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Bioprocessors for concentrating bioparticles, such as cells
and molecules, are commonly needed in bioanalysis
systems. In this microfluidic processor, a global flow field
generated by ac electroosmosis transports the embedded
particles to the regions near the electrode surface. The
processor then utilizes electrophoretic and dielectro-
phoretic forces, which are effective in short range, to trap
the target cells and molecules on the electrode surface.
By optimizing the operating parameters, we have concen-
trated various biological objects in a large range of sizes,
including Escherichia coli bacteria, A phage DNA, and
single-stranded DNA fragments as small as 20 bases that
have a radius of gyration of only 3 nm.

Miniaturization of fluidic processes holds great potential for
biochemical analysis systems. Automatic biomedical analysis with
microfluidic systems eliminates labor-intensive benchtop processes
and dramatically reduces the amount of sample and reagent
required. This results in substantial reduction of both time and
cost for the analysis. Fluid delivery, mixing with different reagents,
and separation of different bioparticles are generic fluidic pro-
cesses in biochemical analysis. For highly dilute samples, an
effective collection procedure of targets such as bacteria or
secreted molecules can significantly reduce the amount of fluid
handling. In most cases, separation and concentration of targets
from the sample can minimize noise and improve sensitivity. The
efficiency of each fluidic operation in the sample preparation
determines the overall performance of the biomedical analysis
system.!

Traditional methods of sample concentration include filtration,
centrifugation, liquid—liquid extraction, and solid-phase adsorp-
tion.2 Various techniques such as acoustic radiation pressure,?
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microfabricated sieving filters,* and evaporation-based concentra-
tion® have been developed for concentrating target samples in
microfluidic chips. These methods can be useful in some situa-
tions. However, they also have some drawbacks such as complex
fabrication processes, long processing time, and integration
difficulties with other fluidic components. Moreover, concentration
of small biomolecules (in the order of nanometer) is especially
challenging in a microfluidic system. On the other hand, electro-
kinetic manipulations of bioparticles are effective on the length
scale of microfluidic systems®7 and fabrication of microelectrodes
is a relatively simple task. Electrokinetic forces have been
demonstrated for enhancing mixing,® performing sample separa-
tion,? and improving detection efficiency! in microfluidic systems.
Therefore, it is advantageous to develop an electrokinetic proces-
sor that can be easily integrated with other electrokinetic
components for collecting and concentrating a wide variety of
targets.

Many different types of electrokinetic forces can be applied in
microfluidic devices.” Electrophoresis is the movement of charged
particles in a liquid medium under an external electric field.
Dielectrophoresis (DEP) describes the motion of polarizable
particles under a nonuniform electric field. Ac electroosmosis
generates bulk fluid motion on the electrode surface at frequency
ranges below 1 MHz.!! In this study, we exploit a combination of
electrophoretic, dielectrophoretic, and ac electroosmotic forces
for concentrating bioparticles. Ac electroosmotic force generates
long-range fluid movement (Figure 1). The flow transports the
embedded particles in the bulk fluid and pushes the particles to
the electrode surface. The bulk fluid flow permits a large effective
region for target concentration while other electrokinetic forces
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Figure 1. (a) Electrode design of the ac electroosmotic processor (top view). (b) Schematic (side view) illustrating electrode polarization and
formation of ac electroosmotic flow. Solid arrows represent the ac electroosmotic force and dotted lines indicate the flow pattern.

allow trapping of the particles into a small region on the electrode
surface. The electrokinetic forces, such as DEP and electrophore-
sis, are especially effective near the electrode surfaces. Therefore,
bioparticles can be effectively concentrated into a small region
by a combination of fluid flow and particle trapping force.
Manipulations of bioparticles, such as cells, virus, proteins, and
DNA molecules, with DEP forces have been reported by different
research groups.’?~18 Qur devices are different in several aspects.
In a typical DEP concentrator, small electrodes and high voltage
are used to generate adequate electric field (in the order of 0.1—1
MV/m). However, the force is only effective near the edges of
the electrode due to the rapid decay of the electric potential. Ac
electroosmosis requires only a low applied voltage, meaning only
a few volts, and can generate bulk fluid motion. The fluid flow
significantly increases the effective range of the concentrating
process. Furthermore, multiple arrays of electrodes were com-
monly used in previous studies, and the targets were concentrated
throughout the edge of the electrodes. Our device, on the other
hand, concentrates the target samples into a small region in the
center of the electrode surface, which is advantageous for a
downstream sample preparation or detection process. In addition,
our device takes advantage of the hydrodynamic flow that is
effective for different sizes of objects while maintaining the
selectivity of electrokinetic forces to the targets (size and electrical
properties). A large variety of biological samples can be concen-
trated on the same device by just changing the operating
parameters. Recently, Hoettges et al.l¥ have demonstrated particle
concentration with a combination of electrohydrodynamic flow and
dielectrophoresis. Since the particles are collected at the center
of the metal electrodes instead of the electrode edges, their
technique is able to improve the performance of an evanescent
light scattering detection system.?’ DEP force, however, becomes
ineffective for smaller biomolecules due to the strong size
dependence of DEP force. In this work, we demonstrate small
biomolecules (on the order of nanometer in size) can be
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concentrated with a combination of electrophoresis and ac
electroosmosis.

