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a b s t r a c t

A lab-on-a-chip device is described for continuous sorting of fluorescent polystyrene microparticles uti-
lizing direct current insulating dielectrophoresis (DC-iDEP) at lower voltages than previously reported.
Particles were sorted by combining electrokinetics and dielectrophoresis in a 250 �m wide PDMS
microchannel containing a rectangular insulating obstacle and four outlet channels. The DC-iDEP parti-
cle flow behaviors were investigated with 3.18, 6.20 and 10 �m fluorescent polystyrene particles which
experience negative DEP forces depending on particle size, DC electric field magnitude and medium con-
ductivity. Due to negative DEP effects, particles are deflected into different outlet streams as they pass
the region of high electric field density around the obstacle. Particles suspended in dextrose added phos-
phate buffer saline (PBS) at conductivities ranging from 0.50 to 8.50 mS/cm at pH 7.0 were compared
at 6.85 and 17.1 V/cm. Simulations of electrokinetic and dielectrophoretic forces were conducted with

®
COMSOL Multiphysics to predict particle pathlines. Experimental and simulation results show the effect
of medium and voltage operating conditions on particle sorting. Further, smaller particles experience
smaller iDEP forces and are more susceptible to competing nonlinear electrostatic effects, whereas larger
particles experience greater iDEP forces and prefer channels 1 and 2. This work demonstrates that 6.20
and 10 �m particles can be independently sorted into specific outlet streams by tuning medium conduc-
tivity even at low operating voltages. This work is an essential step forward in employing DC-iDEP for

conti
multiparticle sorting in a

. Introduction

Lab-on-a-chip (LOC) systems have the capacity to perform a
ariety of tasks ranging from DNA analysis to protein recogni-
ion and could be catered to point-of-care medical diagnostic
ools. They integrate multiple laboratory functions on a few cen-
imeter(s) sized chip and are capable of handling picoliter fluid
olumes [1–4]. Electrokinetics is commonly employed to move
nalytes in microdevices since electric fields are versatile and can
e precisely controlled for specific, quantifiable analyte responses.
urthermore, devices employing electric fields can eventually be
implified to only require a battery for power – a key characteris-
ic for truly portable diagnostic devices. One type of electrokinetic

henomenon, dielectrophoresis (DEP), has traditionally employed
lternating current (AC) electric fields to create spatial non-
niformities which impart forces on particles or cells through
ransient polarizations. Dielectrophoresis can also be achieved

∗ Corresponding author. Tel.: +1 906 487 2796; fax: +1 906 487 3213.
E-mail address: minerick@mtu.edu (A.R. Minerick).

021-9673/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.01.082
nuous flow, multiple outlet lab-on-a-chip device.
© 2011 Elsevier B.V. All rights reserved.

using direct current (DC) electric fields and this paper focuses on
employing DC electric fields to achieve continuous sorting of fluo-
rescent polystyrene particles.

Direct current insulating dielectrophoresis (DC-iDEP) is a rel-
atively new field that has yielded >50 journal publications over
the last decade [5]. It utilizes a spatially non-uniform electric
field component but not the frequency dependent component of
AC-dielectrophoresis, which has been shown to be adequate for
manipulation of cells [4,5]. Spatial non-uniformities in the elec-
tric field are generated via insulating obstacles embedded within
the microdevice channels, while remotely positioned electrodes
at the ends of the channels deliver either (a) direct current (DC-
iDEP) or (b) DC biased low frequency alternating current (AC-iDEP).
The advantages of using such insulating obstacles to create non-
uniformities in the channel include [6]: (a) less affected by fouling
than embedded electrodes, (b) fabrication is simpler because no

embedded metal components are required, (c) devices are robust
and chemically inert, (d) electrolysis gas evolution at the remotely
located metal electrodes causes minimal or no bubbles inside chan-
nels, and (e) microdevices are continuous flow systems and can be
operated with complex electrical signals.

dx.doi.org/10.1016/j.chroma.2011.01.082
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:minerick@mtu.edu
dx.doi.org/10.1016/j.chroma.2011.01.082
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Pioneering work on DC-iDEP contained an array of insulat-
ng posts where two operating regimes were observed, namely
treaming and trapping DEP [7]. In streaming DEP, particles of
nterest experience repulsion from electric field maxima but travel
hrough the device in flowing streamlines; and in trapping DEP
he forces reversibly immobilize the particles of interest. Perfor-

ance characterization of a DC-iDEP microdevice assessed the
ffects of suspending medium properties on dielectrophoretic trap-
ing. Results indicate that higher conductivity medium increased
rapping efficiency [8]. To the authors’ knowledge, optimization
f particle streaming efficiencies has not been conducted. Stud-
es on DC-iDEP mainly rely on negative dielectrophoresis (nDEP)
ince under DC or low-frequency AC electric fields inert particles,
acromolecules and cells are less conductive than the suspending
edium.
Microdevice fabrication has been achieved with different mate-

ials which influence wall surface charge and thus electro-osmotic
elocities, but all achieve field non-uniformities governed by obsta-
le geometries. There have been many efforts to explore other
nsulating materials for DC-iDEP including oil droplets [9] and pairs
f insulating oil menisci to shape the DC electric field [10]. Other
esearchers have explored differently shaped insulating obstacles
ike rectangle [11], triangle [11], circular [12], saw-tooth [13,14],
erpentine channels [15,16], circular posts [17,18] and open top
icrostructures [19,20]. Researchers have also explored using DC

iased AC fields for achieving specialized separations of particles
nd cells [16,21–24]. A complete picture of particle shape, insulat-
ng obstacle geometry and voltage dependencies of direct current
nsulator-based dielectrophoresis has not yet been attained. The DC
oltages reported in the literature to achieve sorting of microparti-
les were in the high range of 250–5000 V/cm and this may increase
oule heating in microdevices. A range of operating variables with
espect to medium characteristics, field characteristics, particle
izes and characteristics, and insulating obstacle geometry still
emains ill defined.

