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Continuous separation of multiple particles
by negative and positive dielectrophoresis
in a modified H-filter

The article presents a new application of the modified H-filter with insulating rectangular
blocks using negative and positive DEP for separation of multiple particles in a continuous
pressure-driven flow. The multiple insulating blocks fabricated along the main channel
induce spatially nonuniform electric fields which exert differential repulsive (negativej or
attractive (positive) DEP forces on particles, depending on the size and the polarizability of
particles relative to their suspending medium. As a result, particles of different sizes and
polarizability can be separated into different outlets of the H-filter. Numerical sinmglations
are also performed to analyze the effects of block gap and width on electric field distribution
and DEP force characteristics near the insulating blocks so as to provide design guidelines
for optimal structural dimensions of the microfluidic device. The device performance is
demonstrated by separating a three-sized particles mixture, including 2 pm fluorescent
particles with an attractive DEP force and both 5 and 10 u.m nonfluorescent particles with

differential repulsive DEP forces. High separation rate of 99% is successfully achieved.
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1 Introduction

The ability to discriminate multiple target cells of different
sizes and types from complex biosamples {e.g. blood) isan im-
portantissue in chemical and biomedical applications. DEP is
a pronising separation technique broadly used for differenti-
ating target cells in microfluidics {1}. The mechanism of DEP
separation is based on relative electric polarizability between
the cells and their suspending medium in a nonuniform
electric field. In other words, under an applied nonuniform
electric field. two types of cells possessing different polariz-
abilities suspended in a liquid medium can be separated by
positive and negative DEP (pDEP and nDEP).

In microfluidic DEP devices, a nomuniform electric field
can be created by applving either AC voltage over metallic
electrodes deposited on a channel substrate or DC voltage

Correspondence: Professor Chun Yang, School of Mechanical and
Aerospace Engineering, Nanyang Technological University, 50
Nanyang Avenue, Singapore 639798

E-mail: meyang @ntu.edu.sg

Fax: +65.6792-4062

Abbreviations: CM, Clausius-Mossotti; iDEP, insulator-based
DEP; nDEP, negative DEP; pDEP, positive DEP
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across reservoirs connecting a microfluidic insulating chan-
nel with variation in geometric structure. In the literature,
various kinds of DEP electrodes have been reported, includ-
ing planar metallic or indium tn oxide (ITO) electrodes {2,3],
3D electrodes (made of gold [4), copper [5, 6}, Si {7-9], SU-
8 110, 11}}, liquid electrodes [12] and recently developed 3D
composite conductive PDMS electrodes {13~15}, and metal
alloy microspheres {16, 17}. On the other hand, DC insulator-
based DEP {DC-iDEP) devices usually involve insulating posts
or blocks embedded in microfluidic channels. The presence
of geometric variation can cause a change of electrical current
density around insulating posts, giving rise to a nonuniform
electric field for generating a DC-DEP force.

Unlike electrode-based DEP, iDEP offers munerous ad-
vantages such as no need of fabricated complex metallic elec-
trodes, less fouling issues, mechanical robustness, chermical
inert, and biocompatibility [18]. Hence, DC-iDEP devices have
broadly been employed to separate binary target samples ei-
ther by size or by type such as microparticles of two different
sizes {19-21}, live and dead Bacillus subtilis {22}, Escherichia coli
from B. subtilis in water {23}, and B. subtilis from 200 nin par-
ticles [24] as well as to manipulate proteins [25]. In addition to

Colour Online: See the article oniize to view Figs. 1-3 i calour,
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DC electric field, a DC-offset AC electric field has actively been
employed to induce DEP force near insulating constrictions
or microstructures for transporting, sorting, separation, and
focusing of binary mixtures of microparticles [26-29]. The
DEP-based applications are not limited to the binary particle
separation, and they have been successfully extended to the
separation of more complex samples such as naitiple bacte-
rial target cell types using DEP tags {30]. However, an exam-
ination of the current literature studies shows that the iDEP
technology for separating multiple particles has not been es-
tablished {31-33). To our best knowledge for separation of
multiple particles in a continuous flow, no study has been
reported to develop an AC insulator-based DEP (AC-DEP}
device using nDEP and pDEP and guidelines for designing
multiple insulating blocks.

