEP
forces are trapped at their minimum DEP potential energy
positions. Other particles experiencing small positive or
negative DEP forces are carried away with the fluid (Markx
et al., 1994; Wang et al., 1993). Cell separations of clinical
importance using DEP retention have been demonstrated by
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Becker et al. (1995), Gascoyne et al. (1997), and Talary et
al. (1995).
Recently, DEP forces have been combined with field-

flow-fractionation (FFF, Giddings, 1989, 1993) for particle
separation (Gascoyne et al., 1996; Huang et al., 1997;
Markx et al., 1997). The idea of using DEP forces in a FFF
system was first suggested by Davis and Giddings (1986) in
their theoretical study of dielectric FFF. It was proposed that
DEP forces generated by electrodes on the facing walls of
an annular channel could be used in conjunction with fluid-
intrinsic diffusion forces to generate particle equilibrium
concentration profiles across the radial direction of the
channel. In this scheme, particles (�1 �m in diameter)
having different dielectric or diffusive properties would
exhibit different characteristic concentration profiles and
would move at different velocities under the influence of
fluid-flow. Therefore, they would exit the channel at differ-
ent times when a flow velocity profile was set up inside.
This approach (Davis and Giddings, 1986) of combining
DEP with normal FFF was later discussed by Washizu et al.
(1994) for a different electrode structure. The DEP-FFF
technique reported recently (Gascoyne et al., 1996; Huang
et al., 1997; Markx et al., 1997) exploits the balance be-
tween dielectrophoretic and gravitational (sedimentational)
forces. In this method negative DEP forces are produced by
microelectrodes on a chamber and levitate particles to equi-
librium positions in a flow-velocity profile. Particles at
different heights in the flow stream move at different ve-
locities and can be fractionated based upon their different
retention times in the chamber. This technique can be
termed dielectrophoretic/gravitational-FFF (DEP/G-FFF), a
subtechnique of DEP-hyperlayer-FFF. Balancing DEP
forces with other types of physical forces (e.g., electro-
phoretic, cross-flow, or DEP forces generated from different
electrodes in the chamber) results in other subtechniques
such as DEP/electrophoretic-FFF.
Field-flow-fractionation has been used for separation and

characterization of a number of types of biological cells
including Escherichia coli, human and animal erythrocytes,
cultured human HeLa, and Chinese hamster ovary CHO-K1
cells (Andreux et al., 1993; Berg and Turner, 1991; Cald-
well et al., 1984; Cardot et al., 1992; Parsons et al., 1996;
Tong et al., 1997). FFF studies of human erythrocytes have
revealed that cell membrane deformability is an important
factor contributing to the hydrodynamic lifting force acting
on the cells as they travel in the flow stream at positions
close to the channel walls (Tong and Caldwell, 1995). In
recent DEP/G-FFF studies, cell equilibrium heights and
velocities were shown to be dependent on cell dielectric
properties and on the frequency and voltage of applied
signals (Gascoyne et al., 1996; Huang et al., 1997; Markx et
al., 1997). Separation of normal human mononuclear cells
and human leukemia (HL-60) cells based on differential
DEP/G-FFF velocities was demonstrated and a theoretical
model was developed to account for the experimental data
(Huang et al., 1997).

Here we report the construction and characterization of a
complete DEP/G-FFF system consisting of a syringe pump,
a fluid-sample-injector, a DEP/G-FFF chamber, and a par-
ticle detector at the chamber outlet. The separations of
model particles of polystyrene (PS) microbeads having dif-
ferent surface functionalizations (COOH and none) and
different sizes (6, 10, and 15 �m in diameter) are demon-
strated. Separation performance is shown to be a function of
the suspension conductivity, the fluid flow rate, and the
voltage and frequency of the signals applied to the elec-
trode. A theoretical analysis of the results reveals that sep-
aration of PS microbeads is based upon the differences in
the effective dielectric properties of different bead types.

MATERIALS AND METHODS

DEP/G-FFF system

A schematic representation of the DEP/G-FFF system is shown in Fig. 1.
Parallel microelectrode arrays having 50-�m widths and gaps were fabri-
cated on 50 � 50-mm glass substrates using standard photolithographic
methods. Eight 50 � 50 mm electrode plates were glued end-to-end onto
a supporting glass plate to form an electrode of area 50 � 400 mm. A
Teflon spacer (H 0.4 � W 50 � L 400 mm) was cut to provide an open
channel with dimensions of 388 mm from tip to tip and 25 mm in width
except at the tapered ends. This was sandwiched between the bottom
electrode plate and a top glass plate to form the DEP/G-FFF chamber. The
chamber was firmly assembled with 36 Nylon screw-clamps (Bel-Art
Products, NJ). The top and bottom plates were drilled with 0.0625-in.
diameter holes to fit inlet and outlet tubing at positions coincident with the
points of the tapered opposite ends of the cutout channel. Microelectrode
arrays, each having two 4-mm wide electrical conductor buses running
along the edges, were connected in parallel to a lab-built PA05-based
power amplifier (Apex Microtechnology, AZ). The amplifier could deliver
up to 10 W of power into a 2-ohm load with a bandwidth of DC to 400 kHz.
A digital syringe pump (KD Scientific, MA) was used to provide

continuous flow of carrier medium through the DEP/G-FFF chamber at a
rate selectable between 1 �l/min and 70 ml/min. A sample injection valve
(Rheodyne Model 7010, CA) allowed measured sample introduction from
a 10-�l loop. A 5-cm length of PEEK tubing (0.0625 in. OD, 0.010 in. ID)
having a void volume of 2.5 �l served as the inlet connection between the
injection valve and the chamber.
Two different methods were used to characterize particle responses in

the DEP/G-FFF chamber. The first approach was to manually gauge the
dynamics of particle separation by counting particles that passed by several
specific inspection locations along the length of the chamber as a function
of time with the aid of video microscopy. The second method was to
monitor particles exiting the chamber with a UV detector. To accomplish
this, the chamber outlet was connected to the 3-�l flow cell of a UV
spectroscopic detection system (ISCO Model UA-6, NE) via a 5-cm length
of PEEK tubing (0.0625 in. OD, 0.020 in. ID). The detector was operated
at a wavelength of 254 nm and its output voltage signal, proportional to
light attenuation by particles in the flow-cell, was fed to a chart recorder
(Goetz, Austria).

