Characterization of the nonlinear electrophoretic behavior of colloidal

particles in a microfluidic channel

Adrian Lomeli-Martin’, Olivia D. Ernst’, Braulio Cardenas-Benitez®, Richard Cobos*, Aditya S. Khair*, and

Blanca H. Lapizco-Encinas™"

" Microscale Bioseparations Laboratory and Biomedical Engineering Department, Rochester Institute of
Technology, 160 Lomb Memorial Drive, Rochester, New York, 14623, United States.

¥ Department of Biomedical Engineering, University of California, Irvine, Irvine, CA

92697, USA;

* Department of Chemical Engineering, Carnegie Mellon University, 5000 Forbes Ave, Pittsburgh, Pennsylvania,
15213, United States.

Blanca H. Lapizco-Encinas (PhD)
Email: bhibme@rit.edu



ABSTRACT

Contemporary findings in the field of insulator-based electrokinetics have demonstrated that in systems under the influence of DC
fields, DEP is not the main electrokinetic mechanism responsible for particle manipulation, but rather the sum of electroosmosis, linear and
nonlinear electrophoresis. Recent microfluidic studies have brought forth a methodology capable of experimentally estimating the
nonlinear electrophoretic mobility of colloidal particles. This methodology, however, is limited to particles that fit two conditions: (i) the
particle charge has the same sign as the channel wall charge and, (ii) the magnitude of the particle zeta potential is lower than that of the
channel wall. The present work aims to expand upon this methodology by including particles whose zeta potential has a magnitude larger
than that of the wall, referred to as “type 2” particles, as well as to report findings on particles that appear to still be under the influence of
the linear electrophoretic regime even at extremely high electric fields (~6000 V/cm), referred to as “type 3” particles. Our findings
suggest that both particle size and charge are key parameters in the determination of nonlinear electrophoretic properties. Type 2
microparticles were all found to be small (diameter ~ 1 pm) and highly charged, with zeta potentials above -60 mV; in contrast, type 3
microparticles were all large with zeta potentials between -40 and -50 mV. However, it was also hypothesized that other, non-considered
parameters could be influencing the results, especially at higher electric fields (> 3000 V/cm). The present work also aims to identify the
current limitations in the experimental determination of ugp y; and propose a framework for future work to address the current gaps in the

evolving topic of nonlinear electrophoresis of colloidal particles.
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Microparticles

Bioanalysis in microfluidic devices is a field where new and exciting discoveries are constantly being made,
both theoretically and experimentally.'™ There is significant interest in the development of fast separation
methods for bioparticles of interest, ranging from macromolecules to microorganisms. Several reliable methods
exist for the swift assessment and analysis of nano-sized particles such as DNA and proteins. These methods
include, but are not limited to, chromatography and capillary electrophoresis. However, similar efficient
techniques have not been developed for the rapid analysis of micron-sized colloidal particles, such as
microorganisms.”® Electrokinetics (EK) offers a great potential for the development of rapid label-free separation
methods of micron-sized particles, as EK only depends on the physical properties of the particles and offers
highly discriminatory separation capabilities.” Employing EK allows combining several phenomena within the
same microdevices; the most common EK phenomena utilized for rapid separation and assessment of bioparticles

of interest are electrophoresis (EP), electroosmosis (EO), dielectrophoresis (DEP) and electrorotation (EROT).*?



Recent developments in the field of insulator-based electrokinetics (iEK) by Rouhi et al.,'” Tottori et al.,""
Bentor et al.,'” and Cardenas Benitez et al.;'? illustrated the importance of the EK phenomenon of nonlinear EP,
also called EP of the second kind. Experimental observations of nonlinear EP were first reported in 1972."
Numerous mathematical models have been developed to describe the migration of colloidal particles under the
effects of nonlinear EP. However, the last few decades have seen a significant surge on studies focusing on
nonlinear EP'°. Several research groups in the field of physics and colloidal science have recently described the
distinct regimes of nonlinear EP, to name a few, the contributions by Baran,'® Dukhin,'”" Khair,*® Mishchuk and

Barinova,?"*? Schnitzer and Yariv,” > and Shilov;*® have advanced the understanding of nonlinear EP.

