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Abstract The focusing of biological and synthetic parti-
cles in microfluidic devices is a crucial step for the con-
struction of many microstructured materials as well as for
medical applications. The present study examines the fea-
sibility of using contactless dielectrophoresis (cDEP) in an
insulator-based dielectrophoretic (iDEP) microdevice to
effectively focus particles. Particles 10 um in diameter
were introduced into the microchannel and pre-confined
hydrodynamically by funnel-shaped insulating structures
near the inlet. The particles were repelled toward the center
of the microchannel by the negative DEP forces generated
by the insulating structures. The microchip was fabricated
based on the concept of cDEP. The electric field in the
main microchannel was generated using electrodes inserted
into two conductive micro-reservoirs, which were sepa-
rated from the main microchannel by 20-pm-thick insu-
lating barriers made of polydimethylsiloxane (PDMS). The
impedance spectrum of the thin insulating PDMS barrier
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was measured to investigate its capacitive behavior.
Experiments employing polystyrene particles were con-
ducted to demonstrate the feasibility of the proposed mic-
rodevice. Results show that the particle focusing
performance increased with increasing frequency of the
applied AC voltage due to the reduced impedance of
PDMS barriers at high frequencies. When the frequency
was above 800 kHz, most particles were focused into a
single file. The smallest width of focused particles dis-
tributed at the outlet was about 13.1 um at a frequency of
1 MHz. Experimental results also show that the particle
focusing performance improved with increasing applied
electric field strength and decreasing inlet flow rate. The
usage of the cDEP technique makes the proposed micro-
chip mechanically robust and chemically inert.

1 Introduction

The focusing of biological and synthetic particles in
microfluidic devices is a crucial step for the construction of
many microstructured materials, including biomaterials
such as tissues and biofilms (Flores-Rodriguez and Markx
2006), as well as for medical applications, such as cell
sorting, counting, and flow cytometry (Mostert et al. 2009).
Numerous methods of particle focusing have been pro-
posed (Xuan et al. 2010). Focusing by sheath flow (Howell
Jr. et al. 2008; Watkins et al. 2009; Lee et al. 2009) is a
widely employed method for particle focusing; however,
additional buffer inlets and precise flow control are needed.
Sheathless focusing, which relies on either an externally
applied or an internally induced force field, has also been
investigated (Xuan et al. 2010). Dielectrophoresis (DEP),
which is achieved under a non-uniform electric field gen-
erated by various electrode patterns, insulating structures,
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or their combination, has been widely used for the
manipulation of cells in various microdevices. Dielectro-
phoresis produces a contact-free force, which makes it
particularly suitable for cell manipulation in a microchip.
Early studies on DEP response adopted large electrodes,
such as needles, pins, wires, or sheets (Pohl 1978; Jones
and Kraybill 1986). Microfabrication technology was later
employed to create microelectrode patterns, enabling suf-
ficiently large DEP forces to be generated to manipulate
particles with the application of small voltages. The
direction of the DEP force is controlled by the dielectric
properties of the particles and medium, which are functions
of frequency. Microelectrode patterns used for DEP have
been previously reviewed (Ramos et al. 1998; Voldman
2006). Geometrical constrictions in insulating structures
have also been proposed to produce non-uniform electric
fields by squeezing the electric field in a conductive med-
ium, termed insulator-based DEP (iDEP) (Lapizco-Encinas
et al. 2004). Methods of particle focusing using DEP have
been developed. Flores-Rodriguez and Markx (Flores-
Rodriguez and Markx 2006) proposed a design in which
non-uniform electric fields are generated between micro-
electrodes on the top and bottom of the microchannel,
focusing particles along channels. The DEP confinement of
particles generated by microelectrodes on the top and
bottom of the channel has been employed to achieve par-
ticle focusing, detection, and counting (Holmes et al.
2006). A three-dimensional, particle-focusing channel that
uses positive DEP guided by a dielectric structure between
two planar electrodes has been reported (Chu et al. 2009).
However, positive DEP is inappropriate for continuous
manipulation due to particle adherence on the electrodes or
regions with a high electric-field gradient in the micro-
channel. Particles in a microchannel have been accurately
manipulated using DEP generated by an electric field
between liquid electrodes (Demierre et al. 2007). An
alternative technique, termed contactless dielectrophoresis
(cDEP), has been proposed to provide the non-uniform
electric fields in microfluidic channels required for the DEP
manipulation of cells without direct contact between the
electrodes and the sample (Shafiee et al. 2009). The 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 bar-
riers. Microfluidic devices capable of selectively isolating
live human leukemia cells from dead cells utilizing their
electrical signatures have been developed (Shafiee et al.
2010). The frequency response of breast cancer, leukemia,
macrophages and red blood cells has also been investigated
using the cDEP device (Sano et al. 2011). Hence, condi-
tions to detect and enrich circulating tumor cells (CTCs)
from a peripheral blood sample can be determined to
develop methods to isolate these rare cells. Additionally,
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the DEP response of prostate tumor initiating cells (TICs)
has been observed to be distinctively different than that for
non-TICs in a microfluidic system employing the technique
of cDEP (Salmanzadeh et al. 2012). Therefore, the marker-
free TIC separation from non-TICs utilizing their electrical
signatures through DEP has been achieved. An iDEP
microdevice that can sheathlessly focus HeLa cells in two
directions was designed and demonstrated in our previous
work (Jen et al. 2010a). The measured width of focused
cells distributed at the outlet in our previous microdevice
for two-dimensional focusing was approximately 39 pm
with an applied voltage of 100 V and an inlet flow rate of
0.5 pL/min. In our previous study, the metallic electrodes
were deposited on a glass substrate to reduce the required
applied voltage; however, the electrodes were exposed to
the medium solution, which resulted in electrolysis during
experiments. The present study examines the feasibility of
applying cDEP to our design of an insulator-based DEP
microdevice to effectively focus particles. Furthermore, the
frequency-dependent impedance of thin insulating barriers
is measured to optimize the operating frequency.

