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Effect of cell shape on nonlinear electrophoresis migration
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Abstract

This study contributes to the renewed interest in the study of nonlinear electrophoresis of colloidal particles. In this work the
influence of cell shape on electrophoretic migration under the nonlinear regimes of moderate and strong field regimes was assessed. Four
types of bacterial and yeast cells (one spherical, three non-spherical) were studied and their electrophoretic mobilities for the moderate
and strong electric field magnitude regimes were estimated experimentally. The parameter of sphericity was employed to assess the effect
cell shape on the nonlinear electrophoresis migration velocity and corresponding mobility under the two electric field magnitude regimes
studied. As particle migration under nonlinear electrophoresis depends on particle size and shape, the results in terms of mobilities of
nonlinear electrophoresis were presented as function of cell hydrodynamic diameter and sphericity. The results indicated that the
magnitude of the mobilities of nonlinear electrophoresis for cells increase with increasing cell size and increase with increasing deviations
from spherical shape, which is indicated by lower sphericity values. The results presented here are the very first assessment of the two

types of mobilities of nonlinear electrophoresis of cells as a function of size and shape.
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1. Introduction

There is currently a renewed interest in the study of nonlinear electrophoresis and its application in
microfluidic devices, in particular, for the separation and enrichment of particles of interest, including
microorganisms. Several publications by Khair and Righetti et al.[1-3] have underscored that last century was
marked by the major advances on linear electrophoresis, establishing it as a robust and reliable laboratory
technique. As explained by Vesterberg [4], it took decades for the full acceptance of electrophoretic techniques
and the development of its full analytical potential [5]. The 21* century has witnessed major developments in
nonlinear electrophoresis [1], whose fundamentals were first unveiled by Dukhin decades ago [6,7]. However,

the lack of experimental measurements delayed the expansion of nonlinear electrophoresis research [8].

The fundamentals established by Dukhin and collaborators [6,7] in the early 1990s have been further
developed by the contributions of several groups, including Mishchuk and Barinova [8], Schnitzer and Yariv [9—
11], and Shilov [12], among others. These groups have developed important analytical expressions describing
the nonlinear electrophoretic migration of colloidal particles. Recent experimental studies have complemented
the extensive wealth of knowledge on the theory of nonlinear electrophoresis. In particular, the experimental
reports by Rouhi et al. [13], Tottori et al. [14], Cardenas-Benitez et al.[15], Bentor et al. [16,17], Ernst et al. [18],

and Lomeli-Martin et al. [19], have unveiled the strong effects of nonlinear electrophoresis on particle migration
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in microfluidic devices. The three former reports [13—15] illustrated that nonlinear electrophoresis is capable of
particle trapping and enrichment, while the four later reports [16—19] characterized the mobility of nonlinear

electrophoresis as a function of particle properties.

