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ABSTRACT 1 

The nonlinear electric field dependence of particle electrophoresis has been demonstrated to occur 2 

in Newtonian fluids for highly charged particles under large electric fields. It has also been 3 

predicted to arise from the rheological effects of non-Newtonian fluids even at small electric fields. 4 

We present in this work an experimental verification of nonlinear electrophoresis in shear thinning 5 

xanthan gum solutions through a straight rectangular microchannel. The addition of polymer into 6 

a Newtonian buffer solution is found to change the electric field dependence from linear to 7 

superlinear for electroosmotic, electrokinetic, and electrophoretic velocities. The nonlinear index 8 

of each of these electrokinetic phenomena increases with the increasing polymer or buffer 9 

concentration, among which electrophoresis exhibits the strongest nonlinearity. Both these 10 

observed trends are captured by a dimensionless electrokinetic shear thinning number that depends 11 

on the power-law index of fluid viscosity and the Debye length.  12 

  13 
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INTRODUCTION 1 

Electrokinetic phenomena have been widely used to pump fluids and manipulate particles via 2 

electroosmosis and electrophoresis for microfluidic and nanofluidic applications.1-5 The 3 

electrophoretic motion of a charged particle relative to a Newtonian electrolyte solution has a 4 

velocity proportional to the imposed electric field.6-8 This regime of linear electrophoresis, 5 

however, breaks down for highly charged particles and/or large electric fields, where the non-6 

uniformity of surface conduction in the Debye layer over the curved particle surface yields a 7 

superlinear electric field dependence of electrophoretic velocity.9-24 Such a nonlinear 8 

electrophoretic behavior has also been predicted to occur in non-Newtonian fluids by several 9 

research groups.25 Hsu and colleagues26-28 reported that the numerically computed electrophoretic 10 

velocities of spherical and rod-shaped particles in shear thinning Carreau fluids are greater than in 11 

Newtonian fluids with the same zero-shear viscosities at the same electric fields. Moreover, the 12 

differences become more significant with the decreasing thickness of the Debye layer or 13 

equivalently the electric double layer (EDL). Khair et al.29 presented a theoretical framework to 14 

calculate the electrophoretic velocity of a uniformly charged particle of any shape in both a power-15 

law and a Carreau fluid. They demonstrated that the non-Newtonian contributions to 16 

electrophoretic motion from the Debye layer and bulk fluid, respectively, are each a nonlinear 17 

function of the electric field and particle zeta potential. The authors further pointed out that the 18 

Debye-layer contribution increases with the decreasing Debye length (because of, for example, the 19 
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increasing ionic concentration of the suspending fluid30,31) and the bulk-fluid contribution has an 1 

explicit dependence on particle size.    2 

In another theoretical paper, Li and Koch32 analyzed the electrophoretic motion of a weakly 3 

and uniformly charged particle in dilute viscoelastic polymer solutions under the thin EDL limit. 4 

They employed different constitutive equations to model the fluid elasticity with or without the 5 

shear thinning effects. Their Giesekus fluid (which is both viscoelastic and shear thinning33)-based 6 

model predicted that fluid elasticity decreases the electrophoretic velocity while shear thinning 7 

increases it, both of which show a second-order dependence on the applied electric field. Moreover, 8 

the authors noted that the elastic contribution to electrophoretic velocity has a quadratic 9 

dependence on the particle size, which has been experimentally verified by our group in a recent 10 

paper.34 Among the three sizes of polystyrene microparticles under test, we observed that the larger 11 

particles move electrokinetically slower or alternatively electrophoretically faster than the smaller 12 

ones in viscoelastic polyethylene oxide (PEO) solutions though they have similar electrophoretic 13 

mobilities in the PEO-free Newtonian buffer solution. This particle size dependence increases with 14 

the increasing concentration and molecular weight of the PEO polymer because of the enhanced 15 

fluid elasticity as characterized by the increasing elasticity number. In addition, Ghosh and 16 

colleagues35,36 analyzed the electrophoretic motion of a non-uniformed charge particle in an 17 