In this work, we introduce a modified H-filter design
that incorporates insulating rectangular blocks to generate
AC-DEP forces for continuous separation of multiple par-
ticles by nDEP and pDEP. The commerdially available mi-
crofluidic H-filter developed by University of Washington
offers continuous extraction and separation of analytes on
the basis of analytes mass diffusion as a driving force {34].
However, the separation finction of this device suffers low ef-
ficiency and can even fail for large-sized particles /cells whose
mass diffusivity is very low. The modification of H-filter uti-
lizing AC-iDEP allows for introducing a lateral DEP force to
manipulate particles traversally. In addition. using COMSOL
Multiphysics software, we numerically analyze the effects of
block gap and width on electric field distribution and DEP
force characteristics near insulating blocks such that opti-
mal geometric dimensions of insulating blocks in the mod-
ified H-filter are selected in the device design. The device is
demonstrated by separating a three-sized particles mixture in
a continuous pressure-driven flow.

2 Matenals and methods
2.1 DEP theory

DEP is referred to as the motion of a polarized dielectric
particle suspended in a dielectric medium wnder an applied
nonuniform electric field, and it is based on a physical phe-
nomenon of electrical polarization effects {35]. Based on the
dipole moment method. the time-average DEP force exerting
on a spherical particle of radius a is expressed as {35}

(?DEP) = 2mega Re [_j:.cv (Q-,_)]

where {} denotes the time-average operation, £, is the
mediumn permittivity, and V| E represents the gradi-
ent of the square of the root-mean-square electric field.
Senl0) = (& — 8o} /ey + 28) s the complex Clausius-
Mossotti (CM) with Re[f . ()] being its real part ranging
from —0.5 to +1. g, and ¢, are the complex permittivity
of the particle and the suspending medium, respectively.
£=¢—iv/w is the complex permittivity, where ¢ and &
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are, respectively, the electrical permittivity and conductivity,
i = /<1,and w = 27 f is the radian frequency of the electric
field. When the particle is more polarizable than its suspend-
ing medium,onehas Re{f ., ()] > Oindicatinga pDEP force
to attract the particle from low to high electric field regions.
Conversely, when the suspending medium is more polariz-
able than the particle, one has Re[f . {w)] <0 0, suggesting an
uDEP force to repel the particle from high to low electric field
regions.

The CM factor can be modulated by choosing different
frequencies of an applied electric field. Specifically, at high
frequencies,

7. e ]
Re [ S lo — W)] S T (23)

On the other hand, at low frequencies (i.e., from 0 {DC field}
to about 10 kHz),

fe [‘]:C?\‘ {w 0)] WAk

Ty -+ 20y

= Um

(2b)

For a submicron or micron-sized particle, the particle conduc-
tivity ¢ is due to both the partide bulk conductivity (op yus)
and the particle surface conductivity {2Ks/a), and is given by

Ty ™= Sp ik ZKS/a~ (3)

where Ks is the surface conductance ranging from 0.2 to
2.1 18 [36,37], aud oy is nearly zero for polystyrene dielec-
tric particles.

Eq. (1) suggests that the separation of the same type of
particles can be achieved based on particle size because the
DEP force for a spherical particle is scaled to the cubic power
of particle radius. Furthermore, examination of Eq. {2b} and
Eq. (3) suggests a possible separation of particles based on
different DEP polarities. 1t is also noted from Eq. (3) that
for a given medium, the particle conductivity increases with
decreasing particle size. Thus at low frequencies, Eq. (2b)
indicates that through appropriately choosing the conduc-
tivity of suspending medium, one can ensure that smalier
particles experience pDEP and larger particles experience
nDEP.