Three recent reports illustrating the effect of nonlinear EP in iEK systems'®"* have transformed the
understanding of the migration of colloidal particles in the field of iEK and resulted in a new approach for
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designing iEK separation processes that includes the effect of nonlinear EP.>” These recent reports
that in systems under the influence of DC fields, DEP is not the main electrokinetic mechanism responsible for
particle manipulation, but rather the sum of electroosmosis, linear and nonlinear electrophoresis. Furthermore, the

work by Cardenas-Benitez et al."

also defined a new EK parameter identified as the electrokinetic equilibrium
condition (Egec), which defines the electric field magnitude at which the overall particle velocity is zero, i.e., all
EK phenomena exerted on the particle are in equilibrium (Vgg + Vgp; + Vgp y, = 0). Once the Egec value of a
particle has been experimentally determined, it is then possible to estimate the mobility of the nonlinear EP
velocity of the particle, if this velocity is assumed to have a cubic dependence with the electric field, which is
indeed the predicted dependence under certain regimes of nonlinear EP. However, this methodology only works
if the particle fulfills the following conditions (i) the particle charge has the same sign of the channel wall charge
and, (ii) the magnitude of the particle zeta potential is lower than that of the channel wall. In two recent reports on
the characterization of mobility of nonlinear EP'**® the microchannels employed had a negative wall zeta
potential and all particles had negative particle zeta potentials that were lower in magnitude than that of the
channel wall. These statements also hold true for the work reported by Bentor et al.,'? and Ernst et al.,” where the
authors experimentally determined the mobility of the nonlinear EP velocity for latex microparticles of varying

sizes and surface charge values, all of which had negative zeta potentials with magnitudes lesser than that of the

channel wall.

There is no established methodology yet for the nonlinear EP velocity characterization of particles whose zeta
potential has a greater magnitude than that of the channel wall or for the particles with opposite charge than the
channel wall. The present report describes a methodology for the characterization of microparticles, classified as

type 1, type 2, and type 3 (Figures 1a-1b). This classification is based on the relation between the particle zeta



potential and the zeta potential of the microchannel wall. The present study employed channels made from
polydimethylsiloxane (PDMS), which have a negative wall zeta potential ({};,) of -60.1 = 3.7 mV while
employing the suspending medium utilized in this work. Type 1 particles are those that have an electrical charge
of the same sign as the channel wall, and their particle zeta potential magnitude is lower than that of the channel
wall (|{p| < [{w]), for these particles, the characterization method has already been developed and reported in the
literature'**® and is included in this work merely for the sake of completion. The novel aspect of this report
pertains to the characterization of the pgp v, of particles labelled as type 2 and type 3. Type 2 particles are those
with a particle zeta potential of the same sign of that of the channel wall, but of a greater magnitude (|{p| >

[¢w ). Since iy = —60.1 + 3.7 mV, all type 2 particles have a negative zeta potential with magnitude greater than
60.1 mV. Type 3 particles, which were initially thought to have a positive particle zeta potential, the opposite
sign to that of the channel wall; were found to have a negative charge and exhibit low magnitude of nonlinear EP
effects, thereby “delaying” the appearance of nonlinear EP impact in their overall particle velocity. This
particular and unexpected behavior of type 3 particles is discussed in detail in the results section. This work is
the first report on the characterization of microparticles that are type 2 and type 3 and it complements the

previous studies'**

that only characterized particles of type 1. The present study is also the first report on the
characterization of the nonlinear EP velocity for two distinct dependencies on the electric field strength (E3

and E3/2) of the three distinct types of particles. The findings presented in this work are expected to be useful in
the design of new iEK-based studies, which would expand the fields of bioseparations and bioanalysis by

advancing the characterization and separation of microparticles and microorganisms in microfluidic devices.