Oldroyd-B fluid (which is viscoelastic with a constant viscosity33) under the thin EDL limit. They 18 

revealed the particle size-dependence of both the electrophoretic velocity and trajectory.     19 
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In our recent experiment with viscoelastic PEO solutions,34 we noticed an increasing deviation 1 

of electrophoretic particle motion from a linear trend of electric field with the increase of polymer 2 

concentration or molecular weight. These phenomena were speculated to result from the weak but 3 

increasing shear thinning effect of the PEO solutions. We present in this work the first 4 

experimental investigation of the sole effect of fluid shear thinning on electrophoretic as well as 5 

electroosmotic and electrokinetic velocities in xanthan gum (XG) solutions through a straight 6 

rectangular microchannel. We examine the impacts of both the polymer and buffer concentrations 7 

on the electric field dependence of each of these velocities. It is noted by the authors that the 8 

electroosmotic velocity of non-Newtonian fluids has been theoretically calculated using various 9 

constitutive equations,37-46 among which the following formula characterizes the electroosmotic 10 

slip velocity, 𝑈𝑠 , for power-law fluids in a slit microchannel under the Debye-Huckel 11 

approximation,47,48 12 

   𝑈𝑠 = 𝑛𝜅
1−𝑛

𝑛 (
−𝜀𝜁𝐸

𝑚
)

1

𝑛
  (1) 13 

where 𝑛 is the power-law index of fluid viscosity, 𝜅 is the inverse of Debye length, 𝜀 is the fluid 14 

permittivity, 𝜁 ≤ 𝜙 ≅ 25 mV is the wall zeta potential with 𝜙 being the thermal voltage, 𝐸 is the 15 

strength of the applied electric field, and 𝑚  is the flow consistency index. The nonlinear 16 

dependence of 𝑈𝑠  on both the applied electric field and wall zeta potential is qualitatively 17 

consistent with Khair et al.’s analysis of the electrophoretic velocity of particles in power-law 18 

fluids.29 The prediction of eq 1 was, however, found to be significantly smaller than the 19 
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experimentally measured electroosmotic velocity of polymer solutions.48-50 This discrepancy has 1 

been explained by the existence of a polymer depletion layer near the channel walls.48-52  2 

 3 

MATERIALS AND METHODS 4 

Microchannel and Chemicals 5 

The experimental investigation was carried out utilizing a microfluidic device made from 6 

polydimethylsiloxane (PDMS) through the standard photo- and soft-lithography techniques as 7 

detailed in our prior work.53 This device features a simple straight microchannel, which is 2 cm 8 

long with a rectangular cross section measuring 100 μm in width and 50 μm in depth. XG solutions 9 

were employed as the shear thinning fluid that has been reported to have a negligible elasticity 10 

effect.54,55 They were prepared at three different concentrations, i.e., 1000 ppm, 2000 ppm and 11 

3000 ppm, by dissolving XG polymer (Tokyo Chemical Industry) into 0.1 mM phosphate buffer 12 

(specifically, 0.0754 mM disodium phosphate and 0.0246 mM monosodium phosphate, which 13 

may be viewed as a primarily uni-bivalent solution). The polymer-free (i.e., 0 ppm XG) pure buffer 14 

was also tested as a control experiment. The influence of ionic concentration on electrokinetic 15 

phenomena was explored in three types of 2000 ppm XG solutions, which were prepared in 0.01 16 

mM, 0.1 mM, and 1 mM phosphate buffers, respectively. For the electrophoresis experiment, 5 17 

μm-diameter spherical polystyrene particles (Sigma-Aldrich) were re-suspended in each of the 18 

prepared XG solutions at a low volume fraction (< 0.1%) to minimize the particle-particle 19 

interaction. 20 
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 1 

Figure 1. Experimentally measured (symbols) and Carreau-fluid model fitted (lines) viscosity data 2 

for XG solutions with varying polymer concentrations (i.e., 1000, 2000 and 3000 ppm) and 3 

prepared in phosphate buffers with varying ionic concentrations (i.e., 0.01, 0.1 and 1 mM).  4 

 5 

The viscosity, 𝜂, of every prepared XG solution was measured using a cone-plate rheometer 6 

(Anton Paar, MCR 302) at room temperature. The obtained data were fitted to the Carreau-fluid 7 

model using the least-squares method as depicted in Figure 1,  8 

 
𝜂−𝜂∞

𝜂0−𝜂∞
= [1 + (𝜆𝐶𝛾̇)

2](𝑛−1) 2⁄   (2) 9 

where 𝜂∞  is the infinite-shear-rate viscosity, 𝜂0  is the zero-shear-rate viscosity, 𝜆𝐶  is a time 10 

constant, 𝛾̇ is the fluid shear rate, and 𝑛 is the power-law index identical to that defined in eq 1. 11 

