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ABSTRACT: Presented here is the first continuous separation of microparticles and cells of similar characteristics employing linear
and nonlinear electrokinetic phenomena in an insulator-based electrokinetic (iEK) system. By utilizing devices with insulating
features, which distort the electric field distribution, it is possible to combine linear and nonlinear EK phenomena; resulting in highly
effective separation schemes, that leverages the new advancements in nonlinear electrophoresis. This work combines mathematical
modeling and experimentation to separate four distinct binary mixtures of particles and cells. A computational model with COMSOL
Multiphysics was used to predict the retention time (£ ,,) of the particles and cells in iEK devices. Then, the experimental separations
were carried out using the conditions identified with the model, where the experimental retention time (tz ) of the particles and cells
was measured. A total of four distinct separations of binary mixtures were performed by increasing the level of difficulty. For the
first separation, two types of polystyrene microparticles, selected to mimic E. coli and S. cerevisiae cells, were separated. By
leveraging the knowledge gathered from the first separation, a mixture of cells of distinct domains and significant size differences,
E. coli and S. cerevisiae, were successfully separated. The third separation also featured cells of different domains, but closer in size:
B. cereus vs. S. cerevisiae. The last separation included cells in the same domain and genus, B. cereus vs. B. subtilis. Separation
results were evaluated in terms of the number of plates (V) and separation resolution (Rs), where Rs values for all separations were
above 1.5, illustrating complete separations. Experimental results were in agreement with modeling results in terms of retention times,
with deviation in the 6%-27% range; while the variation between repetitions was between 2%-18%, demonstrating good
reproducibility. This report is the first prediction of the retention time of cells in iEK systems.

Traditional techniques for analyzing nano-sized bioparticles (e.g., capillary electrophoresis and
chromatography) are well-established and reliable. However, there is a lack of similarly reliable methods for
separating and identifying micron-sized bioparticles, such as microorganisms.' Only a handful groups, such as the
Horka®* and Buszewski®® groups, have recently investigated the separation of microorganisms with traditional
electrophoretic techniques, an area that was pioneered by Armstrong in 1999.° The Hork4 and Buszewiski have
made important advancements, such as the separation between antibiotic resistant and antibiotic susceptible
bacteria,” isolation and propagation of bacteriophages,’ effect of electrolyte pH,” evaluation of bacterial
aggregations,® etc. Although electrophoresis-based separations offer an attractive alternative for the rapid detection
and separation of microbes, their applications is not widespread. There is a growing interest in the development of
rapid techniques for the analysis of microorganisms, as conventional culture-based and filtration methods are labor-
intensive, time-consuming, and have low efficiency. Microfluidic technologies have proven to be effective
platforms for the manipulation and assessment of a wide range of nano- and microparticles of interest.'
Microscale electrokinetics (EK) has become one of the main pillars of microfluidics due to its robustness and
flexibility,'™!" that allows implementing hybrid systems with higher integration.'*'* Linear and nonlinear EK
phenomena have been employed for designing effective separation processes. In iEK systems, the presence of the
insulating structures within a microchannel distorts the electric field distribution when a potential is applied to the
channel, creating zones of higher and lower field intensity, which yields iEK systems with the unique ability to
combine linear and nonlinear phenomena within a single system.'*'>!® If the insulating posts were not present,
there would be no regions of higher field intensity in the microchannel, and thus, nonlinear effects would not arise
at the low voltages employed for these separations. Recently, Khair'” stated that during the last century the
fundamentals of linear electrophoresis were established. In contrast, during the 21* century, in particular the last
decade, major advances have been reported on nonlinear electrophoresis of colloidal particles. There are major
opportunities to develop powerful separation schemes for colloidal particles such as beads and cells, by exploiting
the potential of nonlinear electrophoresis, opening the possibilities to carry out separations that are not possible
employing traditional linear electrophoretic approaches.'” Insulator-based EK (iEK) devices have the capability to
separate complex samples, including cells of similar characteristics,'®?° by employing a strategic combinations of
linear and nonlinear EK effects. Numerous successful applications of iEK devices have been reported, including
enrichment of DNA,?' sorting of cell organelles,'® separations of exosomes,* differentiation between bacterial and
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yeast cells,”?* analysis of neural stem cells® and the separation of tumor cells.?®

