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We describe a new device for separation of complex
biological particles and structures exploiting many physi-
cal properties of the biolytes. The device adds a new
longitudinal gradient feature to insulator dielectrophor-
esis, extending the technique to separation of complex
mixtures in a single channel. The production of stronger
local field gradients along a global gradient allows particles
to enter, initially transported through the channel by
electrophoresis and electroosmosis, and to be isolated
according to their characteristic physical properties,
including charge, polarizability, deformability, surface
charge mobility, dielectric features, and local capacitance.
In this work, the separation mechanism is described in
terms of the relevant electromechanical principles, and
proof-of-principle is demonstrated using various bacteria
cells as model systems. The results demonstrate the
selectivity of the technique and suggest that it may form
the foundation for a versatile and useful tool for separating
mixtures of complex biological particles and structures.

The separation of biological particles and structures is a
formidable task. In addition to the typical difficulties inherent to
analytical separations, the process is often further complicated
by the physical and chemical heterogeneity and complexity of both
the particles and the sample matrix. For instance, diagnostic and
therapeutic cellular analysis frequently requires isolating compo-
nents from samples containing numerous cell types in various
stages of development. The methods employed can vary greatly
depending on the specific nature of the sample and the desired
outcome. Bulk techniques such as centrifugation and affinity-based
filtration and cell sorting are common choices for preparative steps
or high throughput applications. For more demanding applications
requiring higher purity from smaller samples, electric field-based
techniques are particularly attractive because of their high-
resolution and efficiency.

Several strategies have been explored and developed for
separating bioparticles. One method that enables the charge-based
separation of suspended particles is capillary electrophoresis (CE).
This method has been used to separate and characterize a variety
of biological and biomimetic structures including liposomes,1-5

bacteria,6-8 subcellular components,9 and mammalian cells.10

Moreover, research in buffer additives and specialized surface
coatings has continued to increase the applicability of these
systems. While CE has proven very useful for some applications,
several shortcomings have also been noted. For example, mixtures
of different cell types or live and dead cells could not always be
successfully separated.6-8 In addition to traditional CE methods,
some groups have reported enhanced selectivity using hybrid
techniques such as radial migration and isoelectric focusing.11-15

Dielectrophoresis (DEP) has found widespread use as well.
DEP exploits the force exerted by a nonuniform electric field on
a polarizable particle.16-22 In general terms, it occurs as a result
of the force exerted by the external field on the field-induced
dipole moment of the polarized particle. The DEP effect was first
described by Pohl in his landmark 1951 publication, which
presented a theoretical explanation for the phenomena and
reported on its use for removing suspended particles from polymer
solutions.20,21 Since then DEP has been adapted and applied to a
wide variety of biological structures such as cells, spores, bacteria,
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and viruses.23-27 Unlike CE, which depends primarily on the
charge-to-size ratio of the particle, DEP depends on a rich set of
both structural and chemical properties. Because of this, enhanced
selectivity and sensitivity are often realized. Through its use,
researchers have achieved impressive results including separating
cancer cells from blood cells,23,28,29 parasitized cells from normal
cells,24,26,28-39 and live from dead cells.31

While DEP has proven to be a highly selective and versatile
technique, it also has several inherent limitations. One limitation
is the electrodes embedded within the separation chamber which
are used to establish the required nonuniform electric fields.
These can cause undesirable electrochemical reactions and gas
generation at the surfaces of these electrodes. Although the use
of AC rather than DC voltage helps to minimize these effects, it
does not eliminate them. Traditional DEP devices are also
generally limited to separating two distinctly different components,
one that collects in the high field strength regions (typically
located on, or near, the electrodes) and one that does not.
Consequently, separating particles with similar properties requires
optimizing the specific experimental parameters, such as buffer
conductivity, field strength, and frequency. Various techniques
have emerged in response to these limitations.40-46 For instance,
single cell manipulation has been demonstrated using methods
and devices based on three-dimensional arrays of microelectrodes
or field cages,41,47 while others have reported achieving increased

efficiency and greater control over particle transport through the
use of individually addressable or programmable electrodes.40,43