In the present research, rectangular PDMS insulating obstacles
ere utilized to create a spatially non-uniform electric field to sort

hree different sized particles (3.18 �m, 6.20 �m and 10 �m) into
our channel outlets using only DC electric fields. The DC field’s
nteractions with the wall surface charges simultaneously pump
iquid via electro-osmotic flow (EOF), thus eliminating micro-
umps and increasing portability. This research aims to provide
working range of electric field and medium conductivities for

olystyrene particle sorting in a continuous flow device. In order to
revent Joule heating and salt formation at electrodes, low medium
onductivities and low electric fields were utilized.

. Theoretical background

.1. Particle motion

Particle transport along the microchannel was assumed to
epend on electrokinetic (EK) and dielectrophoretic (DEP) mech-
nisms only. The particle flux �j is expressed in terms of an
lectrokinetic velocity �uEK and dielectrophoretic �uDEP velocities as

∝ (�uEK + �uDEP) (1)

The electrokinetic velocity, �uEK takes into account the elec-
rophoretic and electro-osmotic contributions to the particle
ransport. The apparent velocity is taken to be proportional to the

�
pplied electric field E, as

�EK = �EK
�E = (�EP + �EO)�E (2)

here �EK, �EP, �EO are the electrokinetic, electrophoretic, and
lectro-osmotic mobilities, respectively. For relatively large par-
. A 1218 (2011) 1780–1789 1781

ticle size with low surface charge it is possible to neglect the
electrophoretic mobility [8], thus:

�EK ≈ �EO (3)

�EO = �εm

�
(4)

where �, εm, � are zeta potential of the microchannel wall, permit-
tivity of suspending medium and viscosity of suspending medium,
respectively.

The dielectrophoretic velocity �uDEP is related to the applied elec-
tric field as

�uDEP = −�DEP∇E2 (5)

where �DEP is the dielectrophoretic mobility. For a spherical par-
ticle of diameter dp, the dielectrophoretic mobility �DEP can be is
expressed as [1]:

�DEP = �dp
2fCMεm

12�
(6)

where fCM is the Clausius–Mossotti factor, which accounts for the
particle polarizability. Under a DC electric field, for a spherical
particle with a conductivity �p suspended in a medium with con-
ductivity �m the fCM is given by [25]:

fCM = �p − �m

�p + 2�m
(7)

As it can be observed from Eq. (7), fCM, DEP can be positive or
negative, depending on the relative conductivities of the particle
and suspending medium. It has been shown that for a DC electric
field, polystyrene particles [8,26] and bacterial cells [14,27] exhibit
negative dielectrophoresis: i.e., they are less conductive than the
suspending medium and are repelled from the regions of higher
field density. In this research, the microdevice developed exploits
these characteristics in order to sort the particles into four outlet
channels via a unique device design. In this study, conductivity of
the polystyrene particle was considered negligible (�p = 0 mS/cm)
compared to that of the suspending medium [26]. This assumption
was supported by �p values reported in the literature [26] where
all values for fCM were close to −0.5.

A spatially dense non-uniform field is created around the obsta-
cle as the DC field lines diverge around the insulating obstacle. Due
to the presence of the insulating obstacle, a high electric field den-
sity region is produced between the obstacle and the channel wall,
which imparts a DEP force on particles flowing down the channel
thus altering their trajectory into one of the four outlet channels.
These negative DC-iDEP forces push the particles away from high
field density regions resulting in a repulsive force exerted on the
particle as it flows around the corner of the obstacle, thus facil-
itating particle motion. From Eq. (7), since �p < �m the particles
experience repulsive forces yielding streaming DEP.

2.2. Particle pathlines

In experiments, the fluorescent particles moved rapidly to cause
streaks in each still frame image. Therefore, particle pathlines were
used in the simulations to represent particle motion. Particle path-
lines are the trajectories that individual particles follow when
experiencing electrokinetic and dielectrophoretic forces. The direc-
tion the particle takes is also influenced by fluid streamlines at each
moment of time. Since the polystyrene particles had similar dielec-

tric properties and thus fCM, the effect of DEP on a particle pathline
depended primarily on particle diameter (Eq. (6)). The magnitude
of the DEP force depends on E2, which reaches its maximum in the
region where the insulating obstacle is located. At a given medium
conductivity, particles which come out of the constriction region
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Table 1
Average conductivities of various dextrose added buffers with standard deviations
and electro-osmotic mobility with standard deviations for each buffer at 10.3 V/cm.
The number n represents the number of solutions averaged for calculating buffer
conductivities. The values ranged between 0.50 and 8.50 mS/cm and do not show a
mobility dependence on buffer conductivity.

