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ABSTRACT

Electric field is the method of choice in microfluidic devices for precise transport and placement of particles via fluid elec-
troosmosis and particle electrophoresis. However, current studies on particle electrophoresis in microchannels have been
focused mainly upon Newtonian fluids though many of the chemical and biological fluids possess non-Newtonian character-
istics. Especially lacking is the experimental study of particle electrophoresis in either type of fluids. We report in this work an
unprecedented experimental observation that polystyrene particles migrate towards the walls of straight rectangular microchan-
nels in the electroosmotic flow of shear-thinning xanthan gum (XG) solutions. This phenomenon is opposite to the particle
focusing along the channel center in our control experiment with the Newtonian base fluid of the XG solutions. It is attributed
to a fluid shear thinning-induced lift that overcomes the wall-induced repulsive electrical lift. The parametric effects of the
fluid-particle-channel-(electric) field system are systematically investigated.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5085186

I. INTRODUCTION

Microfluidic devices have been increasingly used over
the past two decades for numerous chemical, biomedical,
and environmental applications because of the advantages
(e.g., reduced cost, increased efficiency, and portability) over
their macroscopic counterparts.’? A precise transport and
placement (e.g., focusing, trapping, and sorting) of particles
(from biological to synthetic, soft to rigid, etc.) in microchan-
nels is often involved in these devices.>® Among the var-
ious particle handling approaches (e.g., optical, acoustic,
and magnetic),” ' electric field is the method of choice
in microfluidic systems because of the ease of operation
and integration (with pre- and/or post-analysis parts).’’-¢
It controls the motion of particles by fluid electroosmosis
and particle electrophoresis, both of which are linear elec-
trokinetic phenomena and result from the Coulomb force
acting on the net charge inside the electric double layer

(EDL) formed at the fluid-solid (i.e., the channel walls and
particles) interface.'” Under the limit of thin EDLs, elec-
troosmotic flow owns a plug-like velocity profile and has a
similitude to the electric field in Newtonian fluids. Electric
field, if non-uniform in, for example, straight microchan-
nels with varying cross-sections'é?% or curved microchan-
nels?'-?3 also generates particle dielectrophoresis, which is a
nonlinear electrokinetic phenomenon either along or against
its gradients.?425

There have been quite a number of studies on par-
ticle electrophoresis in Newtonian fluids through straight
microchannels of various shapes (e.g., cylindrical, slit, and
rectangular channels, where electric field is uniform every-
where, and hence, dielectrophoresis is absent).?6?7 These
studies have been primarily concerned about two aspects. One
aspect is the wall effect on the axial electrophoretic motion
of particles, which has been theoretically and experimentally
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demonstrated to reduce the particle velocity?®-3? unless par-
ticles travel in close proximity to channel walls.>>-3¢ The other
aspect is the wall-induced lateral migration of particles,>7-5¢
which is driven by the repulsive electrical lift because of the
mismatched fluid and particle conductivities.*°-*? Recently,
there have been a few studies on the cross-stream par-
ticle migration in combined electric field- and pressure-
driven fluid flows, where particles are observed to migrate
towards either the center or the walls of straight microchan-
nels depending on the direction of electric field.*>*>
Particles have also been reported to self-assemble into
near-wall periodic bands in countercurrent electroosmotic
and Poiseuille flows though the mechanism is currently still
unclear.#647

As many of the chemical (e.g., polymer solutions) and
biological (e.g., DNA solutions) samples are complex flu-
ids,*#49 there has been a growing interest in the under-
standing of non-Newtonian effects (e.g., elasticity and shear
thinning) on particle electrophoresis (as well as fluid elec-
troosmosis®®>4) in microchannels.>> However, the majority
of these studies are purely theoretical or numerical, which
predict an enhanced electrophoretic velocity of parti-
cles in Carreau fluids as compared to Newtonian flu-
ids in various confinements (e.g., spherical cavity and
cylindrical channel) because of the fluid shear thinning
effect.55-59 In another theoretical study, particles are found
to exhibit a shape- and size-dependent electrophoretic
velocity in complex fluids with shear rate dependent
viscosities.®°