The Hayes research group has published numerous reports on the technique of gradient insulator-based
dielectrophoresis (g-iDEP), which employs devices with sawtooth insulating walls. They have worked extensively
with bacterial cells and viruses.?”?® The unique insulating tooth structures create an increasing electric field gradient
across the length of the g-iDEP microchannels, which has allowed them to isolate and trap microorganisms at
specific channel locations. They have reported the differentiation between Escherichia coli (E. coli) cells with the
same serotype,” examined the trapping behavior of three serovars of Listeria monocytogenes (L. monocytogenes),”
and simultaneously captured and concentrated resistant Staphylococcus epidermidis (S. epidermidis) vs. susceptible
S. epidermidis.*® The Agah research group reported iEK separations of cells and microparticles employing a DC-
biased high-frequency AC electric field in a device with 3D constrictions to trap E. coli in a mixture of polystyrene
particles®! and separate dead and living Staphylococcus aureus (S. aureus) cells.** The Buie group also utilized a
3D approach to trap E. coli and Bacillus cereus (B. cereus) cell, and found that systems with 3D constrictions
require lower voltages, thus reducing Joule heating effects. The same method was used to discriminate between the
strains of pathogenic Streptococcus mitis (S. mitis) and Pseudomonas aeruginosa (P. aeruginosa).”> The Lapizco
research group has published several studies on EK separations of microparticles and cells in an array of iEK
systems.”***37A recent study illustrated that carefully selected operating conditions and accurate mathematical
modeling allowed for the successful separation of almost identical microparticles with a slight difference in
electrical charge of only 3.6 mV.*® Several studies by this group have targeted the separation and trapping of
mixtures of cells. In 2010, they reported the simultaneous separation and centration of a mixture of yeast and E.
coli cell in an iEK system in less than 2 minutes.’” In 2016, this group proposed the combination of asymmetric
insulating posts and asymmetric DC-biased low-frequency AC fields, which allowed them to separate a mixture of
particles and cells by selectively eluting the more fragile and larger yeast cells.?* In three recent studies,’”***! this
group analyzed the effect of nonlinear electrophoresis and the concept of the Electrokinetic Equilibrium Condition
(Egec) on the migration and trapping behavior of bacterial and yeast cells. Other iEK approaches have been
developed for the sorting and enrichment of cells and microparticles. The Li group developed systems with single
insulating hurdle,*” which was extended by the Ros group with their work with single constriction sorter devices.?
The Xuan group developed the technique of curvature-induced dielectrophoresis (c-DEP)** and reservoir-based
DEP (rDEP). The Thoming group reported mesh-based DEP filter for shape-based separation of microparticles*®
and a switchable DEP filter for separating submicron particles.*” Hybrid methods have also been proposed, for
instance the combination of iEK and determinist lateral displacement (DLD) developed by the Morgan group.***

The present work is the first report of the separation of binary mixtures of polystyrene microparticles and
bacterial and yeast cells in a continuous mode using an iEK device with asymmetrical insulating posts that allows
combining linear and nonlinear EK effects. This study aims to push the discriminatory capabilities of iEK systems
and demonstrate effective separations of cells with a novel iEK-based approach that leverages the new
advancements in nonlinear electrophoresis.'”!®°*5! A combination of mathematical modeling with COMSOL
Multiphysics and experimentation was employed to design four distinct separations. First, COMSOL predictions
of particle retention time (tg ) in the iEK channel allowed obtaining the appropriate electrical potentials used to
separate each binary mixture by considering the particles/cells characteristics and identifying if the separation
should occur under linear or nonlinear EK regimes. Then, experiments were performed to separate the mixtures of
particle or cells and determine the experimental retention time (tg ). The four distinct separations were performed
with an increasing level of difficulty. The first separation featured two types of polystyrene microparticles (2 pm
and 5.1 pm in diameter), which were strategically selected to mimic E. coli and Saccharomyces cerevisiae (S.
cerevisiae) cells. With the knowledge acquired from the microparticle separation, the second separation
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demonstrated the discrimination between E. coli and S. cerevisiae, which are cells of distinct domains, prokaryotic
and eukaryotic, respectively, that vary significantly in size. The third separation between B. cereus vs. S. cerevisiae
proved that cells of distinct domains, closer in size, can also be successfully separated in matter of minutes. The
fourth separation illustrated the distinction between cells of the same domain and same genus, by separating B.
cereus vs. Bacillus subtilis (B. subtilis) cells. There was good agreement between COMSOL predicted retention
times (tg,,) and experimentally determined retention times (tg ), with deviations in the 6-27% range. Experimental

results had high reproducibility, with deviations between repetitions in the 2-18% range. All separations had a
resolution Rs > 1.5, revealing the potential of iEK systems for the analysis of micron-sized particles, including
microorganisms. The separation method proposed here leverages the developments on linear electrophoresis from
the last century and the recent advances in nonlinear electrophoresis, creating an effective separation scheme with
high resolution capable of distinguishing between high similar particles and cells. This novel makes enables
separations of highly similar particles and cells that are not possible with traditional electrophoretic approaches.
This report is the first prediction of the retention time of cells in continuous iEK separations with a mathematical
model that did not require the use of empirical correction factors, achieving good agreement between modeling and
experimental results.

