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We extend an earlier study (Liang et al., 2010 [1]) to demonstrate a three-dimensional focusing of neu-
trally buoyant particles in electrophoresis through a rectangular microchannel as a result of the wall-
induced lateral migration.

© 2010 Elsevier Inc. All rights reserved.

In an earlier paper [1], we observed that particles in electropho-
resis through a straight rectangular microchannel migrate toward
the centerline in the horizontal plane. Such lateral migration is
attributed to the wall-induced electrical force arising from the
non-uniform electric field around the particles [2,3]. Here, we uti-
lize this dielectrophoresis-resembled motion to demonstrate a
three-dimensional particle focusing in a rectangular microchannel.

The microchannel we used is 2 cm long with a uniform cross-
section of 50 x 50 pm. It was fabricated with polydimethylsiloxane
(PDMS) using the standard soft lithography method. The fabrica-
tion procedure is given elsewhere [1]. In our experiments, polysty-
rene particles of 5pum and 10 um in diameter (Sigma-Aldrich,
USA) were re-suspended in a solution with neutral buoyancy to a
concentration of about 107 particles per mL. The solution was
made by mixing 1 mM phosphate buffer and glycerol at a volume
ratio of 7.8:2.2 [4]. Its mass density matches that of the particles.
The particle transport was driven by a DC electric field supplied
by a power supply (Glassman High Voltage Inc., High Bridge, NJ),
and visualized with a CCD camera (Nikon DS-Qi1Mc) through an
inverted microscope (Nikon TE2000U, Nikon Instruments, Lewis-
ville, TX).

The finite-size particle distorts the electric field lines, resulting
in electric field gradients formed around it; see the field contour
over the channel cross-section in Fig. 1. The presence of the chan-
nel walls breaks the symmetry of these field gradients, which
yields an electrical force, F,, pointing away from the nearby walls
[1-3]. As a consequence, particles of neutral buoyancy are ulti-
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mately pushed toward the center of the channel cross-section,
forming a three-dimensionally focused stream along the channel
axis. The effectiveness of this electrokinetic focusing is determined
by the ratio of the distance the particle moves laterally to the dis-
tance it travels longitudinally. Equivalently this focusing depends
on the ratio of the F,,-induced velocity to electrokinetic particle
velocity and the ratio of channel length to width (or the hydraulic
diameter). The dielectrophoresis-resembled force, F,,, decays rap-
idly when the particle is away from the channel wall(s), but in-
creases quadratically with both the particle size! and the applied
electric field [2,3]. Therefore, the induced lateral particle migration
is proportional to the particle size and the electric field squared. In
contrast, the electrokinetic particle velocity is a linear function of
the electric field [5] while insensitive to the particle size unless
the particle closely fits the channel [6]. Hence, increasing the electric
field and/or particle size should in principle enhance the wall-in-
duced electrokinetic particle focusing.

Fig. 2 shows the snapshot top-view images of 10 um particles
flowing through the inlet (a), middle (b), and outlet (c) of the rect-
angular microchannel. The applied DC voltage drop across the 2 cm
long channel was 400 V, producing a 20 kV/m electric field. The fo-
cal plane of the microscope objective was positioned approxi-
mately to the middle of the channel depth. At the channel inlet,
both off-centered (in the horizontal or channel width direction,
highlighted with squares for clarity) and defocused (in the vertical
or channel depth direction, highlighted with circles for clarity) par-
ticles are seen in Fig. 2a. This is attributed to the uniform spreading

! Note that the traditionally-defined dielectrophoretic force is proportional to the
particle volume.
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Fig. 1. The non-uniform electric field around a particle (indicated by the
background contour that was obtained from COMSOL®, the darker the larger)
generates an electrical force, F,, pushing the particle away from the walls to the
center of the channel cross-section.