Thus far, there have been very few experimental works
on particle electrophoresis or fluid electroosmosis in non-
Newtonian fluids. Instabilities have been reported to occur
in the electroosmotic flow of polyacrylamide (PAA) solu-
tions, which have strong elasticity and shear thinning effects,
through both a constriction®' and a cross-shaped microchan-
nel.°? They also take place in xanthan gum (XG) solutions,®*
which are strongly shear thinning with a weak elasticity.®465
Recently, our group has observed unexpected oscillations
of particles traveling along with the electroosmotic flow of
polyethylene oxide (PEO) solutions, which are moderately
elastic and weakly shear thinning, through a constriction
microchannel.5¢ Such oscillations within the constriction
were later found to disappear for particles traveling
against the flow.5” More recently, our group has demon-
strated an exactly opposite lateral migration of particles
in a combined electric field- and pressure-driven flow
of PEO solution as compared to that in a Newtonian
fluid.%®

We present in this work an experimental study of parti-
cle electrophoresis in XG solutions through straight rectan-
gular microchannels. We find that particles migrate towards
the channel walls, which is exactly opposite to the par-
ticle focusing phenomenon along the channel center in
Newtonian fluids.?® We perform a comprehensive study of
various parameters of the fluid-particle-channel-(electric)
field system that may potentially affect such an unprece-
dented particle migration phenomenon in non-Newtonian
fluids.

scitation.org/journal/phf

Il. EXPERIMENT
A. Microchannel fabrication

The microchannel used in this work was fabricated using
polydimethylsiloxane (PDMS) with the standard soft lithogra-
phy technique. The geometry of the channel was designed in
AutoCAD (Autodesk, Inc.), and printed onto a transparent film
at a high resolution (10 000 DPI, CAD /Art Services, Inc.) for
uses as a negative photomask. In order to make microchan-
nels with different depths, negative photoresist (SU-8 25,
MicroChem Corp.) was coated (WS-400E-NPP-Lite, Laurell
Technologies) onto thoroughly cleaned glass slides at differ-
ent spin speeds. A two-step soft bake (the baking temper-
ature and time depend on the thickness of the spin-coated
photoresist film) was then performed on two separate hot
plates (Torrey Pines Scientific) for each photoresist-covered
slide. Following that was a UV exposure (ABM, Inc.) upon the
photoresist through the same negative photomask while the
exposure time varied with the film thickness. After another
two-step post-exposure bake, the cross-linked photoresist
was soaked in a developer solution (MicroChem Corp.) and
rinsed using isopropyl alcohol (Fisher Scientific). This step
created a positive replica of the microchannel on the glass
slide, which, after a final hard bake, was ready for uses as a
mold.

Next, liquid PDMS (Dow Corning Corp., Midland, USA)
was prepared by thoroughly mixing Sylgard 184 and its cur-
ing agent (Dow Corning) at a 10:1 ratio in weight. It was then
poured over the microchannel mold in a petri dish followed
by a degassing process in a vacuum oven (13-262-280A, Fisher
Scientific). Subsequently, the petri dish was placed into a grav-
ity convection oven (13-246-506GA, Fisher Scientific) to cure
the liquid PDMS at 70 °C for 2 h. After that, the PDMS sec-
tion containing the channel was cut out using a scalpel, and
two through holes were punched in the pre-designed circu-
lar regions at the channel ends as reservoirs. The last step
of the whole fabrication process was to plasma-treat (PDC-
32G, Harrick Scientific) the channel side of the PDMS slab
(around 3 mm thick) and a clean glass slide before bonding
them together. Iigure 1 shows a picture of the microchan-
nel, which is straight 2 cm long with a rectangular cross-
section. The width of the channel was fixed at 50 uym in
this work while the depth was varied from 15 ym to 25 um
and 40 um.

B. Particle solutions preparation

Polystyrene spheres (Sigma-Aldrich Corp.) of 5 um, 10 um,
and 15 um in diameter were used to study particle elec-
trophoresis in the fabricated rectangular microchannels. They
were each re-suspended in 2000 ppm XG solution that was
prepared by dissolving XG powder (Tokyo Chemical Indus-
try) into 1 mM phosphate buffer (pH ~ 7.4 with a measured
electric conductivity of 200 uS/cm). Moreover, 10 um par-
ticles were re-suspended into 1 mM phosphate buffer-based
1000 ppm and 3000 ppm XG solutions for the study of XG con-
centration effect. They were also re-suspended into the pure
1 mM buffer solution for a control experiment. All three types
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FIG. 1. Picture of the microfluidic chip where the straight rectangular microchannel
is located at the bottom surface of the PDMS slab and sealed with a glass slide.

of particles reached a final concentration of 10-107 parti-
cles/ml in every suspension. To reduce particle aggregations
and adhesions (to microchannel walls), 0.5% (in volume ratio)
Tween 20 (Fisher Scientific) was added into each particle solu-
tion. Table I summarizes the rheological properties of the
prepared XG and buffer solutions, which are directly adapted
from the literature’® due to the lack of measuring equipment
in our lab. The fluid shear-thinning effect is reflected by the
power-law index, n, where the Newtonian buffer solution has
n = 1 while the XG solutions are all strongly shear thinning
with n < 0.5. Moreover, the XG solution becomes more shear
thinning at a higher concentration.