More recently, insulator-based dielectrophoresis (DC-iDEP)
has emerged.48 This method differs from traditional DEP in that
a DC voltage is applied to electrodes located in remote inlet and
outlet reservoirs, and the field nonuniformities are generated by
arrays of insulating posts located within the channel. Cummings
and Singh described the theoretical basis of the technique and
demonstrated proof-of- principle using latex spheres.48 In subse-
quent studies, the technique was used to concentrate and isolate
live and dead bacteria,49,50 similar to what is presented here, except
this new strategy allows the longitudinal separation of mixtures
as opposed to a simply bifurcation of two components. Geometric
shapes were exploited for bacteria separation from latex particles.51

DC-iDEP offers several advantages compared to traditional DEP.
The use of remote electrodes avoids many of the problems
associated with embedded electrodes, such as electrochemical
reactions and gas generation at the electrode surfaces. Addition-
ally, the field can be generated by applying DC rather than AC
voltage. Use of a DC field can be advantageous because it can be
used to drive both electrophoretic and dielectrophoretic transport,
allowing greater control over particle movement.

In this report, we describe a new DC-iDEP-based separation
device and demonstrate proof-of- principle using various bacteria
as model systems. The technique produces sequential, spatially
resolved separations by simultaneously exploiting electrophoretic,
electroosmotic, and dielectrophoretic transport mechanisms. Elec-
trophoresis and electroosmosis are used to transport the particles
through a channel containing a series of progressively stronger
field gradient regions. As the particles are transported through
the channel, they are isolated according to their characteristic
physical properties in response to electrophoretic and dielectro-
phoretic forces. Because this technique relies on both electro-
phoretic and dielectrophoretic forces, it accesses a much richer
set of properties to accomplish separation than many other
techniques. Furthermore, the incorporation of electrophoretic
transport mechanisms allows for greater control over sample
introduction and particle movement, and faster separations.

EXPERIMENTAL SECTION
Cells. Bacillus subtilis, Escherichia coli, and Staphylococcus

epidermidis were obtained from American Type Culture Collection
(Manassas, VA). Bacteria cultures were grown on nutrient agar
or in LB broth to log phase following standard protocols recom-
mended by the supplier. Prior to fluorescent staining the cells
were harvested and suspended in 0.85% NaC1. Cells were stained
using a two-color fluorescence assay BacLight Kit Ll3l52 (Molec-
ular Probes, Eugene, OR) according to the suggested protocols.
The assay utilizes Syto 9 and propidium iodide to stain live cells
fluorescent green and dead cells fluorescent red. The reported
excitation/ emission characteristics for these dyes are 480/500
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nm for Syto 9 and 490/635 nm for propidium iodide, allowing the
simultaneous observation of both live and dead cells through a
standard wide-band blue filter set. After staining, the cells were
resuspended in 1 mM phosphate buffer pH 7.6 for use.

Device Fabrication. The microfluidic devices were fabricated
using standard photolithography, fabrication, and bonding tech-
niques. Devices were fabricated from Schott D263 glass wafers
(S. I. Howard Glass Company, Worcester, MA) and PDMS. The
photomasks were designed in-house using AutoCAD (Autodesk,
Inc., San Rafael, CA) and printed as photoplots.

Devices were fabricated both completely from glass and from
PDMS with a glass cover plate. Both designs produced acceptable
results; however, during our studies the PDMS/glass devices were
found to be preferable for several reasons: (1) The profile of
etched glass channels are distorted due to anisotropic etching;
however, the channel wall profile is maintained when fabricated
from PDMS. (2) Bacterial adhesion and fouling of the devices
occurred less often. (3) The fabrication process is easier, less
costly, and takes considerably less time.

The devices were fabricated following previously established
procedures. Briefly, the PDMS portion of the device was fabricated
using channel molds fabricated from resists using standard
photolithography techniques. Access holes were made using a
hole punch, and then the PDMS channel was sealed to a glass
cover plate by plasma oxidation, followed by contact sealing.

Separations and Data Collection. The separations were
monitored using an inverted fluorescence microscope (Olympus
IX70) equipped with a QICAM ccd camera (Q Imaging Inc.).
Images were captured using Stream Pix III (version 3.6.0, Norpix)
data capture program.

