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Contactless dielectrophoresis (cDEP) is a recently developed method of cell manipulation in which

the electrodes are physically isolated from the sample. Here we present two microfluidic devices capable of
selectively isolating live human leukemia cells from dead cells utilizing their electrical signatures. The effect
of different voltages and frequencies on the gradient of the electric field and device performance was
investigated numerically and validated experimentally. With these prototype devices we were able to
achieve greater than 95% removal efficiency at 0.2-0.5 mm s~ with 100% selectivity between live and dead
cells. In conjunction with enrichment, cDEP could be integrated with other technologies to yield fully
automated lab-on-a-chip systems capable of sensing, sorting, and identifying rare cells.

Introduction

Isolation and enrichment of cells/microparticles from a biolog-
ical sample is one of the first crucial processes in many
biomedical and homeland security applications.! Water quality
analysis to detect viable pathogenic bacterium?® and the isola-
tion of rare circulating tumor cells (CTCs) for early cancer
detection”™® are important examples of the applications of this
process.

Dielectrophoresis (DEP) is the motion of a particle in a sus-
pending medium due to the presence of a non-uniform electric
field.?>*' DEP utilizes the electrical properties of the cell/particle for
separation and identification.?’?> The physical and electrical prop-
erties of the cell, the conductivity and permittivity of the media, as
well as the gradient of the electric field and its applied frequency are
substantial parameters determining a cell’s DEP response.

One unique advantage of DEP over existing methods for cell
separation is that the DEP force is strongly dependent on cell
viability. The cell membrane, which is normally impermeable and
highly insulating, typically becomes permeable after cell death.?
This results in the release of ions from the cytoplasm through the
structural defects in the dead cell membrane and the cell
conductivity will increase dramatically.** This alteration in
electrical properties after cell death make DEP live/dead cell
separation and isolation possible.

The utilization of DEP to manipulate live and dead cells has
previously been demonstrated through several approaches. To
start, Suehiro et al. were able to utilize dielectrophoretic
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impedance measurements to selectively detect viable bacteria.?
Conventional interdigitated electrode DEP microdevices have
also been used to separate live and heat-treated Listeria cells.?®
Huang et al. investigated the difference in the AC electrody-
namics of viable and non-viable yeast cells through DEP and
electrorotation experiments?” and a DEP-based microfluidic
device for the selective retention of viable cells in culture media
with high conductivity was proposed by Docoslis ez al.?®

Insulator-based dielectrophoresis (iDEP) has also been
employed to concentrate and separate live and dead bacteria for
water analysis.? In this method, electrodes inserted into a micro-
fluidic channel create an electric field which is distorted by the
presence of insulating structures. The devices can be manufac-
tured using simple fabrication techniques and can be mass-
produced inexpensively through injection molding or hot
embossing.?*** iDEP provides an excellent solution to the
complex fabrication required by traditional DEP devices,
however, it is difficult to utilize for biological fluids which are
highly conductive. The challenges that arise include joule heating
and bubble formation.’! In order to mitigate these effects, the
electrodes are often placed in large reservoirs at the channel inlet
and outlet. Without an additional channel for the concentrated
sample,3® this could re-dilute the sample after it has passed
through a concentrated region.

The authors have recently developed a robust, simple, and
inexpensive technique to perform DEP, termed “contactless
dielectrophoresis” (cDEP). This technique provides the non-
uniform electric fields in microfluidic channels required for DEP
cell manipulation without direct contact between the electrodes
and the sample.?? In this method, an electric field is created in the
sample microchannel using electrodes inserted into two
conductive microchambers, which are separated from the sample
channel by thin insulating barriers. These insulating barriers
exhibit a capacitive behavior and therefore an electric field can be
produced in the main channel by applying an AC field across the
barriers.*?

The absence of contact between the electrodes and the sample
fluid prevents problems associated with more conventional
approaches to DEP and iDEP including contamination,
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electrochemical effects, bubble formation, and the detrimental
effects of joule heating.?* Similar to iDEP, cDEP lends itself to
a much simpler fabrication procedure. Devices are typically
molded from a reusable silicon master stamp that has been
fabricated from a single-mask lithographic process. Once the
master stamp has been fabricated, cDEP devices can be produced
from the stamp outside of the cleanroom environment, allowing
for rapid, mass fabrication of cDEP microfluidic devices.