% dextrose
added
buffers

Average
conductivity
(mS/cm)

Electroosmotic
mobility
(×10−4 cm2/V s)

5% 0.24 ± 0.009 (n = 5) 41.9 ± 2.40
4% 5.58 ± 0.028 (n = 4) 36.9 ± 0.96
3% 6.16 ± 0.041 (n = 5) 41.0 ± 1.53
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microdevice were made by using copper electrodes. The experi-
2% 7.32 ± 0.035 (n = 4) 53.5 ± 5.05
1% 8.23 ± 0.032 (n = 4) 54.2 ± 1.92

0% (PBS) 8.47 ± 0.024 (n = 2) 32.9 ± 1.07

ill be deflected due to the differing nDEP force to different channel
utlets, depending on their diameter.

.3. Mathematical model

The iDEP microdevice performance was studied with a mathe-
atical model built in COMSOL Multiphysics® implementing Finite

lement Analysis (FEA). AutoCAD drawings of the device were
mported into COMSOL. By solving the Laplace equation, predic-
ions were made on the distribution of electric potential across the

icrodevice, the magnitude of the electrokinetic forces involved,
nd the particle trajectories. For the model, the applied DC elec-
ric potential was assumed to remain constant throughout the

icrochannel depth; it has been demonstrated that the electric
eld does not decay in a significant manner along the depth [25].
herefore, the simulation was treated as a two-dimensional elec-
rostatics problem.

A triangular mesh was built in order to solve the Laplace equa-
ion using the Lagrange element implemented in the software. FEA
as applied in a triangular mesh consisting of 1200 elements and

800 nodal points. The electric potential was approximated by a
olynomial of low order at each mesh point. From the obtained
umerical solution it is possible to obtain values for the parame-
ers describing the electrokinetic and dielectrophoretic behavior
f the particles, such as the electrical field �E, gradient of E2,
nd particle pathlines. Values for the electrokinetic mobility were
btained from reported experimental results (shown in Table 1);
his is described in the experimental methods section under sample
reparation.

The microchannel contained one embedded rectangular insu-
ating obstacle and four different outlet channels (Fig. 1). When
pplying a DC electric potential, the presence of the insulating
bstacle creates a region of non-uniform electric field that affects
article pathlines by means of negative dielectrophoretic effects.
urther information regarding microchannel geometry is included
n the Experimental Methods section under device design. The

odel solves the electrical potential inside the microchannel as
escribed by the Laplace equation:

2� = 0 (8)

ith boundary conditions:

n · �J = 0 at the boundaries (9)

= �in at the inlet of the microchannel (10)
= 0 at the outlet of the microchannel (11)

From the numerical solution obtained, it is possible to predict
he motion of the spherical particles along the microchannel [28].
r. A 1218 (2011) 1780–1789

3. Experimental methods

From Eqs. (5)–(7), dielectrophoretic force on the particle
depends on magnitude of the applied DC electric field, medium
conductivity, and size of fluorescent polystyrene particles. All
these dependencies were explored. In this section device design
and microdevice fabrication, experimentation for electro-osmotic
flow assessment and fluorescent polystyrene particle experiments,
image analysis and quantification are discussed in detail.

3.1. Device design and fabrication

The microdevice developed consists of one inlet (250 �m wide)
and four outlet channels of 90 �m in width. The purpose of this
design containing four branched outlets was to incorporate multi-
particle sorting. The distance between the inlet and outlet ports was
1.46 cm with 3 mm diameter ports. An insulating obstacle of rectan-
gular geometry was positioned in the inlet channel at a distance of
150 �m upstream from the bifurcation to the four outlet channels.
The width of the rectangular obstacle was 330 �m and the height
was 190 �m as shown in Fig. 1. Standard techniques of soft lithog-
raphy were used to pattern the microdevice and microchannels
[29] that were cast into poly(dimethylsiloxane) (PDMS) device and
sealed onto a glass slide by plasma-oxidation treatment (Harrick
Plasma, Inc.) [30,31]. A single platinum (Pt) electrode was woven
through the outlet ports.

3.2. Sample preparation

For reduced Joule heating and to increase streaming DEP on
the particles, low conductivity buffers were desired. A range of
medium conductivities were explored in this research and sepa-
ration efficiency of polystyrene particles was studied. Phosphate
buffer saline (PBS) with dextrose was used to obtain a range
of medium conductivities. d-Glucose (dextrose) (Fisher Scientific,
>99% pure, anhydrous) was added to PBS at concentrations rang-
ing from 1 to 5 wt%; pH was adjusted to 7.0 for the solutions using
HCl and NaOH (Fisher Scientific, HPLC grade) as necessary and final
conductivities were recorded for each buffer. Table 1 indicates the
average conductivity values with standard deviations obtained for
all the dextrose-added buffers over the range of solutions prepared
(n). The conductivities varied between 0.50 and 8.50 mS/cm. Here
0% buffer refers to 0.14 M PBS (1×) at pH 7.0.

