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ABSTRACT The differential analysis of human leukocytes has many important biological and medical applications. In this
work, dielectrophoretic field-flow-fractionation (DEP-FFF), a cell-separation technique that exploits the differences in the
density and dielectric properties of cells, was used to separate the mixtures of the major human leukocyte subpopulations
(T- and B-lymphocytes, monocytes, and granulocytes). The separation was conducted in a thin chamber equipped with an
array of microfabricated interdigitated electrodes on the bottom surface, and the separation performance was characterized
by on-line flow cytometry. To investigate optimal separation conditions for different leukocyte mixtures, elution fractograms
at various DEP field frequencies were obtained for each leukocyte subtype. With appropriately chosen conditions, high
separation performance was achieved in separating T- (or B-) lymphocytes from monocytes, T- (or B-) lymphocytes from
granulocytes, and monocytes from granulocytes. DEP-FFF does not involve cell-labeling or cell-modification step, and
provides a new approach to hematological analysis.

INTRODUCTION

The enumeration and purification of human leukocyte sub-
populations is fundamental in many biological and medical
applications. For example, highly purified cells are required
for analyses of functional capacities of the different leuko-
cytes in immune responses, for studies of interleukin-medi-
ated molecular signaling between leukocyte subpopulations
(Trinchieri et al., 1992; Stout, 1993), and for characteriza-
tion of leukocyte growth factors (Cantrell et al., 1992) and
cytokines (Stein and Dalgleish, 1994; Couraud, 1994). Dif-
ferential analysis of human leukocytes is routinely per-
formed in clinical laboratories to identify leukemia and to
discriminate between bacterial and virus infections. Meth-
ods currently used to discriminate and separate leukocyte
subpopulations exploit cell properties such as density
(Boyum, 1974; Ali, 1986), electrostatic characteristics
(Gadeberg et al., 1979; Eggleton et al., 1992), and specific
immunologic receptor–ligand interactions (Barald, 1987;
Chess and Schlossman, 1976; Smeland, 1992; Miltenyi et
al., 1990; Abts et al., 1989; Semple et al., 1993; NRC report,
1987). The techniques most widely used are rosetting
(Barald, 1987), fluorescence-activated cell sorting (van
Zaanen et al., 1995), and magnetic-activated cell sorting
(Smeland, 1992; Miltenyi et al., 1990; Abts et al., 1989;
Semple et al., 1993). The major disadvantages of these
techniques are that cell labeling is time consuming and may

interfere with cell use after separation. In addition, these
methods cannot be readily implemented on simple, auto-
mated, portable diagnostic devices. Therefore, improved
cell sorting methods that can identify and selectively ma-
nipulate different cell types based on novel physical prop-
erties are desirable.

Dielectrophoresis (DEP) is the movement of particles in
a nonuniform AC electrical field driven by forces arising
from the interaction between the field-induced polarization
and the applied field (Pohl, 1978). It is currently being
exploited for potential applications in cell separation. DEP
separation is based on the principle that the polarizability of
living cells depends strongly on their composition, mor-
phology, and phenotype and on the frequency of the applied
electrical field (Huang et al., 1996; Fuhr and Hagedorn,
1996; Pethig and Kell, 1987). Thus, cells of different types
and in different physiological states have been found to
possess distinctly different dielectric properties that can,
under appropriate conditions, give rise to differential DEP
forces and be exploited for cell separation (Gascoyne et al.,
1992, 1997; Wang et al., 1993; Markx et al., 1994, 1995;
Becker et al., 1994, 1995; Stephens et al., 1996; Cheng et
al., 1998a,b).

A recently developed technique, DEP field-flow-fraction-
ation (DEP-FFF), exploits the balance of DEP levitation and
gravitation forces. Cells having different density and dielec-
tric properties are levitated to different heights above the
bottom surface of a thin chamber, and are carried with the
fluid flow at different velocities when a parabolic flow
velocity profile is generated inside the chamber (Fig. 1).
Like most chromatographic methods, DEP-FFF operates in
a batch-mode, so the separated cells are eluted from the
chamber at different times. DEP-FFF has been used to
separate human leukemia (HL-60) cells from normal human
mononuclear cells (Huang et al., 1997), synthetic polystyrene
microbeads of different sizes and different surface functional-
ization (Wang et al., 1998), and human breast cancer (MDA-
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435) cells from whole blood (Yang et al., 1999a) and from
hematopoietic stem CD341 cells (Huang et al., 1999).