Table 1 summarizes the obtained fitting parameters for the Carreau-fluid model, each of which has 12 

an uncertainty of no more than 5%. We see that increasing the XG concentration significantly 13 

increases the dynamic viscosity and enhances the fluid shear thinning effect because of the lowered 14 

value of 𝑛. In contrast, increasing the buffer concentration causes a slight decrease in both the 15 

dynamic viscosity and shear thinning effect. It also reduces the Debye length, 1 𝜅⁄ , and in turn the 16 

dimensionless EDL thickness, 1 𝜅𝑎⁄ , with respect to the particle radius 𝑎, which will be used later 17 
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in the discussion of the experimental results. Referring to the seminal paper from Henry (see Table 1 

1 therein),56 we set 1 𝜅⁄ ≈ 56 nm for 0.01 mM phosphate buffer that is viewed as a uni-bivalent 2 

solution as noted above. The values of the Debye length in 0.1 mM and 1 mM buffers were then 3 

calculated using its inverse scaling with the square root of the buffer concentration.30,31  4 

 5 

Table 1. Rheological properties of the prepared XG solutions obtained from the fitting of the 6 

experimentally measured viscosity data in Figure 1 with the Carreau-fluid model in eq 2.  7 

 8 

XG conc.  2000 ppm 1000 ppm 3000 ppm 

Buffer conc. 1 mM 0.1 mM 0.01 mM 0.1 mM 0.1 mM 

𝜂0 (Pas) 0.98 1.0 1.03 0.24 2.8 

𝜂∞ (Pas) 2.010−3 2.010−3 2.010−3 1.610−3 2.710−3 

𝜆𝐶 (s) 3.9 3.0 2. 5 1.9 4.0 

𝑛 0.35 0.34 0.33 0.43 0.28 

1 𝜅⁄  (nm) 5.6 18 56 18 18 

𝑛(𝜅𝑎)(1−𝑛) 𝑛⁄  29000 5100 740 300 94400 

 9 

Experimental Techniques 10 

DC electric fields were used to drive the prepared XG and buffer solutions through the 11 

microchannel for the electroosmotic fluid velocity measurement. They were also used to drive the 12 

particle suspension in each of the prepared solutions for the electrokinetic particle velocity 13 

measurement. The liquid heights in the two end-channel reservoirs were carefully balanced prior 14 

to each test to minimize the influence of hydrostatic pressure-induced fluid flow. Electric voltages 15 

ranging from 200 to 800 V were applied using a DC power source (Glassman High Voltage, Inc.), 16 
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yielding average electric field from 100 to 400 V/cm across the 2 cm long microchannel. The effect 1 

of Joule heating was estimated insignificant over this range of electric fields as the electric current 2 

was observed to remain nearly constant during each test.57 Note this estimation is only valid for 3 

buffer solutions that have a temperature dependent electric conductivity.58 The dimensionless 4 

electric field, 𝐸𝑎 𝜙⁄  with 𝜙 being the thermal voltage as noted earlier, was calculated to be no 5 

more than 4 for 5 µm particles at the highest electric field of 400 V/cm, which, as demonstrated in 6 

our recent papers,59,60 is not large enough to induce nonlinear electrophoresis.  7 

The electroosmotic velocity of each prepared solution, 𝑉𝑒𝑜, was measured using the electric 8 

current monitoring technique,61 which was performed by connecting a digital multimeter (Siglent 9 

SDM3045X) in series with the microchannel. Briefly, the time response of the current variation 10 

was recorded when a test solution was electroosmotically displaced by an auxiliary solution with 11 

90% ionic concentration of the former. The slope of this time development for electric current was 12 

then input into a theoretical formula to compute the electroosmotic velocity. This measurement 13 

was repeated at least twice for each solution at each electric field ranging from 100 to 400 V/cm 14 

with the goal to achieve a statistical verification of the observed linear or nonlinear phenomena. 15 

The electrokinetic motion of particles, 𝑉𝑒𝑘, was recorded in the middle of the microchannel using 16 

a microscope (Nikon Eclipse TE2000U, Nikon Instruments) equipped with a CCD camera (Nikon 17 