2 Theory

The DEP force (Fpgp) acting on a spherical particle of
radius R suspended in a fluid with permittivity ¢, is given
as

Fpep = 2nR38mRe(fCM)VEr2mS (1)

where Re(fcn) is the real part of the Clausius—Mossotti factor
and E, s is the root-mean-square of the external electric field,
in an alternating current (AC) field. The Clausius—Mossotti
factor (fcn) is a parameter of the effective polarizability of a
particle. It varies with the complex dielectric properties of the
particle and the surrounding medium, which are functions of
the frequency of the applied field (f). The Clausius—Mossotti
factor for a spherical particle is represented as

* *
e — e

* *
&y + 2¢ef

(2)

fom

where ¢,* and &y, are the complex permittivities of the
particle and the medium, respectively. The complex
permittivity is related to the conductivity ¢ and angular
frequency o = 2nf as

* .0
g=e—j— (3)

where j equals v/ —1. Therefore, the DEP force depends
mainly on the difference between the dielectric properties

of the particles and those of the suspending medium
solution. The DEP force can be either positive, pulling
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particles toward the region with a high electric-field gra-
dient, or negative, repelling particles away from the region
with a high electric-field gradient.

A numerical simulation of the electric and flow fields as
well as the particle trajectories was performed using the
commercial software package CFD-ACE" (ESI Group,
France). The finite element method and two-dimensional
structured grids were employed to solve the governing
equations. The governing equations for the flow field in this
study are the continuity and momentum conservation
(Navier—Stokes) equations. The dimensionless forms can
be expressed as

V'V =0 (4)
v 1

— _ *P* . *2V* 5
dr* v + Rev ( )
where Re =2 KLD »in which Dy, and U are the hydraulic

diameter of the microchannel and inlet velocity of the fluid,
respectively. P* is the dimensionless pressure and V* is the
dimensionless velocity vector. p and p are the density and
dynamic viscosity of the medium, respectively. The
governing equation for the electric potential ¢ in the
medium can be expressed as

V- {omV(p + &m avﬂ =0 (6)

ot

where o, and ¢, are the conductivity and permittivity of
the medium, respectively. The current continuity equation
is solved by assuming a sinusoidal steady state. After
converting the current continuity equation into the
frequency domain, where the electric potential becomes a
complex quantity, the following equation is obtained

