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a b s t r a c t
Contactless dielectrophoresis (cDEP) devices are a new adaptation of dielectrophoresis in which ﬂuid
electrodes, isolated from the main microﬂuidic channel by a thin membrane, provide the electric ﬁeld
gradients necessary to manipulate cells. This work presents a continuous sorting device which is the ﬁrst
cDEP design capable of exploiting the Clausius-Mossotti factor at frequencies where it is both positive and
negative for mammalian cells. Experimental devices are fabricated using a cost effective technique which
can achieve 50 m feature sizes and does not require the use of a cleanroom or specialized equipment.
An analytical model is developed to evaluate cDEP devices as a network of parallel resistor-capacitor
pairs. Two theoretical devices are presented and evaluated using ﬁnite element methods to demonstrate
the effect of geometry on the development of electric ﬁeld gradients across a wide frequency spectrum.
Finally, we present an experimental device capable of continuously sorting human leukemia cells from
dilute blood samples. This is the ﬁrst cDEP device designed to operate below 100 kHz resulting in successful manipulation of human leukemia cells, while in the background red blood cells are unaffected.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Clinical diagnosis, therapeutics, and comprehensive cell biology
beneﬁt from the ability to isolate and enrich rare cells derived from
a heterogeneous population (Gossett et al., 2010). Fluorescenceactivated cell sorting (FACS) and magnetic-activated cell sorting
(MACS) are the most commonly utilized sorting methodologies. These techniques use ﬂuorophore-conjugated antibodies and
antibody-conjugated magnetic beads to label and process target
cells. Systems employing FACS and MACS provide high throughput screening; however, they have large initial and operational
costs, require specialized training, may affect cell fate and function due to shear stress, the use of antibodies, and ﬂuorophores,
and requires prior knowledge about cell surface markers (Kumar
and Bhardwaj, 2008). Because of this, there is a growing need for a
marker-independent isolation and puriﬁcation method.
A number of marker-independent methods have been developed which sort cells by exploiting unique physical phenomena
which can be manipulated on the microscale including streamline manipulation (Takagi et al., 2005), microstructure ﬂow
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perturbation (Choi et al., 2009), gravity (Warrick et al., 2010), and
inertial forces (Di Carlo, 2009). Other methods sort cells based on
their intrinsic properties including their volumetric (Vona et al.,
2000), mechanical (Mohamed et al., 2009), magnetic (Huang et al.,
2008), and electrical (Gascoyne et al., 2009) properties. Recently,
Mach et al. demonstrated a massively parallel ﬁltration capable
device capable of isolating bacteria from blood with a ﬂow rate of
8 mL/min using inertial forces (Mach and Di Carlo, 2010). Choi et al.
were able to isolate cells based on their phase in the cell life cycle
in a grooved microﬂuidic device (Choi et al., 2009). Mohamed et al.
demonstrated the ability to isolate circulating cancer cells from
whole blood based on size and deformability in a device containing
pillars in stages of decreasing pillar-to-pillar spacing (Mohamed
et al., 2009). These devices have obvious advantages due to their
simplicity and dependence on singular physical phenomenon (i.e.,
hydrodynamics).
Other methods have recently been reported which improve
selectivity to sort cells of similar size, but different genotype by
employing electromagnetic forces. Gascoyne et al. demonstrated a
tumor cell isolation efﬁciency of 92% in a dielectrophoresis (DEP)
ﬁeld ﬂow fractionation device using an electric ﬁeld generated
at 60 kHz (Gascoyne et al., 2009). DEP is a phenomenon which
occurs at the micro-scale when a dielectric particle is placed in a
non-uniform electric ﬁeld. A net force is generated due to charge
distributions within the particle. This has been successfully used
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to examine, manipulate, isolate, or enrich particles (MartinezLopez et al., 2009), DNA (Asbury and van den Engh, 1998; Ros
et al., 2006), viruses (Muller et al., 1996), and cells (Archer et al.,
1999; Hwang et al., 2009; Srivastava et al., 2008). DEP devices
typically consist of metal electrodes deposited onto a glass substrate (Yang et al., 1999a). The geometry of these electrodes
generates the non-uniform electric ﬁeld required for DEP. Alternatively, insulator based dielectrophoresis (iDEP) devices employ
insulating structures within a microﬂuidic channel to produce nonuniformities when electrodes are inserted into the ends of the
channel (Cummings and Singh, 2003; Lapizco-Encinas et al., 2005).
These devices can employ both DC and AC electric ﬁelds (Hawkins
et al., 2007) and many geometric conﬁgurations including sawtooth
channels (Chen et al., 2009; Staton et al., 2010).
Contactless dielectrophoresis (cDEP) devices are a new adaptation of this technique in which ﬂuid electrodes, isolated
from the main microﬂuidic channel by a thin membrane, provide the necessary electric ﬁeld in the sample channel (Shaﬁee
et al., 2009,2010a,b). This helps mitigate some challenges with
traditional dielectrophoresis devices including fouling, bubble formation, and electrode delamination (Hughes, 2002). cDEP devices
can be fabricated by replication from a single etch master stamp
and can be translated to mass fabrication techniques, similar to
methods used for iDEP (Sabounchi et al., 2008), while eliminating
direct sample-electrode contact. The insulating barriers capacitively couple the ﬂuid electrodes to the sample channel resulting
in a complex frequency dependent electric ﬁeld gradient within
the sample channel. The magnitude of the electric ﬁeld gradient at
any frequency is dependent on the geometric and material properties of the device. This work presents a continuous sorting device
which is the ﬁrst cDEP design capable of exploiting the ClausiusMossotti factor at frequencies where it is either positive or negative
for different mammalian cell types. Experimental devices were fabricated using a cost effective fabrication technique which does not
require the use of a cleanroom or specialized equipment. An analytical model was developed to evaluate cDEP devices as a network
of parallel resistor–capacitor pairs. Two theoretical devices are presented and evaluated using ﬁnite element methods to demonstrate
the effect of geometry on the development of electric ﬁeld gradients
across a wide frequency spectrum. Finally, we present a third experimental device capable of continuously sorting human leukemia
cells from dilute blood samples.
2. Theory
The application of a voltage across conductive and dielectric
materials will induce an electric ﬁeld
−
→
E = −∇ 
(1)
where  is the applied voltage. Under the inﬂuence of this electric ﬁeld, dielectric particles immersed in a conductive ﬂuid will
become polarized. If the electric ﬁeld is non-uniform, particles are
driven towards the regions of ﬁeld gradient maxima by a transla−
→
tional dielectrophoretic force ( F DEP ) (Pohl and Plymale, 1960)