DS-Qi1Mc). It was observed in our experiment to align with the direction of the applied DC 18 

electric field and hence that of 𝑉𝑒𝑜  in all the prepared particle suspensions. This phenomenon 19 
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indicates that 𝑉𝑒𝑜  is greater than the opposing electrophoretic motion of particles, 𝑉𝑒𝑝 , in our 1 

experiment, leading to, 2 

 𝑉𝑒𝑝 = 𝑉𝑒𝑜 − 𝑉𝑒𝑘  (3) 3 

The pressure-driven return flow induced by the electroosmotic fluid depletion/buildup in the 4 

reservoirs is not considered in eq 3, which has been proved reasonable in our recent 5 

experiments59,60 as long as the duration of each test was kept short (no more than 30 s in this study). 6 

The captured particle images were processed using the Nikon imaging software (NIS-Elements 7 

AR 2.30). The value of 𝑉𝑒𝑘  was determined using the ImageJ software (National Institutes of 8 

Health), where around twenty particles were tracked in each case to obtain the average velocity. 9 

The largest positive and negative deviations of all the measured particle velocities from the average 10 

were then used to determine the experimental error bar. This process was also repeated at least 11 

twice to achieve a statistical verification of the observed linear or nonlinear particle velocity. As 12 

an inclined migration of particles towards the channel walls was noticed in XG solutions like what 13 

we reported in an earlier paper,62 we considered only those particles traveling near the channel 14 

centerline to minimize the potential influence of particle position on the velocity measurement.    15 

 16 

RESULTS AND DISCUSSION 17 

Effect of Polymer Concentration 18 

Figure 2a shows the experimentally measured electroosmotic velocities, 𝑉𝑒𝑜, in 0.1 mM phosphate 19 

buffer-based 1000/2000/3000 ppm XG solutions and the pure buffer solution. The addition of XG 20 
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polymer into the buffer solution reduces the value of 𝑉𝑒𝑜, which gets more significant with the 1 

increase of XG concentration. This observation is attributed to the increasingly larger contribution 2 

of polymer viscosity to the total fluid viscosity (see Figure 1). However, in line with previous 3 

studies,48-52 we find that the discrepancy of 𝑉𝑒𝑜 in between XG (e.g., 1000 ppm) and Newtonian 4 

buffer solutions in our experiment is also much smaller than that of their viscosities. Specifically, 5 

the viscosity of the Newtonian buffer is assumed equal to that of water at 1.010−3 Pas while that 6 

of 1000 ppm XG is about 20 times larger. The latter value was estimated from the viscosity plot 7 

in Fig. 1 using the calculated shear rate, 𝛾̇ = 2𝑉𝑒𝑜 𝑑⁄  with 𝑑 = 50 µm being the channel depth, for 8 

the experimentally measured 𝑉𝑒𝑜 ≈ 1 mm/s at 200 V/cm in Fig. 2. Such a phenomenon has been 9 

explained in previous studies using an assumed polymer depletion layer on the channel walls,48-52 10 

wherein the solution behaves like a polymer-free Newtonian fluid leading to a locally reduced 11 

drag. The formation of such a layer may be attributed to the negative surface charge of both the 12 

channel walls and the carboxyl groups of XG polymer molecules. Another trend we view from 13 

Figure 2a is that adding XG polymer into the buffer solution changes the dependence of 𝑉𝑒𝑜 on the 14 

applied electric field from linear to superlinear. Moreover, the nonlinearity gets stronger in higher-15 

concentration XG solutions, which should result from the enhanced shear thinning effect therein 16 

(see the value of power-law index, 𝑛, in Table 1). A quantitative analysis of the nonlinearity in 17 

electroosmotic fluid flow will be presented later along with that in electrokinetic/electrophoretic 18 

particle motion.  19 
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 1 

Figure 2. Polymer concentration effects on the experimentally measured (symbols with error bars) 2 

electroosmotic fluid velocity (a), 𝑉𝑒𝑜, electrokinetic particle velocity (b), 𝑉𝑒𝑘, and electrophoretic 3 

particle velocity (c), 𝑉𝑒𝑝, in shear thinning XG and Newtonian buffer (i.e., 0 ppm XG) solutions. 4 

The ionic concentration is fixed at 0.1 mM in all solutions. The dashed lines are each either a 5 

power (for XG solutions) or a linear (for Newtonian buffer solution) fit to the experimental data. 6 