Channel Designs. All channel depths are 20 µm, and the
maximum channel widths are 500 µm. The initial tooth height
(base to tip) of channel A is 150 µm, and the width (across base)
is the same as the height, 150 µm. Their heights and widths
increase in 10 µm increments after every third tooth in the series.
The final tooth height (last three teeth) is 240 µm and the width
is also 240 µm. For channel B, the initial tooth height (base to
tip) is 100 µm and the width (across base) is twice the height, or
200 µm. Their heights increase in 5 µm increments after every
third tooth in the series (and widths increase in 10 µm incre-
ments). The final tooth height (last three teeth) is 240 µm and
the width is 480 µm. For channel C, the initial tooth height (base
to tip) is 100 µm and the width (across base) is twice the height,
or 200 µm. Their heights increase in 5 µm increments (and widths
in 10 µm increments) after each tooth in the series. The final tooth
height (last tooth) is 240 µm and the width is 480 µm.

Safety Considerations. All bacteria species used in this study
were classified as Bio Safety Level l (BSLl) and were handled
according to the recommended guidelines for BSL1 organisms.

RESULTS AND DISCUSSION
There is considerable interest in developing efficient, high-

resolution techniques for separating mixtures of complex biologi-
cal particles and structures. Much of the recent work reported
has focused on developing electric field-based microfluidic tech-
niques. These devices are particularly attractive due to their high
separation efficiencies, short analysis times, and minimal sample
consumption. Most of the currently employed methods rely on
either electrophoretic or dielectrophoretic forces; however, en-

hanced efficiency and specificity can be achieved by utilizing the
effects of both forces. Here, we describe a technique that exploits
the effects of both electrophoretic and dielectrophoretic forces
growing out of the pioneering work on insulator dielectrophoresis.
In this section, we first describe the technique in terms of the
relevant electromechanical forces, a brief review of the funda-
mental principles and theories, and then present experimental
results demonstrating proof-of-principle.

Fundamental Principles and Electromechanics. A sus-
pended particle subjected to a spatially nonuniform electric field
experiences electrical forces that can cause both electrophoresis
and dielectrophoresis (DEP),16-21,34,36 along with accompanying
electroosmotic actions. Electrophoretic forces are well chronicled
and generally result from the frictional forces balancing electric
field forces. For the DEP, the translational force can cause motion
toward increasing local field strength (positive DEP) or decreasing
field strength (negative DEP). The total electrical force (F) exerted
on a particle can be estimated by the sum of the electrophoretic
and dielectrophoretic forces it experiences. For the simplified case
of a homogeneous spherical particle, this total force can be
approximated by:

where the first term represents the electrophoretic force and the
second the dielectrophoretic force.16-21,34,36 In the above equation,
E is the electric field strength, εm is the permittivity of the
suspending medium, q is the effective net charge, and r the radius
of the particle. The factor 3E2 (the gradient of the square of the
field) quantifies both the magnitude and spatial nonuniformity of
the local field. The Clausius-Mossotti factor (R) is a parameter
defining both the magnitude and direction of the field-induced
dipole moment. It reflects the effective polarizability of the particle
with respect to the medium. In the low-frequency or DC limit,
which is governed by conduction effects, the Clausius-Mossotti
factor can be approximated by its real (in phase) component given
by:

where σp and σm are the real conductivities of the particle and
medium respectively. Positive DEP (movement toward field
maxima) occurs if a particle is more polarizable than the medium
(R > σ), whereas negative DEP (movement toward field minima)
occurs if a particle is less polarizable (R < σ).

General Design Principles and Description of Technique.
The devices were designed according to DC-iDEP principles.
Unlike traditional DEP systems that utilize embedded electrodes
and AC fields to generate the necessary field gradients, here a
DC voltage is applied and the field nonuniformities are generated
by the channel walls. Because the walls are nonconducting, the
applied field is confined within them. Consequently, the local
properties (magnitude and gradient) of the field are defined by
the morphology of the channel. When a DC voltage is applied to
a typical, smooth-walled fluidic channel of fixed width, a uniform
electric field is generated throughout the channel. Conversely, if

F ) qE + π2εmr3R∇E2 (1)

R )
σp - σm

σp - 2σm
(2)
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the width of the channel does not remain fixed, the local
magnitude of the field will be larger in narrower areas of the
channel and smaller in wider areas, thus creating regions of
nonuniformity, or field gradients.