THEORY

Electrokinetic phenomena are classified as linear and nonlinear, according to their dependence on the electric
field. The ability of combining linear and nonlinear EK phenomena within the same device is an advantageous
characteristic of iEK systems. When an electric potential is applied, the presence of the insulating structures or
posts in the channel distort the electric field distribution, creating zones of higher field intensity, where nonlinear
EK effects can arise. Under weak electric fields, the two phenomena acting on the migration of particles in iEK

systems are linear electrophoresis (EP") and electroosmosis (EO), for which the velocity expressions are:'*!'>!8
&md

Veo = UpoE = — mTWE (1)
EmS

VepL = UgpLE = n “E (2)

where v is velocity, p is mobility, &, and 1 are the electrical permittivity and viscosity of the suspending medium,
( is the zeta potential for either the channel wall or the microparticle, and E is the electric field. The nonlinear EK
phenomena considered here are dielectrophoresis (DEP) and nonlinear EP, also called EP of the second kind,
denoted as EP® to illustrate a cubic dependence of the nonlinear EP velocity on the electric field under the selected

operating conditions (see Table S1°"). The velocity expressions for these two nonlinear phenomena are:'*!>!¥
2
Vpgp = UpgpVE? = rﬁm Re[fem]VE? (3)
3 _,0
VepnNL = -uEP,NLEB (4)

where Re(fcu) is the real part of the Clausius-Mossotti factor, which describes particle polarization, and 7, is the

diameter of the microparticle. The expression of the overall particle velocity (vp), considering all four EK
phenomena, can be written as follows:

3 3
Vp = Vgo + Vgp + Vpgp + V}_E,‘P),NL = tgo E+ ugpy E+ pipppVE? + H,(gp)_NLEB (5)

Recent studies'®*” have proven that the influence of DEP on the overall particle velocity are not significant in
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systems stimulated with DC and low-frequency AC fields, thus, the expression in Equation (5) could be further
simplified by removing the vpgp term.

The quality of each one of the binary separations was evaluated by estimating the separation resolution (Rs)
and the number of plates () of the electropherograms of the separations. The following expressions were

employed, where tp and W are the retention time and the width of the peak at the base, respectively.

Rs = 2(r2=tr1) (6)
Wyi+W,
16 tg o2
N = W}:’e (7)

EXPERIMENTAL SECTION

Suspending Medium. A 0.2 mM buffer solution of K,HPO4, with the addition of 0.05% (v/v) Tween 20 to
prevent particle adhesion, was used as the suspending medium, which resulted in a conductivity of 40.7 uS/cm and
pH of 7.3. Using current monitoring experiments,”” a wall zeta potential ({j;) of -60.1 mV and ug, =
4.7 x 1078m2V~1s~1 were characterized for this suspending medium for all polydimethylsiloxane (PDMS)
surfaces, including the microchannel walls and the surface of the insulating posts

Microparticle and Cell Samples. Table 1 lists the properties of the polystyrene microparticles used in this
work (Magsphere Pasadena, CA, USA). Microsphere sample suspensions were prepared by diluting concentrated
particles into the suspending medium solution. Additionally, four types of cells were studied in this work: E. coli
(ATTC 11775), B. cereus (ATCC 14579), B. subtilis (ATCC 6051), and S. cerevisiae (ATCC 9763). The properties
of the cells are listed in Table 1. All cells were cultured and stained following standard procedures employing
fluorescent SYTO dyes (Thermofisher, Carlsbad, CA).>’. The values of {p, Ugp , and ,uSP) listed in Table 1 were
obtained with particle tracking velocimetry (PTV) experiments.'®" All cells and particles in this study had a
negative surface charge. The operating conditions and results obtained in each one of the separations are listed in
Table 2 and Table 3, respectively. It is worth mentioning that cells retained their variability after the treatment
with the electric potential, as demonstrated in a previous study by our group.*®

Table 1. Characteristics for microparticles and cells used in this study.

3)

. E f

ID Size ZPV k él’?x 10 esti(r);aliii)Pn ”SP)X 1o

2y-1e¢-1 4y-3¢-1

(um) (mV) (m2V-isT) (Viem) (m*V-3sT)

Particle 1-red 2.0 diameter -11.5+0.6 -0.9+£0.1 400 + 100.0 -10.1£04

Particle 2-green 5.1 diameter 314 +1.1 -24+0.1 200 + 50.0 -6.4+3.2

E. coli (ATTC 11775) g;‘g I 8;12 i‘v)ir(‘ige 254+15 2.0+0.1 500 + 100.0 74423

S. cerevisiae (ATCC 9763) 6;%3;2;7 29.1+3.7 22+02 150 £ 50.0 -64.1+9.4

B. cereus (ATCC 14579) f'3924i 8';‘37 isirége -46.1+3.1 3.5+02 250 + 50.0 -42+3.4
B. subtilis (ATCC 6051) 4.86+0.41 long 30.0+5.8 234404 200 + 50.0 41.6+31.0

