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ABSTRACT

Focusing particles into a narrow stream is usually a necessary step in microfluidic flow cytometry
and particle sorting. We demonstrate the addition of a small amount of polyethylene oxide (PEO)
polymer into a buffer solution can reduce by almost one order of magnitude the threshold DC
electric field for single-line dielectrophoretic focusing of particles in a constricted microchannel.
The particle focusing effectiveness of this fluid elasticity-enhanced insulator-based
dielectrophoresis, or E-iDEP short, in very dilute PEO solutions gets enhanced with the increase
of the PEO molecular weight and particle size. These two trends are both consistent with a
theoretical analysis that accounts for the fluid elasticity effects on the electrokinetic and
dielectrophoretic particle motions. Surprisingly, the particle focusing effectiveness of E-iDEP is

observed to first increase and then decrease with the increase of the PEO concentration.
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INTRODUCTION
Microfluidic devices have been widely used to handle particles (either synthetic or biological) for
chemical, biomedical, and environmental applications.!” Focusing particles into a narrow stream

is usually a necessary step in many of these devices such as flow cytometer and particle sorter.®!°

11-13 14-16 17-19

Both externally imposed (e.g., acoustic, electric, magnetic, etc.) and internally induced

120-23 and elastic®*?’ lift) forces have been utilized to move particles across streamlines

(e.g., inertia
for sheath-free focusing. Among these active and passive particle focusing methods, insulator-
based dielectrophoresis (iDEP)?? has received increasing interest because of its easy and robust
operation in electrokinetic microfluidic devices that favor integration and automation for point-of-
care technologies. This technique exploits an insulating hurdle on a channel wall or simply the
insulating wall itself if with a nonzero curvature to create local electric field gradients for inducing
the dielectrophoretic force.’!? It has thus far been demonstrated to focus, trap, concentrate and
sort particles for various microfluidic applications.*

One of the simplest iDEP devices for sheath-free particle focusing is a rectangular
microchannel with a single widthwise constriction, wherein particles suspended in a more-
conductive fluid are directed towards the channel centerline by negative DEP.*® In such a
constricted microchannel, a high-magnitude DC electric field usually must be used in order to
achieve a single-line particle focusing unless the size of the particles closely matches that of the

constriction.” Under this circumstance, Joule heating and other negative effects will probably

cause issues to the sample and even the device itself.*®3° Two primary approaches have been
3
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developed to enhance the iDEP focusing in constricted microchannels: one is to increase the DEP
force and the other is to extend the particles’ exposure time to the DEP force. For the first approach,
adding an AC component to the DC electric field contributes to the DEP force, but does not change
the electrokinetic particle motion or the acting time of DEP.3%*° Alternatively, replacing the one-
dimensional widthwise constriction with a two-dimensional one in both the channel width and
depth planes leads to a larger channel-to-constriction ratio and hence a stronger DEP force.*! For
the second approach, the use of a linear*? or a two-dimensional array*® of constrictions has been
demonstrated to enhance the iDEP focusing, where the particle exposure to DEP is elongated at
the cost of increasing space. In particular, our recent work proposed the use of AC electric field

1.** The effectiveness of such

for iDEP focusing of particles in a virtually “infinite” microchanne
AC-iDEP focusing was found to be a quadratic function of the AC field magnitude, distinct from
the linear dependence in DC (including DC-biased AC) field driven iDEP devices.'*!

Another potential approach to improved iDEP focusing is re-suspending particles into non-
Newtonian fluids, whose rheological effects have been demonstrated to strengthen the
hydrodynamic flow induced lift force enabling an effective focusing of smaller particles than in
Newtonian fluids.*>**® Our group has recently conducted experiments to investigate the iDEP
focusing of particles in several polymer solutions that are all in the semidilute-entangled state. Lu
et al.*’ observed an oscillatory motion for particles traveling along with the DC electroosmotic

flow of viscoelastic polyethylene oxide (PEO) solutions, which was found to not stop until a

