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ABSTRACT: Well-established techniques, e.g., chromatography and capillary electrophoresis, are available for separating

nano-sized particles, such as proteins. However, similar techniques for separating micron-sized particles are still needed. Insulator-
based electrokinetic (IEK) systems can achieve efficient microparticle separations by combining linear and nonlinear EK phenomena.
Of particular interest are charge-based separations, which could be employed for separating similar microorganisms, such as bacterial
cells of the same size, same genus, or same strain. Several groups have reported charge-based separations of microparticles where a
zeta potential difference of at least 40 mV between the microparticles was required. The present work pushes the limit of the
discriminatory capabilities of iEK systems by reporting the charged-based separation of two microparticles of the same size (5.1 pm),
same shape, same substrate material, and with a small difference in particle zeta potentials of only 3.6 mV, which is less than 10%
of the difference in previous studies. By building an accurate COMSOL Multiphysics model, which correctly accounts for
dielectrophoresis and electrophoresis of the second kind, it was possible to identify the conditions to achieve this challenging
separation. Furthermore, the COMSOL model allowed predicting particle retention times (frp) which were compared with
experimental values (zr¢). The separations results had excellent reproducibility in terms of #r. with variations of only 9% and 11%
between repetitions. These findings demonstrate that by following a robust protocol that involves modeling and experimental work,
it is possible to discriminate between highly similar particles, with much smaller differences in electrical charge than previously
reported.

Traditional well-established techniques, e.g., chromatography and capillary electrophoresis, are available for
analyzing nano-sized bioparticles, such as macromolecules. However, similar reliable techniques are not available
for separating micron-sized particles, including intact microorganisms.' Microfluidic devices are robust platforms
for the rapid analysis of a wide range of particles, from macromolecules to parasites.'> An important microfluidics
subfield is electrokinetics (EK), which refers to the manipulation of particles and fluid with electric fields.
Electrokinetics allows combining several EK phenomena within the same system, providing ample options when
designing separation processes for bioparticles, such as cells,* cell organelles,” and exosomes.® Electrokinetic
phenomena are classified as linear and nonlinear based on their dependence on the electric field. Many successful
EK-based systems combine linear and nonlinear EK phenomena within the same device.” By varying the magnitude
of the applied electric potential, it is possible to shift from linear to nonlinear EK phenomena, making it
straightforward to switch between EK regimes.

Insulator-based EK (iEK) systems employ insulating structures to distort the electric field distribution, creating
regions of higher field intensity within a system; nonlinear EK phenomena are enhanced in these regions, making
iEK devices ideal for combining EK regimes.® iEK systems have been used in many applications, from protein
enrichment to the analysis of neural stem cells.*” Thus, there is a growing interest in advancing the discriminatory
capabilities of iEK systems to allow for separations of highly similar micron-sized particles, such as cells of the
same size, same genus or same strain. Several groups have studied charge-based separations of microparticles, by
exploiting differences in particle zeta potential ({p) values from 40 to 63 mV.'>"> Two recent reports from our
group'*!" demonstrated the charge-based separation of two types of 10 um particles with a difference in {p values
of 40 mV employing low-frequency cyclical potentials and DC potentials. In 2009, the Verpoorte group'?
investigated the charge-based separation of 3 um polystyrene particles with a difference in {p values of 40 mV, by
combining hydrodynamic and EK forces in a diverging-converging device. The Xuan group demonstrated in 2013
the charge-based separation of 3 pm fluorescent and nonfluorescent polystyrene microparticles with a difference
in {p values of 40 mV using a technique called reservoir-based dielectrophoresis (DEP) in a microchannel with a
constricted region under AC potentials at 1 kHz. In 2011, the Xuan group'* reported the charge-based separation
of two types of 10 um particles with a large difference in their linear EK mobility ({p values were not reported),
employing curvature induced DEP. Recently, in 2019, Calero et al." reported the charge-based separation of two
types of 3 um with a difference in {p values of 63 mV by combining deterministic lateral displacement (DLD) in
an iEK device with a dense insulating post array under AC potentials at 100 Hz.