In this study, the ability of cDEP to selectively isolate and
enrich a cell population was investigated. This was demon-
strated through the separation of viable cells from a heteroge-
neous population also containing dead cells. Two cDEP
microfluidic devices were designed and fabricated out of poly-
dimethylsiloxane (PDMS) and glass using standard photoli-
thography. The DEP response of the cells was investigated
under various electrical experimental conditions in the range of
our power supply limitations. Human leukemia THP-1 viable
cells were successfully isolated from dead (heat treated) cells
without lysing.

The separation of viable and non-viable cells is a critical
starting point for this new technology to move towards more
advanced applications. Optimization of these devices would
allow for selective separation of cells from biological fluids for
purposes such as: the diagnosis of early stages of diseases, drug
screening, sample preparation for downstream analysis,
enrichment of tumor cells to evaluate tumor lineage via PCR, as
well as treatment planning.®**° By using viable/non-viable
separation as a model for these applications, a new generation
of cDEP devices can be tailored around the results reported in
this study.

Theory

The 3D schematic of the experimental set up for device 1 is
shown in Fig. 1. The dominant forces acting on the cell/particle in
the microfluidic devices are shown in Fig. 2a and 3a. For particles
larger than 1 pm, Brownian motion is negligible compared to the
DEP force.! The DEP force acting on a spherical particle can be
described by the following:2%4°

Fpep = 2me,r*Relfca]VIEP 1

where ¢, is the permittivity of the suspending medium, r is the
radius of the particle, V|EJ* defines the local electric field gradient,
Re[] represents the real part, and fcy is the Clausius—Mossotti
factor given by:

& — Em

Son =t @

where g, and &, are the particle and the medium complex
permittivity respectively. The complex permittivity is defined as
follows:

©)

E=¢—j
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where € is the permittivity, o is the conductivity, 7 = —1, and w is
the angular frequency. Using the complex permittivity given in
eqn (3) of the particle and medium, the real part of Clausius—
Mossotti factor is calculated as follows:*!

.————Flectrodes
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1-Live Cells (Green)

1 Dead Cells (Red)

Fig. 1 3D schematic of the experimental set up.
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where 7 is the Maxwell-Wagner constant.
For cells, the complex permittivity can be estimated using
a single shell model, which is given by:
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r . . . .
where v = Pyl r is the particle radius, d is the cell membrane
r—

thickness, &; and &, are the complex permittivites of the cyto-
plasm and the membrane, respectively.’*!

The parabolic velocity profile in the microchannel, shown in
Fig. 2a and 3a, is due to the low Reynolds number pressure
driven flow across the main channel. Assuming the cell as
a spherical particle, the hydrodynamic drag force due to cell
translation is given by:

fDrag = 67]”“(”;: - uf) (6)

where r is the particle radius, 7 is the medium viscosity, u, is the
velocity of the particle, and uy is the medium velocity. Others
have shown that for microparticles moving in viscous envi-
ronments, the inertial forces are negligible.** The characteristic
time for a spherical particle suspended in fluid is reported to be
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Fig. 2 (a) 2D top view schematic of device 1 showing the dominant
forces acting on the particle. The contours represent the electric fields
modelled in Comsol multiphysics. (b) Line plot of the gradient of the
electric field squared (kg> m C2 S™*) for three different electrical
boundary conditions with efficient numerical cell trapping (¥ = V> = 50
Vims at 220 kHz, 100 V,,s at 152 kHz, and 150 V,,c at 142 kHz and V5 =
V4 = Ground). (c) Line plot of the gradient of the electric field squared
(kg m C? S*) along the lines parallel to the center line of the main
channel and at different distances from the channel wall for V; = V, =
150 Vs at 142 kHz boundary condition (y = 0, 50, and 100 pm).

2 2

o where p is the density of the medium, r is radius of the
particle, and 7 is the viscosity of the medium.

