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Electrophoresis plays an important role in many applications, which, however, has

so far been extensively studied in Newtonian fluids only. This work presents the first

experimental investigation of particle electrophoresis in viscoelastic polyethylene

oxide (PEO) solutions through a microchannel constriction under pure DC electric

fields. An oscillatory particle motion is observed in the constriction region, which is

distinctly different from the particle behavior in a polymer-free Newtonian fluid.

This stream-wise particle oscillation continues until a sufficient number of particles

form a chain to pass through the constriction completely. It is speculated that such an

unexpected particle oscillating phenomenon is a consequence of the competition

between electrokinetic force and viscoelastic force induced in the constriction. The

electric field magnitude, particle size, and PEO concentration are all found to

positively affect this viscoelasticity-related particle oscillation due to their respective

influences on the two forces. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4866853]

I. INTRODUCTION

Electrophoresis plays an important role in many applications such as capillary electrophoresis

and electrokinetic micro/nanofluidics, etc.1 It is the motion of a charged particle with respect to a

suspending fluid under the application of an electric field. The fluid can be either infinite for

which particle electrophoresis resembles particle sedimentation in a stationary fluid or confined in

a channel where particle electrophoresis is almost always accompanied by fluid electroosmosis.2

While particle electrophoresis in both cases has been extensively investigated in the past, the ma-

jority of these studies concern only Newtonian fluids.3 Due to the shear-rate-independent viscosity

of these fluids, electrophoresis and electroosmosis are both a linear function of the applied electric

field and the surface charge (or zeta potential) of the particle/channel.4 However, many of the flu-

ids used in capillary electrophoresis and microfluidic devices are polymer solutions5–8 and

biofluids9–12 which are complex. They often possess a shear-rate-dependent viscosity and may

even exhibit elastic or plastic effects.13–16 Consequently, electrophoresis in and electroosmosis of

these non-Newtonian fluids could be significantly different from those with Newtonian fluids.17–19

A number of theoretical (including numerical) studies have been recently reported on elec-

troosmosis of non-Newtonian fluids whose rheology is characterized by various constitutive

a)Paper submitted as part of a special collection covering contributions related to the American Electrophoresis

Society’s symposium at the SciX 2013 meeting (Guest Editors: A. Ros, E. D. Goluch) held in Milwaukee, Wisconsin,

September 29–October 4, 2013.
b)Authors to whom correspondence should be addressed. Electronic addresses: xcxuan@clemson.edu and swjoo@yu.ac.kr.
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equations, including the power-law,20–30 Phan-Thien-Tanner (PTT),31–36 Carreau,37–39 Oldroyd-B

(including Upper-Convected Maxwell, UCM34)40 models and others.41–43 Nonlinear relations are

obtained for the electroosmotic velocity as a function of the electric field and zeta potential.

Also, the electrophoretic motion of particles in non-Newtonian fluids has been numerically

predicted by Hsu and co-workers with a Carreau model.44–51 The fluid shear-thinning effect is

found to increase the particle mobility significantly as compared to that in a Newtonian fluid.

Recently, Khair et al.52 presented a theoretical scheme to calculate the electrophoretic motion of

particles of any shape in fluids with a shear-rate-dependent viscosity. They demonstrated a shape

and size dependence of particle electrophoresis due to the non-Newtonian rheology, which is

markedly different from that in Newtonian fluids.53

To date, however, very little experimental work has been done on electroosmosis of and

electrophoresis in non-Newtonian fluids. Chang and Tsao54 observed a significant drag reduc-

tion in electroosmotic flow of polymer solutions, which increases with the ratio of the polymer

size to the electric double layer thickness. Bryce and Freeman55 demonstrated that the flow

velocity of standard electroosmotic pumping is sufficient to excite extensional instabilities in

dilute polymer solutions through a 2:1 microchannel constriction. Interestingly, they found later

that these instabilities actually reduce the fluid mixing relative to that in polymer-free fluids.56

Inspired by the work from Bryce and Freeman,55,56 we conducted an experimental study of

particle electrophoresis in viscoelastic polymer solutions through a microchannel constriction.