The solid gray lines in (b) are each a linear trendline passing through the data point at 100 V/cm 7 

for every XG solution and the origin.  8 
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Figure 2b compares the experimentally measured electrokinetic velocities, 𝑉𝑒𝑘 , of 5 μm-1 

diameter particles in 1000/2000/3000 ppm XG solutions and pure buffer solution. Similar to the 2 

observation of 𝑉𝑒𝑜 in Figure 2a, 𝑉𝑒𝑘 also decreases with the increasing XG concentration whose 3 

extent, however, still turns out much weaker than the corresponding increase of fluid viscosity 4 

because of perhaps the formation of a polymer depletion layer near the particle surface. Moreover, 5 

like 𝑉𝑒𝑜, adding XG polymer into the buffer solution causes a superlinear electric field-dependence 6 

of 𝑉𝑒𝑝 that increases in higher-concentration XG solutions. Figure 2c shows the electrophoretic 7 

particle velocity, 𝑉𝑒𝑝, obtained from the experimental data in Figures 2a and 2b via eq 3. Consistent 8 

with the classical electrokinetic theory,6-8 the data for 𝑉𝑒𝑝 in the Newtonian buffer solution follow 9 

a linear relationship with respect to the applied electric field. In contrast, those for 𝑉𝑒𝑝 in XG 10 

solutions exhibit an increasingly nonlinear upward trend. Consequently, 𝑉𝑒𝑝  in 3000 ppm XG 11 

solution can surpass that in 1000 ppm solution at 400 V/cm though it is much less than the latter 12 

at 100 V/cm. This phenomenon may be associated with the nonlinear dependence of 𝑉𝑒𝑝 on the 13 

electric field and particle zeta potential (like 𝑉𝑒𝑜 in eq 1), both of which increase with the stronger 14 

fluid shear thinning effect in the higher-concentration XG solution.  15 

 16 
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 1 

Figure 3. Polymer concentration effects on the nonlinear index (obtained from the power 2 

trendlines fitted to the data points in Figure 2) for the electric field dependence of electrophoretic 3 

(EP), electroosmotic (EO), and electrokinetic (EK) velocities in 0.1 mM buffer based XG solutions. 4 

Note that 0 ppm XG indicates the pure buffer solution, and the lines are used to guide the eyes 5 

only.   6 

 7 

To quantify the influence of XG concentration on the electric field-dependences of 𝑉𝑒𝑜, 𝑉𝑒𝑘 8 

and 𝑉𝑒𝑝, we fit the data points for each XG solution in Figures 2a, 2b and 2c, respectively, to a 9 

power trendline. A comparison of the indices of these trendlines, named as nonlinear index 10 

following our previous studies,58,59 is presented in Figure 3. We see that increasing the polymer 11 

concentration strengthens the nonlinearity in each electrokinetic phenomenon because of the 12 

enhanced fluid shear thinning effect. Moreover, 𝑉𝑒𝑝 has the largest nonlinear index among the 13 

three velocities in each XG solution, which is followed by 𝑉𝑒𝑜 and 𝑉𝑒𝑘 in order. Specifically, the 14 

nonlinear index for 𝑉𝑒𝑜 increases from 1 (i.e., linear) in the Newtonian buffer solution to 1.02, 1.27 15 

and 1.63 in 1000, 2000 to 3000 ppm XG solutions, respectively. The three nonlinear indices are 16 

each much smaller than the theoretically predicted values of 2.33, 2.94 and 3.57 based on 1 𝑛⁄  in 17 
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eq 1. This discrepancy may arise from three factors: (1) the theory considers a slit microchannel 1 

and hence underestimates the wall effects on the electroosmotic flow in a rectangular 2 

microchannel; (2) the theory employs a power-law fluid model, which may overestimate the shear 3 

thinning effect of a Carreau-like fluid in our experiment; (3) the theory ignores the polymer 4 

depletion layer, which may again overestimate the shear thinning effect because of the 5 

overestimated fluid drag from the channel walls. We attribute the greater nonlinear index for 𝑉𝑒𝑝 6 

than that for 𝑉𝑒𝑜 to the curvature of particle surface such that the fluid shear rate variation gets 7 

enhanced around a particle. The weakest nonlinearity for 𝑉𝑒𝑘 results from the opposing directions 8 

of 𝑉𝑒𝑜 and 𝑉𝑒𝑝, between which the former has a greater magnitude in all tested XG solutions.  9 