PS bead preparation

Two types of experiments were conducted: 1) separation of PS beads
(Polysciences, PA) of similar density (1050 kg/m3) and size (9.44 � 0.95
vs. 10.57 � 1.03 �m in diameter), but possessing different surface func-
tionalizations (COOH and none); and 2) separation of nonfunctionalized
PS (NF-PS) beads of similar density (1050 kg/m3) but of different sizes
(6.14 � 0.45, 10.57 � 1.03, and 15.5 � 1.84 �m). Surface-carboxylated
(COOH-PS) beads were characterized by the manufacturer as having a
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surface charge of 0.12 mEq (COO�)/g of polymer. While there are other
methods suitable for the separation of PS beads, these beads were chosen
as model particles in this study to aid in the characterization and develop-
ment of the DEP/G-FFF system because they were relatively homogeneous
in terms of size, density, and other structural and compositional characteristics.
Our standard DEP buffer, consisting of 8.5% (w/v) sucrose and 0.3%

(w/v) dextrose, was used as the FFF carrier fluid and particle-suspending
medium. Electrical conductivity of the buffer was brought to 2.2 or 10
mS/m with aliquots of 300 mM EDTA (adjusted to pH 7.0 with NaOH).
The final pH of the buffer was found to be �6.8. To ensure that no air
bubbles were present in the DEP/G-FFF chamber during separation, the
sucrose/dextrose buffer was degassed under vacuum for several minutes.
Sample mixtures were prepared by diluting aliquots of Polysciences-
supplied microbead suspensions with the sucrose/dextrose buffer to
achieve particle concentrations of 1.5 � 107, 3 � 106, and 4 � 105

particles/ml for PS beads of nominal diameter 6, 10, and 15 �m,
respectively.

Bead separation protocol

The DEP/G-FFF chamber was first loaded with carrier medium (sucrose/
dextrose buffer) using the syringe pump; precautions were taken to ensure
that no air bubbles were introduced into the chamber. Appropriate voltage
signals (between 0.5 and 1 V RMS at 50 kHz) were then applied to the
microelectrodes so that PS beads would be levitated to equilibrium posi-
tions upon injection into the chamber, thereby minimizing contact and
possible adherence of the beads to the electrode surface. Next, a mixture of
PS bead types was introduced into the chamber. To accomplish this, the
injection valve was first set in the “load” mode and the 10-�l loop was
filled with sample using a manually operated syringe. The valve was then
switched to the “injection” mode and 35 �l sucrose/dextrose buffer was
pumped through the loop by the syringe pump operating at 50 �l/min to
flush the beads into the DEP/G-FFF chamber. The valve was then switched
back to the “load” mode, ready for the next sample loading.
After PS microbeads had been loaded into the inlet port of the chamber,

they were allowed to relax for some minutes (up to 30 min) in order to

attain equilibrium height positions where the sedimentation and DEP
levitation forces were balanced. Following relaxation, flow of the carrier
medium was initiated in the chamber from the syringe pump, which was
operated at a desired flow rate in the range 20–2000 �l/min. As PS beads
were carried along the chamber length, their kinetics were observed with
video microscopy (Nikon Microphot-SA microscope, Hamamatsu XC-77
CCD camera) and results were recorded on a VCR (Panasonic, AG-7350).
Finally, PS beads exiting the chamber were monitored by the UV detection
system.

RESULTS

Separation dynamics

To examine the dynamic process of DEP/G-FFF separation,
we followed particle trajectories in the chamber by moni-
toring the number of particles that passed by several inspec-
tion windows along the chamber as a function of time. From
these data we constructed three-dimensional representations
of separation dynamics where the number (z axis) of parti-
cles was plotted as a function of time (x axis) at different
inspection positions (y axis) along the chamber. A typical
example is shown in Fig. 2 for a DEP/G-FFF separation of
NF-PS and COOH-PS beads. Clearly, the two subpopula-
tions of beads traveled at different velocities and became
more and more separated as they moved further along the
chamber. A single peak was only visible at position 1.
Thereafter, bifurcation of the peak occurred until two dis-
tinct (nonoverlapping) peaks were observed at position 5
(165 mm from the chamber inlet). This indicates that com-
plete separation of the two bead subpopulations could be
achieved with a chamber only 165 mm long. By the time the

FIGURE 1 Schematic representa-
tion of the DEP/G-FFF system show-
ing the chamber in exploded view to
reveal the Teflon spacer with the flow
channel cut into it. The operation of
the injection valve is as follows: the
sample is first loaded into the loop
through the path “syringe35343
loop31363waste” with fluid flow
in the second path; in the injec-
tion mode, the fluid flow path is “sy-
ringe pump32313loop34333
chamber.”
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beads reached position 8 (close to the chamber outlet and
360 mm from the inlet), the two subpopulation peaks were
separated by a time interval of �1 min.