In this work, the effect of cell shape on the magnitude of nonlinear electrophoresis was analyzed
experimentally for bacteria and yeast cells of varying sizes. Nonlinear electrophoresis, classified as a second-kind
effect, depends on the bulk charge of the particle, thus, particle characteristics such as size and shape influence the
magnitude of the nonlinear electrophoretic mobility [1,4,6]. In contrast, particle size and shape do not affect the
mobility of linear electrophoresis [20,21]. Another distinction between linear and nonlinear electrophoresis is that
the mobility of linear electrophoresis is independent of the electric field magnitude, while this is not the case for
nonlinear electrophoresis. Bentor and Xuan [17] recently studied the migration on non-spherical (pear and peanut
shapes) particles, in particular they studied the effects of particle orientation, particle shape and buffer
concentration on particle electrophoretic velocity and its corresponding mobility under the nonlinear regime. To
account for particle shape they employed the parameter of particle slenderness. The present work, is a continuation
of two previous studies [18,19] dedicated to characterizing the mobilities of nonlinear electrophoresis under two
distinct electric field magnitude dependencies (E® and E3/2). Four distinct strains of cells (three bacteria and one
yeast) with prolate, rod and spherical shapes were characterized with particle tracking velocimetry (PTV). All cells
used in this study had a negative surface charge as illustrated by their zeta potentials ({p) values. The parameter
of sphericity was employed to assess the effect of cell shape on the nonlinear electrophoretic migration velocity
and corresponding mobility under the E3 and E3/2 electric field magnitude dependencies. The shape parameter of
sphericity was selected after a careful evaluation of four distinct shape parameters. As particle migration under
nonlinear electrophoresis depends on both particle size and shape, the results in terms of mobilities of nonlinear
electrophoresis were presented as function of cell hydrodynamic diameter and sphericity. The results, which
agreed with theoretical studies [1,22] and previous experimental studies carried out with polystyrene particles [ 17—
19], showed that the magnitude of the mobility for nonlinear electrophoresis under the moderate (E3) and strong
regimes (E3/2) increase with increasing cell size and increase with increasing deviations from spherical shape
which are indicated by decreasing sphericity values. The present study contributes to the ongoing growth of the
field of nonlinear electrophoresis. The findings from this work are the first report on the effect of cell shape on
nonlinear electrophoretic migration and have the potential to be utilized in the design of electrokinetic (EK)

systems for the separation of microorganisms.

2. Theory

A brief summary of the theory is included here, as there are several recent publications listing this

information [13—19]. The system considered here is a rectangular microchannel with a constant cross section,
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which is shown in Figure 1 stimulated with direct current (DC) electric potentials. Electrokinetic phenomena are
classified on their dependence with the electric field magnitude as linear and nonlinear. The former are also
called first-kind phenomena and the latter are called second-kind phenomena. The linear EK phenomena present

in this system are electroosmosis (EO) and linear electrophoresis (EPr), with the following velocity expressions:

Veo = UgoE = __emniw E (D
Vepr = Hgp  E = 8":1&’ E (weak field regime) 2

where v is represents velocity, x4 are the mobilities of EO and EPy, &, and 7 refer to the permittivity and
viscosity of the suspending medium, respectively; { denotes the zeta potential of the channel wall or the
particle, and the electric field magnitude is illustrated by E. Nonlinear electrophoresis (EPxt) is the only
nonlinear EK effect considered in the system employed illustrated in Figure 1, which can become a dominant
effect on particle electromigration at high electric fields. To identify the appropriate expression to describe
particle migration under nonlinear electrophoresis, is necessary to rely on three dimensionless quantities: the

dimensionless applied field magnitude (), the Peclet (Pe) and Dukhin (Du) numbers, which are described as

follows:
_ Ea
B== 3)
_ alvep|
Pe = - 4)
KO'
Du = ot ®)

where E is the magnitude of electric field, a is the particle radius, ¢ is the thermal voltage (~25 mV), vgp is the
magnitude of the electrophoretic velocity (linear and nonlinear contributions), D is the diffusion coefficient, K°
and K™ are the surface and bulk conductivity of the medium, respectively. There two analytical expressions for

the velocity of EPxi, which are the limiting cases of low and high Pe numbers, described as follows [10,13]:

3) _ @3
VIE?P),NL = nuEP),NLEs

VS,{ f,)L = u]g?;,{ IZ\,)LE3/ 2 for>1,Pe>>1and Du << 1 (strong field regime) @)

for f <1, Pe <<1 and arbitrary Du (moderate field regime) (6)

where pigp vy, 1s the mobility of the EPni velocity, which depends on the electric field magnitude. An important
contrast between EPy. and EPny, is that the mobility of EPy is independent of the electric field magnitude [1,13].

Considering all three EK effects, the overall particle velocity in the channel in Figure 1a, becomes:

Vp = Vgp + Vgo + Vepnr = UepLE + lgo LE + H;E:r;lv),NLEn @)

where the dependency with the electric field magnitude of the EPxw velocity is represented by n, which can be
either E3 or E3/2. Tables S3-S5 in the supplementary material list the detailed conditions for the three distinct

regimes, the linear regime (E'), and the nonlinear regimes (E3 and E3/2), respectively.
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The deviation from spherical shape for each cell type was assessed in terms of the parameter sphericity ()
[23], defined in Eqn. (9), where Vp is the volume of the particle and Ap is the surface area of the particle,

sphericity varies from 0 to 1, where 1 means a perfect sphere.