Very recent developments'®"? illustrated the effects of the nonlinear phenomena of electrophoresis of the

second kind (EP®) on particle migration in iEK systems. This new knowledge allows, for the first time, to
accurately model and predict particle migration and behavior in iEK systems.® Prior iEK studies required the use
of empirical correction factors’’ added to the mathematical models to achieve agreement with experimental results.
In those studies, DEP was considered strong enough to balance other EK forces in the systems and generate particle
trapping.’' Recent studies'®" revealed that particle trapping in iEK systems, stimulated with direct current (DC)
potentials, is mainly the result of a balance between electroosmotic (EO) flow and electrophoresis (linear EP" and
nonlinear EP®). DEP is still a force present in DC-iEK systems, but it is not dominant, representing less than 6%
of the magnitude of EP® * It is now believed that the main reason for requiring correction factors when modeling
DC-iEK systems under high electric fields, was that DEP effects were inaccurately considered and EP® effects

were neglected.”®

This work reports the charged-based binary separation of almost identical polystyrene microparticles in an iEK
device. The microparticles had the same size (5.1 pm), same shape, were made by the same manufacturer from the
same substrate material, and only had a small difference in the particle zeta potential of 3.6 mV, which is less than
10% of the {p difference required by previous similar studies, which ranged from 40 to 63 mV.'®"* This study
pushes the limit of the discriminatory capabilities of iEK systems. By employing computational modeling with
COMSOL Multiphysics, which properly considers EP!, EP®, EO flow, and DEP, it was possible to accurately
predict the electrical potentials required for the charged-based separation of almost identical microparticles. The
COMSOL model also predicted particle retention times (tg,,) which were compared with experimental particle
retention times (tg o), Where deviations of 32% and 2%, were obtained. The reproducibility between experimental
repetitions showed deviations in tg , of only 9 and 11%. This is the first report of modeling predictions of particle
retention time in an iEK system. These results demonstrate that combining insulating posts with proper
consideration of nonlinear EK effects, results in tunable separations, making it possible to discriminate between
highly similar particles, with much smaller differences in electrical charge, than previous studies.

THEORY AND COMPUTATIONAL MODEL

In iEK systems under DC electric potentials, EO and EP') are the dominant linear EK mechanisms, while DEP
and EP® are the main nonlinear phenomena. The expressions for the EO and EP"" velocities are as follows:'”
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where v is the velocity, u is mobility, &, and n are the medium electric permittivity and viscosity, { is zeta potential
of the particle or channel wall, and E is the electric field, respectively. The velocity expressions for the nonlinear
EK phenomena of DEP and EP® are:
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where 1, is the particle diameter and Re(fcu) is the real part of the Clausius-Mossotti factor (fcu), which accounts
for the particle polarizability relative to that of the suspending medium. The fcy/ for both particles was assumed as
-0.5,> as the electrical conductivity of the microparticles is much lower than that of the medium, thus, all
microparticles exhibited negative DEP behavior. A dependence with E3 is assumed for EP® under the current
operating conditions.'®!? The overall particle velocity in the iEK microchannel shown in Figure 1a is the result of



the four EK phenomena depicted in Figure 1b for negatively charged particles. Recent studies'®'®!*?? demonstrated
that the DEP velocity magnitude is much lower than that of the other three phenomena, thus, the overall velocity
expression can be simplified by removing the DEP term:

1 3
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Cardenas-Benitez'® recently proposed the parameter of EK equilibrium condition (Egzc) to identify the electric

field at which particle trapping is reached when vp = 0. The Egrc parameter is needed for estimating ,uSD) of

particles. The particles employed in this study were characterized in terms of their EP mobilities (,uél,? and ,u,(;},)

and Eggc (Table 1). Equation (6) illustrates the expression for Ezzc which is obtained by setting vp = 0 in Eqn. (5),

and Eqn. (7) contains the expression for estimating M](;P) used in this study.

(1)
UgptHEO
Egpc = —(Ep(—g)) (6)
Hgp
3 _ (ﬂ)(gl};"'ﬂEO) (7)
Hep = Egpc?