THEORY

The overall velocity of the migration of microparticles in iEK systems is described by linear and nonlinear
EK phenomena. The phenomena that have a linear dependence on the electric field are linear EP and EO. The

mobility and velocity expressions for these two linear phenomena, as defined by Helmholtz-Smoluchowski

theory, are:

HEpL = % (M

Vep,L = HepLE (2)
EmS

HEo = — TW 3)

Veo = UgoE (4)

where ugp | represents the linear electrophoretic mobility, pigo represents the electroosmotic mobility, &, and 7
are the electric permittivity and viscosity of the suspending medium, respectively; E is the applied electric field, {p

and {j, represent the zeta potential of the particle and the channel wall, respectively. The particle zeta potential is



employed as a surrogate of the surface charge density of the particle (q5), which can be estimated with the following

expression:*

4o == [2enRT Syci [exp (- 252) - 1] )

where R is the universal gas constant, T is temperature of the system, c; is the concentration of each of the chemical

species that form the suspending media, z; is the valence of each of these species, and ¢ is the thermal voltage.

In the linear regime, also known as weak field regime, the linear EP mobility (ugp ;) is independent of the
electric field. The nonlinear EK phenomenon considered in this study is nonlinear EP. In contrast with linear EP,
the mobility of nonlinear EP (ugp y;,) does depend on the magnitude of the electric field. There are several models
for describing the behavior of the nonlinear EP velocity of a particle. These models rely on several dimensionless
parameters, amongst them are the Peclet (Pe) and Dukhin (Du) numbers, and the dimensionless field strength f5.
The Pe number is the ratio of the convective to the diffusive movement of the ions located close to surface of the
particle. The Du number refers to the ratio of the surface conductivity (K°) to the bulk conductivity of the medium
(K™). Finally, f is the ratio of the applied electric field magnitude multiplied by the particle radius (a) to the thermal
voltage, which has a value is around 25 mV at 298 K. Using these parameters, asymptotic expressions for nonlinear
electrophoresis have been developed in the case of thin Debye layers.”>> The expressions for these three

dimensionless parameters are listed below:*

Pe = alvDEPI (6)

Du = K’: . 7
_ |Ela

p ="t ®)

where vgp represents the EP velocity of the particle and D is the diffusion coefficient of the electrolyte ions.
Different expressions have been developed to estimate the Du depending on systems’ conditions and field of

application, the expressions used in this study are included in the supplementary material as Eqns. (S1-S2).

Outside the weak field regime, the EP velocity is no longer linear with the electric field, and the dependence
of the EP velocity with the electric field varies with the system conditions as represented by the values of the Pe
and Du numbers. Analytical expressions describing the limiting cases of small Pe (Pe << 1) and high Pe (Pe >> 1)
values have been developed to determine the dependence of vgp ), with the electric field. No analytical expressions

exist yet to determine this dependence for intermediate values of Pe. The expressions for these two limiting cases

illustrating the dependencies of vgp y;, with the electric field are:'0%
VS,)N L= ,ué? v E3 for B <1, Pe << 1 and arbitrary Du )



vl = uSID B3/ for Pe>> 1 and Du << 1 (10)

Note that Eqns. (9-10), are valid for “highly charged particles” as defined by Schnitzer & Yariv,”* where the
dimensionless surface charge density is of order of the inverse of the dimensionless Debye length. Furthermore,
these equations are valid in the thin double layer limit where the Debye length is much smaller than the particle’s
radius. In contrast, for moderately charged particles® the electrophoretic velocity is predicted to be linear in the

field strength even for 8 of order one. The present work is the first experimental report on the characterization of

both ug},)' ny, and yg,/‘ IZ\I)L' As shown in Eqns. (9-10), at small Pe values, which occur at low electric field magnitudes,

Vgp n1 Scales as E3; in contrast, at high Pe values, which occur at increased electric field magnitudes, Vgp,ni, Scales