−
→
−
→ −
→
F DEP = DEP ∇  E · E 
(2)
where  DEP is half the induced dipole moment of the particle. For
a spherical particle, this quantity can be represented as:
DEP = 2 ∈ m r 3 Re[K(ω)]

(3)

where r is the radius of the cell, ∈m is the relative permitivity of the
suspending medium, and Re[K(ω)] is the real part of the ClausiusMossotti (C-M) factor.
K(ω) =

∈ ∗c − ∈ ∗m
∈ ∗c + 2 ∈ ∗m

(4)


iω

∈∗ = ∈ +

(5)

where ∈ ∗c and ∈ ∗c are the permittivity of the cell and suspending
medium respectively,  is
√ the conductivity, ω is the frequency of
the applied ﬁeld, and i = −1.
A particle independent DEP vector can be deﬁned as
−
→
−
F DEP
−
→
→ −
→
 =
=∇E · E
(6)
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where êj is a unit vector in the j direction.
Contactless dielectrophoresis devices can be modeled analytically as ﬁve resistor-capacitor (R–C) pairs in series. R–C pairs
represent the source and sink electrode channels, the two insulating barriers, and the sample channel. The current entering
and leaving each of these pairs must be the same and the total
impedance of each pair can be calculated using Kirchhoff’s current
law and Ohm’s Law.
Z=

Xc2 R − iXc R2

Xc =

(10)

R2 + Xc2
−1
ωC

(11)