V- [om +jwen|Vo =0 (7)

Since the electric potential of the above equation is complex,
that is, ¢ = ¢, + j¢; the following two equations must be
solved

V-onVe,+ V- wen, Vo, =0 (8)
V- ouVo,— V- 0enVo, =0 9)

The electric field is assumed to be unaffected by the
presence of particles in the simulation for simplicity.
Discrete particles are tracked in the microchannel by
solving the Lagrangian equations, taking into consideration
both the DEP force and drag force in the simulation. The
drag force acting on a particle is given by

1
Fp =3 pU?ACp (10)
where U, is the relative velocity of the fluid over a particle,
and A is the projection area of a particle (A = nR?). Cp is
the drag coefficient of a particle from the particle drag

model of the CFD-ACE™ tool. Particle—particle interac-
tions are ignored in the simulation.

3 Experimental section
3.1 Device layout

A schematic diagram of the microfluidic chip is shown in
Fig. 1. Four insulating structures, which formed an
X-pattern in the microchannel, were employed to squeeze
the electric field in a conducting solution, thereby gener-
ating high-electric-field regions. The structure of insula-
tors, which are 60 um wide, 200 pm long, and 100 um
high, was designed and optimized in our previous investi-
gation (Jen et al. 2010b). Both the distances between
individual insulators along and perpendicular to the flow
(2D and 28, respectively) are 120 um, and the inclined
angle of the insulators is 45 degrees. The minimum width
at the constricting region (L. in Fig. 1) is 60 um. Particles
are introduced into the microchannel and pre-confined
hydrodynamically by the funnel-shaped insulating struc-
tures near the inlet. The particles flow into the constricting
regions (high electric-field gradient regions) at the edges of
the insulating structures. Particles with a negative DEP
response are repelled toward the center of the constricting
region and focused as they pass through.

3.2 Chip fabrication

A lower conductive material of polydimethylsiloxane
(PDMS) was adopted as a structure for distorting the
electric field in a conducting solution, thereby generating
regions with a high electric-field gradient. The mold master
was fabricated using the inductively coupled plasma (ICP)
dry etching technique on a silicon wafer (around 100 pm in
height) to define the micropatterns, as shown in Fig. 2a. A

| |I Electrode

[
PDMS replica

e
Bl g !
S— “ Flow
™ Vo
\/ -
Substrate
(Glass)

Fig. 1 Schematic illustration of the microfluidic chip for the DEP
focusing of particles. Both the distances between individual insulators
along and perpendicular to the flow (2D and 2S, respectively) are
120 pm, and the inclined angle of the insulators (0) is 45 degrees. The
minimum width at the constricting region (L) is 60 um. Nine sets of
X-patterned insulating structures were designed to generate non-
uniform electric fields
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releasing layer of 1H, 1H, 2H, 2H-perfluorooctyltri-
chlorosilane with about 10 nm in thickness was then
deposited on the silicon mold surface using the vapor
deposition method (Jung et al. 2005; Lee and Chiu 2008).
This releasing layer has good adhesion with the silicon
substrate and been widely used for the anti-adhesion layer.
Electrodes were inserted into two conductive micro-reser-
voirs, which were separated from the main microchannel
(600 pm wide) by 20-pum-thick and 5.5-mm-long insulating
PDMS barriers, to generate the electric field required for
the DEP focusing. The PDMS prepolymer mixture (Syl-
gard-184 silicone elastomer kit, Dow Corning, Midland,
MI, USA) was poured into the mold master coated with the
releasing layer and cured to fabricate the structures. After
the PDMS had been peeled off, the inlet and outlet ports
were made by a puncher, and the replica with the patterned
structures was bonded to the glass substrate, which was
cleaned in piranha solution, after treatment with oxygen
plasma in an O, plasma cleaner (Model PDC-32G, Harrick
Plasma Corp., Ithaca, NY, USA). A photograph of the
microchip taken by an optical microscope and a scanning
electron microscopy (SEM) image of the PDMS replica are
shown in Fig. 2b.

