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Abstract

The advent of nanotechnology has facilitated the preparation of colloidal particles with
adjustable sizes and the control of their size-dependent properties. Physical manipulation, such
as separation, mixing, and concentration, of these colloidal particles represents an essential step
for fully utilizing their potential in a wide spectrum of nanotechnology applications. In this
study, we investigate hybrid electrokinetics, the combination of dielectrophoresis and
electrohydrodynamics, for active manipulation of colloidal particles ranging from nanometers
to micrometers in size. A concentric electrode configuration, which is optimized for generating
electrohydrodynamic flow, has been designed to elucidate the effectiveness of hybrid
electrokinetics and define the operating regimes for different microfluidic operations. The
results indicate that the relative importance of electrohydrodynamics increases with decreasing
particle size as predicted by a scaling analysis and that electrohydrodynamics is pivotal for
manipulating nanoscale particles. Using the concentric electrodes, we demonstrate separation,
mixing, and concentration of colloidal particles by adjusting the relative strengths of different
electrokinetic phenomena. The effectiveness of hybrid electrokinetics indicates its potential to
serve as a generic technique for active manipulation of colloidal particles in various

nanotechnology applications.

Supplementary data are available from stacks.iop.org/Nano/20/165701

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Colloidal particles are the functional building blocks in
nanotechnology and have attracted intense interest in numerous
engineering and scientific applications, such as nanophotonics,
energy harvesting, imaging, and diagnostics [1-6]. This
is in part due to their controllable sizes and associated
size-dependent properties, which can be tailored for various
innovative applications. For instance, a laser-coupled opto-
plasmonic tweezers (OPT) has been demonstrated using
assembled colloidal particles coated with a gold thin film
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or different sized gold nanoparticles [7, 8]. The coupling
efficiency of the OPT can be tuned by adjusting the
size of the particles. Furthermore, colloidal quantum
dots of different sizes have created pathways for creating
sub-diffraction waveguides [9, 10] and obtaining desirable
photoelectrochemical response and photoconversion efficiency
for solar cell application [11, 12]. On the other hand,
the size-tunable electrochemical and optical properties of
colloidal particles have been demonstrated in numerous
biological applications, especially in molecular diagnostics and
imaging [13-16].

The wide applications of colloidal particles in nanotech-
nology warrant effective approaches for physical manipulation,
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Figure 1. Principles of (a) dielectrophoresis and (b) AC electroosmosis.

such as separation, mixing, and concentration, of these
particles. One of the approaches for active manipulation
of colloidal particles, especially in microscale devices, is
AC electrokinetics as these techniques are effective at small
scale. For instance, dielectrophoresis (DEP) is one of the
most well-known electrokinetic phenomena for manipulation
of colloidal particles [17]. DEP describes the force experienced
by a polarizable particle, in which a dipole is induced, under
diverging AC electric fields. Under these conditions, the
induced dipole experiences a net force and moves toward the
high electric field region (positive DEP) or the low electric field
region (negative DEP) depending on the effective polarization
(figure 1(a)). The time average DEP force experienced by a
spherical colloidal particle is given by [17, 18]

Fpep = 27 R?enRe[K (0)]V | Epms|? (1
K(w) = 2 ®)
= ey + 2

where R is the radius of the colloidal particle, &y is the
permittivity of the medium, E.;,s is the root mean square
electric field, and K (w) is the Clausius—Mossotti factor, which
describes the effective polarization of the colloidal particle. 8;
and e are the complex permittivity of the particle and the fluid
medium. For homogeneous particles, the effective polarization
is typically assumed to be dominated by interfacial polarization
(Maxwell-Wagner polarization or space charge polarization)
and the complex dielectric constants can be modeled as &7 |, =
Ep,m T+ GJ‘;)“ . These relationships predict that the DEP force has
a strong size dependence (Fpgp ~ R?) and that the force is
approximately constant when the applied frequency is below a
crossover frequency (which is on the order of MHz) [18].

AC electroosmosis (ACEO) is another electrokinetic
phenomenon that occurs at low frequencies (typically below
1 MHz), which is the bulk fluid motion induced by the electric
field. It is known as a surface-driven bulk fluid motion and
is a result of the interaction of the tangential electric field
and the electrical double layer induced by the electric field
on the electrode surface (figure 1(b)). For a parallel electrode
configuration, the ACEO velocity v has been modeled using a
linear double-layer approximation [19, 20].
1 eViQ?