We recently reported that there are significant differences
in the membrane dielectric properties of T- and B-lympho-
cytes, monocytes, and granulocytes, and suggested that
these differences could be exploited to discriminate and
separate between these leukocyte subtypes under appropri-
ate dielectrophoretic conditions (Yang et al., 1999b). Here,
we report the application of DEP-FFF to the separation of
human leukocyte subpopulations. First, we show the differ-
ences in the frequency-dependent DEP-FFF responses of T-
and B-lymphocytes, monocytes, and granulocytes. Next, we
present the DEP-FFF separation of T- or B-lymphocytes
from monocytes, T-lymphocytes from granulocytes, and
monocytes from granulocytes. A programmable DEP force
field has been applied to enhance the separation perfor-
mance in terms of cell purity and separation speed. Finally,

we discuss differences in the density and dielectric proper-
ties of these leukocyte subtypes.

MATERIALS AND METHODS

Cell preparation

Major leukocyte subpopulations were purified from buffy bags (Gulf Coast
Regional Blood Bank, Houston, TX) as described previously (Yang et al.,
1999b). In brief, buffy bag samples were processed using Histopaque
(Sigma-Aldrich, Dorset, UK) gradient centrifugation. Purified granulocytes
were obtained by lysing erythrocytes in the cell pellet using an ammonium
chloride solution (8.26% ammonium chloride/1% potassium bicarbonate/
0.037% EDTA tetra sodium). Mononuclear cells collected from the inter-
face were incubated with CD3-, CD19-, or CD14-conjugated magnetic
beads (Miltenyi Biotec, Auburn, CA) and processed by superMACS
(Miltenyi Biotec) to derive T-, B-lymphocytes, and monocytes. The puri-
fied T-, B-lymphocytes, monocytes, and granulocytes were then labeled
with fluorescein isothiocyanate (FITC)- or phycoerythrin (PE)-conjugated

FIGURE 1 DEP-FFF principle and system setup. DEP-FFF chamber was constructed with microfabricated, interdigitated electrode arrays on its bottom
wall. Cells having different dielectric properties are levitated to different heights within a fluid-flow velocity profile inside a thin chamber and are carried
with the fluid flow at different velocities. In this configuration, the cells exit the chamber through the outlet port on the chamber bottom, and the majority
of the cell-free carrier medium is eluted through the top outlet port.
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monoclonal CD3, CD20, CD14, and CD15 antibodies (Becton Dickinson,
San Jose, CA), respectively, and were examined by flow cytometry. All
leukocytes were shown to have purity.90%.

Labeled leukocytes were washed once and resuspended at 0.52 2 3
106/ml in 8.5% sucrose/0.3% dextrose (wt/wt) buffer (conductivity 10
mS/m) adjusted with RPMI 1640 medium. For separation studies, two
purified leukocyte subtypes were mixed at a 1:1 ratio to achieve a final cell
concentration of 23 106/ml. For on-line flow cytometry identification of
separated leukocyte populations, two-color fluorescence labeling was used.
For differential analysis of cells in mixtures, double-label staining was
performed using CD3-PE and CD14-FITC for T-lymphocyte and mono-
cyte mixtures, CD20-PE and CD14-FITC for B-lymphocyte and monocyte
mixtures, CD3-PE and CD15-FITC for T-lymphocyte and granulocyte
mixtures, and CD14-PE and CD15-FITC for monocyte and granulocyte
mixtures, respectively.