DEP/G-FFF fractograms

To characterize the separation performance, particles exit-
ing the DEP/G-FFF chamber were monitored using the UV
detector. Typical fractograms displaying the time depen-
dence of the UV absorbance are shown in Fig. 3, A and B.
Fig. 3 A depicts the separation of COOH-PS and NF-PS
beads with the two peaks occurring 11.7–12.4 and 12.8–
13.4 min after the initiation of fluid flow, respectively. In
order to associate elution times with specific microbead
types, DEP/G-FFF experiments were performed on pure
NF-PS or COOH-PS beads and then on several mixtures of
these bead types at different concentration ratios. By com-
paring the elution peak times in these experiments, we
determined that the COOH-PS beads eluted ahead of the
NF-PS beads. Fig. 3 B shows the separation of NF-PS beads
of three different sizes (nominal diameters 6, 10, and 15
�m). Direct observation of particle motion under the mi-
croscope revealed that larger beads moved faster than

smaller ones. Thus, the three elution peaks in time range of
9.9–10.8, 11.6–12.4, and 12.7–15 min corresponded to
populations of 15, 10, and 6 �m diameters, respectively.

Separation of NF-PS and COOH-PS beads

We (Huang et al., 1997) and others (Tong and Caldwell,
1995; Williams et al., 1992) have previously reported that
particles experience a hydrodynamic (HD) lifting force that
pushes them away from the chamber walls as they are
carried along in a fluid flow profile. This lifting force was
shown to increase with the fluid flow rate (Williams et al.,
1992). To determine the influence of the HD lifting force on
overall particle kinetics, separation experiments were con-
ducted as a function of the fluid flow rate for a specified
DEP field condition. As shown in Fig. 4, A and B, the

FIGURE 2 Three-dimensional representation of DEP/G-FFF fraction-
ation of NF-PS (10.57 � 1.03 �m) and COOH-PS (9.44 � 0.95 �m)
beads. Particle counts were plotted as a function of time at eight inspection
locations having distances of 36, 64, 92, 132, 165, 225, 272, and 360 mm
from the chamber inlet. To show the progress of separation, the time after
the emergence of the first bead at each position was used to define zero
time for that location. A single peak was detected only at position 1 (36 mm
from the chamber inlet). Two overlapping peaks appeared at position 2 and
these become more and more widely separated at positions 3–8. Condi-
tions: voltage, 1.6 V RMS at 50 kHz; parallel electrode arrays, 50 �m
electrode widths and gaps. After injection, beads were allowed to relax to
their equilibrium height positions in the chamber for 10 min prior to the
application of the fluid flow. To begin separation, flow of sucrose buffer of
electrical conductivity 10 mS/m was initiated at 200 �l/min.

FIGURE 3 (A) DEP/G-FFF fractogram showing the separation of NF-PS
(10.57 � 1.03 �m) and COOH-PS (9.44 � 0.95 �m) beads. Conditions:
voltage, 1.24 V RMS at 50 kHz; parallel electrode arrays, 50 �m electrode
widths and gaps. Beads were allowed to relax to their equilibrium height
positions in the chamber for 10 min after injection and before the appli-
cation of fluid flow. Sucrose buffer of electrical conductivity 10 mS/m was
pumped through the chamber at 800 �l/min. (B) DEP/G-FFF fractogram
showing the separation of NF-PS beads of different sizes (6.14 � 0.45,
10.57 � 1.03, and 15.5 � 1.84 �m in diameter). Conditions: voltage, 0.53
V RMS at 100 kHz; parallel electrode arrays, 50 �m electrode widths and
gaps. Beads were allowed to relax for 25 min after injection and before the
application of fluid flow. Sucrose buffer of electrical conductivity 2.2
mS/m was pumped through the chamber at 800 �l/min.
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elution peak times for NF-PS and COOH-PS beads were
inversely proportional to the flow rate in the range of 100 to
1000 �l/min. Separation effectiveness, as characterized by
the ratio of the elution peak times for two PS bead popula-
tions, was not compromised even at the high flow rate of
1000 �l/min. As discussed later, these results indicate that
the hydrodynamic lifting force played little role in the
separation process for the flow rate range investigated here.

The importance of DEP forces in DEP/G-FFF separation
is illustrated in Fig. 5 A, where elution peak times for NF-PS
and COOH-PS beads are shown as a function of the applied
DEP voltage signals. Increasing the applied voltage from
0.07 V to 2.65 V RMS resulted in faster elution of both

FIGURE 4 (A) Dependency of elution peak times for NF-PS (10.57 �
1.03 �m, E) and COOH-PS (9.44 � 0.95 �m, �) beads on the fluid flow
rate in DEP/G-FFF separation. Particle suspension conditions are the same
for Fig. 3 A. Conditions: voltage, 1.6 V RMS at 50 kHz; parallel electrode
arrays, 50 �m electrode widths and gaps. The continuous lines represent
the theoretical-fit of experimental data using Eqs. 2–7. Values for the
dielectric parameter Re(fCM) at 50 kHz were derived as �0.20 and �0.28
for NF-PS and COOH-PS beads suspended in aqueous medium of con-
ductivity 10 mS/m, respectively. (B) Plot of elution peak times for NF-PS
and COOH-PS beads versus the reciprocal of the fluid flow rate. The solid
line is a linear fit to the experimental data.

FIGURE 5 (A) Dependency of elution peak times for NF-PS (10.57 �
1.03 �m, E) and COOH-PS (9.44� 0.95 �m,�) beads on the voltage (50
kHz) applied to the microelectrodes. (B) Plot of the ratio of the two elution
peak times for NF-PS and COOH-PS beads versus the applied voltage.
Particles were allowed to relax in the chamber for 10 min after injection
and before the application of fluid flow. Sucrose buffer of electrical
conductivity 10 mS/m was pumped through the chamber at a rate of 800
�l/min. The continuous lines represent the best fits of Eqs. 2–7 to the
experimental data. Values for dielectric parameter Re(fCM) at 50 kHz were
thereby derived as �0.18 and �0.30 for NF-PS and COOH-PS beads
suspended in aqueous medium of conductivity 10 mS/m, respectively. At
the applied voltage of 0.53 V (RMS), particle equilibrium heights are
calculated from their retention times using Eqs. 2, 3, and 7 to be 29.1 and
41.2 �m for NF-PS and COOH-PS beads, respectively.
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NF-PS and COOH-PS beads. This is expected when it is
considered that larger applied voltages levitate particles to
higher equilibrium position in the flow velocity profile
(Gascoyne et al., 1996; Huang et al., 1997). Separation
effectiveness was observed to be a function of the applied
voltage (Fig. 5 B). The best separation of the two bead
populations, as characterized by a maximum value of�1.65
for the ratio of the two elution peak times, was attained at an
applied voltage of 0.21 V RMS. Increasing or decreasing
the applied voltage resulted in a gradual convergence of the
two elution peaks.