3.3 Apparatus and materials

A function/arbitrary waveform generator (Agilent 33220A,
Agilent Technology, Palo Alto, CA, USA) was employed
as the AC signal source. It was connected to an RF
amplifier (HSA-4011, NF Corporation, Japan) to apply the

PDMS barrier
(20 pum in thickne

(b)

Fig. 2 a SEM micrograph of the mold on a silicon wafer,
b photograph of the microchip and SEM micrograph of PDMS
replica (inset)
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electric fields required for DEP focusing in the micro-
channel, and provides the required voltage (up to 160 V
peak-to-peak at a frequency of 1 MHz). Polystyrene par-
ticles, 10 um in diameter (G1000, Thermo Scientific Inc.,
USA) were used for the proof of concept demonstration
and to investigate the efficiency of focusing. A sample of
polystyrene particles with a concentration of 10° particles/
mL was injected using a syringe pump (Model KDS 101,
KD Scientific Inc., Holliston, MA, USA). The dielectric
permittivity and conductivity of the polystyrene particles at
a frequency of 1 MHz were about 2.6, F/m and 10~'® S/m,
respectively (Kang et al. 2009). The particles were sus-
pended in deionized water (¢ = 78¢9 F/m; ¢ = 5.0 uS/
cm), in which they exhibited a negative DEP response at a
frequency of 1 MHz. The DEP focusing of particles was
observed and recorded using an inverted fluorescence
microscope (Model CKX41, Olympus, Tokyo, Japan), a
mounted CCD camera (DP71, Olympus, Tokyo, Japan),
and a computer running Olympus DP controller image
software. Moreover, a precision impedance analyzer
(Model 6420, Wayne Kerr Electronics Ltd., London, UK)
was employed to measure the impedance spectrum of the
thin insulating PDMS barrier to investigate its capacitive
behavior.

4 Results and discussion

In order to understand the capacitive behavior of the thin
insulating PDMS barrier, a chip comprising two micro-
reservoirs separated by an insulating barrier was fabricated
for the measurement of the impedance spectrum of the
PDMS barrier. A schematic illustration of the experimental
set up is shown in Fig. 3. The micro-reservoirs were filled
with phosphate-buffered saline (PBS) buffer (¢ = 78¢y F/m;
o =8.0 mS/cm). The impedance spectrum of the PDMS
was measured; results are shown in Fig. 4. The equivalent
circuit model of the chip for measurement is shown in the
inset of Fig. 4. The fitting curve to the experimental data
was obtained using the least-squares method. The param-
eters in the equivalent circuit model were obtained as
Rliquid = 21.05 kQ, RPDMS = 224.15 kQ, and CPDMS =

PDMS

g Precision impedance analyzer 6420
zaske s § barrier
224" '— . - | /

PBS buffer

Power

Fig. 3  Schematic illustration of the experimental set up for
measuring the impedance of the thin insulating PDMS barrier
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Fig. 4 Measured impedance of the thin insulating PDMS barrier
under various frequencies and the fitting curve to experimental data
obtained using the least-squares method. The equivalent circuit model
of the chip for measurement is shown in the inset

5.80 pF. The spectrum indicates that the impedance of the
PDMS decreased with increasing frequency. The imped-
ance at 500 kHz is half of that at 200 kHz. When the fre-
quency was 1 MHz, the impedance reduced to 37 kQ.
Assuming that the resistance of the liquid (Ryquia) 1S
independent of frequency, the impedance of PDMS at
1 MHz is about 16 kQ. Figure 5 shows the contours of
VE? in the main microchannel with an applied voltage of
95 V peak-to-peak considering the impedance of the thin
PDMS barriers at 1 MHz as well as the transient simulation
of the tracks of negative DEP particles at an inlet flow rate
of 2.0 uL./min. The simulation results indicate the locations
of the high-electric-field regions. The particles were sus-
pended in deionized water (¢ = 78¢y F/m; ¢ = 5.0 pS/cm)
and the electric field was constricted in the gap region
between the insulating structures; thus, a strong highly non-
uniform electric field was created near the edges of the
insulating structures. The direction of the DEP force acting
on the polystyrene particles is toward the center of the