A schematic of a representative device and graphical depiction
of the separation and trapping mechanism are shown in Figure
1. For these studies, the series of field gradient regions was
created by designing the channel walls in a ‘saw-tooth’ pattern.
Each pair of opposing teeth establishes a local gradient region
that acts as separate dielectrophoretic trap; the local field maxima
are located at the tips of the teeth and the minima at their base.
The physical parameters of the teeth (including width, height,
angle, and proportions) determine the strength of each trap
(defined by the local gradient and magnitude of the field within
it). Therefore, gradient regions, or dielectrophoretic traps, of
differing strengths can be created by varying the physical
parameters of the teeth throughout the device. Here, the devices
were designed so that a series of dielectrophoretic traps of
gradually increasing strength is established along the length of
the channel; the strength of the traps is relatively small near the
inlet and increases incrementally in the direction of the outlet.

Equation 1 shows that the electrophoretic force depends on
the strength of the applied field; however, the dielectrophoretic
force depends on both the magnitude and gradient of the local
field. More importantly, the electrophoretic force experienced by
a particle is a linear function of the local field strength, while the
dielectrophoretic force is a second-order function. Because of this
nonlinear relationship, their relative contributions to particle
motion can vary dramatically depending on the local properties
of the field. Further insight into the significance of this relationship
can be gained through a qualitative assessment of the effects of
varying the local field properties. For a system containing a
nonuniform field, when the magnitude of the local field is small,
the electrophoretic term will typically dominate and particle motion
will be governed by electrophoresis. As the magnitude of the field

increases, however, the relative force contribution due to the
dielectrophoretic term increases at an exponentially faster rate
than the electrophoretic term. For the devices described here,
the field strength varies by a factor of about 10 between the first
and last ‘gate’ (set of aligned teeth), whereas the slope of the field
squared varies by a factor or about 65. Consequently, if the
strength of the field becomes sufficiently large the magnitude of
the dielectrophoretic term will become greater than the electro-
phoretic term and particle motion will be governed by DEP rather
than electrophoresis.

In addition to their dependence on local field properties, the
interplay between these forces, as well as the magnitude of their
effects, is extremely sensitive to even slight differences between
particles. The effective electrophoretic and dielectrophoretic forces
acting on a particle are determined by its specific physiochemical
makeup; their strength depends on a rich set of properties
including particle size, morphology, conductivity, and charge
distribution.21,24,25,30,34,36,39 Because of this, the exact field strength
and nonuniformity at which a particle’s motion becomes governed
by dielectrophoretic forces rather than electrophoretic forces will
be a unique value determined by the specific structural and
chemical properties of the particle. The devices were designed
to produce spatially resolved separations by exploiting the
characteristic value of field strength and nonuniformity at which
the electrophoretic and dielectrophoretic forces acting on a particle
are balanced. If the electrophoretic force a particle experiences
at a local field maximum is greater than the dielectrophoretic
force, the particle will pass by that trap and continue through the
channel. When the particle reaches a trap of sufficient strength
such that the dielectrophoretic force it experiences as it ap-
proaches the local field maximum becomes greater than the
electrophoretic forces, the particle will become immobilized, or
trapped. It should be noted that in this system particle transport
is also affected by electroosmosis. Thus, at the point of isolation
all three transport process (electrophoresis, DEP, and electroos-
mosis) are balanced.

Based on fundamental electrophoretic and dielectrophoretic
behaviors, several basic predictions can be made about particle
trapping within this system. In general, the greater the difference
between the conductivities of the particle and medium, the greater
the DEP force experienced by the particle, and the smaller the
field gradient needed to support DEP transport. Therefore, in this
system, particles that experience a large DEP force should be
isolated first, in the relatively weak field gradient traps located
close to the inlet. In contrast, particles that experience a small
DEP force would require a larger magnitude field gradient and
thus should be isolated in the stronger traps located closer to the
outlet. Accordingly, these particles are isolated in the stronger
traps located closer to the outlet.