Separation system setup

The experimental DEP-FFF arrangement was similar to that described
previously (Huang et al., 1999). Briefly, eight interdigitated microelectrode
arrays (electrode element width/spacing5 50 mm) were glued end-to-end
onto a supporting glass plate to form the bottom wall of the separation
chamber. A Teflon spacer was cut in the middle to provide a separation
channel (H 0.423 W 25 3 L 388 mm) and was sandwiched between the
bottom wall and a top glass plate with nylon clamps. An injection valve
(Rheodyne Model 7010; Rheodyne, Cotati, CA) equipped with a 50-ml
loop was connected to the chamber inlet port. Two PEEK tubings (0.0625-
in. OD, 0.020-in. ID, Upchurch Scientific, Oak Harbor, WA) were glued to
outlet ports on the top and bottom plates. A lab-built PA05-based power
amplifier (Apex Microtechnology, Tucson, AZ) was connected to the
electrode arrays to generate a nonuniform electrical field in the chamber.

Individual cells exiting the chamber were analyzed by on-line flow
cytometry, and cell elution fractograms were constructed. To allow oper-
ation of the DEP-FFF separator at high flow rates (.0.2 ml/min) and to
achieve maximum cell concentration at the cytometer, two digital syringe
pumps (Daigger, Wheeling, IL) were used to provide continuous flow of
carrier medium through the chamber. One pump was operated in the
infusion mode and the other in withdrawal mode. Cells exited the chamber
bottom through the lower tube and were fed directly to the injection needle
of the flow cytometer (BRYTE HS, Bio-Rad, Hercules, CA) for detection.
The withdrawal pump connected to the top outlet port was set at 90% of the
flow rate of the infusion pump, and withdrew only the cell-free portion of
the medium. With this configuration, it is important to ensure that the fluid
withdrawal rate is sufficiently low so that no cells elute through the top
outlet port. Under typical operating conditions for the cells studied here,
about 10% of the infused fluid, corresponding to a height of 80mm in the
parabolic flow profile in the chamber, was eluted to the cytometer. Because
the maximum equilibrium height of individual leukocytes was less than 65
mm (measured under the light microscope), no cells had exited through the
top outlet port. This was verified experimentally by showing that the
number of cells counted by the cytometer was independent of the percent-
age of eluate flown to the cytometer if that percentage was.7%.

In operation, the DEP-FFF chamber was first loaded with sucrose
buffer. Fifty microliters of cell samples were then introduced into the inlet
port through the injection valve, as described previously (Wang et al.,
1998). A 10-kHz DEP signal (4 V p-p) was applied to the electrodes during
sample injection so that cells were levitated in the chamber by DEP forces,
which prevented cells from adhering to the chamber bottom surface. After
injection, cells were allowed 5 min to sediment to positions sufficiently
close to the chamber bottom wall so that DEP forces could be effectively
applied. Fluid flow through the chamber was then initiated from the
infusion syringe pump at a rate of 2 ml/min. Simultaneously, the with-
drawal syringe pump was set to remove cell-free carrier medium from the
chamber at a rate equal to 90% of the infusion rate. Cells exited the
chamber from the bottom outlet port and were fed into the flow cytometer

where they were detected, identified, and counted. Five parameters were
measured for each cell: elution time, fluorescence (FITC and PE filter set),
and forward and side light scatter.

For characterization of DEP-FFF responses of the leukocyte subpopu-
lations, the DEP signal was changed to various frequencies when the flow
started. For DEP-FFF separation, a swept-frequency, instead of a single
frequency, was used to maximize the differences in equilibrium levitation
heights (and thus the velocities) between the two types. After one cell type
was eluted, a 5-kHz DEP signal (4 V p-p) was applied to speed up the
elution of all remaining cells.

RESULTS

DEP-FFF responses of the leukocyte subtypes

DEP-FFF responses of T-, B-lymphocytes, monocytes, and
granulocytes were studied individually as a function of the
frequency of the applied field, and are shown in Fig. 2. Take
T-lymphocytes and granulocytes as examples. In the fre-
quency range of 5–40 kHz, T-lymphocytes were eluted
from the chamber between 4 and 7 min with peaks at;4.5
min (Fig. 2A). As the frequency increased to above 40 kHz,
the elution fractogram slowly broadened with the peak
position shifting to;8 min at 60 kHz. Granulocytes exhib-
ited elution characteristics similar to those of T-lympho-
cytes at frequencies below 25 kHz (Fig. 2D). However, at
frequencies above 30 kHz, granulocyte response was char-
acterized by a rapid broadening of the elution fractogram
and no clear elution peak was observed.