1.94 + 0.19 wide




167 Microdevices. Microdevices with T-shaped microchannels, a standard configuration for EK injection, were
168 made with PDMS (Dow Corning, MI, USA) following standard soft lithography techniques.** All devices featured
169  a 51.5 mm long main channel and a 22 mm long secondary channel. All channels were 1.1 mm wide and 40 pm
170 deep. Channel and post dimensions are detailed in Figure 1A. Asymmetric posts were utilized, as previous studies
171 have shown that this configuration has enhanced discriminatory capacity.****
172 Equipment and Software. LabSmith Sequencer software was used to control a high voltage power supply
173 (Model HVS6000D, LabSmith, Livermore, CA) used to apply DC voltage to the microchannels through platinum
174 electrodes. Experimental sessions were recorded on a Zeiss Axiovert 40 CFL (Carl Zeiss Microscopy, Thornwood,
175 NY) and a Leica DMi8 (Wetzlar, Germany) inverted microscopes.
176 Mathematical Modeling. Prior to the separation experiments, predictions of particle/cell retention time (tg )
177 were carried out employing a mathematical model built with COMSOL Multiphysics. The model employed the
178 particle/cell properties listed in Table 1, which were obtained a priori with PTV measurements,'** i.e.;
179 characterization of the particles/cells is required to in order to model the performance of the separation in terms of
180  retentions times. The application of this iEK method require COMSOL modeling to determine the voltages to be
181 used to achieve a successful separation and to determine if the separation should take place under linear or nonlinear
182 regimes. The COMSOL model allowed selecting the appropriate voltages to be used to effectively discriminate
183 between the two distinct particles/cells in each binary mixture and achieve a Rs > 1.5. Details on the COMSOL
184 model are included in the supplementary information (Figure S1, Table S2, and Figure S2). The detailed model
185 results, in terms of #z, are also included in the supplementary information (Tables S3-S6).
186 Experimental Procedure. Prior to experiments the microchannels (Figure 1A) were filled with the
187 suspending medium. The effects of pressure-driven flow were minimized by employing large liquid reservoirs (~4
188 mL) at the inlets and outlets of the channel. Particle or cell sample suspensions (10 puL) were introduced into the
189 inlet reservoir (Inlet A in Figure 1A), and then platinum wire electrodes were placed at each reservoir. Samples
190  were introduced employing a standard 3-step EK injection process. The voltages applied and time duration of the
191 EK injection steps are listed in Table 2. The last step in each separation was determined by the elution of the
192 particle/cell peaks from the channel. The fluorescence signal of each eluting peak was captured at the end of the
193 postarray as shown in Figure 1A. All separations were repeated at least three times to ensure reproducibility (Table
194 S7).
195 Table 2. Voltages employed for EK sample injection and iEK-based separations.
Separation o Particle f)r cell I.{un Applied voltage (V) in each reservoir
D Description concentration x 108 Step time A B C D
(#/mL) ()
Separation of Red: 22 Loading 22 600 300 0 500
1 microparticles: red (2 pm) Green: 0.6 Gating 2 1500 1500 1200 0
and green (5.1 um) Injection 200 0 1500 0 0
Separation of cells of E coli- 4.5 Loading 30 500 300 0 500
2 different domains: E. coli S cerevisiae: 1.0 Gating 5 1000 1000 1000 0
vs. S. cerevisiae Injection 400 0 1000 0 0
Separation of cells of Loading 10 500 300 0 600

3 different domains: S. 5 bf ecr::éi’:el 3‘6 Gating 5 1500 1500 1500 0
cerevisiae vs. B. cereus ' o Injection 400 200 500 200 0

Separation of cells of the . Loading 30 500 300 0 500
. B. subtilis: 3.0 .
4 same genus: B. subtilis vs. B. cereus: 2.0 Gating 5 1500 1500 1500 0
B. cereus ' o Injection 600 200 500 200 0
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Table 3. Separation results: separation resolution, predicted and experimental retention time values, deviation of COMSOL
results from experimental results, and deviation between three repetitions for each separation.

i . Deviation iation i
Separation . COMSOL Experimental Dev1aiE1('m n
D Particle ID Rs predicted £z, (5) tre(s) tRp vs. IRe repetitions
o : (%) (%)
Particle 1-Red 63 50 -27 18
1
Particle 2-Green 338 102 138 26 3
E. coli (green, ATTC 11775) 132 166 20 2
2 2.13
S. cerevisiae (red, ATCC 9763) 169 230 27 2
S. cerevisiae (red, ATCC 9763) 179 152 -18 7
3 3.52
B. cereus (green, ATCC 14579) ' 357 411 13 7
B. subtilis (ATCC 6051) 180 170 -6 6
4 4.79
B. cereus (ATCC 14579) ' 357 460 22 13