C. Experimental method

To generate electric field across the length of the
microchannel, one platinum electrode (Fisher Scientific) was
inserted into each of the solution-filled reservoirs at the chan-
nel ends. Different magnitudes of direct current (DC) voltage
were supplied using a high-voltage power supply (Glassman
High Voltage, Inc.). The electric field was kept no more than
400 V/cm in any test to minimize potential Joule heating
effects.”! Prior to every test, the liquid height was carefully
balanced in the two reservoirs to eliminate pressure-driven
flow in the microchannel. Moreover, the running time of elec-
tric field was limited to 1 min to minimize the electroosmosis-
induced pressure-driven backflow.”? Each test was repeated
a minimum of three times on different days to make sure

TABLE |. Rheological properties (zero shear viscosity, 17¢; infinite shear viscosity,
1700; power-law index, n) of the prepared suspending fluids at 20 °C.

Solutions 170 (Pa s) 17 (Pas) n
1 mM buffer 1.0X103 1.0x1073 1.0
1000 ppm XG 0.225 1.88 103 0.40
2000 ppm XG 3.68 2.24 %103 0.34
3000 ppm XG 120 3.91x10 3 0.23

scitation.org/journal/phf

that results were repeatable. The visualization and record-
ing of particle motion were done through an inverted micro-
scope (Nikon Eclipse TE2000U; Nikon Instruments) equipped
with a CCD camera (Nikon DS-QilMc). The obtained digi-
tal images were post-processed using Nikon imaging soft-
ware (NIS-Elements AR 2.30). The Image] software package
(National Institute of Health) was employed to measure the
transverse particle positions at the channel outlet, which were
then used to calculate the probability distribution function
(PDF) for Excel plots.

Particles were observed to move against the electric field
direction in all three XG solutions. Their axial velocities at
different transverse positions were obtained using the par-
ticle tracking velocimetry (i.e., particle’s travelling distance
divided by the time span of measurement) near the channel
inlet (still 4 mm away from the entrance to ensure a fully
developed flow and a uniform electric field). The electroki-
netic mobility of particles, ugk, was then determined from
the slope of the linear trendline of the experimentally deter-
mined particle velocities (averaged over at least five indi-
vidual particles) vs. electric field. This operation was based
on the assumption that the electrokinetic particle velocity
is proportional to the electric field magnitude,>>>° which is
supposed reasonable because the fluid velocity is very low
in all our tests and hence yields insignificant shear thinning
effect.

lll. RESULTS AND DISCUSSION

A. Development of particle migration along
the channel length

Figure 2(a) shows the top-view images of 10 um particles
in 2000 ppm XG solution through a 25 ym deep microchannel
under a 150 V/cm DC electric field. For a better illustration of
the development of particle electrophoresis, six images were
obtained capturing the inlet, four middle segments and outlet,
respectively, along the channel length. Each of these images,
which shows the particle streaklines over an approximately
200 pum channel length, was taken roughly 3.8 mm away
from the previous one making them evenly distributed along
the entire channel (2 cm long). One can observe in Fig. 2(a)
that particles tend to move more towards the walls of the
microchannel as they move through it. This trend is also quan-
titatively illustrated by the plots of particle PDF in Fig. 2(b),
where more than 85% of the flowing particles are within one
particle diameter from the walls at the channel outlet. Such
a wall-directed lateral particle migration in the XG solution
is opposite to that in the Newtonian buffer solution, where,
as demonstrated in Fig. 2(c), particles are focused to a single
stream along the channel center at the outlet. The latter phe-
nomenon is a consequence of the wall-induced electrical lift,
Fy, which results from the dissimilar electric conductivities of
the particles and suspending fluid,>7-3°

Fyp ~ £a’E? 1))