2.2 Device design and separation principle

The present microfluidic device is a modified H-filter with
insulating blocks, and its microstrctures and dimensions
are schematically llustrated in Fig. 1A. Such a modified H-
filter device was fabricated using PDMS, and the fabrication
follows standard photo- and soft-lithography protocols with
details described elsewhere [27]. The device consists of the
indet A to introduce test samples containing a mixture of
particles with three different sizes {termed as small. medium,
and Jarge thereafter), the infet B to introduce a buffer solution
for generating hydrodynamic focusing effect, the outlet C
to collect large particles experiencing nDEP, the outlet D to
collect medium particles experiencing nDEP, and the outlet.
E to collect small particles experiencing pDEP. Except for the
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Figure 1. {A) Schematic diagram showing the microstructures and dimensions of a modified H-filter with multiple outlet channsis for
separation of multiple particles. {B-C} Force diagram, electric field distribution, fluid flow streamlines near an insufating block corner
where a particle experiences a hydrodynamic drag force and a repulsive nDEP force as shown in {B} or an attractive pDEP force as shown

in {C}.

outlet channel C having 35 pm width, other inlet and outlet
channels are 100 pan wide. The choice of smaller channel
width forthe outlet channel C than that for the outlet charmel
D is to prevent the medium particles from entering to the
outlet C. All inlet and’ outlet channels are connected to their
respective reservoirs of 5 mm in diameter. Of a particular
note is the inclusion of five PDMS blocks aligned along one
side of a 100 pm wide main channel. and each block has 50
pm width and 80 pan height and is separated by a 100 um
wide gap. As will be discussed in Section 3. the choice of
these insulating block dimensions is based on the nunerical
simulation results using COMSOL Multiphysics software.
The device is used for the separation of multiple parti-
cles by utilizing DEP forces that are present near the corners
of the insulating blocks. For a particle traveling near an in-
sulating block corner, electric field distribution, fluid flow
streamlines, and physical forces exerting on the particle ex-
periencing nDEP and pDEP are shown in Fig. 1B and C,
respectively. Inn the abgence of an electric field, the particle
moves following the flow streamline. When an electrical volt-
age is imposed through the reservoirs of the inlet and outlet
channels, the presence of insulating blocks causes varations
of electrical current deusity that induce nonuniform elec-
tric fields, giving rise to DEP forces. A repulsive nDEP force
causes the particle to move away from the corner {Fig. 1B),
and an attractive pDEP force draws the particle to move close
to the corner {Fig. 1C). As a result, separation of particles
can be achieved according to different magnimides and kinds
of the DEP forces. In particular, large particles experiencing
stronger nDEP will move into the outlet channel C, medium
particles experiencing weaker nDEP will move into the outlet
channel D, and small particles experiencing pDEP will move
into the outlet channel E. Based on this separation principle,

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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it i§ clear thatincreasing the number of insulating blocks can
lead to better particle separation.

2.3 Sample preparation and experimental setup

Two micrometer flizorescent polystyrene particles and 5 and
10 pm polystyrene particles {Duke Scientific, USA) sus-
pended in a 13 ps/cm NaHCO; buffer solution were used in
experiment. To prepare the sample suspension. 0.02 mL of
2 pan fluorescent polystyrene particles {of 1% solids original
concentrationt in DI water), 1 mL of 5 jam polystyrene particles
{(107/mLin DI water) and 2 mL of 10 pum polystyrene particles
{10%/mL in DI water) were added in a microcentrifige tube.
The particle mixture was first centrifuged at 13 300 rpm for
3 min and then transferred into 1 mL. NaHCOs buffer solu-
tion with its conductivity of 13 psfem.

Prior to separation experiment, the fabricated PDMS
microchannels were thoroughly flushed with a 13 psfcm
NaHCO; solution for three times, and then the sample sus-
pension was injected via the inlet channel A. After platimim
electrodes were placed in both inlet and outlet reservoirs, the
NaHCO; buffer solution was withdrawn from outlets to pro-
duce suction effects that induced a pressure-driven flow for a
desired particle velocity. Subsequently, the liquid level at two
reservoirs was balanced so that the symmetric hydrodynamic
focusing was realized at the entrance T junction (Fig. 4A).
The 5 mn reservoirs were experimentally proved to allow for
such steady flow to last for 5 min. AC voltages were produced
from a function generator (Agilent 33250A) and were ampli-
fied by a customized high AC voltage amplifier {Optrobio,
Singapore). The generated sinusoidal wave monitored by an
oscilloscope (CombiScope® HM 1008, USA).