1 2
__ m3(6Vp)3
==

Y (€))

Calculations of four distinct shape parameters for each cell type were carried out to select the best parameter
to be used in this study. The discussion on the appropriate shape parameter selected is included in Section 4.1. A
Table listing the values of the four distinct shape parameters calculated for each particle and cells is included in

the supplementary as Table S1.

3. Materials and Methods

3.1 Microdevices

Rectangular microchannels with a constant cross section were fabricated from polydimethylsiloxane (PDMS,
Dow Corning, MI, USA) employing standard cast molding techniques [18,19]. An illustration of the
microchannel, depicting all dimensions, is included in Figure 1. PTV assessments were performed at the

microchannel center.

3.2 Suspending medium

A low conductivity solution of 0.2 mM KoHPO4 was employed as suspending medium, with the addition of
0.05% (v/v) Tween 20 to prevent particle adhesion. This solution had a pH of 7.4 + 0.5 and a specific
conductivity of 39.2 £ 2.2 uS/cm. These conditions produced a wall zeta potential {y, = -60.1 = 3.7 mV and
Ugo = 4.7 £ 0.3 x 1078m?V 1571 in the PDMS devices as assessed with current monitoring [24]. The

thickness of the electrical double layer (EDL) was estimated as 14 nm.

3.3 Bacterial and yeast cells

Four distinct types of cells (three bacteria and one yeast) were studied, and their characteristics, including
their American Type Culture Collection (ATCC) numbers, are listed in Table 2. To enable visualization, cells
were labeled with fluorescent dyes (SYTO® dyes, Thermo Fisher Scientific, Carlsbad CA). Sample suspensions
of cells were prepared with concentrations between 2.9 to 6.0 x 107 cells/mL as listed in Table S2. Cell

concentrations were adjusted to allow tracking visibility.

3.4 Equipment and software.
PTV experiments were recorded with a Leica DMi8 (Wetzlar, Germany) and a Zeiss Axiovert 40 CFL (Carl
Zeiss Microscopy, Thornwood, NY) inverted microscopes equipped with a color camera. Direct current

potentials were applied employing a high voltage power supply (Model HVS6000D, LabSmith, Livermore, CA)
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which was controlled with the software Sequencer provided by the manufacturer. Platinum electrodes were

connected to the power supply to apply DC potentials to the microdevices.

3.5 Experimental procedure

To ensure stable EO flow, all PTV devices were conditioned before experiments by soaking the channels
with the suspending medium for 8-12 hours. Prior to each experiment, channels were filled out with the
suspending medium and pressure-drive flow was minimized. A sample of the selected cell suspension (1 uL to 2
pL) of was added to the inlet reservoir of the microchannel and followed by placement of the electrodes at both
reservoirs. To perform PTV assessments, electric potentials were applied for 15 seconds while simultaneously
recording images. The results from low voltage PTV experiments were used to estimate {p and ugp ; values, the
experiments were run between 25-150 Volts to ensure a Pe value below 1 and linear dependence on E (see
Table S3). High voltage PTV experiments run between 100-3000 Volts to were used to assess electrophoretic
velocities under the moderate and strong field regimes (see Tables S4-S5, respectively). All experiments were

run in triplicate and analyzed using ImageJ and Tracker software to determine cell velocity.