The purpose of this paper is to demonstrate the use of
electrophoretic, ac electroosmotic, and DEP force for collecting
and trapping a large range of biological entities (from nanometer
to micrometer range). Particle image velocimetry (PIV) is used
to characterize the bulk fluid flow driven by ac electroosmotic
force. Understanding this flow mechanism helps to optimize the
operating parameters of the bioconcentrator. Experimental results
are presented to demonstrate concentration of different bio-
particles, such as bacteria and DNA molecules. In addition, we
report an interesting behavior of decrease in DNA concentration
on the electrode surface at low frequency.

EXPREIMENTAL SECTION
Instruments. The electrodes for generating ac electroosmotic

flow were fabricated on microscope slides. Photolithography was
done to pattern photoresist on the glass substrate. A 3000-A-thick
gold layer with a 200-A-thick chromium adhesion layer was
evaporated on the glass substrate and patterned by liftoff. Spacers
of 125 um were placed on the chip to define the height of the
fluid chamber. The bioprocessor was covered by a coverslip
during the experiment. The bioprocessor design consists of a
central electrode surrounded by an outer electrode. Figure 1a
shows the bioprocessor design. Two sizes of electrodes (outer
electrode diameters of 0.65 and 1 mm) were used in this study. A
function generator (HP, 33120A) was used to provide the ac signal.
The electric distribution was estimated by numerical simulation
(CFDRC CFD-ACE+). The chip was loaded onto an epifluores-
cence microscope (Nikon TE200). The dynamic of molecules and
particles were recorded by an intensified CCD camera (Video-
scope, ICCD-350F) and directly digitized into a video capture
system (Pinnacle, PCTV). All the experiments were performed
at room temperature (22—24 °C).

Samples and Preparation. Escherichia coli bacteria (XL1-
Blue), double-stranded A phage DNA (48.5 kbp) (Sigma, D3779),
and single-stranded DNA (ssDNA) fragments (20 and 50 bases)
(MWG Inc.) were used in this study. The radius of gyration of
20- and 50-base ssDNA are 3 and 5 nm, respectively.?! The ssDNA
fragments were modified with rhodamine red at the 5 end. YoYo-1
(Molecular Probe, Y-3601) was used to label the double-stranded
A phage DNA at a dye-to-base pair ratio of 1:5. The DNA—dye
complex was allowed to equilibrate for >1 h before performing
the experiment. The conductivity of the medium was adjusted by
addition of Tris-EDTA buffer (Sigma, T-9285).
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Figure 2. Particle image velocimetry measurement. (a) Velocity distribution above the surface of the central electrode. (b) Voltage dependence
of ac electroosmotic velocity measured at three different locations away from the electrode edge. (c) Frequency dependence of ac electroosmotic
velocity at different buffer conductivities. (d) Influence of the bias voltage on ac electroosmotic velocity. All the values are measured at a location

~60 um away from the electrode edge.

Particle Image Velocimetry. To measure the fluid velocity
generated by ac electroosmosis, we developed a PIV system
following Santiago et al.?2~2* We seeded the fluid with 200-nm
fluorescent latex particles (Duke Scientific, R200). The particles
were diluted with deionized water such that the concentration was
suitable for PIV. The motions of the particles were captured, and
the digitized images were analyzed by a cross correlation-based
PIV software (TSI, Insight). We averaged at least 20 sets of images
for each measurement to minimize variation in the velocity related
to random Brownian motion of the submicrometer particles.