www.electrophoresis-joumal.com
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3 Results and discussion
3.1 Numerical simulation results

As shown in Eq. (1), the magnitude of DEP force is propor-
tional to the gradient of the square of electric field. Numerical
simulations using the finite-element-based COMSOL Multi-
physics software were performed to obtain the electric field
distribution, flow streamlines as well as the gradient of the
square of electric field {the last can be used to represent the
magnitude of DEP force). Specially, the effects of block gap
and width on the magnitude of DEP force were examined.
and the resultant optimal geometric dimensions of a block
were adopted in the device design used in experiment.

In the simulations, the thin electric double layer assump-
tion was used such that the electric field distribution is gov-
erned by Laplace’s equation. Referred to Fig. 1A, two bound-
ary conditions include: (i) a specified AC voltage of 635 V is
applied at both inlets A and B while the outlets C, D, and E are
electrically grounded, and (i) the electric field components
normal to insulating walls and blocks must vanish. Based
on the low Reynolds number (Re « 0.1j, the flow field is
governed by Stokes’s equation with the boundary conditions
comprising no-slip velocity on channel walls and blocks, an
inflow velocity of 100 pum/s at two inlets, and atmospheric
pressure at three outlets.

3.2 Effect of the block gap

To understand the effect of the block gap on electric field
distribution and DEP force characteristics, simulations were
performed with a 100 jumn wide microchannel consisting of
two adjacent insulating blocks {50 pm wide x 80 jum high),
with the block gap varied from 25 pn (Fig. 24) to 100 um
{Fig. 2B). The simulated electric field distribution shows that
in all cases, electric field intensity is high at the constrictions
between the blocks and the wall with the local electric field
maxima at the corners, but the intensity shows significantly
lower at surrounding areas.

When a 25 ym wide gap is designed, the insulating blocks
are located too closely (Fig. 2A). The electric field intensity at
the top portion of the block gap sandwiched by two constric-
tions becomes relatively high due to the snrrounding high
field intensities produced by the two constrictions as com-
pared to the case of the 100 pm wide gap (Fig. 2B}. This
spatial difference in such electric field intensities across the
block gap {alonyg the vertical direction) leads to an unwanted
nDEP force which pushes the particle downwards and re-
duces the wanted nDEP force effects induced at the block
corners as schematically itlustrated in Fig. 2A. To support
this simulation interpretation, the y-component nDEP force
.is analyzed by computing the y-component gradient of the
square of the electric field {V,] E)*) along the x direction from
the center of the first block to that of the second block {as
labeled by a and a’ in Fig. 2A). In Fig. 2C, for the 25 pm
wide gap, V,i E|? expectedly reaches its highest values at the

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. {A-B) Simulation results of electric field distribution and
fluid streamiines near two 50 pm wide insulating blocks spaced
{A)} 25 pn and {B) 100 g apart. The y-component gradisnt of the
square of electric field representing nDEP force {from the center
of the first block and that of second block as labeled byaanda‘in
A} {C) for the block gap of 25, 50, 100, 150, and 200 p.m. it is noted
that the nDEP force arrows in A and B are not drawn in scale.

right corner of the first block and the left corner of the sec-
ond block (as labeled by b and b'), implying dominant nDEP
forces for particle separation. However, the negative value of
V,{E|* occurs at the block gap and it can be interpreted as
the downwards nDEP force which is unfavorable for the sep-
aration. On the other hand, the negative values of VyEf®
gradually and completely disappear for the wider gap of
50 and 100 pm, respectively. These results suggest that at
100 pm, the gap becomes as wide as the main chanmel,
and therefore the electric field has enough spaces to fully
re-distribute after comnpressed in the constriction. Hence, the
electric field intensity at the block gap is negligible and the
negative value of V| E{ is not present. It is also found that
in comparison with the 100 pm wide gap. the channel with
25 pm wide gap creates the substantial negative value of
Vi E}* up to 158% although a slight increase in the maxi-
mum value of 9y Ei? of about 2.4% is noted. Furthermore,
as the block gap increases more than the main channel width
(> 100 wm), no noticeable change of Vi E|* can be observed.
Therefore, from the simulation results, it is recommended
that to avoid the unwanted DEP force, the block gap should
be as wide as the main chanmel.
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Figure 3. The y-component gradient of the square of electric field
for three different block widths of 50, 75, and 100 ym with a fixed
block gap of 100 pm.