Z is the total impedance of the resistor–capacitor pair, Xc is the
capacitive reactance, C is the capacitance, and R is the resistance.
The physical geometry and the material properties of the materials present in this system inﬂuence the resistance (R = L/A) and
capacitance (C = ∈ 0 ∈ r A/d) of each element where  and ∈r are the
resistivity and relative static permittivity of the material respectively, A is the cross-sectional area, L is the length of the resistor
and d is the separation distance between two conductive components. It should be noted that for the insulating membranes in a
traditional cDEP device, L = d.
3. Methods
3.1. Clausius-Mossotti factor analytical model
The Clausius-Mossotti factor for THP-1 human leukemia monocytes and red blood cells (RBC) was modeled over a logarithmic
distribution between 100 Hz and 100 MHz using MATLAB (Version
R2010a, MathWorks Inc., Natick, MA, USA). Dispersing cytoplasmic properties which effect high frequency behavior were modeled
for RBCs as presented by Gimsa et al. (1996). In this method, the
conductivity and permittivity of the cell were inﬂuenced by an
additional dispersion term  c and ∈c respectively.
c = co +



(ω c )2(1−˛)
(1 + ω c )2(1−˛)



∈ c = ∈ c∞ +

∈r

1
(1 + ω c )2(1−˛)

(12)

(13)

∈c∞ and  co are the high frequency permittivity and initial conductivity of the cytoplasm, ∈ r and  r are frequency dependant
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Fig. 1. Schematics for (a and b) Device 1, (c and d) Device 2, and (e and f) Device 3. Device 1 has geometrical feature sizes similar to traditional cDEP devices reported in the
literature. The total barrier length and distance between source and sink electrodes is increased in Devices 2 and 3. Fluid electrode channels (gray) had boundary conditions
of 100 V and ground applied at their inlets as shown above.

ratios of change, ␣ is the distribution range of dispersion frequencies, and c is the cytoplasmic time constant.
c

=

∈c
c

(14)

The values used in these models can be found in Table 1.
3.2. Device design
−
→
Three cDEP devices were devised to numerically evaluate the 
frequency response and the impedance of the ﬂuid electrodes, sample channel, and insulating barriers between 10 Hz and 100 MHz.
The third device was further used to validate the numerical model
experimentally. Design 1, Fig. 1a and b, has geometric features similar to previously reported devices (Shaﬁee et al., 2010b). These
previous designs typically have a limited bandwidth in which
cells can be manipulated and Device 1 served as a baseline for
comparison with traditional cDEP devices. Speciﬁcally, the device
is designed with ﬂuid electrodes that are separated from each
side of the sample channel by 20 m. The ﬂuid electrodes are
4.2 cm long, 300 m wide, and 50 m deep. The sample channel has maximum and minimum widths of 500 and 100 m,
respectively, which makes the channel appear to have rounded
‘saw tooth’ features that protrude into the channel. The insulating barriers, which separate the ﬂuid electrodes from the sample
channel, are 20 m wide and travel along the top and bottom
of the sample channel for 600 m for a total barrier length of
0.12 cm.
Design 2, Fig. 1c–d, incorporates physical features to expand the
−
→
 frequency response. The ﬂuid electrodes are 10 cm long, 300 m