The elution peak times for the four major leukocyte
subtypes, as calculated from the elution fractograms (Yang
et al., 1999a; Huang et al., 1999), were illustrated in Fig. 3
as a function of the field frequency. While T- and B-
lymphocytes had fairly similar DEP-FFF frequency re-
sponses, significant differences were observed among lym-
phocytes, monocytes, and granulocytes at frequencies above
25 kHz. Thus, any two leukocyte subtypes, except T- and
B-lymphocytes, should be separable using the DEP-FFF
method without recourse to additional methods of cell dis-
crimination.

Separation of human leukocyte subpopulations

Separation of monocytes from T- or B-lymphocytes

Following their introduction into the chamber and before
initiation of the fluid flow, mixtures of monocytes and T- or
B-lymphocytes were allowed to sediment for 5 min under a
10-kHz DEP-field. After the fluid-flow was commenced,
the DEP field frequency was swept repetitively at a 1-s
period between 20 and 50 kHz for the monocyte/T-lympho-
cyte mixtures, and between 20 and 40 kHz for monocyte/
B-lymphocyte mixtures. During the swept-frequency pe-
riod, T- or B-lymphocytes were well levitated and eluted
from the chamber, whereas monocytes were levitated only
slightly and moved slowly through the chamber. After the
10-min swept-frequency application, the frequency was
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switched to 5 kHz so that monocytes could be levitated and
eluted.

Figure 4A is a typical fractogram depicting the separation
of monocytes and T-lymphocytes. It shows that the separa-
tion was achieved within 16 min and that the difference in
elution peak time between the two cell types was.8 min.
Flow cytometry showed that the peak between 4.5 and 5.5
min contained 92% T-lymphocytes whereas the monocyte
peak between 12.5 and 13.5 min contained 98% monocytes
(Table 1). Similar separation fractograms (not shown) were
obtained for monocyte/B-lymphocyte mixtures, and the sep-
aration performance is summarized in Table 1.

Figure 4,B andC, show the contour plots of fluorescence
versus exit time for individual cells during the separation of
monocytes and T-lymphocytes. Clearly, T-lymphocytes
(identified by CD31-PE) exited the chamber earlier than
monocytes (identified by CD141-FITC).

Separation of granulocytes from T-lymphocytes

For separation of granulocytes from T-lymphocytes, the
DEP signal was first swept between 40 and 50 kHz for 8
min, during which time, T-lymphocytes were well levitated
and eluted from the chamber. The frequency was then

FIGURE 2 DEP-FFF elution fractograms obtained by on-line flow cytometer for (A) T-lymphocytes, (B) B-lymphocytes, (C) monocytes, and (D)
granulocytes. Cells were suspended at 0.52 2 3 106/ml in an isotonic sucrose/dextrose buffer having an electrical conductivity of 10 mS/m. The applied
voltage was 4 V p-p. The infusion and withdrawal syringe pumps were operated at 2 and 1.8 ml/min, respectively.
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switched to 5 kHz to levitate and elute the granulocytes. At
the peak elution times for T-lymphocytes (between 5 and 6
min), the eluate contained 87% T-lymphocytes, whereas,
at the peak elution time for granulocytes (between 11 and
12 min), the elute contained 94% granulocytes (Fig. 5;
Table 1).

Separation of monocytes from granulocytes

Similar procedures to those described above were used for
the separation of monocytes from granulocytes, except that
a swept frequency between 30 and 35 kHz was applied for
8 min. The DEP-FFF fractogram in Fig. 6 shows that
granulocytes eluted from the chamber ahead of monocytes.
Separation analysis by flow cytometry revealed that, at the
elution peak between 4.5 and 5.5 min, 91% granulocytes
were contained in the eluate, whereas, at the peak of 10–11
min, 97% monocytes were contained in the eluate (Table 1).