RESULTS AND DISCUSSION
Ac Electroosmosis. Our device exploits a combination of ac

electroosmosis, electrophoresis, and dielectrophoresis for con-
centrating biological objects. Ac electroosmosis can transport the
particles from a large region in the bulk fluid to the electrode
surface. The characteristics of the ac electroosmotic flow are
important for optimizing the operating parameters of the concen-
trator. Therefore, we have performed PIV measurements to
characterize the flow properties, such as the flow pattern on the
electrode and the frequency dependence, in our electrode design.
The velocity component parallel to the central electrode surface
was measured by particle image velocimetry (Figure 2a). It is
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observed that the electroosmotic flow is fastest near the electrode
edge and quickly drops toward the center of the inner electrode.
The reduced velocity in the upper region of the electrode is due
to the open region of the outer electrode for electrical connection
(Figure 1a).

The voltage dependence on the ac electroosmotic flow was
measured (Figure 2b). The frequency was fixed at 100 Hz, and
the conductivity of the medium was 0.2 mS/m. The velocities of
the fluid flow at different applied voltages were measured at three
different locations, which were roughly 64, 85, and 106 um away
from the electrode edge. The velocities were fitted by power law
with the method of least squares. The exponentials are determined
to be 1.90, 2.03, and 1.95, respectively. Theory? predicts that the
ac electroosmotic velocity increases with the second power of the
applied voltage. Our observation agrees with this theory. It
indicates that the bulk fluid flow observed is dominated by ac
electroosmosis instead of other electrohydrodynamic flow, such
as electrothermal flow (which has a fourth power dependence) 1126
Ac electroosmotic flow is sensitive to the applied frequency and
conductivity of the medium (Figure 2c). For instance, the ac
electroosmotic velocity tends to be zero at high- and low-frequency
limits and has a maximum at an intermediate frequency. Further-
more, the frequency maximum increases with the conductivity
of the medium. The frequency dependence is consistent with other

(25) Ramos, A.; Morgan, H.; Green, N. G.; Castellanos, A. J. Colloid Interface
Sci. 1999, 217, 420—422.
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Figure 3. Particle concentration. (a—f) Video time series showing concentration of 200-nm fluorescence particles on the central electrode.
Each picture is separated by 10 s. (g) Concentration of E. coli bacteria at the center of the central electrode.

researchers’ results obtained by tracking individual particles on
parallel electrodes.?” The strong frequency dependence of the ac
electroosmosis allows tuning of the strength of the ac electro-
osmosis relative to other electrokinetic forces, which is essential
for concentrating the bioparticles.

Electrophoretic Force. Ac electroosmosis can transport small
molecules from the bulk fluid to the region near the electrode.
However, it is not able to trap the target molecules. To concentrate
the particles, a trapping force is required to capture the molecules
on the electrode surface. Electrophoretic force is effective for
manipulating charged particles, such as negatively charged DNA
molecules, in microscale.” Electrophoresis describes the move-
ment of charged particles in a liquid medium under an external
electric field. When a particle with charge ¢ is under a steady
electric field E, the particle experiences an electrostatic force gE.
To capture the DNA molecules on the electrode surface, the
electrophoretic force should balance the hydrodynamic drag force
generated by ac electroosmosis. The condition is given by

qE = 6mnuv,,

where 7 is particle radius, « is the viscosity of the medium, and
v, 18 the velocity of the medium.

To generate an electrophoretic force for trapping charged
molecules, we applied a dc offset voltage in the ac signal. The
time-averaged electrophoretic force is proportional to the dc bias
voltage while the ac electroosmosis increases with the second
power of the applied ac voltage (Figure 2b). Therefore, the relative
strength of the hydrodynamic drag force and electrophoretic force
can be adjusted independently with dc bias, ac signal, and applied
frequency (Figure 2c). We have also characterized the effect of
the bias voltage on the ac electroosmotic velocity (Figure 2d).
We applied an ac voltage of 4 V (peak to peak) at 100 Hz and
measured the ac electroosmotic velocities at different bias volt-
ages. The dc offset shows only moderate effect (15%) on the ac
electroosmotic velocity within the range we tested.

Dielectrophoretic Force. It should be noted that the observed
velocity of the particle is a combined effect of the hydrodynamic
drag force produced by the ac electroosmotic field and the DEP
force.?8? In the given experimental condition, the particles should
display positive DEP, by which the particles are attracted toward
the electrode edges (opposite to the direction of the particle

(27) Green, N. G.; Ramos, A.; Gonzélez, A.; Morgan, H.; Castellanos, A. Phys.
Rev. E 2000, 61, 4011—4018.
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motion observed). It indicates that the electrohydrodynamic flow
is stronger than the DEP force at the given condition. Balancing
DEP force with Stokes drag provides a rough estimation of the
influence of DEP force to the particle’s velocity.