-

Fig. 5 Transient simulation of tracks of negative DEP particles and
simulation results of the gradient of the square of the electric field
(VE?) from a top view with an applied voltage of 95 V peak-to-peak
and an inlet flow rate of 2.0 pL/min. The dielectric permittivity and

microchannel. The DEP force acting on the negative DEP
particles, which were distributed randomly at the inlet, is
toward the local minima of the electric field, allowing
particle focusing. To investigate the performance of
focusing, polystyrene particles (10 pm in diameter) sus-
pended in deionized water were prepared for experiments.
Based on our previous results in simulation (Jen et al.
2010b), the performance of focusing reaches saturation
while more than three sets of X-patterned insulating
structures were designed in the microchannel. However,
nine sets of X-patterned insulating structures were fabri-
cated for particle focusing to ensure that the reliable
experimental results could be obtained. Figure 6 shows the
experimental results of particle focusing at various fre-
quencies (from 100 kHz to 1 MHz) for an inlet flow rate
and applied voltage of 0.5 pL/min and 160 V peak-to-
peak, respectively. Photographs of the last two sets of X-
patterned insulating structures (the region marked by the
dashed line in the layout) were taken to demonstrate
focusing performance. The widths of focused particles
distributed at the outlet at various frequencies are indicated
in the upper-left corner of each image. The particles ran-
domly distributed throughout the microchannel without
applying any electric field (data not shown); which implies
that the effect of confinement by the funnel-shaped insu-
lating structures only works near the inlet. The results
indicate that the focusing performance increased with
increasing frequency of the applied voltage due to the
reduced impedance of PDMS barriers at high frequencies.
The AC field generated by the electrodes at the micro-
reservoirs generated an electric field in the main micro-
channel across the thin insulating barriers at high
frequencies. Some particles were not focused and flowed to
the sides of the microchannel when the frequency was
below 800 kHz (Fig. 6a—d). The particles cannot be guided
into the center of the microchannel once they flow to the
sides of the channel at the beginning of X-patterned insu-
lating structures. When the frequency was above 800 kHz
(Fig. 6f), most particles were focused into a single file and
the smallest width of focused particles distributed at the
outlet was about 13.1 um at a frequency of 1 MHz.

VE(Vim’)
10x10"

2.5x10"

b4 b b4 ;’ |.5*|0“\
Py P Py -1 Lox10"
s.0x10"

]

conductivity of polystyrene particles at a frequency of 1 MHz were
about 2.6c9 F/m and 107'¢ S/m, respectively. The particles were
suspended in deionized water (¢ = 78¢y F/m; ¢ = 5.0 pS/cm)
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Inlet

Applied voltage: 160 V,
Flow rate : 0.5 pL./min

200 kHz

100 kHz

15.8 pm

600 kHz

800 kHz

(d)

Fig. 6 Experimental results of focusing polystyrene particles at
various frequencies at an applied voltage and inlet flow rate of 160 V
peak-to-peak and 0.5 pL/min, respectively. Images of the last two sets
of X-patterned insulating structures (the region marked by the dashed

Figure 7 shows the experimental results of particle focus-
ing at various inlet flow rates (0.5, 1.0, and 2.0 pL/min)
and various applied voltages (95, 135, and 160 V peak-to-
peak at 1 MHz). Experimental results show that the
focusing performance improved with increasing applied
electric field strength and decreasing inlet flow rate. The
characteristic time scales due to the DEP and hydrody-
namic forces are analyzed herein based on the method
proposed by Salmanzadeh et al. (Salmanzadeh et al. 2011).