3.3 Effect of the insulating block width

The effect of insulating block width on the magnitude of
DEP forces is examined by computing the value of V,,II:: i
in the case of three different block widths of 50, 75, and
100 1m while keeping a fixed block gap of 100 pm. The
simulation results in Fig. 3 show that the smallest {50 nm
wide} insulating blocks produce the highest value of V| Ef” at
the block corners as compared to other cases. In this case, the
electric fields around the smaller blocks vary more rapidly,
thus increasing higher electric field gradients as compared to
those around the larger blocks. In addition, it is important to
note that the block width has no effect on the negative value of
Yyl E{? arthe block gap area as long as the block gap is as wide
as the main chaunel. Hence, based on the simulation resuits
of the effects of block gap and width, the design guidelines can
be established that the optimal gap width should be the same

. as the main channel width, and smaller insulating blocks are
recommended to enhance DEP force effects for maximum
lateral deflection of particle motion and thus higher efficient
particle separation, although subject to the soft lithography
{imitation at about 20 pin.

3.4 Separation of multiple particles by nDEP
and pDEP

According to the design guidelines presented above, the fabri-
cated device consists of five insulating blocks (50 pm wide x
80 ym high) which are spaced 100 pm apart ina 100 pimn wide
microchannel (Fig. 4A}. The 50 p.m wide blocks were chosen
because fabrication of smaller blocks could be more trouble-
some to maintain a rectangular shape. To demonstrate the
separation of multple particles by nDEP and pDEP, 2 pm
fluorescent polystyrene particles and bare {nonfluorescent)
5 and 10 pm polystyrene particles were selected. Although

£ 2013 WILEY-VCH Veriag GmbH & Co. KGaA, Weinheim
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these particles are made of polystyrene, they possess differ-
ent electrical conductivities according to the size-dependent
surface conductivity term in the CM factor as shown in Eq. (2)
and Eq. (3}. Therefore, in a sufficiently dilute buffer solution,
smaller particles could be more conductive than the suspend-
ing medium and would experience an attractive pDEP force
while the larger particles became less conductive than the
medium and will undergo repulsive nDEP forces.

To achieve such manipulation, a suitable buffer solution
was determined. We first conducted experiments by observ-
ing DEP motions of all particle sizes near insulating blocks
to decide whether they were attracted to or repelled from
the block corners under an AC voltage of 635 V at 3 kHz in
a stagnant buffer solution. The buffer solution conductivi-
ties ranging from 13 to 80 us/cm were tested. Experimental
results show that a 13 psfcm solution provided desirable
DEP conditions such that 2 pm fluorescent particles experi-
enced an attractive pD EP force and thus moved to the corners
while 5 and 10 pm particles were repelled from the comers
by repulsive nDEP forces. For the medium conductivity of
80 s/ cn, only particle motion under nDEP was observed for
all particle sizes. These experimmental observations are consis-
tent with the theoretical DEP behaviors predicted by the CM
factor which is based on the surface conductance of 1.3 n$ for
microparticles larger than 1 pm in diameter (17]. In particu-
lar, for the 13 ps/cm NaHCO; buffer solution, the calculated
values of the CM factor for 2. 5, and 10 pm particles as shown
in Eq. (1) together with Eq. (3) are 4+-0.25, —~0.07. and -0.25
at 5 kHz, respectively. Moreover, Supporting Information
Fig. 1 shows the plot of CM factor versus electric field fre-
quency varied from 1 kHz to 100 MHz, which gives the
crossover frequency of 0.42 MHz for 2 pm particles where
the other two particle sizes have no crossover frequency {see
Supporting Information).