sufficient number of particles formed a chain leaving the constriction of the microchannel. Lu et
4
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al.> later reported a weaker focusing effect for particles traveling against the electroosmotic flow
of PEO solutions than in a PEO-free buffer solution with no sign of particle oscillation. Moreover,
this weakened iDEP focusing in the PEO solutions shows a decreasing trend with the increase of
DC electric field, opposite to that in a Newtonian fluid. In a more recent paper, Bentor et al.>!
performed an experimental study of the fluid shear-thinning effect on the iDEP focusing of
particles in two other types of semidilute polymer solutions through the same constricted
microchannel. They observed a significantly improved particle focusing phenomenon in the
strongly shear-thinning and viscoelastic polyacrylamide (PAA) solution as compared to the
Newtonian buffer under the same DC electric field. In contrast, the particles in the strongly shear-
thinning but (nearly) inelastic xanthan gum (XG) solution were found to remain unfocused because
of perhaps the strongly disturbed electroosmotic flow in the constriction region.>?

We report in this work a surprising finding that the use of very dilute PEO solutions, in contrast

to the semidilute polymer solutions in previous studies,*>>

can substantially reduce the DC
electric field for iDEP focusing of particles in a constricted microchannel. We examine how the
variations of the PEO molecular weight and concentration, respectively, may affect this fluid
elasticity-enhanced iDEP (E-iDEP) for sheath-free particle focusing. We also examine the role of
particle size in such an E-iDEP focusing. Moreover, we attempt to explain the experimental

observations using a theoretical analysis that accounts for the possible fluid elasticity effects on

the electrokinetic and dielectrophoretic particle motions.
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MATERIALS AND METHODS
Experimental Setup
Figure 1a shows a photo of the constricted microchannel used in the experiment. The mold for the
channel was fabricated by photolithography with SU-8 2025 (Kayaku Advanced Materials). The
channel was then obtained from the mold using the standard soft lithography technique with
polydimethylsiloxane (PDMS). The details about the procedure can be found in our previous
paper.*® The microchannel is 500 um wide and 1 cm long with a 50 um wide and 250 um long
constriction in the middle. It has a measured height of 55 pm everywhere. The particle solutions
were prepared by re-suspending spherical polystyrene particles (Sigma Aldrich) into 1 mM
phosphate buffer-based dilute PEO solutions (Sigma Aldrich). They were each mixed with 0.5%
v/v Tween 20 (Fisher Scientific) surfactant to suppress the particle-particle interactions and
particle-wall adhesions. The particle concentration was kept low in all the solutions to reduce the
particle-particle interactions. The electric conductivity of the prepared PEO solutions was
measured to be around 150 pS/cm, which can be safely viewed much larger than that of
polystyrene particles.>

The reference parameters in our experiment were selected as 10 um particles in 50 ppm PEO
solution with a molecular weight, M,, = 2 MDa. For the effect of particle size on iDEP focusing,
we tested 5, 10 and 15 pm diameter particles (Sigma Aldrich). For the effect of polymer
concentration, we tested ¢ = 30, 50, 100, 200, and 400 ppm PEO solutions with M,, = 2 MDa.

The pure buffer solution, i.e., PEO free or ¢ = 0, was also tested as a control test. For the effect
6
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of polymer length, we tested M,, = 0.3, 0.6, 1, 2, 4 and 8 MDa PEO solutions at a fixed
concentration of 50 ppm. The overlap concentrations for these PEO polymers can be estimated
from c* = 0.77/(0.072M‘,|,0'65),54 which were found to decrease from 2945 to 348 ppm with the
increase of M,, from 0.3 to 8 MDa. Hence, our prepared PEO solutions are all in the dilute regime
exhibiting a weak to negligible shear thinning effect.’® The elasticity effect of the PEO solutions
is characterized by the Weissenberg number,>¢
Wi =21y (1

where A is the relaxation time and y 1is the fluid shear rate. The value of the effective relaxation

time was estimated from,”” A = 181,(c/c*)%®>, where 1, is the Zimm relaxation time given

S8 A, = F Mwns

N T In this definition, the pre-factor, F = 0.463, was estimated from the
ARB

by
Remann Zeta function using a solvent quality exponent of 0.55,°° n, = 1.0 mPa-s is the solvent
viscosity, N, is the Avogadro’s constant, kg is the Boltzmann’s constant, and 7= 293.15 K is

the room temperature. Table 1 presents the estimated rheological properties for each of our

prepared PEO solutions.