For THP-1 cells with a 15.4 4 2 um diameter®? this characteristic
time would be 12 ps, which is orders of magnitude smaller than the
time scale of the external forces and our experimental observations.
The velocity of the particle is determined by a balance between the
DEP force and Stoke’s drag force. The relationship is given by:

U, =ty — upepV(E -E) (7
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Fig. 3 (a) 2D top view schematic of device 2, showing the dominant
forces acting on the particle. The contours represent the electric fields
modelled in Comsol multiphysics. (b) Line plot of the gradient of the
electric field squared (kg m C2 S~*) for four different electrical boundary
conditions with efficient numerical cell trapping (V; = 30 V., at
200 kHz, 300 kHz, 400 kHz, and 500 kHz, ¥, = Ground) along the
x axis (y = 0). (c) Line plot of the gradient of the electric field squared (kg?
m C~2 S7*) for four different electrical boundary conditions with efficient
numerical cell trapping (7} = 30 Vs at 200 kHz, 300 kHz, 400 kHz, and
500 kHz, and ¥, = Ground) along the y axis (x = 0).

where upgp is the dielectrophoretic mobility of the particle and is
defined as:

emt?
Mpep = P Re[feum] (3)
n
Methods
Fabrication

A silicon master stamp was fabricated on a <100> silicon
substrate following our previously described process.*> Deep
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reactive ion etching (DRIE) was used to etch the silicon master
stamp to a depth of 50 um. Silicon oxide was grown on the
silicon master using thermal oxidation for four hours at 1000 °C
and removed with HF solvent to reduce surface scalloping.
Liquid phase polydimethylsiloxane (PDMS) was made by
mixing the PDMS monomers and the curing agent in a 10: 1
ratio (Sylgard 184, Dow Corning, USA). The degassed PDMS
liquid was poured onto the silicon master, cured for 45 min at
100 °C, and then removed from the mold. Fluidic connections
to the channels were punched using hole punchers (Harris
Uni-Core, Ted Pella Inc., Redding, CA); 1.5 mm for the side
channels and 2.0 mm for the main channel inlet and outlet.
Microscope glass slides (75 mm x 75 mm x 1.2 mm, Alexis
Scientific) were cleaned with soap and water, rinsed with
distilled water, ethanol, isopropyl alcohol, and then dried with
compressed air. The PDMS mold was bonded to clean glass
after treating with air plasma for 2 min. Schematics of the
devices with dimensions are shown in Fig. 2a and 3a.

Cell preparation

The live samples of THP-1 human leukemia monocytes were
washed twice and resuspended in a buffer used for DEP experi-
ments (8.5% sucrose [wt/vol], 0.3% glucose [wt/vol], and 0.725%
RPMI [wt/vol] #*) to 10° cells mL~". The cell samples to be killed
were first pipetted into a conical tube and heated in a 60 °C water
bath for 12 min; an adequate time determined to kill the majority
of the cells in the sample.

To enable simultaneous observation under fluorescent
microscope, cells were stained using a LIVE/DEAD®
Viability/Cytotoxicity Kit for mammalian cells (Molecular
Probes Inc.). Calcein AM, which is enzymatically converted
to green fluorescent calcein, was added to the live cell sample
at 2 puL per mL of cell suspension. Ethidium homodimer-1
(EthD-1) was added to the dead cell sample at 6 uL per mL
of cell suspension. This can only pass through damaged cell
membranes and upon nucleic acid-binding produces a red
fluorescence.

The two samples were then vortexed for 5 min, washed once
and resuspended in DEP buffer. The live and dead suspensions
were then mixed together in one conical tube with a final
concentration of 10° cells mL~" and final conductivity of 110-115
uS cm~' measured with a SevenGo Pro conductivity meter
(Mettler-Toledo, Inc., Columbus, OH). Live and dead cells were
indistinguishable under bright field evaluation.

Experimental set-up

The microfluidic devices were placed in a vacuum jar for 30 min
prior to experiments to reduce problems associated with
priming. Pipette tips were used to fill the side channels with
phosphate buffered saline (PBS) and acted as reservoirs.
Aluminium electrodes were placed in the side channel reser-
voirs. The electrodes inserted in side channels 1 and 2 of device
1 (Fig. 2a) were used for excitation while the electrodes inserted
in side channels 3 and 4 were grounded. The electrodes inserted
in side channel 1 of device 2 (Fig. 3a) were used for excitation
while the electrodes inserted in side channel 2 were grounded.
Thin walled Teflon tubing (Cole-Parmer Instrument Co.,

Vernon Hills, IL) was inserted into the inlet and outlet of the
main channel. A 1 mL syringe containing the cell suspension
was fastened to a microsyringe pump (Cole Parmer, Vernon
Hills, IL) and connected to the inlet tubing. Once the main
channel was primed with the cell suspension, the syringe pump
was set to 0.02 mL h™'; equivalent to a velocity of 556 pm s~!
for device 1 and 222 pum s7! for device 2. This flow rate was
maintained for 5 min prior to experiments.