3.3. Operation

As demonstrated in Eq. (6), the dielectrophoretic mobility that
a particle experiences is proportional to its volume (and subse-
quently its size) as well as the conductivity difference (fCM) from
the surrounding medium [27]. Therefore, dependencies on fluo-
rescent polystyrene particles of three sizes were studied here as
well as on six different conductive buffers. The details of electro-
osmotic mobility measurement experiments and polystyrene
particle experiments are presented in the next two sections.

3.3.1. Electro-osmotic flow measurement
Electro-osmotic flow rate experiments within the main channel

into the four outlet channels were conducted by current monitoring
methods [32]. The set-up consists of 1 k	–1/2 kW resistor, multi-
meter (0–500 V) (RadioShack, Inc.), and a DC power supply (Hewlett
Packard 6030A, 0–200 V, 17 A). Electrical connections with PDMS
ment was conducted at 10.3 V/cm for plasma-sealed devices using
0.56 M PBS buffer and dextrose added buffers at varying conduc-
tivity ranges (0.50–8.50 mS/cm) as shown in Table 1. The impact
on EOF from alternative sealing mechanisms were also explored
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Fig. 1. (a) A particle at the insulating obstacle due to electric field −→
E , experiences electrophoretic force ‘FEP ’ (negligible in this research due to particle size), electro-osmotic

force ‘FEO ’ from the fluid, and the dielectrophoretic force ‘FDEP ’. (b) Rectangular obstacle geometry enlarged from (c) at the point highlighted bifurcating into four channels. (c)
Master on silicon wafer showing device design of 1.46 cm in length compared to the size of a penny. (d) Raw images from 3.18 �m particle experiments added by Maximum
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ntensity Projection (MIP) in AxioVision 4.6.3 software. Intensity profiles (shown
uantified by comparing relative profile intensity across each channel. (For interpr
ersion of the article.)

ncluding common methods like UV–ozone sealed [33] solvent
ethod using IPA [34], thermal treatment [35] and no treatment

or PDMS and glass-slide sealed by pressure application.
The microchannels were pre-conditioned by rinsing with

-pure water, and then filled with lower conductivity buffer
0.50–8.50 mS/cm) individually for each experimental set. DC
ower supply was turned on and initial voltage on multimeter
as recorded when low conductivity buffer was present in the
icrodevice. The high conductivity buffer (4× PBS) replaced lower

onductivity buffer (0.50–8.50 mS/cm dextrose added buffers) and
he time required to reach a new constant voltage plateau across
he resistor was measured. The experiment was repeated (standard
eviation values in Table 1) at each DC electric field strength and
tatistical analysis performed on the measured times to replace the
uidic path with high conductivity buffer.

Particle movement depends on dielectrophoretic and electroki-
etic mobility as shown in Eq. (1). To calculate dielectrophoretic
obility, electrokinetic mobility needs to be known. Electrokinetic
obility refers to EOF in this research (EP neglected as shown in

q. (3)), and EOF causes particle movement towards the outlet
irection whereas DEP deflects the particles into different chan-
els. The electrokinetic mobility of buffers shown in Table 1 was
alculated by the current monitoring technique [32] at 10.3 V/cm
or all the medium conductivities. The time required to reach a volt-
ge plateau when the buffers are replaced are noted and thus the
lectrokinetic mobilities (in this research, EK mobility is �EO) for
arious buffers are calculated by:
EK = �EO = L

t
−→
E

(12)

here L, t, and �E, are the length of microdevice, time taken to
each the voltage plateau when one buffer replaces the other in
lines) are drawn across each outlet channel at three different positions. Particles
n of the references to color in the figure caption, the reader is referred to the web

the microchannel and applied DC electric field, respectively. It
is important to note that in this system the �EO does not vary
greatly and do not demonstrate a dependence on the conductivity
of the buffer as shown in Table 1. These �EO values calculated from
the current monitoring experiments using Eq. (12) at 10.3 V/cm
were directly applied in all the simulations to predict particle
pathlines.

3.3.2. Polystyrene particle experiments
Fluorescent polystyrene particles (Spherotech, Inc., Lake For-

est, IL) of three different average diameters 3.18 �m (fluorescent
pink, 580 nm emission), 6.20 �m (fluorescent ocean blue, 700 nm
emission) and 10 �m (fluorescent yellow, 480 nm emission) were
selected. Particle sizes were determined by the company using a
NICOMP Laser Particle Sizer or visually by Scanning Electron Micro-
scope. The co-efficient of variation for the three sizes were ∼12%
indicating a narrow size distribution. So, polydispersity effects
with regards to microparticle size, shape, and mass were assumed
negligible and not controlled further in this study. Fluorescent
polystyrene particles were diluted at 1:100 for 3.18 �m particles,
1:200 for 6.20 �m particles and 1:50 for 10 �m particles with
all six buffers shown in Table 1. The dielectrophoretic mobilities,
�DEP for the different sized particles were calculated from Eq.
(6): 3.18 �m: 2.98 × 10−11 cm4/V s; 6.20 �m: 1.13 × 10−10 cm4/V s;
10 �m: 2.95 × 10−10 cm4/V s.