E3/2 222* The expression for the overall velocity (vp) of a colloidal particle in the microchannel depicted in Figure

1c becomes:

Vp = Vgp 1, + Vgo + Vepni = Ugp L E + lpoE + MI(E'TILD),NLEn (10)
where the dependency of vgp v, with E, which is either E3 or E3/2, is represented by 7 as determined by the
operating conditions stated in Eqns. (9-10), these being S, the Pe, and Du numbers (see supplementary material
Tables S1-S3). As depicted in Figure 1c, the channel depth is 40 pm, which is 4-40 times larger than the particle
diameter (the particles employed in this study range from 1.0-9.7 um).

EXPERIMENTAL SECTION

Microdevices. Microchannels were fabricated from PDMS (Dow Corning, MI, USA) using conventional soft
lithography techniques.®' All microchannels were 10.16 mm long, 0.88 mm wide, and 40 um deep (Fig. 1¢). An
image of the experimental setup employed in this project is included as Figure S1a.

Suspending media. Experiments were done using a buffer solution of K;HPO4 with a concentration of 0.2
mM, with the addition of 0.05% (V/V) of Tween 20 to prevent particle adhesion. This suspending media had a
conductivity of 40.7 + 4.0 uS/cm and a pH of 7.3 + 0.2, which resulted in a wall zeta potential ({y, ) of -60.1 + 3.7
mV and pigy 0of 4.7 + 0.3 x 1078m?2V =15~ in the PDMS microchannels. as determined via current monitoring

experiments.*
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Figure 1. (a) Schematic representation of the particle overall velocity for particles type 1, type 2, and type 3 as a function of
the electric field, illustrating the change in the velocity behavior caused by the initiation of nonlinear EP effects. The division
between particles is explained as a relation between the zeta potential of the particle ({p) and that of the wall ({};,). This
represents a system in which ¢y, < 0. (b) Schematic representation of the expected particle EP velocity as a function of the
electric field for arbitrary type 1, type 2 and type 3 particles. (¢) Schematics of the microchannel employed for particle
tracking velocimetry assessments (Figure Sla contains a picture of the actual experimental setup).

Microparticles. A total of twelve distinct samples of polystyrene microparticles of varying sizes (Magsphere
Pasadena, CA, USA and ThermoFisher Scientific Waltham, MA, USA) were studied, and their properties are
found summarized in Table 1. Samples of microsphere suspensions were prepared by first diluting the
concentrated stock solution into the suspending media to a desired microparticle concentration (Table S4). Each

concentration was empirically determined to allow for the best visualization of the particle migration.

Table 1.

Characteristics of the polystyrene microparticles used in this study.

3/2
Particle Diam. Z Charge/l;lass UEp,L E for u,(;g’m u,(;‘,QM E for ”2_3;7/2) I‘)(s P/’N)L
D (um) (mV) x 10 x 108 estimation x 1018 estimation x 1012
(Clg) (m?V-s?) (V/em) (m*V-3s1) (V/em) (m52V-32g1)