Separation of NF-PS beads of three
different sizes

The dependence of elution times on the applied DEP volt-
age is shown in Fig. 6 for PS beads of nominal diameter 6,
10, and 15 �m. As for the separation of NF-PS and
COOH-PS beads, an increase in the applied voltage resulted
in decreased bead elution times and decreased separation
between the three elution peaks. Separation of NF-PS beads
of 6, 10, and 15 �m was also studied as a function of the
applied field frequency for constant fluid flow and applied
voltage conditions (Fig. 7). The elution-peak time for
15-�m beads remained nearly constant in the frequency

range 1 to 400 kHz. For 10-�m beads, the elution time was
nearly constant in the frequency range 5 to 200 kHz but
became larger at lower (1–2 kHz) or higher (400 kHz)
frequencies. Strong frequency dependency with a maximum
elution time at 50 kHz was exhibited by 6-�m beads.
Optimum separation of these beads was achieved at �50
kHz.

DISCUSSION

Bead relaxation

A common requirement of most FFF methods (Liu et al.,
1991; Caldwell and Gao, 1993) is allowing particles to be
separated to relax to equilibrium positions with respect to
the surfaces of the separation chamber before the fluid-flow
is started. Equilibrium positions are reached when the phys-
ical forces that act on the particles are balanced. The relax-
ation process ensures that the differential positions of the
particles in the fluid-flow profile, and the corresponding
particle velocities and transit times across the chamber,
depend only on the physical properties of the particles and
not on their initial positions after introduction into the
chamber. Therefore, after they were introduced into the
DEP/G-FFF chamber, PS beads were allowed to sediment
to their equilibrium heights with appropriate DEP electrical
fields applied. The time (tr) required for a particle of radius
r and density �p to sediment a distance H can be readily
derived from the formula

tr �
9H�

2��p � �m	r2g (1)

FIGURE 6 Dependency of elution peak times for NF-PS beads of 6 (‚),
10 (E), and 15 (�) �m diameter on the voltage (50 kHz) applied to the
microelectrode array. Particles were allowed to relax to equilibrium height
positions in the chamber for 25 min after injection and before the appli-
cation of fluid flow. Sucrose buffer of electrical conductivity 2.2 mS/m was
pumped through the chamber at a rate of 800 �l/min. The solid lines
represent the best fit of theory to the experimental data according to Eqs.
3–8. Values for the dielectric parameter Re(fCM) at 50 kHz were derived as
�0.12, �0.14, and �0.19 for 6, 10, and 15-�m beads, respectively,
suspended in aqueous medium of conductivity 2.2 mS/m. Particle equilib-
rium heights are calculated from their retention times using Eqs. 2, 3, and
7 to be 22.1, 25, and 30 �m for 6, 10, and 15 �m beads, respectively, at
the smallest applied voltage of 0.53 V (RMS).

FIGURE 7 Dependency of elution peak times for PS beads of 6 (‚), 10
(E), and 15 (�) �m diameter on the applied field frequency. The voltage
of the applied electrical signals was 0.53 V RMS. Particles were allowed
to relax to their equilibrium height positions in the chamber for 25 min
prior to the application of fluid flow. Sucrose buffer of electrical conduc-
tivity 2.2 mS/m was pumped through the chamber at a rate of 800 �l/min.
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where g is the acceleration due to gravity and �m and � are
the density and viscosity of the suspending medium, respec-
tively. Equation 1 reveals that small particles will take
longer to relax than larger particles. For example, the relax-
ation times for PS beads of 6, 10, and 15 �m diameter
(density 1050 kg/m3) are �4, 9, and 25 min, respectively,
for a relaxation distance of 400 �m in a medium of density
1033 kg/m3 and viscosity 1.26 � 10�3 kg � m � s.

DEP/G-FFF chamber surface treatment

As discussed above, PS beads should theoretically settle to
their equilibrium height positions as determined by the
balance of sedimentation and applied DEP forces during
relaxation. However, the DEP levitation force is larger
above the electrode edges of the electrode array and smaller
over the centers of the electrodes and gaps (Fig. 8 A). As a
result of this as well as certain imperfections such as occa-
sional open circuits in electrode elements, some PS beads
may settle to the chamber bottom surface. These may adhere
to the chamber wall, where they can disturb the laminar
flow profile when fluid flow is started, and impair the
separation performance. Therefore, after several experi-
ments we realized that an appropriate conditioning of the
chamber bottom surface to inhibit particle adherence was
critical to achieving optimum separation results. The fol-
lowing procedures were developed for chamber surface
treatment. Electrodes were first washed in 1% (w/v) Al-
conox detergent (Alconox Inc., NY), rinsed thoroughly with
deionized water, and air-dried before chamber assembly. To
remove any residual water in the chamber, it was filled with
ethanol and then dried with filtered, low-pressure N2. The
chamber was then filled with Sigmacote (Sigma, MO) for
15 min and dried again with N2. Each Sigmacote treatment,
which applied a hydrophobic coating to the chamber walls,
lasted for �20 experiments. After each day’s usage the
chamber was flushed with 60 ml of 1% (w/v) Alconox plus
0.05% (w/v) NaOCl (Clorox Inc., CA) solution at 2 ml/min
for 30 min. For overnight storage the chamber was filled
with this solution to ensure there was no growth of micro-
organisms. The chamber can be used for many hundreds of
experiments without noticeable changes in its separation
performance, provided the electrode surface treatment de-
scribed above is performed regularly.