A DC power supply was used to deliver 10 or 25 V for separation
of the particles over a distance of 1.46 cm between the inlet and

outlet ports (corresponding to fields of 6.85 and 17.1 V/cm). The
channels were filled with buffer initially and then 30 �L of buffer
was replaced with the particle sample in the inlet port after the DC
power supply was turned on. Experiments were repeated at least
three times and statistical analysis performed on the results.
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Fig. 2. (a) Electro-osmotic mobility of plasma-oxidation (in bold numbers), UV–ozone, IPA washed glass slide and no treatment (native PDMS channels) sealing methods.
Comparison of literature reported values from Ren [36], Ross [40] and Coltro [39] groups are included for plasma sealed and native PDMS channels for PBS buffer. Average
E b) Ope
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OF value for plasma sealed device was (40 ± 2.32) × 10−4 cm2/V s at 10.3 V/cm. (
0.50–8.50 mS/cm) and electric field strength (6.85–136 V/cm). Blue area is the safe o
t the inlet thus blocking the channels. (For interpretation of the references to colo

Raw images of different sized fluorescent particles were taken
ith a CCD camera (Carl Zeiss, AxioCam MRm, 14 fps) attached to a
seudo-confocal microscope for 5 min at 0.25 s interval for each of
he buffer conditions (0.50–8.50 mS/cm) and at DC field strengths
f 6.85 and 17.1 V/cm.

.3.3. Image analysis
Two different analysis techniques were employed as a method of

erifying the results obtained. (1) Quantification of particles in each
hannel was accomplished by using the Maximum Intensity Projec-
ion (MIP) program in Zeiss AxioVision software (version 4.6.3) by
ombining all raw images taken at every 0.25 s for 5 min. (2) For 6.20
nd 10 �m particles, analysis was also verified by optically count-
ng the particles in each channel for every 0.25 s un-altered video
rames. An example of the composite image is shown in Fig. 1(d).

An intensity profile was drawn across each channel at three dif-
erent positions. Care was taken to draw profile excluding (a) walls
f the channel, (b) particles trapped at any points of field singu-
arity and (c) particles settled in the channel. The particles were
uantified by using Eq. (13), where NCh

Avg is the number of particles
resent in each channel (Ch) averaged over three different posi-
ions (X = 1, 2, 3); ICh

Total
is the total intensity of all the particles in

channel at one position X; Ip,Avg is the average intensity of one
article. Total particle fraction in each channel was calculated by
q. (14), where FCh denotes the fraction of particles present in one
utlet channel (Ch = 1, . . ., 4). Thus particle fractions for all the three
izes of particles at different buffer conditions were calculated by
ndirect quantification via the relative intensity profile method.

Ch
Avg =

Avg
[∑3

X=1ICh
Total

]

Ip,avg
(13)

Ch =
NCh

Avg∑4
Ch=1NCh

Avg

(14)

Ch = PCh
T∑4

Ch=1PCh
T

(15)

In the direct quantification approach to image analysis, particles
n each channel were optically counted and fractions were calcu-

Ch
ated by using Eq. (15), where F denotes the fraction of particles
resent in one outlet channel (Ch = 1, . . ., 4). This method of quan-
ification was only used for large sized particle (6.20 and 10 �m),
s individual particles were optically more distinguishable than
.18 �m particles.
rating window for size dependency experiments at different buffer conductivity
ing zone for experiments, whereas in the red area heavy salt precipitation occurred
e figure caption, the reader is referred to the web version of the article.)

4. Results and discussions

4.1. Electro-osmotic flow measurement and baseline study

Theory predicts that particle motion depends on electro-
osmotic and dielectrophoretic mobilities. Under microparticle
streaming DEP conditions, dielectrophoretic forces are compara-
ble to EOF. Lower applied potentials are preferred to avoid Joule
heating, electrolysis, and related contributions and will simultane-
ously increase relative dielectrophoretic effects by reducing EOF.
To reduce EOF in the designed microdevice, different sealing tech-
niques and surface channel coatings were explored. Comparisons
were made between literature reported values and experimental
values for native PDMS channels and PDMS channels sealed by
plasma oxidation [36–40] for PBS buffer at ∼8.50 mS/cm and pH
7.0 (Fig. 2(a)). A UV–ozone sealing treatment increased the �EO
while channels coated with Tween 20 [41] (99.9%, Fisher Scien-
tific) and 5% 8000 MW polyvinyl propylene (PVP) reduced �EO by
10%. Plasma-oxidation sealing minimized EOF and was adopted
for all subsequent experiments. The average �EO at 10.3 V/cm was
(40 ± 2.32) × 10−4 cm2/Vs although �EO showed slight variations
with buffer conductivities. This change in �EO influences the length
of time a particle flowing through the system experiences a DEP
force as it passes by the insulating obstacle.

An optimal operating window for the microdevice was deter-
mined as shown in Fig. 2(b). Two different behavior regions were
observed for six buffers in electric fields from 6.85 to 136 V/cm. At
lower conductivities (0.50 mS/cm), no noticeable electrolysis was
observed, but at higher conductivities (4.75–8.50 mS/cm) the max-
imum permissible voltage without any detectable electrolysis was
sequentially reduced. The blue diamonds in Fig. 2(b) indicate the
safe operating regions; red circles identify adverse operating con-
ditions due to electrolysis and precipitant formation at electrodes.