An inverted light microscope (Leica DMI 6000B, Leica
Microsystems, Bannockburn, IL) equipped with a color camera
(Leica DFC420, Leica Microsystems, Bannockburn, 1L) was
used to monitor the cells flowing through the main channel. Once
the flow rate of 0.02 mL h~! was maintained for 5 min an AC
electric field was applied to the electrodes.

Device 1. Experiments were conducted at 50 Vs 75 Vims,
100 Vs, 125 Vs and 150 V. Trapping boundary conditions
for this device were determined through visual inspection of the
cells passing through the main channel. At each voltage, the
frequency was recorded for 80% trapping and the onset of cell
lysis. Significant lysis was considered to be when at least 10% of
the cell population became lysed. The electric field was main-
tained for 30 s during each experiment. Eight trials were con-
ducted at each voltage and the corresponding frequencies were
recorded where 80% trapping was observed.

Device 2. The trapping efficiency for this device was deter-
mined for voltages of 20 Vi s, 30 Vims, 40 Vins, 50 Vs and
frequencies of 200 kHz, 300 kHz, 400 kHz, 500 kHz at a constant
flow rate of 0.02 mL h~'. Experimental parameters were tested at
random to mitigate any variation in cell concentration, flow rate,
device functionality and other experimental variables. Addi-
tionally, trapping efficiency was calculated at 0.02 mL h!,
0.04 mL h™', 0.06 mL h~', and 0.08 mL h~', with electrical
parameters held constant at 500 kHz and 30 V. Electrical
parameters were selected randomly for each experiment for
a total of five trials at each combination. The electric field was
maintained for 30 s during each experiment. During the 30 s
interval, all cells entering the trapping region of the device (the
region containing pillars in the main channel) were counted,
representing the total number of cells.

Electrical equipment

AC electric fields were applied to the microfluidic devices using
a combination of waveform generation and amplification
equipment. Waveform generation was performed by a function
generator (GFG-3015, GW Instek, Taipei, Taiwan) whose
output was then fed to a wideband power amplifier (AL-50HF-
A, Amp-Line Corp., Oakland Gardens, NY). The wideband
power amplifier performed the initial voltage amplification of the
signal and provided the necessary output current to drive
a custom-wound high-voltage transformer (Amp-Line Corp.,
Oakland Gardens, NY). This transformer was placed inside
a grounded cage and attached to the devices using high-voltage
wiring. Frequency and voltage measurements were accomplished
using an oscilloscope (TDS-1002B, Tektronics Inc. Beaverton,
OR) connected to a 100 : 1 voltage divider at the output of the
transformer.

This journal is © The Royal Society of Chemistry 2010
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Numerical modeling

The electric field distribution and its gradient VE = V(V¢) were
modeled numerically in Comsol multi-physics 3.5 using the
AC/DC module (Comsol Inc., Burlington, MA, USA). This is
done by solving for the potential distribution, ¢, using the gov-
erning equation, V-(¢'V¢) = 0, where ¢  is the complex
conductivity (¢'= ¢ + jwe) of the sub-domains in the microfluidic
devices. The boundary conditions used are prescribed uniform
potentials at the inlet or outlet of the side channels.

The values for the electrical conductivity and permittivity of
the PDMS, PBS, and DEP buffer that were used in this numer-
ical modeling are given in Table 1. PBS and DEP buffer electrical
properties are used for the side and main microfluidic channels,
respectively. The induced DEP effect inside the main channel was
investigated for a range of frequencies and voltages. The gradient
of the electric field along the center line (y = 0) of the main
channel as well as y = 50 um and y = 100 pm was investigated
numerically.

Results and discussion
Device 1

The geometry of device 1 allowed for the rapid simulation of
DEP effects within the sample microchannel which could then be
verified through an efficient fabrication and experimentation
procedure. The gradient of the electric field along the center line
of the main channel of device 1 was numerically modeled and the
results are plotted in Fig. 2b. Fig. 2b also shows that the
maximum gradient of the electric field occurs at the terminations
of the side channels. The dependence of the gradient of the
electric field in the main channel on distance from the channel
wall is shown in Fig. 2c. These numerical results indicate that the
gradient of the electric field and thus the DEP effect is strongly
related to the channel geometry.