(v(r)) = 8 (1 4 )

3

where ¢ is the fluid permittivity, V{ is the amplitude of the
AC potential, u is the viscosity of the electrolyte, and r is
the distance from the center of the electrode gap for a parallel
electrode. The non-dimensional frequency €2 is given by

em
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where o is the angular frequency of the applied electric field,
o is the conductivity of the medium, and « is the reciprocal
Debye length of the electrical double layer. This indicates that
the ACEO flow increases with the second power of the applied
voltage, similar to DEP [19].

Manipulations of micrometer and sub-micrometer par-
ticles using AC electrokinetics have been previously de-
scribed [2, 5, 21, 22]. Nevertheless, the size dependence
has not been studied systematically and the potential of
combining multiple electrokinetic phenomena requires further
investigation in order to fully understand the limitation and
applicability of this approach. With a unique design of
a concentric electrode configuration, which is optimized
for generating ACEO flow [23, 24], we explore hybrid
electrokinetics for the manipulation of colloidal particle
ranging from 20 nm to 2 um. The dynamic behaviors of these
colloidal particles are investigated as a function of frequency
from 80 Hz to 1 MHz. Since these electrokinetic phenomena
have distinctive frequency dependences, it is possible to
dynamically adjust the strengths of each force for a given size
of particle. On the other hand, both forces are proportional
to the second power of the applied voltage. In addition,
we define the operating regimes and demonstrate separation,
mixing, and concentration of colloidal particles, which are
the three most fundamental microfluidic operations, using
the same concentric electrode design. The implications of
hybrid electrokinetics for the manipulation of nanoparticles are
discussed.

2. Materials and methods

2.1. Creation of hybrid electrokinetic devices

The concentric electrode design used in this study consisted
of a circular inner electrode and a concentric outer electrode
surrounding the inner electrode. The diameter of the outer
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electrode was 550 wm and the diameter of the inner electrode
was 350 um. The electrode arrays were microfabricated
by evaporating 500 nm gold on a glass substrate with a
50 nm chromium adhesion layer and patterned by lift-off. For
separation and concentration experiments, spacers of 170 um
in height were placed on both sides of the electrode and a
microliter droplet of solution was put on top of the electrode
before a microchamber was created by covering it with a
cover slip. For the mixing experiment, T-shape microfluidic
channels with two inlets and one outlet were fabricated using
a combination of laser-machining and a two-step polymer
molding process. The channel patterns were first laser-
engraved on an acrylic plate with a 30 W CO, laser-machining
system (Universal Laser Systems Inc.). Then, a master was
obtained by urethane molding with the acrylic plate at 75°C
for ~3 h. PDMS at a 10:1 base-to-curing agent ratio was
then poured over the urethane master and cured at 75 °C for
~3 h to create the T-shape PDMS microchannel. PDMS
channels and the glass substrates with microelectrode arrays
were sealed by plasma treatment using a low power plasma
chamber (Harrick, model PDC-001). A digital syringe pump
was used to introduce two fluid streams into the channel with
the same pumping speed of 30 pl min~!. Two fluid streams
were DI water and DI water seeded with 20 nm red fluorescent
particles (Invitrogen, F8786).

2.2. Colloidal particles and bacteria

Red fluorescent spheres of 20 nm, 200 nm, and 2 um
(Invitrogen, F8786, F8810, F8826) with excitation and
emission peaks at 580 nm and 605 nm respectively were
used in the experiment. The particles were diluted with
DI water and adjusted to a conductivity of 0.3 mSm™'.
In this condition, we did not observe aggregation of the
particles before the application of the electrical signal. For
the separation experiment, yellow—green fluorescent spheres
of 200 nm (Invitrogen, F8811) with fluorescence excitation
and emission peaks at 505 and 515 nm were pre-mixed with
20 nm or 2 um particles (red) before the experiment. For
the concentration experiment, E. coli bacteria cultured in LB
medium were directly loaded onto the device without further
processing. The conductivity was 0.2 S m~'.