wide, and 50 m deep. The sample channel retains the same geometric ‘saw tooth’ features as Design 1, however, the source and
sink electrode channels are positioned such that there is a 1 cm
distance between them. The sample channel then forms a ‘T’ junction along the right side. The insulating barriers which separate the
ﬂuid electrodes from the sample channel are 20 m wide. The total
length in which the barriers are 20 m wide is 1 cm on the left top
and bottom (source) and 2 cm along the right side (sink) for a total
barrier length of 4 cm.
Design 3, Fig. 1d–e, was created for experimental validation of
the numerical and analytical results presented below. This design
contains the same ‘saw-tooth’ features as the previous designs,
with three additional teeth to increase the total duration in which
cell are exposed to electric ﬁeld gradients. The overall device
geometry is similar to Device 2, but has been modiﬁed to conform to the minimum feature size of 40 m possible with the
fabrication process presented in Sections 3.4 and A.1. The sample channel has a nominal width of 500 m with constrictions
from the ‘saw-teeth’ reducing the width to 100 m. The sample
channel forms a ‘T’ junction along the right side with approximately 1.2 cm between the source and sink electrodes. There
are two source electrode channels which are each approximately
3 cm long with a minimum width of 300 m. The barriers separating the source electrodes from the sample channel are 50 m
thick for approximately 5.8 mm on top and bottom. The sink
electrode channel is approximately 3.7 cm long with a minimum
width of 300 m. The barrier separating the sink electrode channel from the sample channel is 50 m thick for approximately
1.6 cm. The total barrier length for Design 3 is approximately
2.78 cm.
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3.3. Analytical and numerical device modeling

3.6. Experimental setup

The geometric features of Devices 1 and 2 were used to
create lumped element representations for the electrode channels, insulating barriers, and the sample channel by calculating
their associated resistances and capacitances. Three dimensional
geometries were created using Autocad (AutocadMechanical 2010,
Autodesk Inc, San Rafael, CA, USA). The geometries were imported
into COMSOL Multiphysics (Version 4.0, Comsol Inc., Burlington,
MA, USA) and the AC/DC module was used to solve for the potential distribution, , using the governing equation ∇ · ( ∗ ∇ ) = 0
where  * is the complex conductivity ( * =  + iω∈). Edges of the
electrode channels were modeled as a uniform potential of 100 V
and ground as depicted in Fig. 1. The frequency of the applied signal was incrementally increased from 100 Hz to 109 Hz using the
MATLAB to create a logarithmically distributed frequency distribution. Physical regions within the model were set to represent
poly(dimethylsiloxane) (PDMS) (Sylgard 184, Dow Corning, USA),
phosphate buffer solution (PBS), or sample media.  was used to calculate
−
 the magnitude of the particle independent DEP force vector
→
 .
PDMS was deﬁned as having a conductivity () of
0.83 × 10−12 S/m and a relative permittivity (εr ) of 2.65 as provided
by the manufacturer. PBS was modeled as having a conductivity of
1.4 S/m and a relative permittivity of 80 as measured and assumed
based on water composition, respectively. The conductivity of the
sample was 100 S/cm and the permittivity was also assumed to
be 80.

A syringe pump was used to drive samples at a rate of 0.01 mL/h
(PHD Ultra, Harvard Apparatus, Holliston, MA, USA). An AC electric
ﬁeld was created by amplifying (AL-50HF-A, Amp-Line Corp., Oakland Gardens, NY, USA) the output signal of a function generator
(GFG-3015, GW Instek, Taipei, Taiwan). A step up transformer was
used to achieve output voltages up to 300 VRMS between 50 and
100 kHz. Voltage and frequency were measured using an oscilloscope (TDS-1002B, Tektronics Inc. Beaverton, OR, USA) connected
to the output stage of the transformer.

3.4. Device fabrication
Brieﬂy, a thin ﬁlm photoresist (#146DFR-4, MG Chemicals,
Surrey, British Colombia, Canada) was laminated onto glass microscope slides. The laminated slides were exposed to ultraviolet (UV)
light through a ﬁlm transparency mask (Output City, Cad/Art Services Inc., Bandon, OR) using an array of UV light emitting diodes
and a custom exposure frame. The slides were then developed in
negative photo developer (#4170-500ML, MG Chemicals, Surrey,
British Columbia, Canada) and used as a master stamp for PDMS
replication. The PDMS molds were bonded to the glass slides after
treating with air plasma (Harrick Plasma, Ithaca, New York). For a
full description of this process, see supplementary data in section
A.1.