Table 1. Rheological properties for the prepared fluids. The Weissenberg number was estimated
using the electrokinetic particle velocity, Ugg, within the constriction of the microchannel under
100 V DC voltage.

W c c* < Ay A Ugk c Wi
(MDa) (ppm) (ppm) c¢*  (ms) (ms) (mm/s) °F
Pure buffer - - - - — 0 29 - 0

PEO 0.3 50 2945 0.017 0.015 0.019 1.1 0.37 0.00081

Solution

7
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50 1877 0.027 0.047 0.080 096 033 0.0031
50 1346 0.037 0.11 0.23 093 032 0.0086
50 858 0.058 034 097 0.90 0.31 0.035
50 457 0.091 1.1 4.1 0.78 0.27 0.13
50 348 0.14 3.4 17 0.77 0.27 0.53
30 858 0.035 034 0.69 1.1 0.39 0.032
100 858 0.12 0.34 L.5 0.88 0.30 0.053
200 858 0.23 0.34 24 0.83 0.29 0.079
400 858 047 0.34 3.7 0.79 0.27 0.12

NN NN O RN~ O

The prepared particle solution was driven through the constricted microchannel using DC
electric fields generated by a high-voltage DC power supply (Glassman High Voltage, Inc.). The
magnitude of the imposed DC electric field never exceeded 400 V/cm in the experiment to avoid
the effect of strong Joule heating. Under this electric field, the electric current through the
microchannel was observed to increase by no more than 2% within 3 mins, indicating at most a 1
°C temperature rise if the fluid conductivity is assumed to have a 2% temperature coefficient.®
The influence of electrothermal flow is therefore considered minimal because of the dominance of
electroosmosis under pure DC electric fields.®® Moreover, the time span for electric field
application was kept no more than 1 min to further minimize the influence of Joule heating as well
as the pressure-driven backflow. The liquid heights in the two end-channel reservoirs were
balanced out prior to every test to prevent the effect of hydrostatic pressure on particle motion.
Each test was performed at least three times to confirm the consistency, among which no

significant discrepancies were noticed. Particle motion in the constriction region was visualized

and recorded using a microscope (Nikon Eclipse TE2000U, Nikon Instruments) equipped with a

8
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CCD camera (Nikon DS-QilMc). The captured digital images were processed using the Nikon

imaging software (NIS-Elements AR 2.30).
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Figure 1. (a) Photo of the microfluidic chip (the constricted microchannel and reservoirs are filled
with blue food dye for visualization) used in the experiment; (b) Schematic illustration of iDEP
focusing of particles in the constriction region of the microchannel. The electric field gradient (see
the contour of VE? in the background, the darker color the larger magnitude)-induced
dielectrophoretic force, Fpgp, generates both a cross-stream (see the electric field lines, which are
similar to the streamlines for purely electrokinetic flows of Newtonian fluids'*) particle motion,
Upkp n, which focuses particles to the centerline of the channel, and a streamwise particle motion,
Upgp s, which opposes the electrokinetic particle motion, Ugg, and hence facilitates the particle
focusing and trapping.