217, Re{ K()} V|E,,, |* = 6mru(v,, — v,)

where ¢, is the permittivity of the medium, Re{ K(w)} represents
the real part of the Clausius—Mossotti factor at angular frequency
o, Ems is the root-mean-square electric field, and v, is the velocity
of the particle. The term Re{K(w)} is bounded by —0.5 and 1
and is assumed to be 1 for order of magnitude estimation. The
electric field distribution can be calculated by numerical simula-
tion. The term V|E.s|? is estimated to be ~10'2 V2 m~3 near the
edge of the electrode and 107—108 V2 m~3 at the locations where
velocities are measured. It reveals that the DEP force has
negligible effect on our velocity measurement at the given
experimental condition. However, it is not correct in general,
especially near the edge of the electrode where the DEP force
can increase several orders of magnitude. It has been proven that
the DEP force can affect the measurement of the electrohydro-
dynamic flow.2 More accurate fluid velocity estimation can be
obtained by performing the measurement with two different sizes
of particles.”

Concentration of Particles. To investigate the concentration
process, we observed the behavior of 200-nm fluorescent particles
at different applied frequencies. The diameter of the outer
electrode was ~1 mm, and the conductivity of the medium was
1.5 mS/m. The particles were concentrated at a voltage of 8 V
and 1 kHz. We observed the particles aggregated and moved
toward the center of the electrode. The particles concentrated into
a small region less than 100 ym in diameter in less than 1 min
(Figure 3a—f). The concentration process can be understood by
the combined effect of ac electroosmosis and dielectrophoresis.
However, other electrokinetic effects may also contribute to the
observed particle trapping. The existence of the particles can
introduce inhomogeneities in the electric double layer (EDL) on
the electrode surface, which causes more complex particle—
electrode interactions.?*3! In addition to the interaction between

(28) Meinhart, C. D.; Wang, D.; Turner, K. Biomed. Microdevices 2003, 5, 139—
145.

(29) Green, N. G.; Ramos, A.; Morgan, H. J. Phys. D: Appl. Phys. 2000, 33,
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York, 1995.
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Figure 4. Concentration of DNA molecules. The dependence of (a) bias voltage and (b) frequency for concentrating ssDNA fragments (20
bases). Intensities are measured at the center of the central electrode surface after applying the potential for 80 s. (c) Fluorescence picture
demonstrating concentration of double-stranded A phage DNA molecules (48.5 kbp) on the central electrode. (d) Concentration of sSDNA fragments
(20 bases). The contours indicate the intensity, i.e., the concentration, of the molecules at different times. Dimensions are in micrometers.

the particles and the electrodes, aggregation and pearl chain
formation of particles are frequently observed during electrokinetic
manipulations. The particle—particle mutual attraction is a result
of dipole—dipole interactions and the local distortion of the electric
field due to the existence of the particles.’® This may also
contribute to the particle trapping.

We have applied the same trapping effect for concentrating
Escherichia coli bacteria. The conductivity of the medium was 13.0
mS/m. The E. coli bacteria can be concentrated with an applied
frequency of 1-2 kHz. In general, the trapping force for E. coli is
stronger compared to trapping of the 200-nm particle. It can be
explained by the larger size of the bacteria (~1—2 um) as the
DEP is very sensitive to the size of the object. Moreover, the
bacteria moved slower compared to the motion of 200-nm particles,
which is likely due to the higher conductivity of the medium.
Roughly 3 min was required to concentrate the bacteria at 8 V.
Higher voltage (14 V) can be applied to shorten the time required.
Figure 3b shows E. coli concentrated at the electrode surface after
applying electric potential for 1 min. Similar aggregations have
been reported for yeast cells during DEP manipulation with
interdigitated castellated electrodes®* and for submicrometer
particles during ac electroosmosis experiments with parallel
electrodes.® Particle concentration has also been demonstrated
for yeast cells, Bacillus subtilis var niger spores, and 110-nm

(31) Trau, M.; Saville, D. A.; Aksay, L. A. Science 1996, 272, 706—709.
(32) Pethig, R.; Huang, Y.; Wang, X.-B.; Burt, J. P. H. J. Phys. D: Appl. Phys.
1992, 25, 881—888.

fluorescently labeled latex beads using an interlocking circular
electrode design. Our results of particle visualization and
concentration form the basis for concentrating a wide range of
biological objects, where other electrokinetic forces can be
combined with ac electroosmosis. The PIV measurement can
serve as a guide for selecting the operating parameters, such as
conductivity of the medium, applied voltage, and frequency. With
this bioprocessor design, we have demonstrated concentration of
E. coli from a region of ~1 mm into an area less than 100 um in
diameter.