4. Results and discussion
4.1. Analytical method
Cells are repelled from regions of maximal electric ﬁeld gradient at frequencies where C-M factor is negative. Conversely, when
the C-M factor is positive, cells are driven towards regions of maximal electric ﬁeld gradient. Mammalian cells exhibit a negative C-M
factor at low frequencies. As frequency increases, the C-M factor
begins to increase, crossing into the positive domain at frequencies on the order of 1 kHz. The lowest frequency at which the C-M
factor is exactly zero is known as the ﬁrst crossover frequency. The
magnitude of the C-M factor changes drastically in proximity to the
ﬁrst crossover frequency and it is expected that in this region, cells
of similar genotypes will be most easily discriminated.
Over a majority of the frequency spectrum, the C-M factor for
THP-1 cells and RBCs is of similar magnitude and direction as seen
in Fig. 2a. In these regions, the resulting DEP force will tend to drive
both cell types into similar regions. This action is intrinsic and is
independent of device geometry. At frequencies between 20 kHz

3.5. Cell preparation
The live samples of THP-1 human leukemia monocytes (American Type Culture Collection, Manassas, VA, USA) were washed
twice and resuspended in a buffer used for experiments (8.5%
sucrose [wt/vol], 0.3% glucose [wt/vol], and 0.725% [wt/vol] RPMI
(Flanagan et al., 2008)) to 1 × 106 cells/mL. THP-1 cells were
stained using a LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells (Molecular Probes Inc., Carlsbad, CA, USA). Calcein
Red/Orange, which is enzymatically converted to ﬂuorescent calcein, was added to the sample at 2 L per mL of cell suspension.
A drop of whole blood, obtained via a diabetic ﬁnger stick from
willing volunteers, was added to 5 mL of buffer. The suspension was then diluted to achieve a red blood cell concentration
of 1 × 107 cells.
The two cell samples were then vortexed for 5 min, washed
once and resuspended in buffer. The THP-1 and RBC suspensions were then mixed together in one conical tube with a ﬁnal
concentration of 1 × 106 and 1 × 107 cells/mL, respectively. The
buffer had a ﬁnal conductivity of 100–115 S/cm measured with
a SevenGo Pro conductivity meter (Mettler-Toledo, Inc., Columbus,
OH, USA).

 

−
→
Fig. 2. cDEP devices can be optimized to develop high    values at low frequencies.
(a) THP-1 and RBCs have unique Clausius-Mossotti factor curves. The white arrows
show regions where the C-M factor for THP-1 cells is positive while the C-M factor
for RBCs is negative. (b) Device 2 and 3 generate signiﬁcantly higher electric ﬁeld
gradients near the ﬁrst C-M factor crossover frequency. The light and dark gray
regions show the operating frequencies for traditional cDEP devices and the optimal
cDEP operating frequencies, respectively.
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and 70 kHz the C-M factors for THP-1 and RBCs are opposite, as indicated by the white arrows. This indicates that a DEP force will move
the cells in opposite directions. Between 70 kHz and 500 kHz the CM factor is of similar direction, but of greater magnitude for THP-1
cells. It is important to note that if the conductivity of the buffer
solution is increased, these regions will shift and occur at higher
frequencies. The light gray region of Fig. 2a depicts the typical frequencies over which cDEP devices are able to manipulate cells. The
dark gray region represents the ideal operating range over which
mammalian cells of different genotypes will likely have distinct
C-M factors.
−
→ 
The particle independent DEP force vector    is highly
dependent on the voltage drop within the sample channel. The
dielectric breakdown of PDMS limits the magnitude of experimental voltages; therefore, it is important that a large proportion of
the total voltage drop across the device occurs across the sample channel. In a traditional cDEP device, represented by Device
1, the impedance of the insulating barriers dominates the sample
and electrode channels. This results in a large voltage drop across
the insulating barriers at low frequencies. As shown in Fig. 3a, the
capacitive nature of the barrier causes its impedance to decrease
with increasing frequency. These devices are able to manipulate
cells and particles at frequencies above 100 kHz (Shaﬁee et al.,
2010b), when approximately 1% of the total voltage drop occurs
across the sample channel.
Device 2 represents a cDEP device with geometric features that
increase barrier capacitance and sample channel resistance. This
causes the impedance of the barriers to roll off at lower frequencies and increase the proportion of voltage drop across the sample
channel as shown in Fig. 3b. In this geometry, 1% of the total voltage
drop occurs across the sample channel at approximately 100 Hz. At
frequencies of 1, 10, 100, and 1000 kHz, the voltage drop across the
sample channel is 0.01, 0.12, 1.16, and 9.40 percent, respectively,
of the total voltage drop across Device 1. In contrast, at the same
frequencies, the voltage drop across the sample channel of Device
2 is 8.54, 45.97, 81.67, and 88.50 percent respectively. This shows
that the geometric properties of cDEP devices can be manipulated
to reduce the impedance of the insulating barriers and increase the
total voltage drop across the sample channel. This is important due
to the high dependence of on the magnitude and spatial changes
of the voltage.
The electrode and sample channels have relatively small capacitive components, which are omitted in Fig. 3c. This additional
capacitance causes the impedance of these elements to roll off at
frequencies above 10 MHz as shown in Fig. 3a and b. At frequencies
above 10 MHz, the materials begin to appear homogeneous, and
the ability of cDEP devices to produce useful electric ﬁeld gradients
may be diminished.
4.2. Numerical method
Previously reported cDEP devices demonstrated the ability to
manipulate cells and particles with numerically calculated values of 1 × 10−12 or greater (Shaﬁee et al., 2009,2010a,b). This value
is used here as a minimum threshold representing the ability of a
theoretical cDEP device to manipulate cells. As shown in Fig. 2b,
the electric ﬁeld gradient of Device 1 reaches this magnitude, at
approximately 100 kHz. This is consistent with results reported
previously (Shaﬁee et al., 2010b) for traditional cDEP devices.
Between 1 and 10 MHz, the electric ﬁeld gradient developed within
the sample channel increases to above 1 × 10−13 [m kg2 s−6 A−2 ],
however, in this range, the C-M factor is expected to drop towards
zero reducing the total DEP force. Additionally, the generation of high voltage signals at these frequencies is difﬁcult and
requires specialized equipment. The light gray region of Fig. 2b
depicts the typical frequency range over which traditional cDEP