4.2. Size dependency

Experiments with fluorescent polystyrene particles of three dif-
ferent sizes were conducted to observe size-dependent particle
trajectory patterns near the insulating obstacle region and into
the four outlet channels. Particles experienced complex non-linear
nDEP forces resulting in unique distributions of particles.
4.2.1. 3.18 �m particles
Due to the smaller particle size and their high velocity in the

DC-iDEP channel system, 3.18 �m particle flow events were quan-
tified in each of the four channels with MIP. Intensity as a function
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Fig. 3. (a, c and e) Raw images of 3.18 �m particle trajectories overlaid by MIP program at 0.50, 4.75 and 6.00 mS/cm and 17.1 V/cm. (b), (d) and (f) simulations of particle
t hanne
o el 3 u

o
i
d
c
3
t

rajectories obtained for 3.18 �m particles at 17.1 V/cm, 0.50, 4.75 and 6.00 mS/cm. C
ver a range of buffer conductivities. The particles could be directed towards chann

f position was generated for each image in the time sequence and

ntensity spikes were observed for each particle flowing event. At
ifferent conductivities, the particle concentrations varied in each
hannel as shown in Fig. 3(g). From Fig. 3(a), (c), (e) and (g)) channel
had slightly higher particle fractions at most medium conduc-

ivities, but in general 3.18 �m particles were relatively uniformly
ls 3 and 4 are preferred at 17.1 V/cm. (g) Deflection of 3.18 �m particles at 17.1 V/cm
sing a particular combination of electric field and medium conductivity.

distributed across all four channels suggesting that any DEP effects

were minimal.

Simulations were conducted to predict the electrokinetic tra-
jectories of the 3.18 �m particles at 0.50, 4.75 and 6.00 mS/cm at
an electric field of 17.1 V/cm utilizing electrokinetic mobility val-
ues (Table 1) calculated from Eq. (12). Fig. 3(b), (d) and (f) shows
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Fig. 4. (a) Raw images of 6.20 �m particle trajectories combined by MIP program at 6.00 mS/cm and 17.1 V/cm. (b) Simulations of particle trajectories obtained for 6.20 �m
particles at 17.1 V/cm and 6.00 mS/cm. Particles deflected into channel 4 at 17.1 V/cm and lower conductivities. (c) Deflection of 6.20 �m particles at 17.1 V/cm over a range
of buffer conductivities.
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ig. 5. (a) Raw images of 10 �m particle trajectories combined by MIP program at 4
7.1 V/cm, 4.75 mS/cm. Most particles were deflected towards channel 2. (c) Deflec
bservations indicate that most particles experienced less deflection compared to 6

he predicted pathlines of particles. By comparing these results
ith the experimental results, weak qualitative agreement exists

hat DEP effects are minimal such that no strong channel prefer-
nce exists. Further, the simulations show unusual particle trapping
vents indicated by pathlines ending at channel or obstacle surfaces
s well as pathlines converging to a single point between the trail-
ng edge of the obstacle and the channel bifurcation. Such behaviors

ere not observed in the experiments as shown in Fig. 3(a), (c), and
e). Recirculations around the obstacle are caused when the dielec-
rophoretic force (non-linear) component dominates electrokinetic
linear) force component. This is observed in regions where the
lectric field gradient is large due to sharp angle singularities in the
eometry. Within the physically realized microdevice, these angles
re rounded, field leakage through the corners of walls is possible,
nd small electrophoretic and hydrodynamic effects likely smooth
ut the particle pathlines.

.2.2. 6.20 �m particles
The flow patterns of 6.20 �m particles were also quantified

sing the raw images by MIP. This resulted in composite images
howing particle streaks down the length of outlet channels
Fig. 4(a)). Experiments were run at 17.1 V/cm and five different
uffer conductivities. Using Eqs. (13) and (14), the total number of
articles, and fractions for each channel and for each electric field
ondition were obtained. Experimental results suggested that the
hannel preference for 6.20 �m particles was channel 4 for low
uffer conductivities as shown in Fig. 4(c). Direct quantification of
article events using Eq. (15) was also conducted. The particle frac-
ions obtained by this method were in close agreement with the
ndirect quantification method. Simulations shown in Fig. 4(b) were
onducted to predict the electrokinetic trajectories of the 6.20 �m
articles employing 6.00 mS/cm buffer conductivity and 17.1 V/cm.
gain, a rough qualitative agreement exists with the experimental
esults in which a majority of particle pathlines enter outlet chan-

el 4 (∼37% experimentally), reducing fractions in channels 3 and
and minor particle events in channel 1 (∼13% experimentally).

imulations again show recirculations and trapping events which
re not observed in experiments. Fig. 4(c) does not demonstrate
clear trend of channel preference with changing conductivity,
S/cm, 17.1 V/cm. (b) Simulated particle trajectories obtained for 10 �m particles at
f 10 �m particles at 17.1 V/cm over a range of buffer conductivities. Experimental

m particles.

which again supports that DEP forces and EOF behaviors, both of
which are functions of medium conductivity, do not fully describe
the particle motion observed in these experiments.