Demonstration of the Technique. Separation of live and dead
Bacillus subtilis cells were obtained using the channel A design
(see Experimental Section) (Figure 2, box and image A). The cells
were stained using a standard two-color fluorescence assay (SYTO
9 and propidium iodide) by which live and dead cells are stained
green and red, respectively. An aliquot of the cell mixture was
electrokinetically injected into the channel by applying voltage (1
kV, 200 V/cm) to electrodes located in the sample and outlet
reservoirs. The live cells were isolated first, in the weaker DEP

Figure 1. Schematic showing a representative channel design
(upper) and a graphical depiction of the particle trapping mechanism
(lower). The strength of the field gradient traps increases in the
direction of the outlet (left to right). Particle trapping by negative DEP
is shown. As a particle approaches the local field maxima in each
successive field gradient trap, the DEP force it experiences increases.
If the electrophoretic forces it experiences at a local field maximum
are greater than the DEP force, the particle will pass by that trap and
continue through the channel. When a particle reaches a trap of
sufficient strength that the DEP force becomes greater than the
electrophoretic forces, the particle becomes immobilized.
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traps, and the dead cells were isolated later, in the stronger DEP
traps. The properties of the live and dead cells resulted in a
resolved, spatial separation of the two populations. Additionally,
we found that the location of the isolated cells and the spatial
resolution could be readily adjusting by altering the applied voltage
(data not shown).

We investigated two other device designs to assess the effects
of altering the spacing and height of the constrictions (Figure 2,
boxes and images B, B′, C, and C′). The separation shown in
Figure 2, images B and B′ was obtained using channel B (see
Experimental Section). The significant differences between chan-
nels B and A are that the teeth in channel B are twice as wide at
their base, and their heights (base to tip) are in 5 µm increments
in channel B as opposed to 10 µm increments in channel A. In
both designs, the incremental increases in heights occur after
every third tooth in the series. As before, the live and dead cells
were isolated in different trapping regions and a spatially resolved
separation was obtained; the live cells were trapped fIrst. In this
case a much larger spatial separation was observed between the

isolated live and dead populations. The difference in spatial
resolution can be examined by comparing the physical parameters
of the two channels. Increasing the distance between successive
trapping regions will increase the spatial resolution of the
separation, or in this system the physical distance observed
between the isolated populations. The teeth in channel B are wider
than those in channel A; thus, the tips of the teeth and their
corresponding field maxima are spaced farther apart. Additionally,
because the heights of the teeth in channel B increase in smaller
increments, the entire series of electric field gradients is distrib-
uted across a longer distance. Therefore, the spatial resolution of
the separations should be greater in channel B.

Another separation of Bacillus subtilis was obtained using
channel C (see Experimental Section) (Figure 2, images and boxes
C and C′). As in channel B, the bases of the teeth are wider than
those in channel A. Their heights increase in 5 µm increments as
well; however, in this channel the increase occurs after each tooth
in the series rather than after every third. The distribution must
to be due to differences in the properties of the cell populations

Figure 2. A representative separation of live and dead Bacillus subtilis cells obtained using three different channel designs (A, B, and C, see
Experimental Section). The direction of flow is left to right (inlet to outlet). In all images, the live cells were isolated on the left, or inlet side of
the channel, while the dead cells traveled further down the channel before they were isolated. The cells were stained using a standard two-color
fluorescence assay (SYTO 9 and propidium iodide), which stains live cells green and dead cells red, then resuspended in 1 mM phosphate
buffer pH 7.6. Images generated for channel A were from an applied electric field of 200 V/cm that was generated via electrodes located in the
inlet and outlet reservoirs. Using channel B, a relatively large distance between the two trapping regions resulted in separate images for the live
(B) and dead (B′) cells. An outline of a portion of the channel with the location of the images is noted for reference. Also a representative
separation of live and dead Bacillus subtilis cells obtained using channel C (images and boxes C and C′). The trapping pattern observed for the
live cells indicates the existence of distinct subpopulations within the grouping of live cells.
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isolated in the different traps. Previous studies have shown that
the dielectric properties of cell membranes are dynamic in nature,
reflecting such factors as environment, growth, and disease
state.23,24,29,31,34,38,39,52,53 Thus, it is reasonable to suggest that the
trapping pattern and apparent subpopulations observed here may
also represent different growth or developmental states of the cells.
However, further studies will be needed to fully investigate and
characterize the specific properties of these populations. A detailed
explanation for the relative distribution of Bacillus subtilis through-
out each of these three devices will have to await a detailed
understand of both the separatory mechanism and the response
of this mechanism to the various physical and chemical properties
of living and dead cells.