Particle kinetics

As illustrated in Fig. 9, a particle traveling in a DEP/G-FFF
chamber experiences several forces. In the vertical direc-
tion, DEP levitation, sedimentation (gravitation), and HD
lift forces act to determine the particle height in the fluid-
flow profile. Because of the nonuniform nature of the elec-
tric field distribution in the chamber, the DEP levitation
force varies with particle position relative to the electrode
structure, as depicted in the vector representation of DEP
force distribution reported earlier (Huang et al., 1997; Wang

et al., 1996). Larger DEP forces are experienced by a
particle when it is directly above the electrode edges than
when it is above the central regions of electrodes and gaps

FIGURE 8 Dependencies of vertical (levitation, A) and horizontal (B)
DEP forces on the particle position relative to electrode edges for a parallel
electrode array of 50 �m width and spacing. The bold line on the x axis
represents an electrode element. The electrical field simulation was per-
formed using the Green’s theorem-based analytical method (Wang et al.,
1996). For the force calculation, a particle of radius r 
 5 �m and
Re(fCM) 
 �0.5 was subjected to an applied field of 1 V RMS. DEP
levitation forces in (A) were calculated for particle heights between 5
(largest force) and 95 �m (smallest force) at 10 �m increments above the
electrode plane. Levitation forces were found to be larger at positions over
the electrode edges than over the central regions of the electrodes and gaps.
The horizontal DEP forces shown in (B) were calculated for particle
heights of 5 (—), 15 (- - -), and 25 (- � - � -) �m from the electrode plane.
Positive and negative values correspond to the horizontal force component
pointing with and against the direction of the x axis, respectively. Because
of symmetry in electrode geometry and the resulting field distribution, the
average horizontal DEP force is zero across one electrode/gap period.
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(Fig. 8 A). As a particle travels across the electrode array,
the net force it experiences in the vertical direction alter-
nates around zero. As a result, the particle will move up and
down, and the magnitude of these height perturbations will
depend on the instantaneous DEP levitation forces, the fluid
viscosity, and the rate of travel across the electrode ele-
ments. We found that the oscillation of particle heights was
quite small (�2 �m) at moderate or high fluid flow rates
(�200 �l/min) because particles had a short time (�20 ms)
to respond to the variations in the vertical DEP force com-
ponent. We therefore adopted a theoretical model in which
it was assumed that particles are positioned at equilibrium
heights in the flow profile that are determined by the bal-
ance of the average DEP levitation force with the constant
sedimentation and HD lift forces (Huang et al., 1997). The
oscillation of particle heights observed here is somewhat
similar to the oscillation of particle velocities in a traveling-
wave dielectrophoresis field reported by Hagedorn et al.
(1992). Nevertheless, the oscillation magnitude here is
much smaller than those in Hagedorn et al., because parti-
cles have little time to respond to the change in the DEP
levitation force as they are carried quickly across the elec-
trodes under the influence of the fluid flow.
In the fluid flow direction a particle experiences fluid

drag as well as a horizontal component of DEP forces from
the electrodes. Although the net fluid drag would be zero if
a particle moved at constant velocity at a fixed height in the
fluid flow profile in the absence of an applied electrical
field, the horizontal DEP force component causes the par-
ticle velocity to suffer perturbations. Nevertheless, because
of the electrode periodicity, the average horizontal DEP
force over a complete electrode/gap period is zero (Fig. 8
B). Thus horizontal DEP forces have no effect on the
average velocity of the particle. As a corollary, the velocity
of particles depends only on their equilibrium height posi-
tions in the flow profile as determined by the balance of the
average DEP levitation force and the sedimentation and HD
lift forces; the horizontal DEP component does not influ-
ence particle velocities. This is one of the major differences
between DEP/G-FFF and the early separation approach of

DEP-retention. In that case, the horizontal DEP force com-
ponent was used to compete with the fluid flow forces and
thereby determine the particle elution rate (Becker et al.,
1995; Markx et al., 1994; Talary et al., 1995).

Hydrodynamic lift forces

As discussed above, the balance of the average DEP levi-
tation force and the sedimentation and HD lift forces deter-
mines particle equilibrium heights. To investigate the HD
lift effect, G-FFF experiments were conducted where no
DEP forces were applied so that particle equilibrium posi-
tions were determined solely by sedimentation and HD lift
forces. The average velocities of PS beads of nominal
diameter (6 and 15 �m) suspended in either deionized water
or sucrose/dextrose buffers were measured as a function of
the fluid flow rate (Fig. 10). Several trends were evident: 1)
a near-linear dependency of the average velocity of PS
beads on the fluid flow rate existed for each experimental
condition; 2) for a given suspension condition and fluid
flow rate, 15-�m PS beads traveled �1.5 times faster than
6-�m beads; and 3) for a given flow rate, the velocities of
PS beads were slightly higher in deionized water than in the
sucrose/dextrose solution of higher viscosity and density.
Particle velocities under each flow condition (Fig. 10)

were used to calculate the particle equilibrium heights due
to the balance of HD lift and sedimentation forces. In the
absence of particles, fluid flow in our chamber takes the
form of a parabolic velocity profile. In general the velocity
of a particle at a given height in such a flow profile is
smaller than that of undisturbed fluid at the same height by
a factor called the retardation coefficient. A number of

FIGURE 9 Schematic representation of the instantaneous forces acting
on a particle in the DEP/G-FFF chamber.