4.2.3. 10 �m particles
A composite MIP image for 10 �m particles is shown in Fig. 5(a)

for 4.75 mS/cm and 17.1 V/cm conditions. These large particles
were slowed along the channel walls due to particle wall elec-
trostatic interactions. In the composite MIP image, slower moving
particles yield more intense streaks. The particle events in each
channel were compiled in Fig. 5(c); channels 1 and 2 each captured
a third or greater of the total particles at 17.1 V/cm. To verify the
experimental results obtained by intensity profile analysis, direct
quantification was also conducted using Eq. (15) and was in close
agreement with the indirect quantification method. In Fig. 5(b),
10 �m simulated particle pathlines at 4.75 mS/cm, 17.1 V/cm are
shown which indicate more severe pathline terminations at sur-
faces and recirculations. The reliability of the simulated predictions
appears to decrease with increasing particle size likely due to the
greater calculated DEP force which is a combination of the field
gradient singularity effects and the larger particle radius terms as
illustrated in Eq. (6).

From size dependency studies, it is possible to observe that
the electro-osmotic forces on 3.18 �m particles nearly equal the
DEP forces such that these smaller particles are nearly uniformly
distributed across the four outlet channels. 6.20 �m particles
experience weak, but measurable DEP forces over the linear elec-
trokinetic forces and are directed around the obstacle into channels
4 and 3 with very few events in channel 1. Lastly, 10 �m particles
experienced the greatest nDEP forces with deflection from the insu-
lating obstacle into channels 2 and 1. Since �DEP is proportional
to the square of the particle diameter, larger DEP forces for larger
particles was roughly verified in a complex four-channel device.
4.3. Electric field dependency

The dielectrophoretic force that acts normal to the insulating
obstacle surface is proportional to E2 (Eq. (5)). To explore this phe-
nomenon, experiments were conducted for 6.20 �m particles at
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Fig. 6. (a) Experimental channel particle fractions for 6.20 �m particles at electric
field conditions of 6.85 and 17.1 V/cm plotted as a function of medium conductivity
for channels 1 and 4. Higher electric fields (17.1 V/cm) and low medium conductivi-
ties (<6 mS/cm) yield better separations, (b) channel fraction SD for 3.18 �m (green
triangles), 6.20 �m (red squares) and 10 �m (blue diamond) particles at electric
field conditions of 17.1 V/cm plotted as a function of medium conductivity. High
particle fractions and better sorting is achieved at 6 mS/cm for all particle sizes,
(c) deflection of 6.20 �m (blue triangles) and 10 �m (orange squares) particles in a
mapped 2-channel system at different medium conductivity values. Inset shows the
2-channel system where channel A is the sum of channels 1 and 2; channel B is the
sum of channels 3 and 4. Positive particle fraction difference ‘ı’ indicates particles
are deflected into channel A and negative indicates deflection towards channel B.
. A 1218 (2011) 1780–1789 1787

two different electric fields of 6.85 and 17.1 V/cm. Fig. 6(a) shows
the particle fractions at two different electric fields, 6.85 V/cm
(closed symbols) and 17.1 V/cm (open symbols) for channels 1
and 4 as function of conductivity. Higher particle fractions are
seen in channel 4 at higher electric field compared to lower fields.
At higher electric field (17.1 V/cm) and medium conductivities
<6 mS/cm, better channel sorting was observed. At low conductivi-
ties, 6.85 V/cm (closed symbols) fields yielded more particle events
in channel 4 while this trend is opposite at the higher conductivi-
ties. For 17.1 V/cm (open symbols) fields, the lower conductivities
showed the same trend, but the trend reversal was not apparent at
higher buffer conductivities.

Sorting efficiencies could likely be improved by manipulating
the electric field strength since 17.1 V/cm DC fields provide higher
sorting efficiencies compared to 6.85 V/cm. From Eq. (6), electric
field strength increases the dielectrophoretic force experienced by
the particle, which likely overcomes competing electrostatic par-
ticle interactions and nonlinear hydrodynamic effects in order to
yield more efficient sorting. These electric field dependencies are
roughly consistent between our lower voltage experimental results
and simulations (see Figs. 3–5) and much can be learned from this
operating regime. Simply operating at higher fields is not a solution
because higher currents are not ideal for portable, battery oper-
ated sorting microdevices and produce adverse conditions for any
biological samples.

4.4. Medium conductivity dependency (�m)

Dielectrophoretic force depends on medium conductivity prop-
erties as seen in the Clausius–Mossotti factor in Eqs. (6) and (7).
Comparison of conductivity dependence was considered by exam-
ining the experimentally determined total particle fractions for all
three particle sizes at 17.1 V/cm. Channel fraction variability was
calculated by standard deviation (SD) using,

SD =

√√√√1
3

4∑
Ch=1

(FCh − Favg)

2

(16)

Larger values of SD indicate better channel separations
(Fig. 6(b)). From Fig. 6(b), greater SD values were found at 6 mS/cm
or less, which indicates optimal buffer conditions to maximize DEP
force based particle-bias in the device and thus more pronounced
separations into channels. For most medium conductivities, 10 �m
particles have better channel sorting efficiency. This conclusion is
consistent with theoretical work showing that smaller particles
experience DEP forces that are nearly the same order of magni-
tude as Brownian motion, gravity, and hydrodynamic effects; the
DEP force dominates for larger particles [42].