17

Fig. 3. The frequency response of cDEP devices can be improved by altering the
geometry. (a) The impedance of the insulating barriers in a traditional cDEP device
(Device 1) results in small voltage drops across the sample channel. (b) The geometry
can be altered (Device 2) to increase the sample channel voltage drop at frequencies
near the ﬁrst C-M Factor cross over point. The solid, dashed, and dash-dotted lines
represent the impedance of the electrode channels, sample channel, and insulating
barriers, respectively. (c) Simpliﬁed cDEP resistor-capacitor analytical network.

devices achieve particle isolation and enrichment (Shaﬁee et al.,
2009,2010a,b).
The electric ﬁeld gradient within the sample channel of Device
2 is above 1 × 10−12 [m kg2 s−6 A−2 ] between 3 kHz and 10 MHz.
Within this frequency range, the electric ﬁeld gradient is similar
to that reported for traditional cDEP devices capable of isolating
live from dead cells (Shaﬁee et al., 2010b). The electric ﬁeld gradient produced in Device 2 is of signiﬁcant magnitude to manipulate
cells while the C-M factor is close to the ﬁrst crossover frequency
for THP-1 cells. These results effectively demonstrate that the geometric features of a cDEP device can be modiﬁed so that cells can
be manipulated using both positive and negative DEP.
At 50 kHz, the lower limit of our electronics’ capabilities, Device 1 does not generate an electric ﬁeld gradient
above 1 × 10−12 [m kg2 s−6 A−2 ], as shown in Fig. 4a. In contrast, Device 2 generates electric ﬁeld gradients in excess of
5 × 10−12 [m kg2 s−6 A−2 ] in regions close to the ‘saw-tooth’ features. Fig. 4b shows the regions of high electric ﬁeld gradient within
Device 2. The asymmetrical features create regions of highest electric ﬁeld gradient proximal to the top of the sample channel.
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Fig. 4. Geometric features impact device performance. At 100 VRMS (a) Device 1 fails
to generate a signiﬁcant electric ﬁeld gradient at 50 kHz as a result of small barrier
capacitance and sample channel resistance. (b) Device 2 produces higher electric
ﬁeld gradients due to its longer barriers and increased distance between source and
sink electrodes. (c) Device 3 produces
−→ signiﬁcant electric ﬁeld gradients at 50 kHz.
The legend depicts the value of    in units of [m kg2 s−6 A−2 ]. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version
of the article.)