Type 1 particles

Particle 1 (P1) 2.0 -18.9x6.1 -2.7+0.9 -1.5+0.0 500 + 100 -6.8+0.4 2100 + 100 -779+6.1
Particle 2 (P2) 2.0 -19.2+0.6 -1.6+0.1 -0.9+0.0 400 £+ 100 -53+04 3300+ 100 -81.7+3.0
Particle 3 (P3) 3.0 -282+114 27+1.2 22+09 350+ 50 44+2.0 3100+ 100 -57.7+0.1
Particle 4 (P4) 5.1 -314+04 -1.7+0.0 24+0.0 200 + 50 56+1.6 2000 £ 100 -379+24
Particle 5 (P5) 5.1 255+1.5 -1.5£0.0 -2.1+£0.1 200 £ 50 9.8+23 2000 £+ 100 -68.4+1.2
Type 2 particles
Particle 6 (P6) 1.0 -709+£1.8 -25+0.5 -24+0.1 500 + 100 -0.8+0.4 5100 + 100 -0.5+0.2
Particle 7 (P7) 1.1 -65.6+£0.9 -2.0£0.2 -2.9+0.1 500 £ 100 -0.7+£0.1 5100+ 100 -9.9+0.1
Particle 8 (P8) 1.1 -794+£1.5 -27+04 -3.7+£0.1 500 + 100 -0.4+£0.1 5100 + 100 -1.5+£0.5
Particle 9 (P9) 1.0 -62.0+£0.5 -2.1+£0.1 -3.5+0.3 500 + 100 -04+£0.1 5100 + 100 -11.1+0.2
Type 3 particles
Particle 10 (P10) 5.0 43.6+£1.6 -2.6£0.0 -34+0.1 200 £ 50 -7.3+£23 3600 + 100 -6.7+ 1.1
Particle 11 (P11) 7.6 -47.0£0.8 -1.9+0.0 -3.7+0.0 75 £25 -39.4 £26.3 3600 £+ 100 -1.4+0.8
Particle 12 (P12) 9.7 -22.8+0.5 -1.1£0.0 -3.4+0.0 75425 -71.2+31.7 3600 + 100 -1.9+£0.5

Equipment and software. The LabSmith Sequencer software was utilized to manipulate a high-voltage
power supply (Model HVS6000D, LabSmith, Livermore, CA). This unit applied DC voltage sequences to the
microchannels via platinum-soldered electrodes. Inverted microscopes were used to record experimental sessions:
a Zeiss Axiovert 40 CFL (Carl Zeiss Microscopy, Thornwood, NY) and a Leica Dmi8 (Wetzlar, Germany).

Experimental procedure. Before any experimental runs, the microchannel (shown in Figure 1¢) was filled
with suspending media. The influence of pressure-driven flow was eliminated by adjusting the liquid level at the
reservoirs. A 2 pL sample of the selected particle suspension was introduced into the inlet reservoir, then
platinum wire electrodes were placed and fixed into both reservoirs. Various DC voltages were applied to assess
the effect of the electric field on particle velocity. Increasing electric field values were applied to observe the
effects of linear electrophoresis at weak fields, and then the effects of nonlinear electrophoresis at strong fields.
Each electric field was applied for a total of 15 seconds and experiments with the same applied electric field were
repeated at least four times. The values for {p were estimated employing a methodology described in previous
work.? In summary, low-voltage particle tracking velocimetry measurements (PTV) were done to determine the
values of pgp ;,, and then Eqn. 1 was employed to estimate {p (Table 1). A screen capture of the software used

for the data analysis of the recorded PTV videos is included in the supplementary material as Figure S1b.

RESULTS AND DISCUSSION

Characterization of microparticles type 1
A series of PTV experiments were conducted by varying the magnitude of the electric fields (50 to 3200
V/cm) to determine the particle velocity. The results of these experiments are summarized in Table 1 and Figure

2. As noted in Table 1, type 1 particles vary in both size and {p. First, low electric fields were employed to



determine ugp ; and {p of each particle. Then, higher electric fields (> 150 V/cm) were used to observe particle

migration under nonlinear electrophoresis and obtain the ugp v, for two distinct dependencies on the electric field

(E3 and E3/2). This allowed determining ug.@)’N , at lower electric fields and uéi,{ IZV)L at higher electric fields,

respectively, using comparable values of 5 (see Eqn. 8 and Tables S1-S3). For type 1 microparticles, the
behavior of the overall particle velocity as a function of the electric field was as follows: first a linear increase
was observed, then vp reached a maximum, and as the electric field kept increasing, vp decreased until it turned

negative, i.e., the particle migration switched direction.