DISCUSSION

Cell separation mechanics

According to the DEP-FFF theory, the balance of DEP
levitation and gravitational forces will equilibrate a cell in
the chamber at a heightheq given by

heq 5 h0 1 A lnS Re~fCM!

~rc 2 rm!gD, (1)

where A and h0 are constants that depend on electrode
geometry and applied electrical signals (Huang et al., 1997;
Wang et al., 1998; Yang et al., 1999a). Cell levitation height
is determined by cell density,rc, and dielectric properties,
Re(fCM) relative to the carrier medium. Here, Re(fCM) is the

FIGURE 3 Frequency dependency of DEP-FFF elution time for T-lym-
phocytes (ƒ), B-lymphocytes (‚), monocytes (h), and granulocytes (E).
Error bars stand for elution peak width. The elution times and peak widths
are calculated from the fractograms in Fig. 2 using the method described
previously (Yang et al., 1999a).

FIGURE 4 (A) DEP-FFF fractogram showing the separation of a T-
lymphocyte/monocyte mixture. The DEP field was swept for 10 min at
frequencies between 20 and 50 kHz, and was then switched to 5 kHz.
(B–C) The contour plots showing the fluorescence level versus the elution
time for cells exiting the DEP-FFF chamber. To facilitate cell identifica-
tion, T-lymphocytes and monocytes were labeled with PE-conjugated CD3
and FITC-conjugated CD14 antibodies, respectively. Cell suspension, DEP
signal voltage, and fluid-flow conditions were the same as in Fig. 2.
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real component of the Clausius-Mossotti factor, which is
given byfCM 5 (e*c 2 e*m)/(e*c 1 2e*m), wheree*c ande*m are
the frequency-dependent complex dielectric permittivities
of the cell and its suspending medium, respectively.

If the chamber width is much greater than the chamber
height and flow is fully developed, then a laminar fluid-flow
profile will be spontaneously established in the vertical
direction within the chamber. A cell at heightheq from the
chamber bottom will then be carried along by the flow
profile at a velocityVc and exit the chamber at a timeT,
given by

Vc 5 6^Vm&
heq

H S1 2
heq

H D, (2)

T 5 L/Vc , (3)

whereH andL are the chamber height and length, respec-
tively, and ^Vm& is the mean fluid velocity (Huang et al.,
1997; Wang et al., 1998; Yang et al., 1999a). Therefore, the
cell elution time will be a function of the voltage of the
applied DEP field, the electrode geometry, the cell dielectric
polarization factor Re(fCM), and the cell densityrc. For a
specific DEP field condition, cell elution time varies in
accordance to Re(fCM) andrc.

Mammalian cells have been typically modeled using sin-
gle-shell dielectric spheres (Huang et al., 1996; Fuhr et al.,
1996; Yang et al., 1999b). In the frequency range operated
for DEP-FFF described in this work, Re(fCM) is dominated
by cell radiusr and membrane (shell) capacitanceCmemand
can be approximated as

Re~fCM! 5
f 2 2 f 0

2

f 2 1 2f 0
2 , (4)

f0 5
sm

prCmem
, (5)

wheref0 is the so-called crossover frequency at which DEP
forces acting on the cells are zero, andsm is the electrical
conductivity of the cell-suspending medium.

We showed in our previous studies that capacitance dif-
ferences between cells can result from membrane composi-
tion or morphological differences. However, because only
small permittivity changes are expected to occur through
variations in protein/lipid ratio for mammalian cells, mem-
brane area differences associated with morphology are be-
lieved to account for most capacitance differences between
cells (Sukhorukov et al., 1993; Wang et al., 1994). It follows
that cell membrane properties, size, and cell density deter-
mine DEP-FFF behavior, and that differences in these pa-
rameters form the basis for cell separations in this work.