Separation of Microparticles that Mimic Cells. The goal of this separation of two types of polystyrene
microparticles was to gain knowledge to separate a mixture of £. coli and S. cerevisiae cells. In this separation, the
2 um red particles are substitutes for E. coli, and the 5.1 um green particles are substitutes for S. cerevisiae.
Employing the particle properties listed in Table 1, the 2D COMSOL model was used to estimate ¢z, values for
each particle in a range of applied voltages (see Table S3) for the third (injection) step of the EK injection process.
After analyzing the COMSOL predictions, the voltages listed in Table 2 for Separation 1 were selected, as
according to the model, these voltages should produce well-resolved peaks (Rs > 1.5). It is important to mention
that the COMSOL model employed here considers the effects of nonlinear EP, a phenomenon that had been ignored
in the modeling of many iEK systems stimulated with DC and low-frequency AC potentials.'**® The accuracy of
this model has enabled the design of challenging separations, our group recently reported the separation of two
types almost identical microparticles.*® The results of Separation 1, the mixture of the 2 pm red and 5.1 pm green
particles, are shown in Figure 1B-C. The image in Figure 1B shows the particles as they migrate across the
asymmetric insulating post array forming “zones,” with the 2 pm red particles moving ahead of the green 5.1 pm
particles at AV = 1500 V between reservoirs B and D. Figure 1C presents the electropherogram of this separation,
which was built from the fluorescence signal from the particles as they eluted the post array. As expected from
observing the particle “zones,” the red particles eluted first (tz, . = 50 s), followed by the green particles (tgq, =
138 s). The results from three distinct repetitions are reported in Table S7, and the deviation between repetitions
was less than 18% for the red particles and 3% for the green particles. These experimental tg, values are in fair
agreement with predicted tp, values, which are tpy, = 62 s and tg,, = 103 s for red and green particles,
respectively. Linear EK forces are the main mechanisms behind this separation. By looking at the microparticle
properties in Table 1, the values of {p explain these results. The red particles have a lower magnitude {p and pgp 1,
which means that they experience a lower EP force towards the inlet, and thus, and have a higher overall velocity
(vp) towards the outlet. This higher velocity allows them to migrate across the entire post array faster than the green
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particles, as clearly illustrated in Figure 1B-1C. Since these two particles had a difference of ~20 mV in the
magnitudes of their {p values, this separation was designed to be carried out in the linear EK regime. Care was

taken to avoid nonlinear EP effects, since the magnitudes of the ug@)’ v, mobilities would favor the opposite elution

order, i.e., the green particle to be eluted first, as it has the lower magnitude yg' n1- To further analyze the relative
effect of the each one of the four linear and nonlinear EK phenomena considered here, COMSOL simulations were
utilized to predict the overall particle velocity and the individual velocities exerted by each EK phenomena on a
particle/cell migrating across one constriction between two insulating posts. The velocity predictions are shown in
Figure S3 for all four separations included in this study. In the case of Separation 1, Figure S3A-3B illustrates that
the separation was dominated by the two linear EK phenomena: linear EO and EP, since as mentioned, linear EK
favors the selected particle elution order. As observed in Figure 1C, the red and green peaks are well defined,
although peak overlapping can be seen as the result of co-elution of the two types of particles. This co-elution can
be caused by the highly concentrated sample employed, which results in particle interactions that further distort the
electric field distribution. While these separation experiments require highly concentrated samples, these
particles/cells act as insulators creating localized zones of high electric field strength, which in turn affects the local
particle velocity, accelerating some particles and causing co-elution. This is observed in the electropherograms as
particle leakage as seen in Figure 1C. This separation had a resolution of Rs = 3.38 (Equation 6), which confirms
an effective separation. The separation efficiency was also evaluated in terms of number of plates per meter (N/m,
Equation 7) for each peak, with the following N;/m=1,749 plates/m and N./m = 24,785 plates/m for red and green
particles, respectively. These results in terms of N/meter are comparable to those obtained with traditional capillary
electrophoresis CE systems, which have been reported in the range of 1,830 to 11,800 plates/meter in devices for
protein characterization.”® Good reproducibility was obtained with this separation, with deviation of between
repetitions in terms of tp , of 18% and 3% for Particle 1 and Particle 2, respectively (Table S7).

Regarding the agreement between the mathematical model and experiments, the results are encouraging, as
both particles showed deviations below 30% between their tg, vs. tp ., the deviations were -27% for red particles
and 26% for green particles. There are several potential possibilities to explain these deviations, such as effects of
“injection bias” in the EK injection process used to introduce the particles into the channel, which would favor the
red particles as they have a greater overall migration forward.”> Another potential cause of deviation between
modeling and the experimental results can be particle-particle interactions caused by the relatively high particle
concentration.”® The mathematical model does not currently account for the effect of injections bias and particle-
particle interactions. Considering this, and the fact that no empirical correction factors were employed,”’ the
COMSOL model is an effective tool for designing particle separations.