In this equation, ¢ is the fluid permittivity, a is the particle
diameter, and E is the applied electric field. Note that F,, is
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FIG. 2. Electrophoresis of 10 um particles through a 25 um deep straight rectangular microchannel under 150 V/cm DC electric field: (a) top-view superimposed images
in 2000 ppm XG solution at selected channel segments; (b) plots of particle PDF in 2000 ppm XG solution at the selected channel segments except the inlet; (c) top-view
superimposed image in the Newtonian buffer solution at the channel outlet. The dashed box in (a) highlights the region where the particle PDF was obtained. The solid-line
arrow in (a) indicates the vertical axis of the particle PDF plots in (b). The dashed-dotted lines in (a) and (b) both indicate the channel centerline. The scale bar in (a) represents

50 pm.

a strong function of the particle-wall distance and becomes
zero at the center of the channel.®?

As the dielectrophoretic-like force,° Fy,, is supposed to
also take place in the non-Newtonian XG solution, we hypoth-
esize there exists another lateral force in the shear-thinning
XG solution that directs particles towards the channel walls
and competes with Fy,. This force should not be an elastic-like
lift, Fer,, which, as traditionally defined for fluids with a negligi-
ble second normal stress difference (Ny), is proportional to the
variation of the first normal stress difference, Ny, over the size
of the particle.”* By assuming a power-law behavior, N = Ay™,
for diluted solutions of high molecular weight polymers,”* we
obtain

Fo ~ a’AVy™ @
where A and m are both fluid-dependent constants with m
typically in the range 1 < m < 2, and y is the local fluid
shear rate. As the electroosmotic velocity profile of shear thin-
ning fluids is uniform under the thin EDL limit (the estimated
Debye length is on the order of 10 nm in 1 mM solution,'”
much smaller than the dimension of microchannels or par-
ticles in our test), the value of y becomes essentially zero
everywhere leading to F,;, = 0. Therefore, we further specu-
late that the additional wall-directed lateral force arise from
the shear thinning effect of the XG solution itself. The mecha-
nism behind this force, Fsr, is, however, currently unclear. We
present in the following sections a parametric study of the fac-
tors that may potentially affect the lateral particle migration
in the electroosmotic flow of XG solutions through straight
rectangular microchannels.

B. Effect of electric field

Figure 3 shows the effect of electric field magnitude
on the lateral migration of 10 um particle electrophoresis in
2000 ppm XG solution through a 25 um deep straight
microchannel. At 50 V/cm, all particles are observed from the
top-view superimposed image in Iig. 3(a) to line the walls at
the channel outlet. At 100 V/cm, a very small portion of the

particles moves slightly away from the channel walls. Specif-
ically, the PDF plot in Fig. 3(b) shows that more than 95%
of the particles are still within one particle diameter from
the walls at 100 V/cm. This value drops to around 85% at
150 V/cm [see Fig. 2(c)] and 70% at 200 V/cm [see Fig. 3(b)]
because particles increasingly move away from the channel
walls. With the further increase of electric field to 300 V/cm

50 Viem \ 100 Viem \ 150 V/em ﬁ

G

o
o8 850 R /_:(XL'
200 Viem \Q

— 100 V/cm
= == 200 V/icm
------ 400 V/em

-25 20 -15 -10 -5 0 5 10 15 20 25
Location (um)

FIG. 3. Electrophoresis of 10 um particles in 2000 ppm XG solution through a
25 um deep microchannel under varying DC electric fields: (a) top-view super-
imposed images at the channel outlet; (b) plot of particle PDF obtained from
the images in (a) under three representative electric fields. The scale bar in (a)
represents 50 pm.
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and above, no apparent particle migration towards the walls
is viewed from the images in Fig. 3(a). The PDF plot in
Fig. 3(b) presents a nearly even distribution of particles over
the channel width at the electric field of 400 V/cm. Such a
trend in particle distribution indicates that the above assumed
fluid shear-thinning induced lift, Fsr, might be insensitive
to the applied electric field or has a weaker dependence
on electric field than that of the wall-induced electrical
lift, Fyp.