Theoretical Analysis
The presence of the insulating constriction in the microchannel gives rise to local electric field
gradients (see the background contour of electric field squared in Figure 1b), yielding a

dielectrophoretic force, Fpgp, on the suspended particles,'*
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Fogp = smd%efoy VE? = —ind® (2-§ + 25.4) 2)
where d is the particle diameter, ¢ is the fluid permittivity, f¢y, is the Clausius-Mossotti factor
depending only on the particle and fluid conductivities for DC electric fields,” E is the electric
field vector, s denotes the streamline direction with § being its unit vector, R is the radius of
curvature of the streamline, and N is the unit vector normal to the streamline. As they are much
less conductive than the suspending fluid, polystyrene particles experience negative DEP in our
experiments with f-y, = —0.5 and are thus directed towards the lower electric field region. Note
that the two terms for the § and n directions within the bracket of eq 2 are obtained from the
analogy to the acceleration components along and normal to the streamline direction,
respectively.® The dielectrophoretic particle velocity, Upgp, is developed by balancing Fpgp
with the Stokes drag, where the latter has been demonstrated to depend on the fluid elasticity and
shear thinning,®!

Upep = Upgp o8 + Upgp ol = — 252 ((3_EZ§ +2 E_zﬁ) (3)
Gp(Wi) \ as R
In the above, Upgp s and Upgp, are the components of Upgp along and normal to the
streamline, respectively, and ppgp = d?s/24n, is the traditional definition for the
dielectrophoretic particle mobility in the Newtonian solvent with 7, being its viscosity.!*
Gp(Wi) is the correction factor that we introduce here to account for the potential effects of
polymer addition to the Newtonian solvent on the Stokes drag, which may include, for example,

the fluid elasticity and polymer viscosity etc.5>%

10
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The cross-stream dielectrophoretic motion, Upgp 5, causes the particles, which travel through
the constriction region of the microchannel at the streamwise electrokinetic velocity, Ugg =
Gex (Wi)ugkE , to migrate towards the channel centerline. Such an iDEP focusing effect is

governed by the following dimensionless particle velocity ratio, '

Upgpn| _ 1 2BE
| T Gp(WiGgg(Wi) R (4)

Uek

UDEP d?
= = 5
B UEK 24(3p—qw) ®)

In the above, Ggx(Wi) is another correction factor we introduce here to account for the potential
effects of polymer addition to the Newtonian solvent on the electrokinetic particle velocity,%*%°
Uk = s((p — (W) /Mo 1is the traditional definition of the electrokinetic particle mobility with ¢,
and {,, being the particle and wall zeta potentials in the Newtonian solvent, and [ is the
dielectrophoretic-to-electrokinetic mobility ratio. The streamwise dielectrophoretic motion,
Upep s, opposes the electrokinetic motion of particles, and hence facilitates the particle focusing.
Moreover, with the increase of the imposed electric field, Upgp s may become sufficiently large

to stagnate the particles at the entrance of the constriction region for a local trapping. The threshold

electric field for such an iDEP trapping effect, E,,, is given by,

OEty
s

Gp(WDGsx (WD) 35 (6)
It is therefore the product of the two introduced correction factors, Gp(Wi) and Gggx(Wi),

that characterizes the overall impact of polymer addition to the Newtonian solvent (here,

represented simply by the fluid elasticity in terms of W7i) on both the iDEP focusing and trapping

of particles in PEO solutions. While both correction factors are assumed to be associated with the
11
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polymer addition via the altered fluid viscosity and elasticity etc., they are not necessarily equal
because the fluid rheological effects on electroosmotic flow and electrophoretic motion may
follow dissimilar trends to those on the Stoke drag. Moreover, the polymer addition can affect
other physicochemical properties such as the wall and particle zeta potentials®® that are pertinent
to Ggx only. We must admit that the above analysis neglects the influence of nonlinear
electrophoresis of particles because the electric conductivity of our suspending buffer solution is
much larger than that of the particles and hence the surface conduction effect becomes
insignificant.”%® Also neglected in our analysis is the influence of nonlinear electroosmosis of
fluids (e.g., electrothermal flow and induced-charge electroosmosis)*® because of the dominating
linear electroosmosis under pure DC electric fields.®**7° These two assumptions together lead to
a linear electrokinetic particle motion or alternatively an electric field-independent electrokinetic
mobility.”! Our model should be used with appropriate modifications when the fluid conductivity
becomes comparable to that of the suspended particles and/or AC (or DC-biased AC) electric fields
are employed to drive the particle suspension.