Separation of the Cells of Different Domains Mimicked in the Previous Separation: E. coli and S.
cerevisiae. The second separation analyzed a binary mixture of E. coli (green) and S. cerevisiae (red) cells, which
were mimicked by employing polystyrene particles in Separation 1. The COMSOL model was employed to predict
the migration of cells within the separation channel for a range of applied voltages (Table S4). Based on the
computational model, since the {p of E. coli is -25.4 mV, which has a lower magnitude than that of S. cerevisiae

(¢p=-30.9), the resulting vlgll,) of the E. coli cells toward the inlet (reversed direction) will be lower, allowing the
smaller E. coli cells to migrate at a higher overall vp than the larger S. cerevisiae cells. These results are analogous
to those in Separation 1, where the smaller polystyrene particle (2 pm) migrated faster that the larger particles (5.1
um). The particles in Separation 1 were strategically selected to mimic the cells in Separation 2 as closely as
possible. As expected from the {p values of the cells, E. coli cells (green) migrated faster than S. cerevisiae as
shown in the image in Figure 2A and the electropherogram in Figure 2B obtained at AV = 1000 V between
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reservoirs B and D. The retention times were tgy ,= 166 s and tg, ,= 230 s for the E. coli and S. cerevisiae cells,
respectively; and a Rs = 2.13 was obtained, indicating a complete separation. The efficiency in terms of N/meter
were: Ny/m = 1,102 plates/m and N»/m = 20,826 plates/m for E. coli and S. cerevisiae, respectively, which are
comparable to those obtained with CE systems.”* Similar to Separation 1, care was taken to ensure that the
separation took place mainly under the linear EK regime, since lower voltages are preferable when handling cells.
In this case, the difference between the {p values, 5.5 mV, was sufficient to allow for the separation to occur mainly
under the linear regime. The separation was enhanced by nonlinear EP effects. As shown in Figure S3C-3D, which
depicts the velocities resulting from all four EK phenomena considered here, for S. cerevisiae cells, the nonlinear
EK phenomenon of EP®) had a moderate effect over the overall cell velocity (vp) that aided the separation. The
reproducibility of this separation in terms of tg , was excellent, as only a 2% deviation for each cell type was found
between repetitions (Table S7).

(A)

Interrogation
window used for
fluorescence
measurements

4

22mm

ww Tt

25.4 mm

—5.1 um green particles ({p -30.8 mV)

—2.0 um red particles ({p -11.5 mV)

Normalized Fluorescence (A.U.)

%

0 25 s0 s 100 125 150 175 200

Time (s)

Figure 1. (A) Schematic representation of the microchannel employed in this study, depicting the dimensions of the channel
and insulating posts and the location of the interrogation window used for fluorescence measurements for electropherograms,
(B) Image of the microparticles as they begin to separate in “zones” within the post array at AV = 1500 V between reservoirs
B & D. The image illustrates that the red particles migrating ahead of the green particles. (C) Electropherogram of the
microparticle separation built from fluorescence signals. A video of this separation is included as supplementary information.
Video S1.mp4.

The deviation between experimental results and computational modeling, shown in Table 3, are 20% and 27%
for the E. coli (tg1,= 132 s) and yeast cells (tg,,= 169 s), respectively. These results are encouraging, since, as
explained above, no correction factors were utilized to manipulate modeling results. Observations during separation

experiments may explain these errors. It was observed that E. coli cells form aggregates when exposed to the
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electric field. These aggregates behave like larger particles in the channel, which can explain some of the deviations
from predicted behavior. The formation of cell aggregates was decreased by vortexing the cell sample suspension
prior to injection, but it was impossible to completely eliminate aggregation. These aggregates were not observed
for yeast cells. Another factor that may contribute to the deviations from COMSOL predictions in this separation
is the shape of these cells, as yeast cells are almost spherical while E. coli cells are spheroids. Thus, besides charge
and size differences between the two cell types, the shape differences could have also played a role in this
separation. These results agree with literature that the separation of cells in different domains is feasible because
of the substantial differences in cell envelope characteristics.”’
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Figure 2. (A) Separation of the cells of different domains mimicked in separation 1, E. coli and S. cerevisiae cells. Image of
the cells as they begin to separate in “zones” within the post array at AV = 1000 V between reservoirs B & D. E. coli cells
are labelled green and S. cerevisiae cells are labeled red. The image illustrates the green E. coli cells migrating ahead of the S.
cerevisiae cells. (B) Electropherogram between E. coli cells and S. cerevisiae cells built from fluorescence signals. A video of
this separation is included as supplementary information Video S2.mp4.