2.3. Experimental setup

The electrokinetic device was mounted on a digital fluores-
cence microscope (Leica, DMI 4000B). The dynamics of
particles were recorded by a CCD camera (Planetary Imaging,
DMK 31AF03) and digitized into a video capture system
(Image Source, IC Capture 2.0). The AC signal was generated
by a function generator (HP, 33120A) by connecting the inner
electrode with the driving signal and the outer electrode to the
ground. All experiments were performed at room temperature.

2.4. Data analysis

For the mixing experiment, videos were taken to estimate the
mixing efficiency. To quantify the efficiency of mixing, a

mixing index is defined as

R —\2
Mixingindex:l—gzl— ! Z(I'_I)

I n—14 ]
where I and o are the mean and standard deviation of the
fluorescence intensity. n is the total number of pixels. I
is the intensity at pixel i. The data were normalized by
mapping fully mixed and unmixed solutions to 1 and O,
respectively. For the separation experiment, images were
taken with green (510-560 nm) and red (590-650 nm)
emission filters separately and combined using MetaMorph
imaging software. For the concentration experiment, the data
represent the fluorescence intensity at the center after 1 min
of electrokinetic concentration. The images and videos were
processed by ImageJ and MATLAB. The optical system was
calibrated to ensure linearity in the intensity range. Data
are reported as mean = standard deviation for at least three
consecutive experiments.

3. Results and discussion

3.1. Hybrid electrokinetics of different sized particles

To elucidate the dynamics of colloidal particles at different
conditions and explore the applicability of hybrid electroki-
netics, we measured the behaviors of particles of 20 nm,
200 nm, and 2 um in a range of frequencies from 80 Hz to
1 MHz with a 6 V,;, (peak-to-peak voltage). Upon application
of the electric field, the particles generally reach steady
state within 20 s (see supplementary information (available
at stacks.iop.org/Nano/20/165701) for real-time videos of the
experiment). Figure 2 shows the behaviors of the colloidal
particles at low frequency range (80-600 Hz) after 1 min. For
2 pum particles, we observed aggregation of the particles at the
edges in this frequency range. For 200 and 20 nm particles, we
observed two equilibrium locations, the centers and the edges
of the electrodes, for the particles depending on the applied
frequency. In 200-600 Hz, a significant amount of 200 nm
particles were aggregated at both equilibrium locations while
20 nm particles were mainly observed at the center at the same
frequency. At lower frequency (80—100 Hz), all particles were
aggregated at the edges of the electrodes. Figure 3 shows
the particle behavior at higher frequencies (1 kHz—-1 MHz).
The amount of colloidal particles being concentrated decreases
at 1-5 kHz. Only a small amount of 20 nm particles were
aggregated at the center while the amount of 200 nm particles
decreases gradually as the frequency increases. At higher
frequency (~500 kHz), 200 nm particles were observed to be
concentrated at the edges of the electrodes while 2 um and
20 nm particles were not concentrated.

The experimental results can be explained by the relative
significance of DEP and ACEOQ effects with different particle
sizes. DEP is a particle force, which depends on the third
power of the size of the objects (Fpgp ~ R?) and the gradient
of the electric field (~V|Ems|?), which is maximized at the
edge of the electrode. Therefore, DEP is sensitive to the
dimensions of the colloidal particle being manipulated and
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Figure 2. Electrokinetic manipulation of 20 nm, 200 nm, and 2 pum particles from 80 to 600 Hz. Fluorescence images represent the behavior
of particles after the application of 6 V, at the corresponding frequency for 1 min.

particle aggregation at the edges indicates the dominance of
DEP. On the other hand, ACEO is a bulk fluid force, which
acts on the colloidal particles via hydrodynamic drag. At
low Reynolds numbers, the hydrodynamic drag force scales
linearly with the size of the objects and is proportional to the
velocity of the particle through the fluid (Faceo ~ Fprag ~ R).
These predict a scaling dependence of the relative importance
of DEP and ACEO for manipulating colloidal particles of
different sizes P}‘CEO ~ % = R~2. While manipulation
of colloidal particles is often considered to be contributed by
DEP alone, the importance of electrohydrodynamics relative to
DEP increases for small particles (e.g., nanoparticles). Particle
aggregation at the center is considered to be the result of
fluid motion induced by ACEO, which entrains the particles
toward the stagnation point (i.e., the center of the inner
electrode). Therefore, aggregations of 2 pum particles at the
edges and 20 nm particles at the centers reflect the dominance
of different forces for different sized particles under the same
condition. For particles having an intermediate size (200 nm),
aggregation was observed in both locations, indicating that
both DEP and ACEO contribute to the observed behavior of

the particles. These results demonstrate a transition of the
relative importance of DEP and ACEO for decreasing particle
size, which is consistent with the scaling analysis that the
importance of ACEO relative to DEP increases for decreasing
particle size.