4. Results and Discussion

4.1 Selection of the parameter to define cell shape deviations from spherical shape

A careful analysis of the appropriate parameters to describe particle shape as it deviates from the spherical
shape was necessary in this study. This is perhaps an unexplored area in iEK separations, since there are not
many reports that have focused on the effect of particle or cell shape on their electromigration. Recently, Bentor
and Xuan [17] utilized the parameter slenderness to describe particle shape in a study that investigated the
electrophoretic migration of various shaped synthetic particles. In the present study, four distinct shape
parameters utilized in geology [25] were analyzed to better understand the relationship between cell shape and
the electrophoretic properties of the cells assessed in this work. The four shape parameters considered were:
circularity, sphericity (), slenderness and ISO roundness. Of these parameters, sphericity was selected due to its
three-dimensional characterization of cells as opposed to the two-dimensional parameters of circularity,
slenderness and ISO roundness. The sphericity values of the cells varied depending on the overall cell shape. For
example, the sphericity of prolate and rod shaped bacteria varied between 0.72-0.78. A sphericity values of 1.0
was obtained for the spherical yeast cells.

Since particle migration under EPn is affected by both particle size and shape [1], it was necessary to
consider both parameters, cell size and shape, in the assessment of the mobilities of EPxi. From the recent report
by Bentor and Xuan [17] it was observed that the magnitudes of the mobilities of EPnt increased as particle

shape deviated from the spherical shape. In their study [17], they employed three types of polystyrene particles
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of similar size (equivalent diameter between 4.2 to 5.0 um) and distinct shapes (sphere, pear and peanut), where
the peanut-shaped particle was the one that deviated the most from spherical shape (slenderness = 0.58) and also
the one with the highest mobility magnitudes. Thus, it can be stated that as the sphericity of a particle decreases
(increasing deviation from spherical shape), the magnitude of the mobility of EPx increases. Regarding particle
size, our recent work [18] demonstrated experimentally that the magnitude of the mobilities of EPni increase
with increasing particle size, which had been theorized in the fields of colloid science by Dukhin [6] and Khair
[1], among others. This increase in magnitude of the mobility values is the result of a larger conductive-diffuse
layer in the electrical double layer (EDL) of the particle, which in turn increases the polarization charge in the
EDL. Considering the distinct and opposite effects that particle size and particle shape have on the magnitudes of
the mobilities of EPni, it was decided to plot the magnitudes of the mobilities of EPni as functions of the cell
hydrodynamic diameter divided by cell sphericity, as this considers both the effects of cell size and shape. These

results are included in Figure 2.

4. 2 Effect of cell size and shape on nonlinear electrophoretic migration of bacterial and yeast cells

As it was expected from the recent study by Bentor and Xuan [17], the effects of EPnxr. were more evident in
cells with lower sphericity values, i.e., cell shapes that are deviate more from spherical shape. Figure 2 contains
the results of the assessment of the migration velocity of the four distinct cell types under the influence of EPn.
effects. Figures 2a-2b illustrate the overall particle velocity (Eq. 8) and the particle EP velocity (Vgp ;, + Vgp n1)
as a function of the electric field, respectively. From Figure 2a, As anticipated, all cell types cross the zero
velocity line (vp = 0), this condition is called is called the electrokinetic equilibrium condition (Eggc)
[15,19,26]. The Eggc is included in Table 1, which as observed in previous experimental studies, is a function of
cell charge ({p) and cell size, and as unveiled here, is as also function of cell shape; Egrc values decrease with
increasing magnitude of {p and cell size, and increase with decreasing values of cell sphericity.

As shown in Figure 2b, all cell types have an increasing magnitude of their EP velocity as the E increases
(EP velocity is negative, thus, the absolute value was plotted in the figure). This is the anticipated behavior, as
the magnitude of the electrophoretic velocity (Vgp  + Vgp 1) increases more rapidly as the electric field

magnitude increases and the nonlinear effects appear [16,18,19].