Numerical analysis of Device 3, Fig. 4c, shows that the
device is capable of generating an electric ﬁeld gradient above
1 × 10−12 [m kg2 s−6 A−2 ] at 50 kHz. Fig. 4c shows that Device
3 produces an asymmetrical electric ﬁeld gradient of similar
shape but lower magnitude compared to Device 2. The electric
ﬁeld gradient within the sample channel of Device 3 is above
1 × 10−12 [m kg2 s−6 A−2 ] between 4 kHz and 10 MHz as shown in
Fig. 2b.
4.3. Experimental validation
Microﬂuidic channels 50 m and greater in width can be repeatedly produced using the process described. This directly matches
the photoresist manufacturer’s speciﬁcations. Narrower features
failed to develop smooth and well deﬁned lines (results not shown).
Channels separated by 40 m or greater could be fully developed
and PDMS replication resulted in water tight bonds between parallel channels. Higher resolution photoresist ﬁlms could be used to
reduce the minimum feature sizes; however, many of these ﬁlms
are only available in industrial quantities and were not evaluated.
In the absence of an applied electric ﬁeld, THP-1 cells and RBCs
passed freely through Device 3 without being affected as shown
in Fig. 5a. When 231 VRMS at 50 kHz was applied, ‘pearl chain’ formation of THP cells, indicative of DEP, was initially observed. Cells
then began to slowly migrate from the bottom of the sample channel towards the top wall. THP-1 cells which were in the sample
channel prior to the application of the electric ﬁeld continued to
exit the device through the top and bottom paths of the ‘T-channel’.
After approximately 1 min, all of the initial cells had passed through
the device and new cells were reaching the ‘T-intersection’. These
cells had experienced a DEP force the entire distance between the
electrodes and most were exiting only through the top path of the
‘T-channel’. At this voltage and frequency, shown in Fig. 5b, THP-1

Fig. 5. THP-1 cell can be sorted from a heterogeneous population. Cell pass through
the device with a uniform distribution when (a) the electric ﬁeld is turned off. (b)
However, THP-1 cells are attracted towards regions at the top of the sample channel
while RBCs pass through unaffected when 231 VRMS at 50 kHz, (c) 227 VRMS at 70 kHz,
and (d) 234 VRMS 90 kHz is applied.
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Table 1
Dielectric properties used to calculate the C-M factor for THP-1 and RBCs. Values
derived from ‡ (Gimsa et al., 1996), † (Pethig and Kell, 1987), * (Holmes et al., 2003),
+
(Yang et al., 1999b), ˆ assumption based on water content, and # measured values.

∈m
∈c
m
c
cm
∈r
r
˛
∈c∞

THP-1

RBC

80ε0 ˆ
154.4+
0.01#
0.65+
0.0177*
–
–
–
–

80ε0 ˆ
212‡
0.01#
0.4‡
0.00997‡
162‡
0.135‡
0†
50ε0 ‡

(S/m)
(S/m)
(F/m2 )
(S/m)