An unexpected particle oscillation was observed, which was found to vary with the applied

electric field, particle size, and polymer concentration. This article presents these experimental

results along with our attempted explanation of the particle oscillating phenomenon.

II. EXPERIMENT

A. Preparation of non-Newtonian fluids and particle suspensions

Non-Newtonian fluids were prepared by dissolving Poly(ethylene oxide) (PEO) powder

(average molecular weight is 4� 106 Da, Sigma-Aldrich USA) into 1 mM phosphate buffer.

Four concentrations of PEO were used in our experiment, 50 ppm (i.e., dissolving 50 mg of

PEO powder into 1 litre of buffer), 100 ppm, 200 ppm, 500 ppm, which are all lower than its

overlap concentration, c*¼ 547 ppm, as calculated from the expression of Graessley.57 The last

quantity was obtained from c*¼ 0.77/[g], where [g]¼ 0.072Mw
0.65 is the intrinsic viscosity

given by the Mark-Houwink relation with Mw¼ 4� 106 g/mol being the molecular weight of

PEO.80 The shear viscosities of the four prepared PEO solutions (with no particles or surfac-

tants being added) were measured in a Couette geometry by a rheometer (ARES LS/M, TA

instruments) and found to be 1.1 mPa�s, 1.2 mPa�s, 1.4 mPa�s and 2.0 mPa�s, respectively, with

a negligible variation over the range of shear rate from 50 s�1 to 1000 s�1. Therefore, each of

these PEO solutions can be viewed as a Boger fluid,58 which has viscoelasticity but negligible

shear-thinning/thickening effects. This treatment is consistent with that in the recent work from

Rodd et al.59 The relaxation time of the PEO polymer was calculated to be kZ¼ 1.07 ms according

to Zimm theory.60 The effective relaxation time61 of the PEO solutions was estimated using

keff¼ 18kZ (c/c*), which gives 4.07 ms, 6.39 ms, 10.01 ms, and 18.17 ms, for the prepared four con-

centrations. The pure buffer with no addition of the PEO polymer was used as the Newtonian fluid

in our experiments for comparison. A summary of these solution properties is given in Table I.

The particle suspensions were prepared by re-suspending polystyrene spheres of 3 lm,

5 lm, and 10 lm in diameter (Sigma-Aldrich USA), respectively, into the PEO solution(s) at a

final concentration of 106–107 particles per milliliter. A small amount of Tween 20 (0.5% in

volume ratio, Fisher Scientific) was added to the suspensions for the purpose of suppressing the

particle adhesions to microchannel walls and other particles. For comparison, 10 lm particles

were also re-suspended in the pure buffer with Tween 20 being added. Polystyrene particles

have a density of 1.05 g/cm3, which is slightly larger than that of the suspending media. They

are non-conducting in bulk, but exhibit surface conductance due to the spontaneous occurrence

of electric double layer.1,2 Their “effective” electric conductivity was estimated to be much

smaller than that of the PEO solution (about 200 lS/cm) for all sizes of particles used in our
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experiments. Hence, they all experience negative dielectrophoresis under the gradients of DC

electric fields.3,4

B. Microchannel fabrication

The microchannel was fabricated by the standard soft lithography technique using liquid

polydimethylsiloxane (PDMS). Briefly, a negative photo mask was made by printing the chan-

nel layout, which was drawn in AutoCAD
VR

, onto a transparent thin film at a resolution of

10 000 dpi (CAD/Art Services). A 40-lm thick SU-8-25 photoresist (MicroChem) was coated

onto a clean glass slide using a spin coater (WS-400B-6npp/lite, Laurell Technologies), which

started at 500 rpm for 10 s and ramped by 300 rpm/s to the terminal spin speed of 1000 rpm

with a dwelling of 20 s. After a two-step soft bake (65 �C for 4 min and 95 �C for 8 min) in a

hot plate (HP30A, Torrey Pines Scientific), the photoresist film was exposed through the photo

mask to a 365 nm UV light (ABM Inc., San Jose, CA) for 30 s. It then underwent a two-step

hard bake (65 �C for 2 min and 95 �C for 4 min) before being submerged into a SU-8 developer

solution (MicroChem) for 10 min. Following a brief rinse with isopropyl alcohol (Fisher

Scientific) and another two-step hard bake (65 �C for 1 min and 95 �C for 5 min), a positive rep-

lica of photoresist was left on the glass slide, which served as the mold of the microchannel

(i.e., the so-called master) for reuses.