The quality of the microparticle separations was assessed by employing the well-known parameters of
resolution (Rs) and number of plates (&), illustrated in Eqns. (8)-(9), where W is the width of the peak at the base.
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A computational model was built with COMSOL Multiphysics® 4.4 (COMSOL Inc. Burlington, MA, USA)
to study the electric field distribution across the device shown in Figure 1a. The model solved the Laplace equation
with appropriate boundary conditions illustrated in Figure S1 and Table S1 in the supporting information file.

The EK properties of the microparticles (Table 1) were experimentally determined as described in the
experimental section. Particle data was then introduced to COMSOL to select the voltages that allowed particles to
be effectively injected into the channel. A set of four voltages were selected for each one of the three steps in the
EK injection process; these steps are loading, gating, and injection (Table 2). The voltages employed in the last
step of the injection process, which is when the separation takes place, were used for predicting the tg,, values

(Table 1), which were compared with the experimental ¢y, . values. Predicted tp ,, values were calculated employing

particle velocities over the cutline shown in Figure S2.

EXPERIMENTAL SECTION

Microdevices. Microdevices were made from polydimethylsiloxane (PDMS, Dow Corning, MI, USA) employing
standard soft lithography methods as previously reported.”* The microchannels were standard EK injection T-
designs, with asymmetric insulating posts, a depth of 40 um, and the dimensions shown in Figure 1a.

Suspending medium and microparticles. The suspending medium was a 0.2 mM solution of KoHPO4, with 0.05%
(v/v) of Tween 20 to prevent microparticle clumping. The medium had a conductivity of 40.7 uS/cm and a pH of
7.3 which was adjusted by using a 0.1 N KOH solution; this medium produced a {j,; =-60.1 mV and pg, =4.68x10°



¥ m*V-'s™! in the PDMS devices, as measured with current monitoring.”> Two types of negatively charged 5.1 um
polystyrene microparticles (Magsphere Pasadena, CA, USA) were used (Table 1) at a concentration of 1.2x10°
particles/mL. The {p and Exgc of the particles was characterized with particle image velocimetry (PIV) employing

1617 and the ,ugo) was estimated with Eqn. (7).

a series of low and high voltages in a channel without posts
Equipment and software. Videos of experiments were recorded with a Leica DMi8 (Wetzlar, Germany) inverted
microscope. A high voltage power supply (Model HVS6000D, LabSmith, Livermore, CA) was employed to apply
DC electric potentials to the device by employing four distinct platinum wire electrodes labeled A-D (Fig. 1a).
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Figure 1. (a) Microchannel representation depicting insulating posts and channel dimensions, and the location of the
fluorescence interrogation window. The labels A-D refer to the four electrodes (Table 2). (b). Illustration as arrows of the four
EK phenomena acting on the negatively charged microparticles.

Table 1. Characteristics of the microparticles used in this study, including the separation results in terms of t , and tg .

COMSOL Experimental

i (€D) - (3) -
Particle ID Dl?me)ter p Hgpx 10 (5 /EEC) mppx 1077 predicted (tre) lzoE/\)]
pm mV 2y-1g-1 cm 4y-3¢-1 g A
@V @V @V () 6 ®
Particle 1 (red) 5.1 272+ 1.5 -2.1+0.1 1,780.9+3.3 -11.2+0.1 148.9 113 32
Particle 2 (green) 5.1 -30.8+£0.4 -24+0.1 2,696.4 £46.2 -5.1+0.2 166.8 170 2

Table 2. Voltages employed for EK sample injection and iEK charge-based microparticle separation.

Step Run time (5) . App.lled Voltage (V) . '
Reservoir A Reservoir B Reservoir C Reservoir D
Loading 7.5 1500 100 0 1000
Gating 1 2000 2000 2000 0
Injection 350 200 500 200 0

Experimental procedure. Microchannels were filled with the suspending medium 12-16 hours before
experimentation to ensure a stable EO flow. Large liquid reservoirs (~4 mL) were employed to decrease pressure-
driven flow. After introducing 10 puL of the microparticle suspensions into reservoir A (Fig. 1a), platinum wire
electrodes were placed into the four reservoirs. For EK sample injection, three distinct sets of voltages were applied
(Table 2) to follow the steps: loading, gating, and injection.>*® With an EK injection process, there is uneven
particle distribution at the intersection of the T-device, which allows the red particles, that have the higher pgg, to
migrate further.”® The run time refers to the duration of each voltage step, the duration of the injection step was



determined by the time required for the particles to elute from the post array.