As observed in Table 1 regarding the results under the weak field regime, the experimentally obtained
{p values for the five particles covered in this section varied from -18.9 to -31.4 mV, thus all these particles fit the
criteria set for type 1 microparticles (|{p| < |{y/|). The observed vp of each type 1 microparticle as a function of
the electric field is shown in Figure 2a, where all particles followed the behavior in previous studies."*** By

analyzing the results under the strong field regime, it is observed in Table 1 that, with the exception of P1, the

magnitude of ,u,(;},)’ vy, increased'® while, aside from P2, the magnitude of ué?;,{ IZV)L exhibited a decrease with particle

size.”> These results appear to be consistent with the work reported by Bentor et al.'> where a similar trend was
observed. Particle charge (in terms of {p) also has an interesting effect on both ugp ; and ugp y;. Larger
magnitudes of {p as expected, resulted in larger magnitudes of ugp ;, but smaller magnitudes of ugp y,;, in both
regimes. While no work has determined a clear relationship between particle charge and ugp y;, yet, O’Brien and
White*® have shown that Ugp, 1, does vary with {p in a given suspending medium. As the {p increases, so does

the pgp 1, and after reaching a maximum magnitude, pgp 5, starts to decrease. They attributed this behavior to
retardation forces, due to the Debye cloud, scaling faster with {» than the electrical force on the particle,
manifesting as a reduced net electrophoretic mobility. This is caused by surface conduction on the particle, which
becomes more prominent in thin Debye layers and large zeta potentials. Although these statements were reported
for weak fields, given the experimental results obtained in this work it is possible for them to also hold true for

moderate to strong fields.*

The electrophoretic velocity of each type 1 microparticle as a function of the electric field is shown in Figure
2b. Since all particles exhibited negative EP velocities, the figure shows the absolute value of these velocities for
ease of visualization. As expected, the vgp of type 1 microparticles presented a range of linearity, after which it
can be observed that the behavior of vgp changes slightly, indicating the presence of nonlinear EP effects. P1 and
PS5 present larger v;p magnitudes compared to the rest of the type 1 particles, which is consistent with those being

the two particles where vp changed sign at the smallest applied field strength. These observations seem to be

consistent with the experimental results obtained for yg,), ~1» Where both particles present the largest magnitudes



in the ué?},)'NL regime amongst the other type 1 microparticles. As shown in Figure S2 of the supplementary

material, both P1 and P5 fail to follow the expected velocity profile corresponding to the E*? dependency even at

the highest of experimental electric fields, suggesting that the obtained ys,/, IZV)L value might not be entirely

representative of the particle’s proper behavior at that electric field range.
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Figure 2. Plots of particle velocity as a function of the electric field for microparticles type 1. (a) Overall particle velocity
(Vp). (b) Absolute value of the particle electrophoretic velocity (Vgp). Markers indicate experimental data, and the solid-
colored lines are included for ease of visualization. Error bars denote standard deviation.

Characterization of microparticles type 2

After a particle was identified as being type 2 (|{p| > |{y/|) through {p measurements in the weak field
regime, additional PTV experiments were done to obtain a full set of vp measurements. The results of these
experiments are summarized in Table 1 and Figure 3. As shown in Table 1, all the particles identified to follow
type 2 behavior are small (diameter ~ 1.0 pm) compared to the rest of the particles used in this work. This
commonality in size can be attributed to the fact that the absolute value of {p in small particles tends to be greater
than that of large particles.** Physically smaller particles have a greater surface to volume ratio when compared to
larger particles,” i.e., since the electrical charge of a particle is on its surface, smaller particles have a higher
charge per unit volume. This could explain the common tendency in higher {» magnitude that type 2
microparticles present. The experimentally obtained values for {p of the four particles covered in this section

ranged from -62.0 to -79.4 mV.
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The observed vp of each type 2 microparticle as a function of the electric field is shown in Figure 3a, where,
as expected, all particles moved with a negative velocity. The magnitude of v, in all type 2 microparticles
seemed to be directly proportional to the intensity of the electric field. Eventually, all particles showed a slight
change in their vp behavior, attributed to the presence of nonlinear electrophoretic effects. However, as can be
seen in Figure 3b, which shows the absolute value of the electrophoretic velocity (|vgp|) of each type 2

microparticle as a function of the electric field, all particles seem to follow an almost linear behavior even at high

field strengths. This is supported by the experimentally obtained ug.@)' ~1 Values, which are the smallest out of all

the particles in this set of experiments. Considering the potential experimental error, the ug' ~1 values for P6 and

P8 could be due to rounding errors.