 10 

Effect of Buffer Concentration 11 

Figure 4a shows the experimentally measured values for 𝑉𝑒𝑜 in 0.01, 0.1 and 1 mM phosphate 12 

buffer-based 2000 ppm XG solutions. Decreasing the buffer concentration significantly increases 13 

𝑉𝑒𝑜 at each applied electric field because the negative surface charge on the PDMS and glass walls 14 

increases as a result of the reduced counterion adsorption to the substrate surface.63 This trend is 15 

not significantly affected by the slightly increased XG solution viscosity in a lower-concentration 16 

buffer solution (see Figure 1), which should in theory reduce the magnitude of 𝑉𝑒𝑜. Decreasing the 17 

buffer concentration also weakens the superlinear dependence of 𝑉𝑒𝑜 on the applied electric field. 18 

This trend goes against the slightly enhanced fluid shear thinning effect (in terms of a smaller 19 

power-index, 𝑛, in Table 1) in XG solutions prepared in lower-concentration buffers. It should be 20 
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attributed to the increasing EDL thickness in terms of the Debye length, 1 𝜅⁄  (see the values in 1 

Table 1), which is speculated to expand the polymer depletion layer near the channel walls because 2 

of the action of the intrinsic electric field within the EDL6-8 upon the negatively charged XG 3 

polymer molecules. The enhanced cross-stream migration of polymers towards the bulk because 4 

of the stronger electroosmotic shear flow near the walls64 in a lower-concentration buffer may also 5 

play a role here. Consequently, the working range of fluid shear thinning in XG solutions is 6 

suppressed with the decrease of buffer concentration.  7 
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 1 

Figure 4. Buffer concentration effects on the experimentally measured (symbols with error bars) 2 

electroosmotic fluid velocity (a), 𝑉𝑒𝑜, electrokinetic particle velocity (b), 𝑉𝑒𝑘, and electrophoretic 3 

particle velocity (c), 𝑉𝑒𝑝, in 2000 ppm XG solutions. The dashed lines are each a power fit to the 4 

experimental data. The solid gray lines in (b) are each a linear trendline passing through the data 5 

point at 100 V/cm for every XG solution and the origin.  6 
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Figure 4b shows the experimentally measured 𝑉𝑒𝑘 of 5 μm-diameter particles in 0.01, 0.1 and 1 

1 mM phosphate buffer-based 2000 ppm XG solutions. A similar trend to 𝑉𝑒𝑜 in Figure 4a is 2 

observed for 𝑉𝑒𝑘 that increases as the buffer concentration decreases. Meanwhile, 𝑉𝑒𝑘 also exhibits 3 

a weakened superlinear dependence on the applied electric field. Figure 4c shows the calculated 4 

𝑉𝑒𝑝 of 5 μm-diameter particles from eq 3 using the experimental data in Figures 4a and 4b. Similar 5 

trends to 𝑉𝑒𝑜 and 𝑉𝑒𝑘 are noted for 𝑉𝑒𝑝 because of the same reasons for 𝑉𝑒𝑜 as noted above. Figure 6 

5 compares the extracted values of nonlinear index for the electric field dependence of these three 7 

velocities, among which 𝑉𝑒𝑝 still has the largest value like Figure 3. The nonlinear index increases 8 

with the increasing buffer concentration for each velocity. This phenomenon is qualitatively 9 

consistent with the Carreau fluid-based theoretical analysis in the literature.26-29 It also seems to 10 

correlate well with the experiment from Chang and Tsao,50 who reported that the addition of salt 11 

can enhance the drag reduction in the electroosmotic flow of polymer solutions because of the 12 

reduced EDL thickness. 13 

 14 
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 1 

Figure 5. Buffer concentration effects on the nonlinear index (obtained from the power trendlines 2 

fitted to the data points in Figure 4) for the electric field dependence of electrophoretic (EP), 3 

electroosmotic (EO), and electrokinetic (EK) velocities, respectively, in 2000 ppm XG solutions. 4 

Note that the lines are used to guide the eyes only.   5 

 6 

Summary of the Nonlinear Index 7 

To put together the above presented results for the effects of polymer concentration (Figure 3) and 8 

buffer concentration (Figure 5) into one plot for a unified understanding, we rewrite the 9 

electroosmotic slip velocity of power-law fluids in eq 1 as, 10 

   𝑈𝑠 = 𝑛(𝜅𝑎)
1−𝑛

𝑛 [𝑎 (
−𝜀𝜁𝐸

𝑚𝑎
)