Conclusions drawn from the numerical modeling of device 1
were verified through direct experimentation. Live cell concen-
tration and trapping was observed for the electrical boundary
conditions that were previously simulated (V] = V> = 50 Vs at
220 kHz, 100 Vs at 152 kHz, and 150 Vs at 142 kHz and V3 =
V4 = Ground). A large DEP response was achieved with an
applied voltage of 150 V s at 142 kHz, mirroring the numerical
modeling shown in Fig. 2b. The majority of cell trapping within
the device occurred at the edges of the electrodes as predicted by
numerical results found in Fig. 2b.

When 80% trapping was observed, cells closest to the channel
wall were trapped while those closer to the center of the channel
were not; a result predicted by the numerical modeling presented

Table 1 Electrical properties of the materials and fluids

Electrical Properties

Electrical Relative Electrical
Materials Conductivity/S m™! Permittivity
PDMS 0.83 x 107" 2.65
PBS 1.4 80
DEP buffer 0.01 80

in Fig. 2c. These simulations further indicated that at low
frequencies (=100 kHz) the gradient of the electric field inside the
main channel would not be sufficient for DEP cell manipulation
and this was confirmed in our experiments. The minimum
frequency necessary to achieve an 80% trapping efficiency is given
in Fig. 4a as a function of applied voltage. Cell lysing was
observed for 75 Vs, 100 Vs, 125 Vs, and 150 Vs at 296 kHz,
243 kHz, 197 kHz, and 173 kHz, respectively. No lysing was
observed at 50 V,,s within the frequency limits of the power
supply. The concentration of live THP-1 cells using a 150 kHz
voltage signal at 100 V, s in device 1 is shown in Fig. 5 and
a representative video is given in the ESI (supplemental video 1).

Device 2

Since numerical modeling proved valid for device 1, it was also
used to predict the performance of device 2. The gradient of the
electric field along the x-axis (y = 0) of the main channel of device
2 is plotted in Fig. 3b. Again, for these electrical boundary
conditions (V7 = 30 Vs at 200 kHz, 300 kHz, 400 kHz, and
500 kHz and 7, = Ground) cell trapping was observed. Local
maximums in the gradient of the electric field occurred in line
with the edges of the insulating pillars while the minimum
gradient was experienced as cells passed through the region
between two pillars. The highest electric field gradient was
observed to occur at the two insulating pillars which had edges in
the center of the device. The electric field gradients in the center
of device 2 along the y-axis (x = 0) are shown in Fig. 3c and the
highest gradient was observed in line with the edges of the
insulating pillars. It should be noted that the maximum gradient
is observed at y = + 83.5 um and cells traveling through the exact
center of the device (along the x-axis) experience a lower DEP
force than those just off-center. The electric field gradient within
the channel increased with applied signal frequency from
200 kHz to 500 kHz. This increase in gradient is not linear and
these parameters represent the limitations of our current elec-
trical setup.

Theoretically, device 2 has a maximum gradient of electric field
within the channel occurring between 600 kHz and 700 kHz as
seen in Fig. 4d. Above this frequency, leakages in the system
begin to dominate the response and the electric field within the
channel drops off.

Live THP-1 cells were observed to experience a positive DEP
force at the reported frequencies and the DEP force applied on
dead cells appeared to be negligible. In device 2, the majority of
cell trapping was observed in the region between the first two
columns of insulating barriers at 0.02 mL h~'. However, the
distribution of trapped cells became more uniform at higher flow
rates. At 0.02 mL h~', we observed trapping efficiencies greater
than 90% at all tested frequencies (200 kHz, 300 kHz, 400 kHz,
and 500 kHz). However, lysing was seen at all frequencies when
a voltage of 50 Vs was applied. At the highest two frequencies,
lysing was seen at 40 V., and over 10% of the cells lysed at
50 V,ms (Fig. 4c). Aside from lysing, the maximum voltage we are
able to apply to these devices is determined by the electrical
breakdown voltage of the PDMS composing the barriers. Our
results suggest that the performance of our cDEP devices is
comparable to and may be able to exceed what is currently
attainable and has been reported with DEP or iDEP.!#428:44:45
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Fig. 4 (a) Voltage-frequency pairs to achieve 80% trapping efficiency
for device 1. (b) Trapping efficiency of device 2 at 500 kHz and 30 V s for
flow rates of 0.02, 0.04, 0.06, and 0.08 mL h~'. (c) Trapping efficiency at
0.02 mL h~! of device 2 at 200, 300, 400, and 500 kHz as voltages increase
from 20 Vs t0 50 V. (d) Maximum gradient of the electric field along
the x (y = 0) and y (x = 0) axis of device 2 for frequencies between
200 kHz and 1000 kHz.