Owing to the dependence of Wi on both the fluid relaxation time and shear rate in eq 1, the
effectiveness of iDEP focusing and trapping should be affected by the PEO concentration and
molecular weight as well as the electric field magnitude. The value of Wi was estimated from
Wi = 2AUgk/w, using the electrokinetic particle velocity inside the constriction of width w,,

which was obtained by multiplying the measured average velocity for 3-5 particles away from the

constriction under 100 V DC voltage with the channel-to-constriction width ratio (i.e., 10 here).
12
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The value of Ugg (see Table 1) was found insensitive to the size of the particles used in our tests,
consistent with our recent experiment.%® Moreover, it exhibits only a slightly decreasing trend with
the increase of polymer concentration or molecular weight. This is reflected by the observation of
Gegx(Wi) = 0.33 £ 0.06 (note the error is less than 20%) in Table 1, which was obtained by
comparing Ugg in each of the prepared PEO solutions with the measured particle velocity in the
Newtonian buffer. The calculated Wi exhibits an increasing trend with the increase of PEO
concentration or molecular weight in Table 1. It is, however, smaller than 1, indicating a weak

elasticity effect in all cases.

RESULTS AND DISCUSSION

Demonstration of E-iDEP

Figure 2a shows the images of 10 um diameter particles in 50 ppm, 2 MDa PEO solution in the
constriction region of the microchannel. The particles, which are nearly evenly scattered before
the constriction, exhibit a strong focusing effect downstream towards the center of the channel
under the DC voltage as low as 50 V. The corresponding DC electric field over the channel length
1s 50 V/cm on average while that inside the constriction has a magnitude of 500 V/cm because of
the mismatch between the channel and constriction widths. The former value of average electric
field will be used below for the discussion, consistent with that typically employed for iDEP
devices.!*!> A single-line focusing of the particles is achieved at around 90 V/cm. Increasing the

DC field to 120 V/cm initiates a partial trapping of the particles while a complete trapping takes
13
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place at around 200 V/cm. In contrast, the traditional iDEP focusing of 10 pum particles in the pure
buffer solution, which is the Newtonian solvent of the PEO solution, is apparently weaker than in
the PEO solution as viewed from the images in Figure 2b. Specifically, the single-line particle
focusing in the Newtonian fluid does not occur until the DC electric field reaches 400 V/cm, which
is about 4.4 times the value in the PEO solution. We see from Table 1 that the electrokinetic particle
velocity in the PEO solution is about 31% of that in the Newtonian buffer, i.e., Ggx(Wi) = 0.31,
which is viewed reasonable considering the polymer addition-induced increase in both fluid
viscosity and elasticity® as well as the possible changes in other physicochemical properties such

as zeta potential.%

Thus, to explain the difference in the electric field for single-line particle
focusing in between the PEO and buffer solutions using eq 4, we need Gp(Wi) = 0.73 such that
1/Gp,(Wi)Ggx(Wi) = 4.4. This seems reasonable too as Gp(Wi) < 1 has been reported to arise

from the fluid elasticity-caused drag reduction.®> We will present in the next three sections a

quantitative investigation of the parametric effects on the E-iDEP focusing of particles.

14
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Figure 2. Top-view snapshot images comparing the iDEP focusing of 10 um diameter particles in
the flow of (a) 50 ppm, 2 MDa PEO and (b) Newtonian buffer solutions in the constricted
microchannel. The magnitude of the imposed DC electric field (averaged over the channel length)
is labeled on top of each image. The particle moving direction is from top to bottom in all images.