At lower frequency (80-100 Hz), particles were mainly
aggregated at the edges for all sizes, which reflect
the dominance of DEP, nevertheless, the long range
electrohydrodynamic flow should still play an important
role, which can be reflected by two observations. Firstly,
there is a larger amount of particles aggregated at the edge
of the inner electrode than the outer one because of the
presence of the larger surface area in the inner electrode.
Secondly, by applying the same electric field strength to
parallel electrodes with a smaller surface area for generating
ACEO (see supplementary information figure S2 available at
stacks.iop.org/Nano/20/165701), we observed a much smaller
amount of aggregation at the electrode edge. In our hybrid
electrokinetic device, the concentric electrode design first
generated long range fluid motion by ACEO, which entrained
particles to the region near the electrode surface. The local
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Figure 3. Electrokinetic manipulation of 20 nm, 200 nm, and 2 um particles from 1 kHz to 1 MHz. Fluorescence images represent the
behavior of particles after the application of 6 V,, at the corresponding frequency for 1 min.

DEP force then allowed the particles to be collected onto the
electrode surface. As a result, reduction of the surface area and
the ACEO flow dramatically reduced the amount of particles
trapped by DEP.

Figure 3 shows the particle behavior at higher frequency
(1 kHz-1 MHz). The amount of colloidal particles being
concentrated decreases at 1-5 kHz. Only a small amount
of 20 nm particles were aggregated at the center while the
amount 200 nm particles decrease gradually as the frequency
increases. At higher frequency (~500 kHz), 200 nm
particles were observed to be concentrated at the edges of
the electrodes while 20 nm particles were not concentrated.
The ACEO velocity decreases significantly as the frequency
increases (see supplementary information figure S1 available
at stacks.iop.org/Nano/20/165701), which is consistent with
reported studies [20, 21, 25, 26]. The reduction of ACEO
explains the reduced amount of particles being trapped at
higher frequencies, since fluid motion is required to bring
particles far way from the electrode to the electrode surface,
where DEP is strongest for trapping the particles. These
observations further supported the effectiveness of hybrid

electrokinetics for the manipulation of colloidal particles of
different sizes.

3.2. Electrokinetic separation of colloidal particles

Many interesting properties of colloidal particles are size-
dependent; as a result, physical separation of colloidal
particles is fundamentally important for various biosensing and
nanotechnology applications. As observed in the frequency
dependence study, particles of different sizes have distinct
equilibrium positions at different frequencies. This creates a
pathway for physically separating particles of different sizes
using a combination of DEP and electrohydrodynamic flow
(figures 4(a), (b)). To explore this possibility, yellow—green
fluorescent particles of 200 nm and red fluorescent particles of
2 um were mixed. At 3 kHz and 8 V,,, the ACEO flow dragged
200 nm particles (green) toward the center of the electrode
while DEP trapped 2 pum particles (red) at the edges of the
electrode (figure 4(c)). This demonstrated physical separation
of micrometer-sized and sub-micrometer-sized particles using
our devices. By tuning the relative strength of the DEP force
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Figure 4. Electrokinetic separation. (a) Schematic for separating 200 nm particles (green) from 2 pm particles (red). Dielectrophoretic force
dominates for large particles and traps them at the electrode edge while 200 nm particles are pushed toward the center of the electrode.

(b) Schematic for separating 200 nm particles (green) from 20 nm particles (red). At an appropriate frequency, dielectrophoretic force is
adequate for trapping 200 nm particles but not for trapping 20 nm particles. (c) Separation of 200 nm particles (green) from 2 pm particles
(red) at 8 Vy,, and 3 kHz. (d) Separation of 200 nm particles (green) from 20 nm particles (red) at 7 V,,, and 1 MHz.

and the hydrodynamic drag force generated by ACEO with
varying frequencies, the same electrode configuration was also
able to separate 20 and 200 nm particles. At 1 MHz and
7 Vpp, 200 nm particles (green) were trapped at the edge of the
electrode while 20 nm particles (red) did not show observable
changes in this condition (figure 4(d)).