In device 2, a maximum of 50 V., at 500 kHz signal was
applied to the inlets of the electrode channels. Because the sample
channel is non-uniform, it was found through our numerical
results that the actual electric field experienced by cells within the

Fig. 5 Experimental results for device 1: (a) Dead (red) and live (blue/
green) THP-1 cells are moving from right to left due to pressure driven
flow without applying an electric field. (b) 30 s after applying the electric
field (V; = V> = 100 Vs at 152 kHz and V3 = V4 = Ground). The live
(blue/green) cells were trapped due to positive DEP, but the dead (red)
cells pass by the trapping area. (c) Releasing the trapped live cells by
turning off the power supply. Side channels are fluorescent due to
Rhodamine B dye suspended in PBS.

channel was between 20 V cm™' and 200 V c¢cm~'. However,
there are minute regions at the sharp corners inside the main
channel with a high electric field intensity (~350 V cm™!) that
induces electroporation (IRE),**7 which is what we have
observed during the experiments. This was caused by the
dramatic change in the thickness of the PDMS barrier in those
locations. It was in these small regions which cell lysing was
most commonly seen.

Trapping efficiency experiments for higher flow rates were
conducted at 500 kHz and 30 V,,s because these parameters
yielded a high trapping efficiency of 89.6% at 0.02 mL h~'. The
trapping efficiency was reduced by an increase in flow rate and
reached a minimum of 44.8% (& 14.2) at 0.8 mL h~! (Fig. 4b).
Flow rates greater than 0.1 mL h™' were not reported due to
limitations of our recording software that resulted in the inability
to accurately count the number of cells entering and exiting the
trapping region of the device.

Due to the capacitance effect of the PDMS barriers in cDEP
devices, the corresponding gradient of the electric field for
voltage—frequency pairs are different for each design. These
devices were designed to provide a sufficient gradient of the
electric field for DEP cell manipulation within the limitations of
our power supply and the PDMS breakdown voltage. The high
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Fig. 6 Experimental results for device 2: (a) dead (red) and live (blue/
green) THP-1 cells are moving from left to right due to pressure driven
flow. (b) 30 s after applying the electric field (7 =40 Vs at 500 kHz and
V5, = Ground) live cells were trapped due to positive DEP but dead cells
pass by. (c) Releasing the trapped live cells by turning off the power

supply.

trapping efficiency makes device 2 an optimal design for selective
entrapment and enrichment of cell samples. This process is
depicted in Fig. 6; initially live cells (green) and dead cells (red)
passed through the trapping region due to pressure driven flow
(Fig. 6a). Live cells were selectively concentrated in the trapping
region under the application of a 500 kHz, 40 V., signal
(Fig. 6b). Under these parameters, the DEP force on the dead
cells was not sufficient to influence their motion and they passed
through the trapping region. The enriched sample of live cells can
be controllably released for later analysis once the electric field is
turned off (Fig. 6¢). A representative video is given in the ESIt
(supplemental video 2).

Conclusion

This work has demonstrated the ability of cDEP to selectively
concentrate specific cells from diverse populations through the
separation of viable cells from a sample containing both viable
and non-viable human leukemia cells. Repeatability, high effi-
ciency, sterility, and an inexpensive fabrication process are
benefits inherent to cDEP over more conventional methods of
cell separation. This method is also unique in that direct evalu-
ation is possible with little or no sample preparation. The
resulting time and material savings are invaluable in homeland

security and biomedical applications. Given cDEP’s numerous
advantages, the technique has tremendous potential for sample
isolation and enrichment for drug screening, disease detection
and treatment, and other lab-on-a-chip applications.
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