Results from experiments show that medium conductivity also
influences separation and sorting of particles to a degree similar to
size differences and electric field. This parameter is overlooked in
many DEP experiments. Also from experiments, the optimal buffer
condition for maximizing spatial sorting into different channels of
these three sized particles was 5.58 mS/cm.
4.5. Mapping into a 2-channel system

Experimental results for 6.20 �m and 10 �m particles in the 4-
channel system were mapped into a 2-channel system to facilitate
comparison with results from other groups of researchers [6]. The

6.20 �m particles deflected towards channel B and 10 �m particles deflected into
channel A. (For interpretation of the references to color in the figure caption, the
reader is referred to the web version of the article.)
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onditions and design considered are different [6] because they
dopt: (1) 2-channel system, (2) different inlet position, (3) DC
otential applied in a two inlet and two outlet ports configuration,
nd (4) electric fields 10–15 times greater than the applied electric
eld in this paper. Using Eqs. (17) and (18) to combine channels 1
nd 2 into channel A and channels 3 and 4 into B is demonstrated in
ig. 6(c), The purpose of this exercise is to show the novelty in using
ower electric fields and conductivities to achieve sorting of differ-
nt sized particles. Particle fractions in the mapped two-channel
ystem were calculated by:

c
A = Fc

1 + Fc
2 (17)

c
B = Fc

3 + Fc
4 (18)

Particle fraction difference ı between channels A and B was
alculated as,

= Fc
A + Fc

B (19)

The deflection pattern for 6.20 �m particles is strongly towards
hannel B, but for 10 �m particles they were repelled from insu-
ating obstacle region towards channel A. These results reproduce
hat of prior researchers [6] and supports observations that smaller
articles experience smaller nDEP while larger particles experience
reater nDEP forces away from the obstacle. Further examination
f the dependence on medium conductivity shows greater aver-
ge deflection of 6.20 �m particles with decreasing conductivities
ue to smaller nDEP force experienced by the particles. The 10 �m
articles experience greater negative DEP force at the obstacle,
hus displaying a more pronounced separation with decreasing
onductivity. In all cases, streaming DEP is observed although the
imulations suggest the conditions are close to those which would
ield trapping DEP.

. Conclusions

Direct current insulator-based dielectrophoresis (DC-iDEP) is
relatively new technique that emerged within the last decade.

n this research, fluorescent polystyrene microparticle motion of
hree different sizes was studied in a PDMS microchannel with

rectangular insulating obstacle and four outlet channels by
pplying only DC electric fields at various buffer conductivities
0.50–8.50 mS/cm). The impact of the spatial field non-uniformities
n the channel was studied by examining particle trajecto-
ies into four outlet channels. Particle deflection in DC-iDEP
epends primarily on two forces: negative dielectrophoresis and
lectro-osmotic flow, although contributing nonlinear effects were
ttributed to particle/particle and particle/wall electrostatic inter-
ctions as well as to hydrodynamic fluid effects.

Particle size, DC electric field strength, and medium conductivity
ependencies were studied in order to systematically discern the
ielectrophoretic forces experienced by the particle under all these
onditions. Electro-osmotic mobility did not vary considerably with
ifferent buffer conductivities. Simulations were carried out to
ompare the experimental work using COMSOL Multiphysics® soft-
are. From size dependency experiments and simulation results

t 17.1 V/cm, 3.18 �m particles exhibited no channel preference,
.20 �m particles experienced a weaker DEP force at the rectan-
ular insulating obstacle, thus pushing particles into channel 4,
hile 10 �m particles experienced strongest negative DEP force

epelling the particles into channels 1 and 2. Electric field depen-
ency was studied employing two different electric field strengths

6.85 and 17.1 V/cm) with 6.20 �m particles; experimental and
imulation results suggested that 17.1 V/cm yielded slightly bet-
er spatial sorting efficiencies compared to 6.85 V/cm. Medium
onductivity dependency experiments revealed that lower con-
uctivities achieve greater sorting efficiencies. The novelty of the

[
[
[

[
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research here is due to: (1) multiple outlet sorting with fine-tuning
of DC electric field and medium conductivity, (2) lower DC elec-
tric fields achieved sorting and minimizes Joule heating effects, (3)
device portability is realizable due to low DC voltages, and (4) par-
ticle sorting at low medium conductivities avoids electrolysis and
minimizes electrode fouling.

The study presented here demonstrates multiparticle sorting at
sufficiently low DC fields to avoid bio-particle damage thus illus-
trating the great potential of DC-iDEP to be employed for bacterial,
protein, DNA, bacterial and mammalian cell manipulations with
potential applications in medicine, food safety, biology and ana-
lytical chemistry. The properties of the medium (conductivity and
pH), wall zeta potentials, and applied electric field could be further
optimized to achieve higher efficiency sorting. DC-iDEP has great
potential for use in portable diagnostic devices for easy, accurate
and rapid analysis, and would be better adapted to diagnostic appli-
cations requiring larger cell event numbers. DC-iDEP technique is
a viable option for disposable, inexpensive DEP microdevices since
insulating-based-devices can be made from inexpensive substrates
with simpler and more economical processes than embedded
electrode-based-devices. Lastly, dielectrophoresis is a key tech-
nique to explore in these point-of-care devices due to operational
simplicity, requirements of lower voltages, and small sample vol-
umes, all of which enable device portability.
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