3.3. Electrokinetic mixing of colloidal particles

Diffusion is the rate-limiting step in most microfluidic
based biochemical analysis processes and the detection
kinetics of many biosensors is limited by the mixing
efficiency. Since colloidal particles have been applied in
various biosensing applications, mixing of these particles
could significantly enhance the performance of colloidal
particles based biosensors in microfluidic devices.  Our
concentric electrode configuration combined with ACEO-
induced vortices could be applied to enhance mixing of
colloidal particles. Using the concentric electrode design,
ACEO-induced fluid circulation can be generated for mixing
colloidal particles.  Figure 5(a) shows the principles of
electrokinetic mixing using the concentric electrode. At an
appropriate frequency for ACEO, a strong force (yellow and
bigger arrows at the upper part of the electrode) is generated
between the inner and outer electrodes and pushes the fluid
toward the center of the electrode. At the opening region of
the reference electrode, the force is relatively weak (red and
smaller arrows at the lower part of the electrode). Imbalance
of the forces generates ACEO-induced vortices (black arrows)
over the electrode surface. Figure 5(b) shows the experimental
setup in which the concentric electrode was integrated with

a T-shaped fluidic channel. Two streams of fluids were
introduced into the channel with a digital syringe pump. A
clear interface between the two fluid streams was observed
due to the lack of effective mixing in the channel at this
Reynolds number (less than 1). Video frames at 0 and 10 s
showed the mixing enhancement with ACEO-induced vortices
(figure 5(c)). A video of the electrokinetic mixing experiment
is also available in the supplementary information (available
at stacks.iop.org/Nano/20/165701). To quantify the mixing
efficiency, a mixing index, which describes the uniformity of
the solution of the electrode surface, is defined (see materials
and methods). Fully mixed and non-mixed solutions are
mapped to 1 and 0, respectively. In the experiment, over 90%
mixing efficiency was obtained within 10 s, while diffusion
based mixing required over 6 min for archiving a similar
mixing efficiency (figure 5(d)).

3.4. Electrokinetic concentration of colloidal particles and
bacteria

Electrokinetic concentration could potentially improve the
sensitivity of particle based sensing. While DEP has been
applied for the concentration of various micrometer-sized and
sub-micrometer-sized objects, electrokinetic manipulation of
nanoscale objects in a large region remains a challenging task
due to the strong size dependence of DEP and the rapid decay
of the electric field gradient. As predicted by the scaling
analysis, the relative importance of electrohydrodynamics
increases for small particles and can provide a useful technique
for concentrating nanoscale particles. Under appropriate
conditions, the fluid circulation increases the concentration
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Figure 5. Electrokinetic mixing. (a) Schematic for particle mixing by electrokinetics. The opening of the outer electrode creates force
imbalance and electrokinetic-induced vortices. (b) Experimental setup for mixing colloidal particles in a two-inlet microfluidic channel.
(c) Fluorescence images of electrokinetic-induced mixing (top) and diffusion based mixing (bottom) at the beginning (left) and after 10 s
(right). (d) Comparison of electrokinetic-induced mixing with diffusion based mixing.
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Figure 6. Electrokinetic concentration. (a) Schematic for particle concentration with hybrid electrokinetics. Long range fluid motion drives
particles to regions near the electrode where other local electrokinetic forces trap the particles. (b) Frequency dependence of concentration of
200 nm particle at the center of the electrode. The concentration of particle can be increased over 100-fold. (¢) Concentration 200 nm
particles and 20 nm particles. (d) Concentration of E. coli on the electrode surface before (left) and after (right) the application of 3 V, and

10 kHz for 1 min.