Separation of Cells of Different Domains, Prokaryotic and Eukaryotic, that are Closer in Size: B. cereus cells
vs. S. cerevisiae cells. The third separation analyzed two cell types of different domains but closer in size (B. cereus
vs. S. cerevisiae) than those in Separation 2. As mentioned, this project features four separations with an increasing
degree of difficulty. Based on the cells’ characteristics (Table 1) and the model predictions of retention time (Table
S5), it was expected that S. cerevisiae cells would elute first, since they have a lower magnitude {p value. Figure
3A, taken at the beginning of the post array, illustrates two regions: yeast cells (red color) are migrating ahead of
B. cereus cells. Figure 3B shows the electropherogram of this separation, which confirms the expected results from
{p value and the cell migration in Figure 3A, with the red peak containing the S. cerevisiae cells eluting at tpy o=
152 s while B. cereus cells eluted at tg, , =411 s at AV = 500 V between reservoirs B and D (Table 3). Separation
3 had aresolution of Rs = 3.52, indicating a complete separation between the two cell types. The efficiency in terms
of N/meter were: N;/m = 10,227 plates/m and N»/m = 7187 plates/m which are highly competitive, and perhaps
superior, to those obtained with CE systems.>* Separation 3 took place mainly under the linear EK regime, since as
shown in the velocity predictions in Figure S3(E-F), nonlinear EP (EP") is mildly influencing the overall velocity,
and thus, retention time of S. cerevisiae cells only. The standard deviation between three repetitions (Table S7)
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was only 7% for both cells, illustrating excellent reproducibility. It is important to note that the second peak in
Figure 3B has some “fronting”, i.e., some B. cereus cells leaked out of the post array earlier. A potential cause for
this leakage is the high concentration of the cell suspension sample, which causes an additional distorting of the
electric field, as the cells themselves acts as insulators, creating localized zones of higher field strength, which in
turn accelerates the elution of the cells.

By comparing modeling and experimental results in terms of retention time, the COMSOL predicted times
were tgy p= 179 s and tg, ,,= 357 s for the S. cerevisiae and B. cereus cells respectively, which was expected based
on {p values. The differences between model predicted tg ,, and experimentally obtained tg . values are below 20%
for both particles, illustrating good agreement, especially considering that the model does not account for injection
bias or cell-cell interactions. Other groups have reported continuous cell separations, Kang et al.*® worked on the
size-selective separation of white blood cells and breast cancer cells, which had a difference in volume of ~9,000
pum’. In Separation 3, the difference in the spheroids' volume is only 110 pm?®, a much smaller difference than that
exploited by Kang et al.>°. In a similar report, Cetin et al.,** separated yeast cells (3-5 pm diameter) and white blood
cells (8-12 um diameter) in an electrode-based microfluidic device. As reported in Table 1, the cells used in
Separation 3 are closer in size, with yeast cells having a diameter of 6.23 um, and B. cereus being a 4.86 x 1.94 pym
rod. These results illustrate that carefully designed iEK systems can discriminate and effectively separate cell of
similar characteristics.

—B. cereus (Ip -46.1 mV)
—S. cerevisiae (p -30.9 mV)
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Figure 3. (A) Separation of cells of different domains: prokaryotic bacteria and eukaryotic, B. cereus bacterial cells vs. S.
cerevisiae cells. Image of the cells within the post array at AV = 500 V between reservoirs B & D. S. cerevisiae cells are
labelled red and B. cereus cells are labelled green. (B) Electropherogram between B. cereus and S. cerevisiae cells built from
fluorescence signals. A video of this separation is included as supplementary information Video S3.mp4.

Separation of Cells of the Same Genus: B. cereus vs. B. subtilis Cells. The final separation was focused on
separating cells of the same genus, B. subtilis and B. cereus cells. From the {p values reported in Table 1, this
separation can take place by exploiting the difference in {p values. The difference of 16.1 mV would allow B.
subtilis cells to elute first since their {p has a lower magnitude. After selecting the appropriate voltages employing
COMSOL simulations, Separation 4 was carried out as illustrated in Figure 4(A-B) at an applied AV = 500V
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between reservoirs B and D (Table 3). The image in Figure 4A shows the cells in the middle of the post array
where B. subtilis cells (red, shown in yellow due to photobleaching) and B. cereus cells (green) are starting to
separate, with B. subtilis cells migrating ahead. Figure 4B shows the electropherogram of Separation 4, where the
two peaks are observed, with retention times of tgy = 170 s and tg, .= 460 s for B. subtilis and B. cereus,
respectively. This large difference in retention time enabled a high separation resolution of Rs = 4.79, and a high
separation efficiency in terms of N/meter of N;/m = 23,220 plates/m and N»/m = 15,411 plates/m which is highly
competitive when compared to those obtained with CE systems.>* These results are highly encouraging, as this the
most challenging separation in this study. Separation 4 was influenced by nonlinear EP, since the overall velocity,
and thus the retention time, of B. subtilis cells was moderately affected by EP®), as depicted in the velocity plots in

Figure S3(G-H). This is expected, as B. subtilis has a very high value of yg’,)‘ ~1» therefore it was critical to keep

this separation mainly under linear EK regime. By selecting an overall electric field of 97.1 V/cm (resulting from
AV =500V, Table S6), the effects of EP® were kept moderate, ensuring that B. subtilis could elute first;
increasing the applied voltage could decrease the difference between retention times, destroy the separation, an
even reverse the elution order. As shown in Table S6, under an applied AV = 600 V B. subtilis cells start to trap
within the post array, which is highly undesirable as the separation is continuous, taking place under the streaming
EK regime. Excellent reproducibility was obtained, with variations between repetitions in terms of retention time
(tre) of only 6% and 13% (Table 3) for B. subtilis and B. cereus cells, respectively.