1

𝑛
] = 𝐾𝑛 [𝑎 (

−𝜀𝜁𝐸

𝑚𝑎
)

1

𝑛
]  (4) 11 

where the pre-factor 𝐾𝑛 = 𝑛(𝜅𝑎)(1−𝑛) 𝑛⁄  is dimensionless and can be used to characterize the fluid 12 

shear thinning effects on electrokinetic phenomena. Hence, we term 𝐾𝑛 the electrokinetic shear 13 

thinning number, which is a strong function of both the power-law index, 𝑛, and the Debye length, 14 

1 𝜅⁄ . Figure 6 demonstrates that with the increase of 𝐾𝑛 (see its values in the last row of Table 1), 15 

the nonlinear index exhibits an increasing trend for 𝑉𝑒𝑝, 𝑉𝑒𝑜 and 𝑉𝑒𝑘 in our tested XG solutions. 16 
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Moreover, each of these trends can be best fitted to a power trendline with a better than 95% R-1 

Squared value. It is important to note that the length scale introduced in 𝐾𝑛, i.e., the particle radius, 2 

𝑎 , in eq 4, needs to satisfy the condition, 𝜅𝑎 ≫ 1 , because otherwise the impact of buffer 3 

concentration in terms of  𝜅~𝑂(108)  m−1 in the original pre-factor of 𝑈𝑠  in eq 1 will be 4 

significantly underestimated. For example, it is natural to use the radius of gyration of the XG 5 

polymer, 𝑅𝑔 (reported to be on the order of 100 nm65,66), to replace the particle radius, 𝑎, in eq 4 6 

as the former length scale has been reported to correlate with the polymer depletion layer.48-52 7 

However, 𝜅𝑅𝑔 ≫ 1 may become invalid and hence not be used to define the electrokinetic shear 8 

thinning number.  9 

  10 

 11 

Figure 6. The experimentally determined nonlinear index (symbols) for the electric field 12 

dependence of electrophoretic (EP), electroosmotic (EO), and electrokinetic (EK) velocities, 13 

respectively, as a function of the electrokinetic shear thinning number, 𝐾𝑛 = 𝑛(𝜅𝑎)(1−𝑛) 𝑛⁄  14 

(reduced to 1 for the Newtonian buffer, see Table 1 for the values in our prepared XG solutions). 15 

The dashed lines are each a power fit to the data points.    16 
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CONCLUSIONS 1 

We have conducted an experimental study of the electrokinetic phenomena in shear thinning XG 2 

solutions through a rectangular microchannel. Adding polymer into the Newtonian buffer is found 3 

to reduce 𝑉𝑒𝑜 and 𝑉𝑒𝑘 because of the additional contribution of polymer viscosity to the total fluid 4 

viscosity. It also changes the electric field dependence of both velocities from linear to superlinear, 5 

leading to nonlinear 𝑉𝑒𝑝 even at small electric fields because of the induced fluid shear thinning 6 

effect. Our analysis reveals that 𝑉𝑒𝑝 has the largest nonlinear index followed by 𝑉𝑒𝑜 and 𝑉𝑒𝑘 in 7 

order because the fluid shear rate variation and hence the shear thinning effect gets locally 8 

enhanced around the curved particle surface. Moreover, the nonlinear index of each of these 9 

electrokinetic phenomena increases with the increasing polymer or buffer concentration. The 10 

former trend can be attributed to the strengthened fluid shear thinning effect while the latter is 11 

associated with the reduced EDL thickness and qualitatively consistent with earlier studies.26-29,50 12 

We have also introduced a dimensionless electrokinetic shear thinning number to characterize the 13 

combined effects of polymer and buffer concentrations on the nonlinear index. For future work we 14 

will investigate if the nonlinear index of 𝑉𝑒𝑝 depends on particle size in XG solutions, or in other 15 

words if fluid shear thinning causes the particle size dependence of 𝑉𝑒𝑝 like fluid elasticity in our 16 

recent work,34 enabling an electrophoretic separation of particles by size. It is envisioned that the 17 

combination of fluid rheology with nonlinear electrophoresis21 and dielectrophoresis67,68 will 18 

further broaden the application of nonlinear electrokinetic methods69 in micro/nanofluidic particle 19 

manipulations.    20 
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