Evidence supporting an extended linear behavior, shown in Figure 3b, can be also observed in Figure S3
which illustrates the dimensionless velocity (Eqns. S5-S6) as a function of the electric field magnitude, where
neither of the nonlinear behaviors properly fits the particles. The only exception is P8 with the E¥* expression,
which is primarily linear in that range of electric field. It is currently unknown if these particles simply cannot
enter the nonlinear electrophoretic regime due to their intrinsic properties, or if other forces like electroosmosis of

the second kind,*® could be interfering. Future work will focus on determining this.
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Figure 3. Plots of particle velocity as a function of the electric field for microparticles type 2. (a) Overall particle velocity
(Vp). (b) Absolute value of the particle electrophoretic velocity (Vgp). Markers indicate experimental data, and the solid-
colored lines are included for ease of visualization. Error bars denote standard deviation.

Characterization of microparticles type 3

Type 3 particles were initially assumed to have a positive charge ({p > 0), thus, were expected to migrate
always in the positive direction, i.e., vp was expected to keep increasing as a function of the electric field. These
particles would never cross the zero-velocity-line (vp = 0) as type 1 particles did. A particle was deemed to be
type 3 if it kept moving with a positive velocity at the highest possible voltage output allowed by our high voltage
power supply (6000 V). The results of the characterization experiments of type 3 particle are summarized in

Table 1 and Figure 4.

For this section, data analysis was performed until 5500 V/cm since higher electric fields produced v, values
too high to be accurately measured by our experimental setting. The experimentally obtained {p values of these
particles ranged from -25.5 to -47.0 mV. Surprisingly, these do not fit the initial criteria proposed for type 3
particles ({p > 0). Revisions to the initial selection criteria between particles were necessary. It was hypothesized
that particles would continue to have positive velocities if they possessed weak pgp y;, under nonlinear
electrophoresis; in that case, the electroosmotic velocity would always be greater than the electrophoretic velocity

in terms of magnitude (|vgo| > |vgpl).

The observed vp of each type 3 microparticle as a function of the electric field is shown in Figure 4a. The
behavior exhibited by P12 hints to what is happening. The ugp v, value of these particles has a negative sign;
therefore, pigp y;, should also follow in the same direction as explained by Dukhin."® Consequently, we are not
dealing with particles that move with positive velocity indefinitely as was initially expected. Instead, these are
simply type 1 particles that cross the zero-velocity-line (vp = 0) outside the experimental boundaries of our
setup. This is further confirmed in Figure 4b, where P12 exhibits the same trend seen in type 1 microparticles
when the nonlinear electrophoretic effects start gaining traction within the system at higher electric fields.
Despite their similarities, there is still merit in distinguishing type 3 from type 1 microparticles. In most

electrokinetic separation devices,”’’

the electric field in the system will be in a range under which the effects of
nonlinear electrophoresis would be significant for type 1 particles, while almost non-existent for type 3 particles,
as type 3 particles have a “delayed” response to nonlinear electrophoresis. This response is consistent with the
lower surface charge of these particles in comparison to type 1 particles. For practical purposes, when designing a
microparticle separation, there is a clear distinction between type 1 and type 3 particles, where the former would

clearly show in their migration the effects of nonlinear electrophoresis, while the latter would not. 2’7 These

12



observations are not unprecedented; since Kumar et al.*® reported a linear vgp of particles even at high fields’
strengths. Although the size and surface charge of the particles they employed are different from the ones used in
our experiments, these being 4 um in diameter and moderately charged particles, the reported particle movement

indicated the characteristic type 3 behavior.