To assess the versatility of the technique, we performed
comparable studies using various other species of bacteria: live
and dead Esherichia coli and Staphylococcus epidermidis cells
(Figure 3). Spatially resolved separations were obtained for all of
the species studied. The live and dead cell populations were
isolated in the same order as before; however, both the location
of trapping and the required voltage differed. These results
indicate the technique is quite flexible and suggest that it can be
applied to different biological particles and structures, as well as
more complex mixtures.

The device presented here offers several benefits, even though
it is only meant as a proof-of-principle demonstration. First, unlike
many DEP based devices, it is not inherently limited to separating
two distinctly different components. Both the spatial resolution
and the difference in magnitude of the successive traps can be
controlled by altering the physical parameters of the channels.
Furthermore, this design flexibility allows for adjustments to

accommodate the specific range of desired capture properties of
a given application or range of particle sizes or cell populations.
Second, because electrophoresis and electroosmosis are incor-
porated, the process does not rely on diffuse transport; therefore,
separations occur very rapidly. Third, two sample introduction
methods are possible. A small aliquot of the sample can be injected
as described in this work, or the sample can be continuously fed
into the channel. Fourth, the separation remains stable as long
as the field is applied; therefore, the technique can be run for as
long as needed to collect the necessary quantity of particles. This
aspect of the technique may be especially conducive to integration
of detection methods.

Model System Capture Order. In the presence of a low
frequency or DC electric field, biological membranes behave like
very low loss capacitors, blocking electric fields and current from
the interior of the cell.18,24,34,49,52 Conceivably, because of this DC
current blocking effect, the general dielectrophoretic response of
a cell to a nonuniform DC field depends on the conductivity of its
membrane rather than the properties of its internal components.
The specific conductivity of a cell membrane is a function of
various properties, most notably the membrane components, and
the viability or growth state of the cell. A typical live bacteria cell
has a very low membrane conductivity (∼1 × 10-4, ∼µS/mm);
however, upon death, its membrane becomes permeable, leading
to a drastic increase in conductivity (∼1 µS/mm). In either case,
the membrane conductivity is lower than that of an aqueous
medium or buffer, which would necessarily have a conductivity
equal to or greater than that of DI water (∼2.25 µS/mm). For
that reason, both the live and the dead cells will undergo negative
DEP in the presence of a nonuniform DC electric field. Addition-
ally, the live cells, being much less conductive than the dead ones,
will experience greater dielectrophoretic forces. Therefore, live
cells in general will trap before the dead ones under these
conditions.

CONCLUSIONS
We have developed a new DC-iDEP device for separating

biological particles and structures. This structure produces
sequential, spatially resolved separations in devices containing a
series of progressively stronger field gradient regions distributed
along the length of the channel. The particles are initially
transported through the channel by electrophoretic transport
mechanisms and then isolated according to their characteristic
electrophoretic and dielectrophoretic properties. In this work, we
described the technique theoretically and demonstrated proof-of-
principle using bacteria cells as the model system for biological
structures. The promising results obtained in this preliminary
work suggest the technique may form the basis of a highly
versatile and useful tool for separating biological particles. Future
studies will focus on achieving greater control over resolution and
expanding its application to a wide variety of particles and
structures.
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Figure 3. A representative separation of live and dead Escherichia
coli cells obtained using channel A. The direction of flow is left to
right (inlet to outlet). The live cells were isolated first (shown on the
left, or inlet side of the channel), while the dead cells traveled further
down the channel before they were isolated. All experimental
conditions are the same as those for Figure 2 except the strength of
the applied field is 300 V/cm. Also shown is representative separation
of live and dead Staphylococcus epidermidis cells (image and boxes
A′ and A′′) obtained using channel A. The direction of flow is left to
right (inlet to outlet). All experimental conditions are the same as those
in Figure 2.
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