RESULTS AND DISCUSSION

After microparticles properties were assessed with a series of PIV experiments, COMSOL Multiphysics was
employed for predicting tp,, values in the insulating-post array, and these values were compared with tp . (Table
1). The voltages identified with COMSOL for the EK sample injection and microparticle separation (Table 2),
were used for experimentation. This was the protocol employed in this work: 1) characterization of microparticles,
ii) COMSOL simulations to identify proper voltages, and iii) fine-tuning of the EK injection process and
experimental separation of the microparticles. It was identified that the duration of the EK injection steps was
critical, in particular the gating step required significant fine-tuning to ensure the success of the separation. The
electropherogram of one of the iEK separations (repetition 1, Table S2) of these two types of highly similar
particles is reported in Figure 2a. The peaks in Figure 2a were built by employing the fluorescence signal from
the particles, as they eluted the insulating post array (Video S1). As observed, the two peaks are well-defined, with
the red particle (particle 1) eluting first (tgq , = 113 s) and the green particle (particle 2) eluting second (tg, = 170
s). The experiments were performed four times (Table S2) and excellent reproducibility was obtained, the
deviations in tg, were only 11% and 9% for the red and green particle, respectively. Also, the tg , values are in a
fair agreement with the COMSOL tg;,, values (Table 1), with deviations of 32% and 2% for the red and green
particles, respectively. This level of accuracy between simulations and experiments is a significant step forward,
as previous studies required correction factors of two orders of magnitude.'' This study is the first report of particle
retention times in an iEK device, where experimental and modeling results are compared and in fair agreement
without correction factors.?

The red particles eluted from the post array more rapidly than predicted with COMSOL (Table 1, 149 s vs.
113 s). A potential cause for this higher deviation between modeling end experimental results could be “injection
bias,” which is a normally occurring phenomenon in EK injections; where higher mobility particles are prompted
more than lower mobility particles.?® In this case, injection bias causes the red particles to be “ahead” of the green
particles, at the time the last EK injection step started, giving the red particles an advanced location, thus, reducing
its experimentally assessed retention time. Care was taken in fine-tuning the gating step to decrease injection bias,
but this effect cannot be completely eliminated. Another potential cause for the shorter than expected tgq , value
could be particle-particle interactions. When the red particles elute, they do so in the presence of a large number of
green particles. The particles themselves act as insulators®’ that also distort the electric field distribution, affecting
particle migration velocity. The COMSOL model considers the contributions of four EK phenomena for estimating
tgp, but it does not consider particle-particle interactions and the distortion to the electric field caused by the
particles themselves. However, in the actual experimental trial, these effects not considered by the COMSOL
model, can significantly affect particle migration and tg ., values.

Figure 2b shows the two types of particles forming “zones” as they migrate across the insulating post array, with
the red particles getting ahead of the green particles, illustrating the higher overall velocity of the red particles. This
experimental observation is in agreement with the particle properties (Table 1), theory, and the model predictions,
which are listed in detail in Table S3 and plotted in Figure 2¢. Since particle 1 (red) has a lower magnitude negative
{p, i.e., a lower magnitude EP') force towards the inlet is exerted on the red particle (Fig. 1b), allowing the red
particle to have a higher overall velocity towards the outlet. The small difference in {p of 3.6 mV between the
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particles allows the red particle to migrate forward faster than the green particle, as illustrated in Figure 2a-2b.
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Figure 2. Separation of highly similar microparticles by exploiting small charge differences. (a) Electropherogram of the
microparticle separation of built employing fluorescence signal. (b) Image of the microparticles as they begin to separate in
“zones” within the post array, illustrating that the red particles are getting ahead of the green particles. A video of this separation
is included as supporting information Video S1.mp4. (¢) Computational model predictions of particle retention times

illustrated as a plot of Atz ), as a function of the electric field, where a change in the elution order is observed at electric fields
>875 V/em.