An interesting observation arises when analyzing the pgp y;, values of the identified type 3. The magnitudes

of ,ué?},)’NL are amongst the largest of the particles in this project, which given their size, is consistent with what

has been reported in previous literature.'® However, this would imply that these particles quickly transition into
moving with negative velocity, as seen when analyzing type one particles, which did not occur. This could be due

to the E° expression not being representative of type 3 particle behavior. Type 3 particles possess the smallest

average ug,{ 12\,)L values in this project, which would explain why they failed to adopt negative velocity values

once leaving the weak field regime. Additionally, as shown in Figure S4, the E** expression seemed to be a

better fit for these particles. This provides a possible explanation as to why the deviation in ug;{ IZV)L values are

noticeably smaller than the ug.? n ones. Both particle size and particle charge seem to be determining factors in

the electromigration behavior of the microparticles. All three of the type 3 microparticles identified in this work
share some commonalities: (i) they are large (5.0-9.7 um in diameter), and (ii) they present the same surface
functionalization (carboxylated). Further studies are needed to verify if these factors, or any possible interaction

between them, are what makes type 3 particles exhibit a delayed or weak nonlinear EP behavior.
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Figure 4. Plots of particle velocity as a function of the electric field for microparticles type 3. (a) Overall particle velocity
(Vp). (b) Absolute value of the particle electrophoretic velocity (Vgp). Markers indicate experimental data, and the solid-
colored lines are included for ease of visualization. Error bars denote standard deviation.

CONCLUSIONS

In this study, particles were divided into three distinct categories according to the direction of their velocity when
subjected to strong DC electric fields. These categories are summarized in Figure 5. Particles identified as “type
1,” for which |{p| < |y/|, possessed a range of positive velocity which decreased and then reversed once a
threshold, coined the Egec (which occurs when the particle crosses the zero-velocity-line, vp = 0), was reached.
Although some of the results for this particle type appeared consistent with what is reported in the literature, the
observed deviations could be interpreted as an indication of the importance that other parameters or phenomena
not currently being considered may have on the system, such as EO of the second kind. “Type 2” particles, for
which [{p| > ||, start off having negative velocity due to their pgp ; values already being greater than the pigo of
the fluid in magnitude. A commonality shared between all the particles identified as type 2 is their size. Smaller
particles have greater absolute values of particle zeta potential than those of larger particles, attributed to a greater
surface charge to volume ratio, as charge is on the particle surface. Type 2 particles exhibited pgp y;, values so
small that they could be attributed to rounding errors, resulting in an almost linear vgp y;, behavior. Future work

will seek to explain why these particles exhibit an extended region of linear behavior. “Type 3 particles, which
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were initially thought as having a positive {p, are those that despite of their negative surface charge (thus,
negative {p), still show a positive overall velocity even at the high (6000 V/cm) experimental limit of the employed
instruments. Some commonalities between these particles imply that size, surface functionalization, and electrical
charge could be determining factors in the behavior adopted by microparticles once subjected to electric fields.
Future work will focus on confirming these observations and finding concrete discerning characteristics between
type 3 and type 1 microparticles. The field of experimental characterization of the mobility of the nonlinear
electrophoretic velocity is constantly evolving, and our understanding of the different factors and phenomena at
play in these systems also is still developing. Given that the effects of nonlinear electrophoresis are essential for
the selection of appropriate conditions for successful EK-based separations, the findings presented here will be
used for the design of new iEK-based assessments and separations of microparticles and cells. Further insight in
type 2 and type 3 particle behavior would expand the possible options for the separation of particles that do not fit
the separation criteria set by type 1 particles. This, in turn, would allow novel and exciting iEK-based separations

that would advance the field of microfluidic bioanalysis.

©
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Figure 5. Scatter plot of the absolute value of the negative particle zeta potentials as a function of particle diameter for all
twelve particles in this work. Each type of microparticle is represented by a different color: blue (type 1), green (type 2), and
red (type 3). Error bars denote standard deviation.
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