The microchannel mold was placed in a Petri dish and then covered by liquid PDMS, a

mixture of Sylgard 184 and the curing agent at a 10:1 ratio in weight. After degassing in a vac-

uum oven (13-262-280 A, Fisher Scientific) for 15 min, the Petri dish was placed into a gravity

convection oven (13-246-506GA, Fisher Scientific) at 70 �C for 3–4 h. The cured PDMS that

enclosed the entire microchannel was cut using a scalpel and peeled off from the master. Two

through holes of 5 mm in diameter each were made as reservoirs in the pre-defined circles at

microchannel ends using a metal punch. Immediately following a plasma treating for 1 min

(PDC-32G, Harrick Scientific), the channel side of the PDMS slab was irreversibly bonded to a

clean glass slide. A drop of the working solution (with no particles suspended) was loaded into

one of the reservoirs, which was found to fill the entire microchannel automatically by capillary

force and used to maintain the channel walls hydrophilic. A picture of the fabricated

PDMS/glass microchannel is shown in Fig. 1. It is 400 lm wide and 1 cm long with a uniform

depth of 40 lm. It has a 40 lm wide constriction in the middle with a length of 200 lm.

C. Experimental technique

The electrokinetic motion of particles in the microchannel was induced by applying a DC

electric field across the channel, which was supplied by a function generator (33220A, Agilent

Technologies) in conjunction with a high-voltage amplifier (609E-6, Trek). The electric field

was kept no more than 500 V/cm in order to minimize Joule heating effects.62,63 The pressure-

driven motion of particles was eliminated by balancing the liquid heights in the end reservoirs

prior to each test. Particle motions were visualized through an inverted microscope (Nikon

TABLE I. Solution properties.

PEO in pure buffer (concentration c)

Fluid property (at 20 �C) Pure buffer 50 ppm 100 ppm 200 ppm 500 ppm

Density (g/cm3) 0.998 0.998 0.998 0.998 0.998

Zero-shear viscosity (mPa�s) 1.0 1.1 1.2 1.4 2.0

Overlap concentration c* (ppm) 547 547 547 547

Concentration ratio c/c* 0.091 0.183 0.366 0.914

Zimm relaxation time, kZ (ms) 1.07 1.07 1.07 1.07

Effective relaxation time, keff (ms) 4.07 6.39 10.01 18.17
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Eclipse TE2000U, Nikon Instruments) with a CCD camera (Nikon DS-Qi1Mc) at a rate of 15

frames per second. The obtained digital images were post-processed using the Nikon imaging

software (NIS-Elements AR 2.30). Particle velocity was determined through dividing the parti-

cle travelling distance by the corresponding time interval. The error in reading the pixel number

of the particle center was around 1 lm, and the error in the measured particle velocity was esti-

mated to be around 30 lm/s. Particle streak images were obtained by superimposing a sequence

of around 150 images.

III. RESULTS AND DISCUSSIONS

A. Comparison of particle electrophoresis in Newtonian and non-Newtonian fluids

Fig. 2 compares the electrophoretic motions of single 10 lm-diameter particles in (a)

Newtonian (1 mM buffer) and (b) non-Newtonian (500 ppm PEO in 1 mM buffer) fluids through

the microchannel constriction. The average DC electric field across the channel length is

200 V/cm, and particles move from top to bottom in all images for both cases. The suspending

fluid also moves from top to bottom in each case, indicating that the channel wall has a higher

zeta potential (negative value) than the particle. In the Newtonian fluid, the tracked particle