However, the magnitude of the negative uf;;,) of the red particle is higher than that of the green particle, which
negatively affects this separation. Considering this, the applied voltages were carefully chosen with COMSOL
(Table S3 and Fig. 3) to ensure that the separation takes place under the streaming iEK regime, where the effects
of the linear EP""’ dominate the system and enable a successful charge-based separation. The effects of EP®®) were
carefully controlled by keeping the applied voltages low (AV = 500 V between electrodes B & D, resulting in
overall E=97.1 V/cm), so the separation could occur with the red particle eluting first. Figure S4 in the supporting
information illustrates the relative magnitudes of all EK phenomena exerted on the particles, confirming that at the
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selected voltages, EP®® effects were kept low. A rather long iEK device had to be used to make this separation
possible, as the only distinction between these two types of particles was a small difference in {p values of 3.6 mV.
A device with asymmetric insulating posts was used, since prior studies''?® illustrated the discriminatory
capabilities of these devices. The post asymmetry creates an asymmetric distribution of the electric field, which

enhances small differences in particle electromigration velocity as illustrated by the particle zones in Figure 2b.

The electropherogram in Figure 2a has a resolution of Rs =1.14 (Eqn. 8), which are encouraging results as
these particles are almost identical: same size, same shape, same substrate material, and same manufacturer. The
number of plates illustrates the efficiency of the separation, where the results are N; = 1,419 and N, =514 (Eqn. 9)
for the red and green particles, respectively; V; is higher than N: since the red particle peak is narrower. Considering
that the length of the post array is 2.54 mm, this results in separation efficiencies, expressed as N/meter, of 55,857
and 20,227 plates/meter for the red and green particles, respectively, which are comparable to those obtained with
protein separations in capillary electrophoresis systems.” An important aspect is that the separation reported here
is for 5 pm particles, not nano-sized protein particles; therefore, achieving results similar to those obtained with
proteins is encouraging. To further study the effect of EP®), Figure 2¢ shows a summary of the computational
model results, which are also listed in detail in Table S3 and Figure S3. As expected, the elution order of the
particles, reported as Atg = tgy, — tgyp, 18 reversed at electric fields > 875 V/em; this is caused by the higher

magnitude of the negative ,ug,) of the red particle, at higher voltages, the red particles are “pulled” stronger towards
the inlet than the green particles. The simulations in Figure 2¢ were stopped when the particle velocity became
zero (trapping) or negative (migration towards the inlet), since under these conditions the separation can no longer
occur under the iEK streaming regime.

This computational model, which properly considers the effects of EP®) and DEP, can predict particle
migration behavior accurately. No correction factors are used to increase DEP effects, as previously done,* and
for the first time EP® effects are considered. This report demonstrates that with carefully selected conditions and
with the aid of accurate mathematical models, it is possible to design separation processes for micron-sized particles
that are analogous to the well-established methods available for nano-sized particles, such as proteins. This study
is the first charge-based separation of almost identical microparticles; previous similar studies have not achieved
this high discriminatory capacity.

CONCLUSIONS

By following a robust protocol that combines accurate computational models, that consider linear and nonlinear
EK phenomena, with careful experimentation, it is possible to carry out highly discriminatory microparticle
separations. By properly accounting for EP®) and DEP effects, the resulting COMSOL model allowed identifying
appropriate voltages for the charged-based separation, the model also predicted microparticle retention times that
were in good agreement with experimentally measured retentions times. The separation of two almost identical
types of 5.1 um particles was successfully achieved with excellent reproducibility by exploiting a charge difference
of only 3.6 mV, which is less than 10% of the charge difference required by prior similar studies.'®'> These results
demonstrate that the combination of insulating posts with proper consideration of nonlinear EK effects results in
highly tunable separations, where it is possible to exploit much smaller charge differences to successfully separate
highly similar micron-sized particles.
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