The average of V(Erms . Erms) is on the order of 10'* V%/m?
(when a voltage of 95 V peak-to-peak was applied). The
absolute value of the Clausius—Mossotti factor, Re(fcm),
for negative DEP is assumed as 0.5. Hence, the particle
velocity due to the DEP force is about 150 pm/s. The
characteristic distance for DEP is assumed as half of the
channel width, i.e., Lpgp = 300pm. The characteristic time
L

DEP ~ 2. The minimum
UDEP

width at the constricting region (L. in Fig. 1) is a tenth of
the channel width. Thus, the characteristic velocity of the
particle due to the flow (uy) is assumed as tenfold of the

for the DEP influence is tpgp =2
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(b)

(e)

line in the layout) are shown to demonstrate the focusing perfor-
mance. The widths of focused particles distributed at the outlet at
various frequencies are indicated in the upper-left corner of each
image

average velocity in the channel, i.e., 3.93 mm/s, which is
tenfold of a flow rate of 0.5 pL/min. The length of the
microchannel (L¢) is approximately 5.5 mm. Accordingly,
the characteristic residence time for the particle in the
~ L

o = L.4s. The focusing

of particles could be achieved while the characteristic
residence time (Tqoy) iS greater than, or comparable to that
for the DEP influence (tpgp), as shown in Fig. 7a. When
the applied voltage was 95 V, the particles were not
focused when the flow rate was above 0.5 uL/min as
shown in Fig. 7b, c. The criterion of focusing in the present
study is defined as that the width of particles distributed at
the outlet is smaller than the minimum width at the con-
stricting region (Lc = 60um). The characteristic residence
time for the particle in the channel decreases while the inlet
flow rate increases. The characteristic residence time is
approximately 0.35 s (when the inlet flow rate is 2.0 pL/min),
which is less than the characteristic time for the DEP
influence (tpgp = 2 s, when applying a voltage of 95 V
peak-to-peak); hence, the performance of focusing is poor

channel can be evaluated as 7oy
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107.9 pm
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Fig. 7 Experimental results of particle focusing at various inlet flow
rates and applied voltages (at a frequency of 1 MHz). Images of the
last two sets of X-patterned insulating structures (the region marked
by the dashed line in the layout) are shown to demonstrate the

(Fig. 7c¢). A higher voltage applied implies the shorter
characteristic time required for the DEP influence. When
the applied voltage was increased to 135 V and the inlet
flow rate was 0.5 pL/min (Fig. 7d), the particles were
focused well at the center of the microchannel. The
focusing of particles was achieved for all inlet flow rates
for an applied voltage of 160 V (Fig. 7g—i), although some
of the particles flowed to the sides of the microchannel at
an inlet flow rate above 1.0 pL/min (Fig. 7i). The experi-
mental results demonstrate the feasibility of applying cDEP
to an insulator-based DEP microdevice to effectively focus
particles.

21.1 pm

57.9 pm

13.1 pm

(d)

(h)

28.9 um

(®) (i)
Frequency : 1 MHz

focusing performance. The widths of focused particles distributed at
the outlet at various frequencies are indicated in the upper-left corner
of each image

5 Conclusion

Contactless dielectrophoresis was applied to an insulator-
based DEP microdevice to effectively focus particles. Nine
sets of X-patterned insulating structures were fabricated to
squeeze the electric field in a conducting solution, thereby
generating high-electric-field regions. The DEP force was
employed to confine the particles with negative DEP
responses. Experiments with polystyrene particles (10 um
in diameter) were conducted to demonstrate the feasibility
of the proposed microdevice. Experimental results show
that the focusing performance increased with increasing
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frequency of the applied AC voltage due to the reduced
impedance of PDMS barriers at high frequencies. When the
frequency was above 800 kHz, most particles were focused
into a single file and the smallest width of focused particles
distributed at the outlet was about 13.1 um at a frequency
of 1 MHz. Experimental results also show that the focusing
performance improved with increasing applied electric
field strength and decreasing inlet flow rate. The usage of
cDEP technique makes the proposed microdevice
mechanically robust and chemically inert. The microdevice
is easy to operate and can be integrated with other bio-
medical applications, making it a very useful tool in the
fields of biomedicine, chemistry, and particle science.
However, cDEP relies on the application of a high-fre-
quency AC electric signal to the electrodes, which are
capacitively coupled to a microfluidic channel. Bioparti-
cles, for example mammalian cells, may exhibit positive
DEP in the range of frequency adopted herein and be
trapped at the edges of the insulating structures. The use of
a high-frequency AC electric signal limits the application
of cDEP. This limitation may be overcome by adjusting the
conductivity of the buffer medium or using alternative
polymeric materials with low impedance at low frequen-
cies in place of PDMS.
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