(highlighted by a circle) passes through the constriction quickly as seen from the sequence of

images in Fig. 2(a). In contrast, the highlighted single particle in the PEO solution can reach

only a half way through the constriction, before it is bounced back toward the entrance of the

constriction as demonstrated by the sequential images in Fig. 2(b). Interestingly, this reversing

particle overshoots the constriction entrance and then re-enters the constriction to start an oscilla-

tion. Moreover, this oscillatory motion seems to be three-dimensional because the particle

appears clear and blurred (i.e., in and out of the focal plane) periodically. Since the same amount

of Tween 20 was added to both the pure buffer and the PEO solution, we believe the observed

difference in particle electrophoresis through the constriction results entirely from the PEO poly-

mer. We have also conducted a quick test of particle electrophoresis in a buffer/glycerol solution

and found no oscillating particles in the constriction. Therefore, the increase in solution viscosity

alone cannot produce the observed anomalous particle motion.

These distinguished particle electrophoresis behaviors in the two types of suspending fluids

can be better identified in Fig. 3, where the transient axial velocities of the two tracked particles

in Fig. 2 are compared against time. The time instants greater than 0 s correspond exactly to

those labeled on the images of Fig. 2. The time instants smaller than 0 s are included to

FIG. 1. Picture of the 10:1:10 contraction-expansion microchannel (filled with green food dye for clarity) used in experi-

ments. The inset indicates the dimensions of the constriction.
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FIG. 2. Sequential images demonstrating the difference of 10 lm particle electrophoresis in (a) Newtonian (1 mM buffer)

and (b) non-Newtonian (500 ppm PEO in 1 mM buffer) fluids through the microchannel constriction under an average DC

electric field of 200 V/cm. The particles under track are highlighted by a circle (for singles) or an ellipse (for doubles) for a

better illustration, where the thin arrows indicate the particle moving directions at the time instants labeled on the images.

The block arrows indicate the overall moving directions of the fluids and particles in the channel (Mulitmedia view) [URL:

http://dx.doi.org/10.1063/1.4866853.1] [URL: http://dx.doi.org/10.1063/1.4866853.2].

FIG. 3. Comparison of the transient axial velocities of the single particles tracked in the Newtonian and non-Newtonian

fluids (see Fig. 2) through the microchannel constriction. Note that the times greater than 0 s correspond to those labeled in

Fig. 2 for each fluid. The dashed-dotted line indicates a zero particle velocity.
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compare the particle velocities in the two fluids distant from the constriction. The particle

in the Newtonian fluid moves at an axial velocity of about 490 lm/s before approaching the

constriction, which is more than 5 times larger than that of 85 lm/s for the particle in the non-

Newtonian fluid. The Reynolds number based on the particle velocity was thus estimated to be

around 0.04 and 3.4� 10�3 in these two fluids. In the constriction region, the particle in the

Newtonian fluid experiences an apparent acceleration followed by a nearly symmetric decelera-

tion, which is consistent with our earlier study.64 In contrast, the particle in the non-Newtonian

fluid undergoes an oscillation with an approximate period of 0.5 s and a maximum speed of

about 550 lm/s in both the forward and the backward directions. Using this particle velocity,

Vp, we estimated the Weissenberg number (De¼ 2keffVp/w with keff and w being the effective

relaxation time, see Table I, and constriction width, respectively) or equivalently the Deborah

number inside the constriction to be around 0.5.

Single particles in the PEO solution oscillate in the microchannel constriction and are

unable to pass through. They can easily get attached to each other forming a particle chain; for

example, Fig. 2(b) shows an oscillating two-particle chain (highlighted by a dashed ellipse) in

the constriction. The particle chain still oscillates inside the constriction until its length (i.e., the

number of particles in the chain) exceeds a certain threshold value. This threshold appears to

be a function of electric field and particle size, etc., which will be revisited in the parametric

study below (see Sec. III C). The oscillating patterns of particle chains with various lengths are

demonstrated in Fig. 4 in the form of their center position vs. time. The oscillating amplitude

increases with the number of particles in the chain, and so longer chains tend to move through

the constriction with a larger probability. We observed that 10 lm particles can escape from the

constriction when a chain of more than 3 particles is formed in 500 ppm PEO solution under

the 200 V/cm DC electric field. In addition, the oscillating frequency is found to decrease when

the length of the particle chain increases.