To analyze the DEP-FFF responses of different leukocyte
subtypes, the frequency dependencies of Re(fCM) (Fig. 7)
were calculated using Eqs. 4–5 with mean dielectric param-
eters derived from electrorotation measurements (Yang et

al., 1999b). For T-lymphocytes, Re(fCM) varied from20.5
to 20.15, as frequency increased from 10 to 50 kHz. For
monocytes and granulocytes, however, Re(fCM) varied from
20.5 to10.15 and from20.5 to20.05, respectively, in a
narrow frequency range of 10 to 40 kHz. These results are
in agreement with the observation that, with increasing
frequency, the elution peaks for granulocytes and mono-
cytes broadened more rapidly than the peaks for lympho-
cytes. Furthermore, because a certain percentage of the cells
experienced positive DEP forces at frequencies above 20
kHz the number of eluted granulocytes and monocytes
quickly decreased (Fig. 2). Thus, the variation in DEP-FFF
response with frequency is dominated by changes in the
dielectric polarization factor Re(fCM).

The differences in Re(fCM) between the four major leu-
kocyte subtypes reflect differences in their size and mem-
brane capacitance (Yang et al., 1999b). As described pre-
viously (Yang et al., 1999b), T- and B-lymphocytes have
the same average radius of;3.3 mm and their surfaces are
mostly covered by microvilli, although the surfaces of T-
lymphocytes appear to be smoother than B-lymphocyte
surfaces. In contrast, monocytes and granulocytes are;1.4
times the size of lymphocytes. Their surfaces commonly
possess a great number of folds and ruffles. However, the
ruffles on monocytes are flat and wide whereas those on
granulocytes are round and narrow. From the T-test results
(Table 3 of Yang et al., 1999b) we believe size differences
dominated the separation of lymphocytes from monocytes
and granulocytes. In contrast, the separation of monocytes
and granulocytes depended mostly on differences in the
shapes of membrane folds and ruffles and on membrane
composition.

Cell size and membrane properties are closely related to
cell biological functions. For example, microvilli are gen-
erally regarded as a device for increasing the total mem-
brane surface area and thus for facilitating metabolite trans-
port; membrane ruffles have been observed to stretch out to
their full heights as cells migrate, and this appear to play a
role in facilitating cell motility. Our earlier studies have
demonstrated that cell dielectric characteristics are closely
associated with cell membrane properties, and that mem-
brane capacitance increases with cell size and cell mem-
brane area associated with membrane-rich morphological
features, including microvilli, folds, and ruffles (Wang et
al., 1994). Therefore, we expect that cell types that have
differences in size or membrane morphology should be
separable by DEP-FFF. To predict DEP-FFF separability
quantitatively, it is possible to measure the dielectric char-
acteristics of the cell types to be separated by electrorotation
measurements, by a DEP-FFF frequency scan, or by dielec-
tric measurements on bulk suspension of pure cells using
methods such as time domain spectroscopy. An optimal
separation can be found in the frequency range at which the
cell populations to be separated demonstrated the largest
differences in their DEP-FFF responses.
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Unlike gravitational and sedimentation FFF (Yue et al.,
1994; Parsons et al., 1996), in which separation perfor-
mance depends sensitively on cell density, DEP-FFF used
cell density through sedimentation forces to act in balance
with DEP levitation forces, and cell density is not the only
factor that determines separation performance. Take granu-
locytes and monocytes as an example. Granulocytes have a
larger density (1.080–1.085 g/ml) than monocytes (1.058–
1.07 g/ml) (Yang et al., 1999b), and would exit the chamber
later if both cell types had same Re(fCM) values. However,
in our DEP-FFF separation, granulocytes exited earlier than
monocytes (Fig. 5). This is because, at 30 kHz, granulo-
cytes, having a mean value of20.04 for Re(fCM), are
levitated by the negative DEP force, whereas monocytes,
having a positive mean value of;0.16, tend to be trapped
by positive DEP forces (Yang et al., 1999b).