Concentration of Biomolecules. Concentration of small
biomolecules is always needed to increase the signal level of
biomarker sensors. However, the difficulty increases with decreas-
ing size of the molecules. We found that the small molecules can
be concentrated by applying a dc bias in the ac signal. The effect
of dc bias on the concentration of DNA molecules (single-stranded
20 bases) was measured. Neutral density filters were used to
reduce the illumination intensity, which minimized photobleach-
ing. As verified by the control experiment, photobleaching was
negligible in the experimental condition (data not shown). The
conductivity of the medium was 12.0 mS/m. We applied 4 V (peak
to peak) at 800 Hz. Figure 4a shows the intensity at the center of
the electrode after 80 s under different bias voltage. The intensities
were normalized by the initial intensity. There was no significant
change in the intensity when zero bias was applied and the

(33) Green, N. G.; Ramos, A.; Gonzilez, A.; Morgan, H.; Castellanos, A. Phys.
Rev. E 2002, 66, 026305.
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intensity increased with the bias voltage in the range tested.
Furthermore, we have measured the frequency dependence of
concentration of DNA molecules (Figure 4b). The bias voltage
was 1 V. The frequency dependence was similar to ac electro-
osmosis. The maximum effect occurred at an intermediate
frequency. The peak frequency was ~1 kHz, and the effect became
negligible when the frequency was higher than 10 kHz. Unexpect-
edly, the intensity was lower than the original value when the
applied frequency was lower than 200 Hz. Figure 4c shows the
fluorescence picture of double-stranded A-phage DNA concen-
trated on the electrode surface. DNA molecules were concentrated
on the electrode surface by applying 4 V at 1 kHz with a 1-V bias.
The conductivity of the medium was 15.0 mS/m. Figure 4d
illustrates the concentration of the 20-base single-stranded DNA
molecules. The contours indicate the intensities at different
locations. The DNA molecules were concentrated within 3 min.

Although DEP force can concentrate bioparticles in micrometer
and submicrometer range, it is difficult to manipulate smaller
biomolecules efficiently. In our experiment, there is no concentra-
tion of the molecules observed at the edges when an oscillating
potential with a zero mean value was applied. It is expected, as
the DEP force decreases rapidly (to the third power) with the
particle size.?* Moreover, large electrode size is used in this study
to concentrate samples from a large region (~1 mm). The electric
field strength was on the order of 10 kV m~! compared to 0.1—1
MV m™! used in other DNA trapping experiments.!2141718 The
observed results can be explained by the charge property of the
DNA molecules, which are negatively charged. When a charged
particle is under an external electric field, the particle experiences
an electrophoretic force. In pure oscillating potentials without dc
offset, there is no net movement of the particles. If there is an
offset in the ac signal, the time-averaged electrophoretic force is

(34) Pohl, H. A. Dielectrophoresis; Cambridge University Press: Cambridge, UK.,
1978.
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nonzero and the force increases with the bias voltage. It is in
agreement with the experimental observation that there was no
concentration of the DNA molecules at zero bias and that trapping
of molecules increased with the bias voltage. Therefore, the
trapping of the DNA molecules was likely to be the result of the
electrophoretic force. On the other hand, the frequency depen-
dence of concentrating DNA molecules was consistent with the
ac electroosmotic flow. The peak frequency for the concentration
of DNA molecules was the same as the peak frequency for ac
electroosmosis at a similar conductivity. It should be noted that
there is no observable concentration of the molecules when only
a dc voltage was applied. The result indicates that ac electro-
osmosis was required for the concentration of the DNA molecules.
Another possible effect is that ac electric field minimizes the effect
of electrode polarization3>36 and maximizes the effective electric
field strength. However, the decrease of the concentration effect
at a frequency higher than 1 kHz cannot be explained by electrode
polarization. The effect of electrode polarization should decrease
with increasing frequency. Therefore, electrode polarization cannot
be a dominant factor for the concentration of the molecules;
however, it could be responsible for the observed effect at pure
dc voltage. Our results show that a combination of ac electro-
osmosis and the electrophoresis was able to concentrate the DNA
molecules. The electrophoretic force played a role similar to that
of the DEP force in trapping micrometer and submicrometer
particles.