B. Attempted explanation of the observed particle oscillation in the non-Newtonian

fluid

Anomalous particle motion has been reported in particle sedimentation or rise (e.g., drops

and bubbles that are lighter than the fluid) through still viscoelastic fluids,65–68 which is attrib-

uted to either the evolution of a negative wake downstream of the particle,69–73 or the formation

FIG. 4. Tracked center position vs. time for oscillating 10 lm particle chains with various lengths (i.e., the number of

particles in the chain) in 500 ppm PEO solution through the microchannel constriction. The average DC electric field is

200 V/cm across the channel length. The shaded zone represents the span of the constriction from 0 to 200 lm.

021802-6 Lu et al. Biomicrofluidics 8, 021802 (2014)



and breakup of flow-induced structures due to the stress-induced instability.74–78 The precise

mechanism for the particle oscillating phenomenon observed in the PEO solution through the

microchannel constriction is currently unknown and deserves intensive future investigations.

We speculate that it may be explained using the competition of two forces present in the con-

striction region as schematically shown in Fig. 5. One is the driving force for the observed

electrokinetic particle motion in the microchannel, FEK, which is a combination of fluid elec-

troosmosis, particle electrophoresis and dielectrophoresis, and varies with position in the

constriction region.64 Note that the dielectrophoretic component becomes negligible inside the

constriction due to the locally uniform electric field64). The other force occurs in the constric-

tion region due to fluid viscoelastic effects (e.g., the flow-induced structures76–78), FVE, which

resists the fluid shape change (both fluid squeezing and stretching) and hence acts to impede

the electrokinetic particle motion. In the Newtonian fluid, FVE¼ 0 and so FEK dominates the

particle motion, leading to acceleration and deceleration at the entrance and exit of the con-

striction. In the non-Newtonian fluid, FVE increases due to the stretch of PEO polymers around

the particle when the particle moves along the constriction. Once FVE exceeds FEK, the particle

motion is reversed and the particle is bounced back towards the constriction entrance. With

FVE being decreased during the particle’s reverse, FEK will regain the control of the particle

motion and drives the particle into the constriction again. This oscillatory motion continues till

a sufficiently long chain of particles is formed, for which FVE is unable to overcome FVE in

the constriction. As both forces depend on the applied electric field, particle size, and PEO

concentration (affect both the rheology of the fluid and the wall/particle zeta potentials79), we

will investigate their effects on particle oscillation in the following section.

C. Parametric study of particle oscillation in non-Newtonian fluids

1. Electric field effect

Fig. 6(a) shows the snapshot (top) and superimposed (bottom) images of 10 lm particle

electrophoresis in 500 ppm PEO solution through the microchannel constriction under the DC

electric fields of 100 V/cm (left column), 200 V/cm (middle column), and 400 V/cm (right

column), respectively. Particles are uniformly distributed at the upstream of the constriction

with a velocity being roughly proportional to the electric field magnitude, which indicates from

another angle a shear-rate independent viscosity of the PEO solution. Particles oscillate in the

constriction under all electric fields. The oscillating frequency of single particles increases with

FIG. 5. Schematic illustration of the speculated mechanism for particle oscillation in electrophoresis through a microchan-

nel constriction with a viscoelastic fluid. The background color indicates the electric field contour (the darker the larger

magnitude).
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electric field while the oscillating amplitude goes to the opposite. This implies that the visco-

elastic effect grows more quickly than the electrokinetic effect (see Fig. 5). As a result, the

length threshold of particle chain for passing through the constriction increases at a higher

electric field. For example, single particles may escape from the constriction after a few periods

of oscillation at 100 V/cm. In contrast, a chain of more than five particles must be formed at

400 V/cm in order for them to travel to the downstream of the constriction. For comparison,

Fig. 6(b) shows the images of 10 lm particle electrophoresis in the Newtonian fluid through

the constriction, which exhibit an enhanced particle focusing performance with the increase of

electric field due to the induced negative dielectrophoresis in the constriction region.64