As reported earlier (Yang et al., 1999b), there is an
inherent heterogeneity in each leukocyte subpopulation, and

individual cells of one type may possess dielectric proper-
ties similar to cells of other types. Such overlapping in cell
dielectric distribution may lead to cells of one type being
contaminated with other types during DEP-FFF separation.
For example, in the separation illustrated in Fig. 5 the
T-lymphocyte tail between 7 and 9 min was contaminated
with 50% granulocytes.

Separation approaches

To examine separation performance in real time, we used
two-color fluorescence staining and on-line flow cytometry
to ensure that all the cells in mixtures were identified and
counted during the separation. This is an improvement from
a previously reported method (Yang et al., 1999a), in which
off-line evaluation took additional steps and time. The sep-
aration results shown in Table 1 include labeled cells only.
Cells other than the components of the binary mixture were
excluded by fluorescence gating. It is possible that the CD

FIGURE 5 DEP-FFF fractogram showing the separation of a T-lympho-
cyte/granulocyte mixture. The DEP field was swept for 8 min at frequen-
cies between 40 and 50 kHz, and was then switched to 5 kHz. Cell
suspension, DEP signal voltage, and fluid-flow conditions were the same
as in Fig. 2.

FIGURE 6 DEP-FFF fractogram showing the separation of a monocyte/
granulocyte mixture. The DEP field was swept for 8 min at frequencies
between 30 and 35 kHz, and was then switched to 5 kHz. Cell suspension,
DEP signal voltage, and fluid-flow conditions were the same as in Fig. 2.

TABLE 1 Summary of differential analysis of leukocytes by DEP-FFF

Experimental Systems Cell Types
Purity after

Separation* (%)
Separation Time

(min)

Monocytes versus T-lymphocytes Monocytes 98 16
(20–50 kHz, 10 min; 5 kHz, 6 min)† T-lymphocytes 92
Monocytes versus B-lymphocytes Monocytes 94 16
(20–40 kHz, 10 min; 5 kHz, 6 min)† B-lymphocytes 92
Granulocytes versus T-lymphocytes Granulocytes 94 13
(40–50 kHz, 8 min; 5 kHz, 5 min)† T-lymphocytes 87
Monocytes versus Granulocytes Monocytes 97 13
(30–35 kHz, 8 min; 5 kHz, 5 min)† Granulocytes 91

*Cell purity after separation was determined by the flow cytometry for the corresponding elution peaks.
†DEP field used for separation consists of a swept frequency segment followed by a fixed frequency.
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markers added to the cell surfaces may have changed their
membrane dielectric properties. However, in the experi-
ments we conducted, unlabeled cells eluted with a similar
profile to CD-labeled cells, suggesting that any such dielec-
tric modifications were not large enough to influence the
DEP-FFF properties of the cells studied here.

To achieve efficient cell separation, the goal is to ensure
that different cell types experience different time-averaged
vertical DEP forces as they traverse the length of the DEP-
FFF chamber. The relative DEP forces experienced by
different cells are defined by the cellular dielectric differ-
ences. However, cells of any given type typically exhibit a
somewhat heterogeneous distribution of dielectric proper-
ties that can result in a broad elution peak if a single fixed

frequency is used and can also result in DEP trapping of
some cells. By effectively averaging the DEP forces on cells
by applying a field that covers a frequency-band, the swept-
frequency approach greatly reduces the number of cells
being trapped at the electrodes and causes nearly all cells to
be at least slightly levitated. To illustrate this, Fig. 8 shows
the calculated elution times for two monocytes as a function
of the applied field frequency for both single-frequency and
swept-frequency approaches. The two cells are assumed to
have a 10% difference in membrane capacitance. At a single
frequency of 40 kHz, the monocyte having the larger mem-
brane capacitance is trapped at the electrodes by positive
DEP forces, while the other cell is levitated and eluted after
4 min. In contrast, for a swept-frequency signal centered at

FIGURE 7 The frequency spectra of the dielectric
polarization factor Re(fCM) under DEP-FFF separation
conditions (conductivity 10 mS/m) for T-lymphocytes
(ƒ), monocytes (h), and granulocytes (E), as calcu-
lated using the mean dielectric parameters derived from
electrorotation measurements (Yang et al., 1999b).