Effect of Polymer Molecular Weight

Figure 3 shows the images of 10 um particles in 50 ppm PEO solutions with different polymer
molecular weights, M,,, in the constricted microchannel over a range of DC electric fields. There
is an apparently increasing trend in the E-iDEP focusing of particles with the increase of M,,
under each electric field. Even in the PEO solution with the smallest M,, = 0.3 MDa, the particle
focusing drastically gets enhanced against the pure buffer solution in Figure 2b. The particles in
this least viscoelastic PEO solution reach a single-line focusing at around 210 V/cm (data not
shown in Figure 3) as compared to 400 V/cm in the Newtonian buffer. The increase of M,, further
reduces the required electric field for the single-line particle focusing to around 140, 120, 80 and

50 V/cm in the 0.6, 1, 4 and 8 MDa PEO solutions, respectively. The onset of particle trapping
15



also shifts towards the lower electric field regime in the higher-M,, PEO solutions. Such an
improving trend in the E-iDEP focusing and trapping of particles with the increase of M,, may
be explained by the decrease of both Ggyx(Wi) (see Table 1) and Gp(Wi) in egs. 4 and 6.
Interestingly, for the PEO solution with the largest M,, = 8 MDa, particles start experiencing
disturbances in the constriction region as the electric field reaches above 70 V/cm, leading to an
unstable focusing position and even oscillation. This phenomenon seems qualitatively consistent
with our recent observation in 100 ppm (and higher), 4 MDa PEO solutions,* for which the

underlying reason is currently unclear.

16



AN Bk W

50 Viem 60 Vicm 80 V/cm 100 V/iem 120 V/iem 150 V/cm

ook e R R : ‘ ; e
o1l i I -'l :l
. ,——4—'- (__'-_. —— r_...-..f;:‘, f__ﬁ r—‘

; - L '::
)
o
=
©
o
©
o
=
)
o
=
<
®
[m)]
=
[ce]

Figure 3. Top-view snapshot images demonstrating the effect of PEO molecular weight (labeled
to the left of each row) on the E-iDEP focusing of 10 um diameter particles in 50 ppm PEO
solutions in the constricted microchannel. The magnitude of the imposed DC electric field is
labeled at the top of each column. The particle moving direction is from top to bottom in all images.

To evaluate the focusing of particles, we define a dimensionless focusing effectiveness, FE,

17
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FE = Wip (7
where w,, is the width of the particle stream after the constriction that can be measured directly
from the superimposed images. A larger FE indicates a better focusing of particles, and its
maximum value is unity corresponding to a single-line focusing regardless of the particle size.
Figure 4a plots the particle FE vs. DC electric field in the Newtonian buffer and PEO solutions
with different M,,. Two clear trends can be viewed from this figure: one is the increase of FE with
the increase of PEO molecular weight under each electric field, which is attributed to the decrease
of the product of Gp(Wi) and Ggx(Wi) in eq 4 as a result of the increasing Wi. This trend is
further illustrated in Figure 4b for a fixed electric field of 80 V/cm. The other trend is the increase
of FE with the increase of electric field as expected from eq 4, for which the experimental data in
each fluid can be fitted to a power trendline with a better than 90% R-squared value. Moreover,
the power of this electric field dependence achieves a larger value in the higher-M,, PEO solution
as seen from Figure 4b though the rate of increase with M,, slows down and eventually levels
out. Specifically, it increases from roughly 1 in the Newtonian buffer, which agrees with the linear-
dependence prediction of eq 4 for Gp(Wi)Ggx(Wi) = 1, to nearly 2 in the least viscoelastic 0.3
MDa PEO solution and slightly over 4 in the 4 MDa PEO solution. Such a nonlinear electric field

dependence of the particle FE in PEO solutions is probably associated with the dependence of

Gp(Wi) and Ggg(Wi) on the electric field via the shear rate in the definition of Wi ineq 1.

18
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Figure 4. Effect of PEO molecular weight on the iDEP focusing of 10 um diameter particles in 50
ppm PEO solutions: (a) comparison of the particle focusing effectiveness, FE, in the Newtonian
buffer and PEO solutions over a range of DC electric fields, where the power trendlines are used
to fit the experimental data (symbols); (b) plot of the particle FE at 80 V/cm and the power of
electric field dependence of FE [i.e., the slope of the power trendlines in the log-log space of (a)]
vs. the PEO molecular weight, where the lines are used here to guide the eyes only.