efficiency by driving the colloidal particles far away toward the
electrode where DEP is strongest (figure 6(a)). As shown in
figure 6(b), we characterized the frequency dependence of the
concentration process at 8 V,,, (peak-to-peak voltage) applied
voltage. The concentration efficiency at the center of the
electrode was maximized at an intermediate frequency, which
was 300 Hz. At this frequency, the majority of the particles

were pushed toward the center of the inner electrode and were
concentrated into a small region on the order of approximately
35 um in dimension. The concentration could be increased by
over 100-fold within 1 min (figure 6(c)). Nanoscale particles
were also concentrated effectively at the electrode edges at
lower frequency (~80 Hz) (see figures 2 and 3). In addition,
we demonstrated that the hybrid electrokinetic device was able
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to concentrate E. coil bacteria on the electrode surface. Despite
the large difference between the media, the behavior of E. coli
was generally similar to that observed in the manipulation the
colloidal particles. Since E. coli has a relatively large size
(~2 pum), only a small voltage was required to trap them on
the surface. At 3 V, and 10 kHz, a large amount of bacteria
were trapped on the electrode surface (figure 6(d)). This
demonstrates the applicability of the devices for manipulating
bioparticles.

3.5. Implication of hybrid electrokinetics in nanoparticles
manipulation

Previously, Meinhart et al has demonstrated that the DEP
force could have a significant influence on the measurement
of electrohydrodynamic flow using micro particle image
velocimetry (PIV) and a two-color PIV technique is required to
eliminate the effect of DEP [23, 27]. This demonstrates that the
effects of electrohydrodynamics and DEP can be comparable
in the manipulation of colloidal particles. In the current
study, we took advantage of the co-existence of different
electrokinetic phenomena and systematically investigated
their roles for manipulating colloidal particles with different
sizes. Combining our concentric electrode design, our study
demonstrated the effectiveness of hybrid electrokinetics for
manipulation of nanoscale particles. Previously, DEP trapping
of micro- and nanoscale particles was demonstrated [28-31].
In order to obtain adequate force for manipulating small
particles in these studies, a large voltage and small electrodes
(0.1-1 MV m™") were typically applied. =~ While these
designs allow trapping of the nanoparticles near the electrode,
concentration of particles from a large region remains a
challenging task due to the rapid decay of the electric field
gradient. Our technique manipulates colloidal particles in
a large region with electric field strengths on the order of
10 kV m~', which is 1-2 orders of magnitude smaller than a
typical DEP concentrator for nanoscale objects [28, 29, 32, 33].
Several systems utilizing electrohydrodynamics have also been
reported for manipulation of biological and nanoscale objects
in the micrometers to nanometers range [23, 34-36]. Our
study has systematically investigated the size dependence for
the manipulation of colloidal particles with different sizes
and provides general guidelines for optimizing the device
design for future nanotechnology applications. This is the
first demonstration of mixing, concentration, and separation of
colloidal particles in the same device using AC electrokinetics.

An interesting observation in this study was the
dominance of DEP at low frequency (~100 Hz). Under
our experimental condition, the peak frequency of the ACEO
velocity was below ~100 Hz (as also supported by our
data, see supplementary information figure S1 (available
at stacks.iop.org/Nano/20/165701)). The ACEO velocity
decreased monotonically as the applied frequency increased.
One would expect ACEO dominated at low frequency.
Nevertheless, we observed that particles were trapped at
the edges at ~100 Hz; this indicated DEP was stronger
compared to the drag force induced by ACEO at low
frequency. A likely explanation is that the DEP force

is stronger at this range. For charged particles, a low
frequency dielectric relaxation originated from the polarization
of counterions in the electrical double layer has been
reported [37, 38]. The low frequency dielectric relaxation plays
an important role in the manipulation of nanoscale objects and
is presumably responsible for the strong DEP force observed
for biomolecules [39—42] and in our experiment.

4. Conclusions

In the study, a concentric electrode design has been
demonstrated for active manipulation of colloidal particles
from 20 nm to 2 um in size by using a combination of DEP
and electrohydrodynamics. The scaling dependence of the
relative importance of DEP and electrohydrodynamics shows
that the manipulation of larger and smaller particles is mainly
contributed by DEP and electrohydrodynamics respectively.
Therefore, by adjusting the relative strengths of these forces,
separation, mixing, and concentration can be achieved using
the same electrode design. Our study also demonstrated the
importance of electrohydrodynamics for the concentration of
nanoscale particles at the electrode edge, which is expected
to be dominated by the DEP effect, by comparing the amount
of particles aggregated at the edge of the concentric electrode
with a larger surface area and the parallel electrodes with
smaller surface area. This study forms the foundations for
creating electrokinetic based biochemical processors, where all
the microfluidic operations can be performed directly on the
same electrode surface.
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