Figure 4 shows the effect of electric field magnitude on
the measured axial electrokinetic velocity of 10 um particles in
2000 ppm XG solution through a 25 um deep microchannel.
To obtain the particle velocity profile over the channel cross-
section, we divided the 50 um channel width into four equal
sections of 12.5 um each, i.e., two sections each in half channel
width. We measured the velocities of (minimum) five particles
in every section at a channel segment 4 mm away from the
channel inlet [see Fig. 2(a)] and used their average as the elec-
trokinetic velocity therein. Figure 4(a) shows the widthwise
distribution of this measured particle velocity under 150 and
300 V/cm electric fields, respectively. A nearly flat profile is
obtained for each field, which seems consistent with the plug-
like electroosmotic fluid velocity under the thin EDL limit.>>
Figure 4(b) shows the variation of electrokinetic particle veloc-
ity with electric field, which is fitted well to a linear trendline

a
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FIG. 4. Experimentally measured axial electrokinetic velocity of 10 xm particles in
2000 ppm XG solution through a 25 um deep microchannel: (a) velocity profiles in
the channel width direction under 150 V/cm and 300 V/cm DC electric fields (sym-
bols represent the experimental data; the solid lines are for guiding the eyes only);
(b) velocity variation with electric field (symbols represent the experimental data;
the dotted line is the linear trendline of the experimental data with the equation and
R? values being both displayed).
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with R? = 0.9567. The slope of this trendline gives the elec-
trokinetic mobility of 10 um particles in 2000 ppm XG solu-
tion, which was found to be 1.96 x 108 m? /(V s) as displayed
in Fig. 4(b).

C. Effect of XG concentration

Figure 5 shows the effect of XG concentration on the lat-
eral migration of 10 um particle electrophoresis in a 25 um
deep straight microchannel. As seen from the top-view images
at the channel outlet in Fig. 5(a), particles apparently migrate
towards the channel walls in 1000 ppm XG solution under a
100 V/cm electric field. The extent of migration is, however,
much smaller than that in 2000 ppm XG solution under the
same electric field. It does not change significantly when the
XG concentration is further increased to 3000 ppm. This trend
verifies our assumption of fluid shear-thinning induced lift,
Fsr, in XG solutions, which, by nature, should increase for a
higher XG concentration. Under a 200 V/cm electric field,
particles become roughly uniformly distributed in 1000 ppm
XG solution while majority of the particles still remain close
to the channel walls in 2000 ppm and 3000 ppm XG solu-
tions. This phenomenon is quantitatively demonstrated by the
PDF plot in Fig. 5(b), where the curves for the two higher XG

~
£
'

100 V/em

?&iﬁ’i\ﬂ‘fb‘?ﬁé?j@%? T -.{z
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FIG. 5. Electrophoresis of 10 pm particles in XG solutions of varying concentra-
tions through a 25 um deep microchannel: (a) top-view superimposed images at
the channel outlet under varying DC electric fields; (b) plot of particle PDF obtained
from the images in (a) under a fixed electric field of 200 V/cm. The scale bar in (a)
represents 50 p«m. The shaded region in (b) highlights the steric zone adjacent to
any channel walls where the center of particles cannot reach.
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concentrations are visually comparable. Note that the hori-
zontal axis of the PDF plot in Fig. 5(b) uses the distance of
particles to the channel center, and hence, the vertical axis
gives the total PDF value for particles of equal distance to
either channel wall. At the electric field of 400 V/cm, parti-
cles become dispersed across the channel width in all three
XG concentrations [see Fig. 5(a)] due to the stronger depen-
dence of the wall-repulsive electrical lift, F,,, on electric field
magnitude.

D. Effect of particle size

Figure 6 shows the effect of particle size on the lateral
migration of particle electrophoresis in 2000 ppm XG solu-
tion through a 25 um deep microchannel. Under a 100 V/cm
electric field, particles of 10 and 15 ym diameters all travel
out of the channel lining its two walls as illustrated by the
top-view images in Fig. 6(a). In contrast, there is still a small
portion of 5 um particles scattered in the bulk at the channel
outlet. This discrepancy, however, does not necessarily mean
the wall-directed lateral migration due to fluid shear thin-
ning increases for larger particles because there are far more
5 um particles in the suspension than the other two sizes. Such
a judgement is further supported by the particle images at

400 Viem

200 V/em

PDF (%)

0 5 10 15 70 25
Distance to the channel center (um)