FIGURE 8 Elution times of two monocytes having
a 10% difference in membrane capacitance as a func-
tion of the DEP-field frequency for both single-fre-
quency (dotted curves) and swept-frequency (solid
curves) methods, as calculated using Eqs. 1–5 with the
following parameters. Cell radiusr 5 4.63mm, mem-
brane capacitanceCmem5 15.3 (h), 16.8 mF/m2 (■),
cell densityrc 5 1.065 g/ml, medium conductivity
sm 5 10 mS/m, medium densityrm 5 1.033 g/ml.
With a single frequency of 40 kHz, the monocyte
having the small capacitance is eluted at 4 min,
whereas the other is expected to be trapped at the
electrode edges by positive DEP forces. In contrast,
for a swept frequency between 30 and 50 kHz, both
monocytes would be levitated and eluted at times
differing by 3 min.
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40 kHz, both monocytes are levitated and are eluted at times
that differ by ;3 min. Another effect of the DEP force
averaging is that large differences in the spread in elution
times for the heterogeneous populations can be condensed
to yield a more compact elution profile.

In DEP-FFF, cells are discriminated according to differ-
ences in their levitation heights. From Eq 1, we can see that
changes in the applied voltage will have broadly similar
effects on cells equilibrated at different heights. Thus, al-
though it may alter the shape of the elution profile, a voltage
sweep cannot bring any improvement to the DEP-FFF dis-
crimination. For fluid velocity, we observed that increasing
fluid flow rate up to several ml/min influenced the elution
time, i.e., the higher the flow rate, the quicker the cells were
separated. Nevertheless, the relative position of the elution
peaks was not altered because no hydrodynamic lift effects
played a role in DEP-FFF separations for the conditions
used in this study. Therefore, a fluid velocity sweep cannot
improve DEP discrimination, either.

The performance of DEP-FFF separation reflects limita-
tions in how tightly cells were initially focused in the flow
direction (injection mode, relaxation, etc.) and inherent cell
dielectric and density heterogeneities. We anticipate that
cell chaining may become a problem that influences sepa-
ration purity when cell concentrations become too high.
Nevertheless, the throughput of batch mode separation for
the chamber geometry we used was at least 106 cells, based
on our experiments. Within that range, no deterioration in
DEP-FFF performance was observed.

CONCLUSIONS AND PERSPECTIVE

The four major leukocyte subtypes, namely, T- and B-
lymphocytes, monocytes, and granulocytes were separated
using DEP-FFF. Cells were separated according to differ-
ences in their size, density, and membrane properties. High
purity and good separation performance was achieved. This
is the first time DEP-FFF has been used to separate cell
subtypes.

DEP-FFF conditions were programmed to achieve time-
varying DEP forces during separation to increase the dis-
crimination between different cell types. Although it is not
necessary to use swept frequencies, by doing so it is possi-
ble to selectively control the relative time-averaged DEP
forces experienced by cells having different dielectric prop-
erties, leading to improved performance of the separator.
For different applications, we envisage using different sig-
nal programming sequences to attain desired separation
performances. Optimal multiple or swept-frequency condi-
tions can either be determined empirically or be predicted
by computer simulations using Eqs. 1–5 if cell dielectric
properties and desired elution characteristics are known. For
example, from the computer simulation results in Fig 7, we
can predict that it is possible to separate lymphocytes,
monocytes, and granulocytes directly from buffy coats,

using, first, a swept frequency between 40 and 50 kHz. Only
lymphocytes would be levitated and eluted in this frequency
range, whereas monocytes and granulocytes would be
barely levitated or gently trapped at the electrodes. Second,
after lymphocyte elution, the swept frequency would be
lowered to 30–35 kHz to levitate and elute the granulocytes
while still barely levitating or trapping monocytes. Finally,
the frequency would be set to 5 kHz to strongly levitate
monocytes and cause their elution. Such programmability
suggests that DEP-FFF separation performance can be tai-
lored to many clinical and research applications.
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