4.3 Effect of cell size and shape on the magnitude of the mobilities of nonlinear electrophoresis
under the moderate and strong regimes

Regarding the effect of cell size and shape on the magnitude of the electrophoretic mobilities of the under the
moderate (E3) and strong regimes (E3/2), the same trends is observed for both, yg,)w , and ug;,{ Iz\,)L, the magnitude

of these two negative mobilities increases as a function of the size/shape parameter (hydrodynamic
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diameter/sphericity). These observations agree with the literature, as larger size cells have a larger magnitude of
the mobility of EPx. [1,6,18] due to a larger conductive-diffuse layer; and cells with larger deviations from
spherical shape, which is indicated by lower sphericity values, also exhibit larger magnitudes in their mobilities
of EPni as recently demonstrated by Bentor and Xuan [17]. The results in Figures 3a-3b are the very first

assessment of the two types of mobilities of EPxi. of cells as a function of cell size and shape.

5. Conclusions

The present study contributes to the dynamic field of nonlinear electrophoresis of colloidal particles, several
recent studies have already assessed the effect of particle size and particle charge on nonlinear electrophoretic
migration. The present studies the effect of cell shape on nonlinear electrophoretic migration. To quantify the
shape of the cells in this work, the parameter of sphericity was selected after a careful evaluation of four distinct
shape parameters. Two distinct nonlinear electrophoresis regimes were studied, the moderate regime which has a
cubic dependance with the electric field magnitude and the strong field regime which has a 3/2 dependance with
the electric field magnitude. All cells were characterized electrokinetically employing PTV experiments in order
to estimate the zeta potential and the electrophoretic mobilities under the two electric field magnitude regimes. As
cell migration under nonlinear electrophoresis depends on cell size and shape, the results in terms of the magnitude
of the mobilities of nonlinear electrophoresis under both regimes (moderate and strong) were presented as function
of cell hydrodynamic diameter and sphericity. The result indicated that the magnitude of the mobilities of
nonlinear electrophoresis increase with increasing cell size and increasing deviation from spherical shape. These
results are in agreement with recent theoretical and experimental studies obtained with polystyrene particles. These
findings are the first study on the effect of cell shape on nonlinear electrophoretic migration. The new knowledge
produced in this work can be used to design electrokinetic-based separation of microorganisms by exploiting

differences in cell shape.
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3 TABLES

324

325 Table 1. Characteristics of the cells used in this study.

Cell Dimensions 11 {rodvnamic Sphericity &7 uppax 105 E 10 MRy 1 x10is Efor Mo a3 X101 Egge
ID (um) (um) (mV) (mivish o csomation mivishy ST @y (Viem)
ATCEC ;(’1”177 s va 31211%32 1.8 0.78 25.5+1.5 -3.9+0.3 500 -6.4+0.8 3000 -4.1+1.1 911.6
A?cscuiﬁégﬁ va 717811013 33 0.72 301459 -2.340.5 250 29.0+16.4 2000 7.942.1 287.0
AT%CCTIZSSE VLV41851%52 2.5 0.77 -46.143.1 -3.6+0.3 250 43434 2000 5.2+1.6 518.6
:Téeéj’gi)“;o D: 5.8+0.5 5.8 1.00 415620 32402 100 21.6£1.0 600 -14.043.1 318.4
326 D: diameter, L: length, W: width, , ugp : mobility of linear electrophoretic velocity, ug‘ .- cubic mobility of nonlinear electrophoretic velocity, ug,/’ Iz\,)L 3/2 mobility of
327 nonlinear electrophoretic velocity, Eggc= electrokinetic equilibrium condition
328
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333 Figure 1. Representation of the microchannel used for PTV assessments, including dimensions.
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338 Figure 2. Plots of the (a) overall cell velocity (Vp) and (b) absolute value of the cell electrophoretic velocity (linear and

339 nonlinear contributions) as a function of the electric field. Absolute values were plotted for the electrophoretic velocities to
340 aid visualization as these values are negative.
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345 Figure 3. Plots of the absolute values of the of the magnitudes of (a) #1(52;3), 1 and (b) ,u,(;;/, IZV)L as a function of cell size and cell

346 shape (hydrodynamic diameter/sphericity), respectively. Absolute values were plotted for the mobilities to aid visualization
347 as these values are negative.
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