FIGURE 10 Dependency of the particle velocity on fluid flow rate for
G/FFF operation. Results are shown for PS beads of 6 (‚, Œ) and 15 �m
(�, f) are suspended in deionized water (‚, �) and sucrose/dextrose
solution (Œ, f). No electrical signals were applied to the electrode array.
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authors have investigated this retardation effect under var-
ious flow conditions (Goldman et al., 1967; Press et al.,
1986). Williams et al. (1992) summarized the findings,
relating the particle velocity (Vp) to the velocity profile (Vm)
through the retardation coefficient f (h/r) in the expressions

Vp � f �h/r	Vm (2)

where

f �h/r	 � 1�
5
16 �rh�

3

for h� 1.1r

or

f �h/r	 �
0.74

0.5� 0.2 log��h� r	/r� for h� 1.1r.

and

Vm � 6Vm�
h
H�1�

h
H� (3)

given that h is the distance of the center of the particle to the
chamber bottom surface and H is the chamber thickness.
Using Eqs. 2 and 3, equilibrium positions (h) of the centers
of PS beads in various G-FFF experiments were calculated
as 7.92 (�0.13) and 8.1 (�0.13) �m for 15-�m, and 3.45
(�0.09) and 3.73 (�0.19) �m for 6-�m diameter beads in
sucrose/dextrose solution and deionized water, respectively.
Particle heights were essentially independent of the fluid
flow rate. Thus, HD lift forces levitated PS beads only
slightly and distances between particle peripheries and the
chamber bottom wall were between only 0.4 and 0.7 �m.
The lift force, equal to the sedimentation force for PS beads
at the equilibrium positions, was dependent on particle size
and suspending condition, but not on the fluid flow rate.
These results do not agree with a number of previous

theoretical analyses of hydrodynamic effects where the lift-
ing force was shown to be proportional to the first (Saffman,
1965; Williams et al., 1992) or second order (Ho and Leal,
1974) of the flow rate. The theories by Saffman (1965), Ho
and Leal (1974), and Vassuer and Cox (1976) predict lifting
forces two to three orders of magnitude smaller than those
required to balance the sedimentation forces for PS beads at
our observed particle equilibrium heights. On the other
hand, the empirical formula for HD lift forces derived by
Williams et al. (1992) predicts that PS beads should have
been levitated to much higher positions than we observed.
Furthermore, our findings that the HD lift force is indepen-
dent of fluid flow rate and increases with decreasing fluid
viscosity are contrary to the experimental results in several
other reports (Caldwell et al., 1979; Parsons et al., 1996;
Tong and Caldwell, 1995; Williams et al., 1992). The phys-
ical nature of the HD lift effect and the reasons for the
discrepancies between our experimental data and these ear-
lier findings are not understood. Clearly, further studies of
the HD lift force are needed. Nevertheless, we note that PS

beads typically moved at much higher velocities in DEP/G-
FFF studies than in G-FFF experiments, demonstrating that
DEP forces can levitate particles to much higher (up to 2
orders of magnitude) equilibrium positions than HD effects.
We therefore conclude that hydrodynamic lift forces play
little or no role in typical DEP/G-FFF separations.

Particle separation mechanics

Previously, we developed a theoretical model for DEP/G-
FFF (Huang et al., 1997) in which the average DEP levita-
tion force generated by parallel electrodes acting on a par-
ticle was given by

FDEPZ � 2	A 
mr3 Re� fCM	U2 exp��4	h/d	p� f 	 (4)

where U is the applied RMS voltage. Here, Re(fCM) is the
real component of the Clausius-Mossotti factor, which re-
flects the magnitude and direction of field-induced polar-
ization in the particle at frequency f (Sauer, 1985; Jones,
1995; Wang et al., 1995b; 1997). This factor is given by
fCM 
 (�p* � �m

* )/(�p* � 2�m* ), where �p
* and �m

* are the
frequency-dependent complex dielectric permittivities of
the particle and its suspending medium. The parameter d is
the periodicity of the parallel electrode array and A is a
constant inversely proportional to d3 (
 �176/d3) and re-
lating to the exponential decay of the DEP levitation force
as a function of height above the electrode plane (Fig. 11).
For parallel electrodes of 50-�m widths and gaps, the pa-
rameter d 
 200 �m and A 
 �2.2072 � 1013 m�3. The
function p( f ) is introduced to correct for the electrode
polarization effect, which diminishes the electrical field that
impinges on the particle (Schwan, 1992; Zhou et al., 1995;
Huang et al., 1997). Ignoring the HD lifting effect, the
particle equilibrium height heq, average particle velocity Vp,
and particle retention time T can be derived as (Huang et al.,
1997)

heq �
d
4	 �2 ln�U	 � ln�Ap Re� fCM	� � ln� 3 
m

2��p � �m	g��
(5)

and

Vp �
3f �heq/d	Vm�d

2	 H �2 ln�U	 � ln�Ap Re� fCM	�

� ln� 3
m
2��p � �m	g���1�

d
4	 H�2 ln�U	 � ln�Ap Re�fCM	�

� ln� 3
m
2��p � �m	g��� (6)

T� L �Vp (7)

where L is the chamber length. By using Eqs. 2–7, theoret-
ical simulations of our experimental data were performed to
allow us to derive the dielectric polarization factor Re( fCM)
for PS beads under the various conditions noted earlier.
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Fig. 4 shows a comparison between the theoretical and
experimental flow rate dependencies of retention times for
10 �m NF-PS and COOH-PS beads. Clearly, the theory is
able to provide a good description of the experimental data,
suggesting that our model is valid. Particle equilibrium
heights were determined to be 65 �m for NF-PS beads and
71 �m for COOH-PS beads, almost two orders of magni-
tude larger than those attained by PS beads due to HD lift
forces alone in G-FFF. These results again strongly suggest
that DEP levitation forces are the dominant factor in con-
trolling particle equilibrium positions in DEP/G-FFF;
Re(fCM) was derived as �0.20 and �0.28, for NF-PS and
COOH-PS microbeads, respectively, at a frequency 50 kHz
in sucrose/dextrose buffer of conductivity 10 mS/m. While
it is not the purpose of this article to analyze the origin of
the dielectric differences between NF-PS and COOH-PS
beads, we note that a number of studies have been presented
to characterize these particles (Arnold et al., 1987; Maier,
1997). Here we will briefly mention only some important
points. COOH-PS beads are negatively charged because the
carboxyl group is ionized to COO� in our suspending
medium of pH�7. NF-PS beads also possess some negative
charges, a result of chemicals used in styrene polymeriza-
tion during bead manufacture (Fischer and Nölken, 1988).
These charges will induce counterion double layers around