Effect of Polymer Concentration

Figure 5 shows the images of 10 um particles in 2 MDa PEO solutions with concentration varying

from 30 to 400 ppm in the constricted microchannel. Analogous to the observations in both Figures
19
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2 and 3, the iDEP focusing of particles in each concentration of PEO solution also gets better with
the increase of the imposed DC electric field. It, however, does not exhibit a monotonically
increasing trend with the increase of PEO concentration for each electric field case even though
the value of Wi increases like that when the PEO molecular weight increases in Figure 3.
Specifically, the single-line particle focusing is achieved at 130 V/cm in 30 ppm PEO solution.
This required electric field drops to 90 V/cm in 50 ppm PEO (see Figure 2) and then to 80 V/cm
in 100 ppm PEO. Also dropped is the electric field for the observed partial trapping of particles,
which decreases from around 140 V/cm in 30 ppm PEO to slightly above 100 V/cm in 100 ppm
PEO. Such an increasing trend in E-iDEP focusing and trapping may still be explained by the
decreasing correction factors, Gp(Wi) and Ggx(Wi), in egs. 4 and 6 because of the increase of
Wi. Further increasing the PEO concentration, however, causes the required electric field for
single-line particle focusing to rise back to around 120 V/cm in 200 ppm PEO and even higher
than 200 V/cm in 400 ppm PEO. This reversed trend is not predicted by eq 4, for which the
underlying reason is currently unknown. It might be related to the increasing entanglement of the

PEO polymer when the solution gradually approaches the overlapping concentration (see Table 1).

20
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Figure 5. Top-view snapshot images demonstrating the effect of PEO concentratlon (labeled to
the left of each row) on the E-iDEP focusing of 10 um diameter particles in 2 MDa PEO solutions
in the constricted microchannel. The magnitude of the imposed DC electric field is labeled at the
top of each column. The particle moving direction is from top to bottom in all images.

Figure 6a shows the experimentally determined particle FE vs. DC electric field for 2 MDa
PEO solutions with different concentrations. Those values of particle F'E under a fixed DC electric
field of 80 V/cm are also plotted in Figure 6b as a function of the PEO concentration. Analogous
to Figure 4a for the effect of PEO molecular weight, the experimental data in each concentration

of PEO solution are fitted to a power trendline in Figure 6a. The slope of this trendline in the log-
21
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log space gives the power of electric field dependence of the particle FE, which, as viewed from
Figure 6b, first increases quickly from roughly 1 in the Newtonian buffer to nearly 5 in 100 ppm
PEO solution and then drops to around 2.5 in 200 ppm PEO solution. Finally, the particle FE in
400 ppm PEO recovers the almost linear dependence on electric field with the power back to
approximately unity. Such a non-monotonic trend in the power of electric field dependence on the
PEO concentration is seen in Figure 6b to correlate well with the particle FE at 80 V/em. We also
note that the decreasing E-iDEP focusing effect in higher-than-100 ppm PEO solutions shows
consistency with our recent work, where the particle focusing in 1000 ppm PEO solution was
found to actually become slightly weaker than that in the Newtonian buffer.’! These observations
together may imply the growing role of polymer entanglement in semidilute to concentrated PEO
solutions, which has been found in recent papers to have a strong impact on the cross-stream

particle migration in a combined pressure and electric field-driven flow.”
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Figure 6. Effect of PEO concentration on the iDEP focusing of 10 pm diameter particles in 2 MDa
PEO solutions: (a) comparison of the particle focusing effectiveness, FE, in the Newtonian buffer
and PEO solutions over a range of DC electric fields, where the power trendlines are used to fit
the experimental data (symbols); (b) plot of the particle FE at 80 V/cm and the power of electric
field dependence of FE [i.e., the slope of the power trendlines in the log-log space of (a)] vs. the
PEO concentration, where the lines are used here to guide the eyes only.