Defocusing of DNA Molecules. As found in the measure-
ments with varying frequencies, there was a decrease of intensity,
which indicates a decrease in DNA concentration at the center of
the central electrode at low frequency (<200 Hz). To characterize

(35) Feldman, Yu.; Polygalov, E.; Ermolina, I.; Polevaya, Yu.; Tsentsiper, B. Meas.
Sci. Technol. 2001, 12, 1355—1364.

(36) Gunning, J.; Chan, D. Y. C.; White, L. R. J. Colloid Interface Sci. 1995, 170,
522—537.



this phenomenon (decrease of intensity at the center of the
electrode), pure oscillating potential of 6 V (peak to peak) at 70
Hz was applied. The conductivity of the medium was 7.6 mS/m.
Figure 5a shows the intensity distribution on the electrode surface
at different times. The concentration of the ssDNA molecules at
the center of the electrode reached steady state within 20 s. It is
possible that the DNA molecules at the center were pushed toward
the edge. The intensity near the edge of the electrode decreased
slowly. Figure 5b shows the intensity at the center of the electrode
with different applied frequency. Below 400 Hz, the phenomenon
became stronger as frequency decreased. We also performed the
experiment with different buffer conductivities. Figure 5¢ shows
the intensity at the center of the central electrode after the
application of the potential for 1 min.

The physical origin of the phenomenon is unclear at the
moment. Electrohydrodynamic flow, such as ac electroosmosis
and electrothermal flow,”!! is not likely to be important because
the phenomenon has different frequency dependency and sensitiv-
ity to the conductivity of the medium. More importantly, pure
electrohydrodynamic flow cannot induce the local concentration
distribution from the initial uniform distribution of the DNA
molecules. A local force that exerts effect on embedded molecules
should be responsible for the observation. Dielectrophoresis of
DNA molecules (as small as 368 bp for dsDNA and 1137 bases
for ssDNA) has been demonstrated to be feasible.!21417 Positive
dielectrophoresis has been reported for manipulating 1 phage
DNA at a similar condition.* Below 1 kHz, they observed
comparable frequency dependency. Larger voltage is required to
trap the A phage DNA molecules at higher frequencies. However,
we did not observe accumulation of the molecules at the edge of
the electrode for the entire range of frequencies tested (30—300
kHz). On the contrary, the intensity near the edge of the electrode
decreases with time. Neither positive DEP nor negative DEP is
able to explain the observed intensity distribution. In either case,
the effect should be strongest at the edge, where the electric field
gradient is highest. However, we do not exclude the possibility
that the observed phenomenon is due to a combination of DEP

(37) Yeh, S-R.; Seul, M.; Shraiman, B. I. Nature 1997, 386, 57—59.

force with other electrokinetic forces. On the other hand, the
interaction between the DNA molecules and the EDL on the
electrode surface may have contributed to the phenomenon.31%7
The frequency dependence of the phenomenon is consistent with
the EDL formation. The influence of the EDL is expected to be
stronger at lower frequency. It should also be noted that the
intensity was almost constant at the surface of the outer electrode,
which has relatively small surface area. However, there is no direct
evidence showing that the observation was a result of the
molecule—electrode interaction. Further investigation is required
to understand this interesting observation.

CONCLUSION
We have developed an electrokinetic processor for concentrat-

ing biological samples in a microbioanalysis system. A combina-
tion of particle trapping force and the electrohydrodynamic flow
has successfully concentrated various bioparticles from microme-
ter to nanometer in size. With electrophoretic forces generated
by a dc offset, we are able to concentrate ssSDNA molecules as
small as 20 bases, which are commonly used in biotechnology
protocols (e.g., PCR, hybridization assay, and microarray). We
have also observed a decrease in DNA concentration on the
electrode surface at low frequency. This interesting behavior is
not clearly understood and cannot be explained by any known
electrokinetic forces. This phenomenon has a large effective range
and only requires small driving voltage. This interesting finding
can potentially be applied to applications, such as stringency
control or diffusivity measurement (similar to fluorescence
recovery after photobleaching).
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