particles in suspension and the polarization of such double
layers under the influence of an applied AC electric field
contributes significantly to the dielectric properties of the
particles (Grosse and Shilov, 1996; Maier, 1997). We con-
sider that the difference observed here between the dielec-
tric properties of NF-PS and COOH-PS beads is associated
with differences in their electrical charges and the corre-
sponding counterion double layers at the bead surfaces.
Therefore, particle surface properties serve as the basis for
DEP/G-FFF separation of NF-PS and COOH-PS beads.
The experimentally observed voltage dependency of par-

ticle elution times for NF-PS and COOH-PS beads was
analyzed using Eqs. 2–7 using nonlinear fitting, and the
results are shown in Fig. 5 A. Good agreement between
theory and experiment is found for applied voltages � 0.21
V RMS. Below 0.21 V RMS, the theory breaks down
because the DEP force is predicted to be too small to
levitate the particles. Theoretical particle elution times cal-
culated by assuming a fixed particle levitation height due to
the HD lifting forces alone in this low voltage regime were
found to be larger than those observed experimentally.
Furthermore, particles eluted faster with small voltages ap-
plied than with no DEP field. These data suggest that DEP
forces were capable of levitating particles to some extent
even for applied voltage below 0.21 V RMS. We believe
that this discrepancy between our theoretical model and the
experimental results for the low voltage regime arises from
our assumption that DEP levitation forces can be averaged
across an electrode width/gap period in order to calculate
particle levitation characteristics. While the averaged DEP
force may indeed not be sufficiently large to levitate parti-
cles, the much larger and highly localized DEP forces at
positions over the electrode edges (Huang et al., 1997;
Wang et al., 1996; Fig. 8 A) probably do levitate particles in
those regions. Furthermore, our assumed exponential decay
of average DEP forces with height above the electrode plane
is a good approximation (�5% error) only at positions well
above the electrode surface (�18 �m for parallel electrodes
of 50-�m widths and spacing, Fig. 11) and does not hold for
the small levitation heights in the low voltage regime.
Another possible source of the discrepancy between the
theoretical model and the experimental results in the low
voltage regime is that the presence of particles was not
taken into account in the field simulation (Fig. 8, A and B),
resulting in less accurate determination of DEP forces.
Fig. 5 B shows that our theoretical model qualitatively fits

the experimental voltage dependency observed for the elu-
tion time ratio between NF-PS beads and COOH-PS beads
despite some discrepancies. As the applied voltage was
reduced from 2.65 V to 0.21 V RMS, the elution time ratio
increased and separation between the two PS microbead
populations became greater. This higher discrimination at
small operating voltages resulted from the fact that particles
equilibrated at lower positions, where the fluid velocity
gradient attained larger values. However, below 0.21 V
RMS, HD lift forces contributed to the particle levitation,
causing less differentiation in the equilibrium heights of

FIGURE 11 Dependency of the average DEP levitation forces on parti-
cle height above the parallel electrode plane for electrode widths (and gaps)
of 50 (E) and 25 (ƒ) �m. The electrical field simulation was performed
using the Green’s theorem-based analytical method (Wang et al., 1996).
For the force calculation, a particle of radius r 
 5 �m and Re(fCM) 

�0.5 was subjected to an applied field of 1 V RMS. The solid lines are the
best exponential curve fit (Eq. 4) to the average DEP forces calculated at
each height. The DEP levitation force for the larger electrode width and
gap (50 �m) decays slower than the smaller electrode geometry (25 �m).
Note that the DEP force distributions for different-sized parallel electrode
arrays are similar in form except for a factor in the force magnitude and a
scaling in the geometrical coordinates.
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NF-PS and COOH-PS beads. This was because HD lift
forces are not different for these particle types (NF-PS
versus COOH-PS beads of similar size and density) as
evidenced by the fact that NF-PS and COOH-PS beads
could not be separated in G-FFF experiments. Separation of
the two bead populations became impaired as the applied
electrode voltage was decreased further.
Theoretical analyses were also made of the voltage de-

pendencies of particle elution times for NF-PS beads of
different size (Fig. 6). Values for Re(fCM) were derived as
�0.12, �0.14, and �0.19 for NF-PS beads of 6, 10, and 15
�m diameter, respectively, at an applied field frequency of
50 kHz in sucrose/dextrose buffer having a conductivity of
2.2 mS/m. These differences in the dielectric properties
were the basis for the DEP/G-FFF separation of PS beads of
different sizes.

Optimization of DEP/G-FFF separation

It is evident from Eqs. 2–7 that the particle elution time is
determined by a number of operational parameters, includ-
ing the chamber height H and length L; the average fluid
flow rate Vm�; the electrode periodic distance d; the applied
voltage U; the particle radius r; the particle dielectric po-
larization parameter Re(fCM); and the particle and suspen-
sion densities �p and �m. Separation by DEP/G-FFF can
therefore exploit differences in particle size, density, and
dielectric properties. In the following we will discuss how
the electrode and chamber dimensions, the applied field,
and the particle suspension conditions influence the sepa-
ration characteristics without invoking complex mathemat-
ical analysis based on differential calculus.
As in most FFF applications, it is assumed here that a

parabolic flow profile exists in the vertical direction of the
DEP/G-FFF chamber and that the shape of this profile is
determined by the chamber height H. For achieving better
separation performance, H should be chosen to maximize
the fluid velocity gradient, given by

dVm �dh�
6Vm�

H2 �H� 2h	 (8)