Effect of Particle Size
Figure 7 shows the images of 5 and 15 um diameter particles in 50 ppm, 2 MDa PEO solutions in
the constricted microchannel under different DC electric fields. Compared to 10 um particles in

Figure 2a, 5 pum particles experience an apparently weaker E-IDEP focusing because of the
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quadratic dependence of the dielectrophoretic-to-electrokinetic mobility ratio,  in eq 4, on the
particle size. They are not able to achieve a single-line focusing until the electric field is increased
to around 200 V/cm. In contrast, 15 um particles should exhibit a stronger E-iDEP focusing and
trapping than 10 um particles due to the same reason as explained above. Indeed, the required
electric field for single-line focusing of 15 pum particles is slightly greater than 70 V/cm, as
compared to 90 V/cm for 10 um particles in Figure 2a. The partial trapping of 15 um particles also

occurs earlier at a smaller electric field than that of 10 um particles.
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Figure 7. Top-view snapshot images demonstrating the effect of particle size (labeled to the left
of each row) on the E-iDEP focusing of particles in 50 ppm, 2 MDa PEO solutions in the
constricted microchannel. The magnitude of the imposed DC electric field is labeled at the top of
each column. The particle moving direction is from top to bottom in all images.

Figure 8a displays the obtained particle FE against electric field, where the experimental data
for each particle size are again fitted with a power trendline. The values of FE at each electric field
show an increasing trend with the particle diameter as demonstrated in Figure 8b for particle FE
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at 80 V/cm. Figure 8b also shows the power of electric field dependence of the obtained particle
FE in Figure 8a, which increases from around 2 for 5 um particles to around 4 for 10 um particles
and slighter higher than 4 for 15 um particles. This varying power of electric field dependence
indicates that one or both of the correction factors, G, (Wi) and Ggx(Wi), in eq 4 may be a
function of particle size. It is noted that recent theoretical studies have predicted the particle size-
dependent electrophoretic velocity and hence Ggg(Wi) in viscoelastic fluids®*%> because the
polymer elasticity-induced extensional stress around a particle varies with its size. We will conduct
experiments in future work to investigate how the fluid rheological effects may affect the
electrophoretic (or alternatively electrokinetic) velocity of particles with different sizes or charges

in straight rectangular microchannels.
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Figure 8. Effect of particle size on the E-iDEP focusing of particles in 50 ppm, 2 MDa PEO
solutions: (a) comparison of the particle focusing effectiveness, FE, over a range of DC electric
fields, where the power trendlines are used to fit the experimental data (symbols); (b) plot of the
particle FE at 80 V/cm and the power of electric field dependence of FE [i.e., the slope of the
power trendlines in the log-log space of (a)] vs. the particle diameter, where the lines are used here
to guide the eyes only.

CONCLUSIONS
We have experimentally demonstrated the addition of a small amount of PEO polymer into a
Newtonian buffer solution can substantially reduce the electric field for sheath-free particle
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focusing in a constricted microchannel. In particular, the threshold electric field for single-line
focusing of 10 um particles in 50 ppm, 8 MDa PEO solution is almost one order of magnitude
smaller than that in the Newtonian buffer because of E-iDEP. This feature can help maintain the
viability of cells in electrokinetic microfluidic devices and hence further broaden the biomedical
applications of iDEP. We have also conducted experiments to understand the effects of fluid and
particle related parameters on E-iDEP focusing. It is found that the particle FE gets enhanced with
the increasing PEO molecular weight or particle size. Moreover, their growth trends both flatten
out for larger molecular weight and particle diameter, respectively, in terms of the power of electric
field dependence of FE. Interestingly, the particle FE does not follow a similar monotonic trend
with the increase of the PEO concentration. The best concentration for particle focusing in 2 MDa
PEO solutions is around 100 ppm. We have also developed a theoretical analysis of E-iDEP for
particle focusing through the introduction of two fluid elasticity-responsible correction factors.
Our analysis is able to explain the impacts of the PEO molecular weight and particle size on the
FE, but fails for the PEO concentration indicating perhaps the missing of some physics in the
theory. Future work is needed for determining the correction factors such that our model may

become a useful predictive tool for microfluidic applications employing E-iDEP.
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