cells did not become trapped near the saw-tooth features and continued to travel along the upper channel wall while RBCs passed
through the device unaffected. Similar results were observed at
60 kHz.
Between 70 and 100 kHz, THP-1 cells formed pearl chains
and migrated towards the top wall of the sample channel when
250 VRMS or greater was applied. Additionally, some chains began
to trap near the saw-tooth features as shown in Fig. 5c and d. At
80 to 100 kHz a small number of cells began to decrease in ﬂuorescence, indicative of electroporation or cell damage (Bao et al.,
2010). The number of cells trapping increased with both increasing applied voltage and frequency. Enrichment and entrapment of
THP-1 at 80 kHz and 234 VRMS can be seen in Video 1.
The purpose of the devices presented above was to demonstrate
the theoretical ability of cDEP to function at low frequencies. The
experimental results presented validate the approach and establish that the contactless dielectrophoresis platform is capable of
manipulating cells at frequencies below 100 kHz in physiologically
suitable buffers. Operating at these low frequencies will allow for
the manipulation of cells using negative dielectrophoresis, a task
previously unachievable using cDEP. At frequencies between 50
and 90 kHz a large positive DEP force was observed acting on the
human leukemia cells. At 50 kHz, theory predicts that the ClausiusMossotti factor for RBCs is slightly negative. This in conjunction
with their smaller size resulted in the observation of a negligible
negative DEP force. It is expected that at lower frequencies a more
dominant negative DEP force will act on the RBCs while a positive force continues to act on the THP-1 cells. The combination of
these opposing forces may split the cells into separate streams for
collection.
Alternatively, the geometry of the outlet channels could be modiﬁed such that the bifurcation at the end of the sample channel
splits the ﬂow into two non-equal branches as shown in Fig A.3.
A small portion of the ﬂow containing the cancer cells would be
allowed to ﬂow towards the upper outlet, and the remaining ﬂow
containing the majority of the RBCs would be directed towards
the lower outlet. This change in geometry could alleviate the need
for a strong negative DEP force acting on the RBCs as they would
only need to be forced from the top portion of the channel. In
this geometry, the Zweifach-Fung effect, in which particle fraction tends to increase in the high-ﬂow-rate branch (Doyeux et al.,
2011), could increase sorting purity since a small negative DEP
force acting on the RBCs would cause a depletion region near the
walls.
5. Conclusion
The fabrication technique presented here has been used to
successfully demonstrate the ﬁrst cDEP device with insulating barriers greater than 20 m. The low cost of fabrication, simplicity,
availability of supplies, and exclusion of toxic chemicals make
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this technique ideal for researchers that do not have access to
a cleanroom. Furthermore, this process displays potential as a
rapid, low cost solution for the fabrication of complex multi-phased
devices capable of sorting, isolating, and enriching samples as well
as performing downstream analysis, such as impedance detection.
In contrast to traditional cell sorting technologies such as FACS and
MACS, the single stamp fabrication and associated electronics do
not require specialized equipment and have a relatively low cost
of entrance. Additionally, cDEP does not require the use of surface markers, dyes, or antibodies which require substantial prior
knowledge of the cell’s biology.
Traditional cDEP devices are capable of developing the electric ﬁeld gradients necessary for dielectrophoretic manipulation
between 100 kHz and 1 MHz. The frequency dependent behavior
of cDEP devices creates a unique set of challenges in manipulating mammalian cells. The ﬁrst crossover frequency for many
cells is anticipated to be below this frequency range for low conductivity sample buffers. Additionally, cells of similar genotypes
may have crossover frequencies which occur within a narrow frequency range. Since the C-M factor for these cells may not differ
signiﬁcantly except in proximity to the crossover frequencies, it is
paramount that future cDEP devices be capable of manipulating
particles between 1 and 100 kHz.
Numerical results indicate that these devices will continue to
develop useful DEP forces at frequencies as low as 1 kHz. This is
advantageous because systems designed to operate above 100 kHz
and 100 VRMS require custom electronics and magnetics. Preliminary experiments with RBCs, macrophages, leukemia monocytes,
prostate and breast cancer cells (results not shown) indicate that
between 50 and 100 kHz RBCs and macrophages experience a negligible DEP response. Meanwhile, the leukemia, breast, and prostate
cancer cells exhibit a strong positive DEP response which forces
them into the top half of the channel. The ability of this device to
separate low concentrations cancer cells from other common subpopulations found in blood will be the emphasis of future studies.
Future work will focus on the development of complementary electronics, demonstration of a positive DEP response for THP-1 cells, a
concurrent negative DEP response for RBCs resulting in continuous
isolation of the two populations and quantiﬁcation of selectivity,
enrichment factor, and cell viability.
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