of neutrally buoyant particles in the upstream reservoir. When par-
ticles have travelled through half of the channel length, however,
defocused particles are rarely observed in Fig. 2b and most of them
are moving in a narrow region about the channel centerline. Fur-
ther, in Fig. 2c neither off-centered nor defocused particles are
seen, indicating that a nice three-dimensional particle focusing
has been formed at the channel outlet. This trend indicates that
the autonomous focusing of particles in electrophoresis through
a rectangular microchannel increases with the channel length.
Fig. 3 compares the snapshot images of 5 pm particles at the
outlet of the rectangular microchannel under different electric
fields. The particle image at the channel inlet is also included in
Fig. 3a for a clear comparison, where, once again, both off-centered
(highlighted with squares for clarity) and defocused (highlighted
with circles for clarity) particles are present. As expected, the elec-
trokinetic particle focusing is enhanced with the rise of the electric
field. Specifically, at the 10 kV/m electric field, many particles are
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Fig. 2. Snapshot top-view images of 10 um particles moving through the inlet (a),
middle (b), and outlet (c) of a rectangular microchannel at the electric field of 20 kV/
m. For clarity the off-centered and defocused particles in (a) and (b) are highlighted
with boxes and circles, respectively. The flow direction is from left to right.
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Fig. 3. Snapshot top-view images showing the electric field effect on the three-
dimensional focusing of 5 pm particles at the outlet of a rectangular microchannel:
(b) 10 kV/m, (c) 30 kV/m, and (d) 50 kV/m. The particle image at the channel inlet is
shown in (a). For clarity the off-centered and defocused particles are highlighted
with squares and circles, respectively. The flow direction is from left to right.

still off-centered and defocused at the channel outlet while at a les-
ser extent than at the channel inlet. This is identified from the clear
edges of most particles in Fig. 3b. When the electric field is in-
creased to 30 kV/m, an apparently better focusing is obtained in
the channel width (or horizontal) direction because much less
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Fig. 4. Electric field and particle size effects on the width of the focused particle
stream in the horizontal plane at the outlet of a rectangular microchannel. The lines
are used solely to guide the eyes. The two insets display the superimposed images
at the 30 kV/m electric field.
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off-centered particles are observed in Fig. 3c. However, the
improvement in the vertical particle focusing is not as evident as
in the horizontal focusing, which may be partially due to the lim-
ited depth of focus of our optical microscope. As the electric field
further increases to 50 kV/m, a tightly focused particle stream is
observed along the channel centerline in Fig. 3d where few defo-
cused particles are seen.

Fig. 4 compares the widths of the focused 5 pm and 10 pm par-
ticle streams in the horizontal plane at the channel outlet at differ-
ent electric fields. The data points (symbols, averaged over three
measurements for each size of particles) were obtained by measur-
ing the widths of the particle trajectories in the superimposed
images (see the inset sample images in Fig. 4). Apparently, 10 pm
particles gain a better focusing than 5 um particles, where the
measured stream width of the former is on-average 30% smaller
for the range of 10-30 kV/m electric field. This is because 10 pm
particles experience a larger wall-induced lateral velocity than
5 uwm particles while their electrokinetic velocities are nearly iden-
tical. The measured electrokinetic mobility (i.e., electrokinetic
velocity per unit field) is about 1.1 x 10~8 m?(Vs). In addition,
similar to what one has seen in Fig. 3, increasing the electric field
leads to a reduction of the stream width for both sizes of particles.

In summary, we have demonstrated a three-dimensional elec-
trokinetic focusing of particles in a straight rectangular microchan-
nel. Due to the wall-induced electrical repulsion force, neutrally

buoyant particles in electrophoresis were observed to migrate to-
ward and travel along the channel axis. Non-neutral particles are,
however, anticipated to flow in a focused stream near the top or
bottom wall, onto which sensing electrodes may be fabricated for
improved electrical detections [7]. Such autonomous particle
focusing in a rectangular microchannel may potentially be used
in microflow cytometers.
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