FIG. 6. Electrophoresis of 5 «m, 10 um, and 15 m particles in 2000 ppm XG solu-
tion through a 25 ¢zm deep microchannel: (a) top-view superimposed images at the
channel outlet under varying DC electric fields; (b) plot of particle PDF obtained
from the images in (a) under the electric field of 200 V/cm. The scale bar in (a)
represents 50 um. The shaded region in (b) highlights the steric zone adjacent
to any channel walls, where the center of 5 um particles cannot reach. The two
vertical dashed-dotted lines highlight the edges of steric zone for 10 pm and 15
um particles.
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200 V/cm in Fig. 6(a), where a good amount of particles
of each size stays close to the walls at the channel outlet
despite the enhancement in the wall-induced electrical lift,
Fy. The PDF plots of the three types of particles are not
significantly different in Fig. 6(b) if we take into considera-
tion the steric effect of particle size (see the shaded region
for 5 um particles). Specifically, the center of rigid spheri-
cal particles of any sizes cannot approach within one particle
radius from any channel walls. In fact, due to the strong size-
dependence of the wall-repulsive electrical lift, F,, [see Eq. (1)],
the percentage of particles within one particle diameter from
either channel walls decreases from 75% for 5 um particles
to around 70% and 55% for 10 and 15 pum particles, respec-
tively. We therefore speculate that the fluid shear-thinning
induced lift, Fsr, may be simply a linear function of particle
size.

E. Effect of microchannel depth

Figure 7 shows the effect of microchannel depth on
10 um particle electrophoresis in 2000 ppm XG solution under
varying DC electric fields. At 100 V/cm, particles migrate
towards the walls and travel along them at the outlet in all

(@ 100 Viem 400 Viem

200 Viem

e 15 pm deep L
40 £ = =25umdeep 3
r =40 pm deep -\ 2
Q_\:, 30 'E
220 §
10 +
0 —
0 5 10 15 20 25

Distance to the channel center (um)

FIG. 7. Electrophoresis of 10 um particles in 2000 ppm XG solution through
microchannels of varying depths: (a) top-view superimposed images at the chan-
nel outlet under varying DC electric fields; (b) plot of particle PDF obtained from
the images in (a) under the electric field of 200 V/cm. The scale bar in (a) repre-
sents 50 pm. The shaded region in (b) highlights the steric zone adjacent to any
channel walls, where the center of particles cannot reach.
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three depths of microchannels, i.e., 15, 25, and 40 pum, respec-
tively. There are no visually significant differences among the
top-view images in Fig. 7(a), which indicates a weak depen-
dence of the fluid shear thinning-driven lateral migration on
channel depth. This phenomenon is not surprising because
the variation of channel depth has no effect on the shear
rate distribution of electroosmotic flow under the thin EDL
limit.>> When the electric field is increased to 200 V/cm,
more particles are observed from the images in Fig. 7(a) to
migrate away from the walls at the outlet of 15 um and
40 pm deep channels than of 25 um deep channel. This obser-
vation is quantitatively reflected by the PDF plots in Fig. 7(b),
where less than 50% of the particles are within one par-
ticle diameter from either wall of most the shallowest and
deepest microchannels (as compared to 70% in 25 um deep
channel). The reason for such a non-monotonic variation of
particle migration with channel depth is currently unclear.
Further increasing the electric field to 400 V/cm appears to
deplete particles from the walls due to the enhanced wall-
repulsive electrical lift, and hence, the particle images at the
outlet of any channel depths in I'ig. 7(a) become visually similar
again.

IV. CONCLUSIONS

We have performed an experimental study of par-
ticle electrophoresis in the DC electroosmotic flow of
shear-thinning XG solutions through straight rectangular
microchannels. Particles are observed to migrate towards (and
eventually travel along) the channel walls at relatively low
electric fields, but start moving away from the walls as the
electric field increases. This observation is different from what
happens in our control experiment with a Newtonian fluid,
which leads us to hypothesize there are two opposing forces
acting on particles in the XG solutions. The first one is a
wall-induced electrical lift that directs particles towards the
channel center and has been well studied in Newtonian flu-
ids. The second force is a fluid shear thinning-induced lift
that pushes particles away from the channel center. The lat-
ter migration may be heading exactly towards the four cor-
ners of the channel cross-section, which, however, requires
further experimental verifications. We have also conducted
a comprehensive study of the effects of various parameters
of the fluid-particle-channel-(electric) field system. The fluid
shear thinning-induced lift is found to increase with the XG
concentration and hence the fluid shear thinning effect. It is,
however, a weaker function of electric field than the electrical
lift and is at most a linear function of particle size. Moreover,
the channel depth does not seem to significantly affect this
wall-attractive lift. We believe our presented results will be
useful for future theoretical and numerical studies on particle
electrophoresis in confined flows of shear thinning fluids.
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