Regarding the agreement between modeling and experimental results (Table 3), the predicted values are tgq ,=
180 s for B. subtilis and tg, ,= 357 s for B. cereus cells. These findings are in agreement with experimental results,
as the deviations are -6% and 22% only, for B. subtilis and B. cereus cells, respectively. The development of cell
aggregates, which were observed during the experiments, can certainly contribute to these deviations, as the
aggregates can partially clog the channel, affecting the overall migration of the cells. Aggregates were more
significant during the elution of B. cereus cells, which have the higher deviation (22%). Moreover, as discussed
above, these modeling results were obtained without any manipulation to the model by adding correction factors.
The model developed here is a useful tool for designing and selecting the appropriate conditions for carrying out
cell separations. The model in this work has great flexibility, it can be used under linear and nonlinear regimes
since it fully accounts for the effects of linear and nonlinear EK phenomena.

Other groups have reported the separation of similar cells. In 2008, Beck et al.®' employed planar electrodes
and DEP effects to discriminate between spores of bacillus species. They analyzed B. cereus, Bacillus mycoides
(B. mycoides), Bacillus licheniformis (B. licheniformis), and B. subtilis spores employing impedance analysis to
measure electrical current changes, proving effective discrimination at the single cell level. However, this study
did not include the elution of the separated fractions. Employing a g-iDEP system, Jones et al.> isolated three
serotypes of E. coli bacteria (O6:K1:H1, O55:H7, and O157:H7), the cells were successfully identified within the
channel, but were not eluted as separated fractions. More recently, Liu and Hayes®® worked on the separation of
two serotypes of Salmonella named sv. Cubana and sv. Poona also utilizing a g-iDEP device. They demonstrated
the complete differentiation of intact sv. Poona and sv. Cubana cells. Nonetheless, each strain was monitored
individually in the microfluidic device and no elution of the separated fractions was reported. Our group®’ has
demonstrated the trapping of B. cereus and B. subtilis employing iEK with insulating posts of different shapes
(circle-shaped posts), but this is the first report of effective cell separation in a continuous streaming EK regime,
where separated fractions were successfully eluted from the post array. The present work is the first report on
effective continuous iEK-based separations of three distinct binary mixtures of cells, where the quality of the

separations was assessed in terms of tg ., Rs and N/meter values. Furthermore, this is also the first report of three
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distinct cells separations with Rs > 1.5, that includes good agreement between model predicted and experimentally
obtained cell retention times in an iEK system.
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Figure 4. (A) Image of the separated cells after they have created two distinguished “zones” within the post array at AV =
500 V between reservoirs B & D. B. subtilis cells are labeled red (but appear yellow due to photobleaching) and B. cereus cells
are labelled green. The image depicts B. subtilis cells migrating ahead than B. cereus cells, illustrating the separation process.
(B) Electropherogram between cells of the same genus, B. cereus and B. subtilis, built from fluorescence signal. A video of
this separation is included as supplementary information Video S4.mp4.

CONCLUSIONS

This research studied the separation of microparticles and cells employing a combination of linear and
nonlinear EK effects in an iEK microfluidic system. A total of four distinct separations were carried out with
increasing level of difficulty. First, the separation of E. coli and yeast cells was mimicked by separating
microparticles of different sizes (2 um and 5.1 um). Then, the separation of E. coli and yeast was accomplished by
leveraging the knowledge from the microparticle separation. Two more separations were performed, a separation
of cells in different domains: B. cereus vs. S. cerevisiae; and a separation between cells of the same genus B. cereus
vs. B. subtilis. Modeling was employed to select the appropriate conditions for each one of the four separations
reported here, and the modeling results, in term of retention time, were in good agreement with experimental results.
The quality of the separations was assessed by employing the parameters of Rs and separation efficiency in terms
of N/meter; in all four cases Rs > 1.5, illustrating well-resolved separations, and the separation efficiencies in
N/meter were competitive to those obtained with CE systems. This is the first report on effective continuous iEK
separations of three distinct binary mixtures of cells, combining linear and nonlinear EK phenomena within the
same device, which enables a highly discriminatory separation schemes.. The present study included mathematical
modeling and experimental demonstrations, where modeling results, in terms of retention time, were in good
agreement with experimental results. Furthermore, by considering particles/cells characteristics (assessed a priori),
model predictions allowed identifying the appropriate EK regime (linear or nonlinear) and required potential for
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each separation. This work demonstrates that iEK systems have the capacity to effectively discriminate and separate
cells of very similar characteristics in matter of minutes; including separations of cells of the same genus where the
separated fractions were successfully eluted from the post array.
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