Figure 4 demonstrates particle transport, focusing, and
separation of ruudtiple particles by nDEP and pDEP in a
13 ps/cm NaHCO; buffer solution under a continuous
pressure-driven flow. In Fig. 4A, a mixture of multiple parti-
cles introduced from the lower inlet A was hydrodynamically
focused by the flow from the upper indet B at an entrance T
junction. As a result, the flowing particles could be confined
near insulating block corners where strong DEP forces are
present. In the absence of any applied AC voltage, all par-
ticles experienced only hydrodynamic drag forces and thus
randomly moved to the lower outlet E and the middle outlet
D as presented in Fig. 4B. By applying a sufficient {or thresh-
old) AC voltage of 635 V¢ at 5 kHz, it was observed that good
separation of multiple particles was successfully achieved as
shown in Fig. 4C. The equivalent electric field is 635 V/an
with the channel length of 1 cm. The separation phenomenon
can be explained as followed. According to Eq. (1}, since the
magnitude of a DEP force is scaled to the cubic power of
particle radius, the 10 um particles experienced a more dom-
inant repulsive nDEP force and hence were repelled to the
upper outlet C while the 5 jum particles were deflected to the
outlet D with a weaker nDEP force. Meanwhile, 2 nin Huores-
cent particles were fractionated by a pD EP force into the outlet

www.electrophoresis-joumal.com
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Figure 4. (A) Partide transport and focusing by two-stream
pressure-driven flows at an entrance T junction. (B} The focused
particle stream in the absence of an applied AC voltage near the
three-outlet exit region. {C} Continuous separation of 2 wn fluo-
rescent particles by an attractive pDEP force and both 5 and 10
win particles by a repulsive aDEP force due to their different sizes
under 635 V. at 5 kHz in a 13 psicin NaHCO, buffer solution.

E The experiments were repeated three times, and each lasted
for 3 min. The separation efficiency for all particle sizes is of
99% in all experiments {see a movie in Supporting Informa-
tion). The particle velocity varies in arange of 200-1008 pan/s
in the main channel and the constrictions. The average ve-
locity of particles traveling through the block area is about
600 pm/fs. As the insulating block area is 850 wm long, the
separation time window isapproximately 1.4 s.

© 2012 WILEY-VCH Verlag GmoH & Co. KGeA Weinheim
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Furthermore, it is known that Joule heating could be an
issue that can cause temperature rise and thus potentially
affect the performance of iDEP-based microflnidic devices.
However, we did not observe any noticeable Joule heating ef-
fects in our experiment. In our case involving an applied
electric field of 635 Vjom and a mediven conductivity of
13 psjam, the Joule heating (Guwiam EY) can be estimated
to be about S MW /m’. According to Sridharan et al. [38] who
studied Joule heating effects on electrothermal flow near the
corners of insulating blocks iv: a glass/PDMS microchannel,
even with Joule heating of 19 MW/m’ at 1 kHz, which is
~3.8 dmes higher than our case, the Jocal temnperature rise
was corputed to be less than 5 K, suggesting negligible Joule
keating effects.

4 Concluding remarks

This work has presented a new application of the modified
H-filter with optimal insulating PDMS blocks for continu-
ous separation of multiple particles using nDEP and pDEP.
Under an applied voltage of 635 Vac at 5 kHz, the device per-
formance is demonstrated by separating a three-sized par-
ticle mixture, including 2 pro thuorescent particles with an
attractive DEP force and both 5 and 10 prn nonfluorescent
particles with differential repulsive DEP forces. The reported
separation efficiency of 99% has evidently proved the device
performance to be promising to deal with multicomponent
biosarmples. The conducted simulation analyses taking into
consideration of the effects of insulating block gap and width
on electric field distribution and DEP force charecteristics
essentially leads to recormmended design guidelines for the
optimal geometric dimensions. Thus, these guidelines can
also be considered as the criteria in designing other DC-and
AC4DEP devices using insulating blocks as constrictions for
cherrical and bioxmedical applications.
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