2. PEO concentration effect

Fig. 7 shows the effects of PEO concentration on the oscillation of single 10 lm particles

in the microchannel constriction under a 100 V/cm DC field. The variation of particle position

before time 0 (at which the tracked particle enters into the constriction) indicates that particle

velocity decreases with the increase of PEO concentration. In 50 ppm PEO solution, the particle

exhibits a similar behavior to that in the Newtonian fluid, and passes through the constriction

without any complication. When the PEO concentration increases to 100 ppm, weak oscillatory

motions are observed where some particles pass in a short chain while others can do so in sin-

gles after few oscillations in the constriction. For example, the tracked single particle in

100 ppm PEO solution in Fig. 7 escaped from the constriction after one oscillation only. With

the further increase of PEO concentration to 200 ppm and 500 ppm, particle oscillations become

robust and stable with an increased frequency while a reduced amplitude as seen from Fig. 7.

Moreover, longer chains must be formed in order for the particles to move through the constric-

tion. These observations are apparently a consequence of the enhanced viscoelastic effects with

the increasing PEO concentration.

3. Particle size effect

Fig. 8 compares the oscillation of single particles of 3 lm, 5 lm, and 10 lm in diameter in

200 ppm PEO solution in the microchannel constriction under a DC electric field of 200 V/cm.

FIG. 6. Snapshot (top) and superimposed (bottom) images illustrating the effects of DC field magnitude on 10 lm particle

electrophoresis in (a) non-Newtonian (500 ppm PEO in 1 mM buffer) and (b) Newtonian (1 mM buffer) fluids through the

microchannel constriction: 100 V/cm (left column), 200 V/cm (middle column), and 400 V/cm (right column). The fluid

flow and particle moving directions are from left to right in all images.
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These particles move at a similar velocity before the constriction as seen from the nearly over-

lapping profiles of particle position vs. time in the range of �0.5 s to 0 s. They all undertake

oscillations in the constriction. However, larger particles oscillate faster (i.e., with a higher

oscillating frequency) with a smaller amplitude. Moreover, analogous to the effects of electric

field (see Fig. 6) and PEO concentration (see Fig. 7) that we presented above, larger particles

need to form a longer chain in order to pass through the constriction under the same electric

field. Therefore, the viscoelastic force (see Fig. 5) increases with particle size because larger

particles cause greater distortions to the suspending viscoelastic fluid than smaller ones do. This

also implies that particles with a size smaller than a threshold value may not exhibit the oscil-

lating phenomenon any more, which will be studied in our future work.

FIG. 7. Effects of PEO concentration (50, 100, 200, and 500 ppm) on the oscillation of single 10 lm particles in the micro-

channel constriction under 100 V/cm DC electric field. The shaded zone represents the span of the constriction from 0 to

200 lm.

FIG. 8. Effects of particle size (3, 5, and 10 lm in diameter) on the oscillation of single particles in 200 ppm PEO solution

in the microchannel constriction under a 200 V/cm DC electric field. The shaded zone represents the span of the constric-

tion from 0 to 200 lm.
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IV. CONCLUSIONS

We have conducted an experimental study of the DC electrophoretic motion of particles in

viscoelastic PEO solutions through a microchannel constriction. In distinct contrast with the

particle electrophoresis in a polymer-free Newtonian fluid, particles in a dilute PEO solution

are found to bounce backward halfway in the constriction and bounced again towards down-

stream at the constriction entrance. Such a stream-wise oscillatory particle motion continues

and remains inside the constriction until a sufficient number of particles are attached to form a

chain for them to escape. The exact mechanism behind this oscillating phenomenon is currently

unclear to us, which is speculated to arise from the competition of a viscoelastic force that is

induced in the constriction due to, for example, the flow-induced structures76–78 and an electro-

kinetic force. We have also examined the effects of the electric field magnitude, particle size

and PEO concentration on the particle oscillation. The increase of either of these parameters

can make it more difficult for particles to pass through the constriction. Our future work will

find out how the geometry of the constriction may affect the particle electrophoresis in non-

Newtonian fluids.
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