The gradient dVm/dh increases as the particle height is
decreased in the flow profile so that better velocity differ-
entiation is achieved for particles equilibrated closer to the
chamber bottom surface. For particles having a maximum
levitation height hmax, the choice of H will depend on the
specific optimization criteria. For example, to maximize the
average velocity gradient between 0 and hmax, the chamber
height should be 2hmax; to maximize the gradient at hmax the
chamber height should be 4hmax.
The particle elution time and the degree of separation

between different particle types are proportional to the
chamber length L (Eq. 7), thus better separation can be
achieved by increasing L. The particle elution time is in-
versely proportional to Vm� so that increasing the flow rate
will result in faster separation. Nevertheless, at sufficiently

high values of the fluid flow rate, the HD lift may impair
particle separation. Other undesirable effects may also come
into play at very high flow rates.
A large periodic distance d results in a slower exponential

decay of DEP levitation forces with height above the elec-
trode plane (Fig. 11), which in turn gives rise to a better
discrimination in equilibrium heights of particles possessing
subtle dielectric differences (Eqs. 5–7). Thus, electrode
arrays with large d values are preferred for increasing the
resolution of dielectric discrimination. Electrodes having
large d values may, however, require a much higher field
strength (E) to generate sufficiently strong DEP levitation
forces (proportional to E2/d). A higher field strength may in
turn cause some undesirable effects, such as Joule heating of
the suspending medium. Furthermore, as discussed earlier,
the exponential decay relationship assumed for the average
DEP levitation force above the electrode plane is accurate
only for positions well above the electrode surfaces (�1/3
electrode width and gap, Fig. 11). Detailed analysis may be
required for DEP force distributions close to the electrode
surface to assess the effect of changing the periodic distance
d for specific DEP/G-FFF applications. Such effects need to
be considered when choosing the dimension parameter d of
the electrodes.
As shown in Figs. 5 and 6, the applied voltage U is an

important variable for DEP/G-FFF operation. Generally,
large voltages levitate particles to higher equilibrium posi-
tions where the gradient of the fluid velocity is reduced. To
exploit the region of large velocity gradient in the fluid flow
profile for better particle separations, small voltages may be
preferred. On the other hand, HD lift effects at low positions
in the profile may complicate particle kinetic behaviors and
small voltages also result in longer separation times. Clearly
the applied voltages should be optimized for each applica-
tion.
The density �m of suspending medium is another impor-

tant variable for DEP/G-FFF (Eqs. 5–7). For stable posi-
tioning of particles in the flow profile, negative dielectro-
phoretic forces and negatively buoyant particles should be
used; �m should therefore be smaller than the densities (�p)
of the particles (Gascoyne et al., 1996; Huang et al., 1997).
The value for �m is chosen based on the following criteria.
If �m is much smaller than �p, then a large voltage and field
strength may have to be applied to levitate the particles. On
the other hand, if �m is just slightly below �p, then a long
time is necessary for particles to relax to their equilibrium
positions after introduction into the chamber (Eq. 1).
The applied field frequency f and the dielectric properties

(electrical conductivity and permittivity) of suspending me-
dium are important factors in determining the Re(fCM) of the
particles (Gascoyne et al., 1997; Wang et al., 1997), and
should be optimized by maximizing the differences in
Re(fCM) between particles to be separated. As long as the
applied DEP levitation forces (a function of the field fre-
quency f and dielectric properties of suspending medium)
are effective in controlling particle equilibrium heights in
the flow profile, the DEP/G-FFF system can be used for
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particle characterization and separation. In contrast to par-
ticle separations using DEP retention (Wang et al., 1993,
Becker et al., 1995) where different particles must have
different polarities for Re(fCM), DEP/G-FFF separations
require that different particles have different negative
Re(fcm) values. As shown previously in DEP/G-FFF (Huang
et al., 1997), particle velocity (and therefore the retention
time in Eq. 7) is very sensitive to Re(fCM), suggesting
considerably higher particle discriminations for DEP/G-FFF
than for the DEP retention method.

CONCLUSIONS AND PERSPECTIVES

Dielectrophoretic/gravitational field-flow fractionation is an
effective method for particle separation. It can be readily
applied for the separation of particles of �1 �m to several
hundred micrometers. It exploits not only differences in
particle size and density, as in a number of other FFF
techniques, but also, and most significantly, the particle
dielectric properties. For biological cells, DEP/G-FFF sep-
aration can be based on differences in cell size, membrane
capacitance and conductance (Gascoyne et al., 1997; Huang
et al., 1997), and cell interior dielectric properties. For
colloidal particles such as polystyrene beads, DEP/G-FFF
separation can utilize differences in particle size, particle
surface properties (such as surface charge), and bulk dielec-
tric properties.
DEP levitation forces, generated by applying a relatively

small AC voltage (�10 V p-p) to microelectrodes on the
bottom surface of the separation chamber, are used to bal-
ance the gravitational (sedimentation) forces acting on the
particles so as to position them in a flow velocity profile.
Particles possessing different dielectric and density proper-
ties equilibrate at different heights and are carried at differ-
ent velocities in a flow profile. As a result, different parti-
cles elute from the separation chamber at different times.
The separation method is flexible because it depends on a
number of operational parameters including the density and
dielectric properties of the particle suspending medium and
the voltage and frequency of the applied DEP field. These
parameters may be varied to optimize separation perfor-
mance for specific applications. The operational field fre-
quency is typically above 1 kHz. This minimizes several
undesired effects including electrode polarization and water
electrolysis at electrode surfaces. The separation chamber
can be readily miniaturized for applications demanding the
use of even minute quantities of samples. Finally, DEP/G-
FFF can be used to study the physical properties of particles.
For example, the particle dielectric properties can be de-
rived by determining the dependencies of their elution times
on the frequency and voltage of the applied DEP field.
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