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ABSTRACT: Direct-current insulator-based electrokinetics (DC-
iEK) is a branch of microfluidics that has demonstrated to be an
attractive and efficient technique for manipulating micro- and
nano- particles, including microorganisms. A unique feature of DC-
iEK devices is that nonlinear EK effects are enhanced by the
presence of regions of higher field intensity between the insulating
structures. Accurate computational models, describing particle and
cell behavior, are crucial to optimize the design and improve the
performance of DC-iEK devices. The electrokinetic equilibrium
condition (Eggc) is a recently introduced fundamental concept that
has radically shifted the perspective behind the analysis of particle manipulation in these microfluidic devices. The Egg¢ takes into
consideration previously neglected nonlinear effects on particle migration and indicates that these effects are central to control
particle motion in DC-iEK devices. In this study, we present a simultaneous experimental characterization of linear and nonlinear
electrokinetic (EK) parameters, that is, the electrophoretic mobility (1)), the particle zeta potential ({}), the Egpc, and the
electrophoretic mobility of the second kind (u()), for four types of polystyrene microparticles and four cell strains. For this, we
studied the electromigration of polystyrene microparticles ranging in size from 2 to 6.8 ym, three bacteria strains (B. cereus, E. coli,
and S. enterica) and a yeast cell (S. cerevisiae), ranging in size from 1 to 6.3 ym, in a polydimethylsiloxane (PDMS) microfluidic
channel with a rectangular cross-section. The results illustrated that electrokinetic particle trapping can occur by linear and nonlinear
electrophoresis and electroosmosis reaching an equilibrium, without the presence of insulating posts. The experimentally measured
parameters reported herein will allow optimizing the design of future DC-iEK devices for a wide range of applications (e.g, to
separate multiple kinds of particles and microorganisms) and for developing computational models that better represent reality.
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he research and technological fields of analytical

chemistry and bioanalysis require powerful particle
manipulation techniques to perform efficient sample prepara-
tion protocols. These techniques must handle the complexity
of the extensive realm of bioparticles, ranging in nature from
macromolecules to parasites and in size from a couple of nm to
several mm.'~® Microfluidic techniques have proven to be an
attractive option for numerous bioanalytical applications due
to the inherent benefits of working on the microscale (ie.,
short response times, low sample volume requirement, and
ease of integration with other processes).”® Furthermore,
microfluidic devices have the ability to carry out single
molecule’ and single cell analysis,'”'' making them an
excellent choice for sensing applications. Additionally, micro-
fluidic techniques are making an important impact in
developing point-of-care (POC) devices able to provide
patients with rapid and accurate diagnostics, a critical necessity
in low-income communities with no access to clinical analysis
laboratories.'>'* This basic need has become a strong driving
force for the development of novel microfluidic techniques for
bioparticle assessment, enrichment, and sensing.14
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Electrokinetics (EK) is one of the main pillars of
microfluidics. In particular, direct current insulator-based EK
(DC-iEK) microfluidic devices allow combining several
mechanisms, that is, electrophoresis (EP), electroosmosis
(EO), and dielectrophoresis (DEP), simultaneously for
micro- and nanoparticle manipulation, including biological
particles.””'>'® Until recently, it was believed that the main
force driving particle motion and allowing for particle
manipulation in these devices was DEP; this belief was, in
fact, so widely accepted that this research field was previously
called “direct current insulator-based dielectrophoresis” (DC-
iDEP). However, recently, Cardenas-Benitez et al. revealed
that it is the balance between linear EO, linear EP, and
nonlinear EP that leads to particle manipulation in these
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devices when stimulated with high-magnitude electric fields."”
This balance was defined as the electrokinetic equilibrium
condition (Egpc), which considers previously neglected
nonlinear effects on particle migration. Nonlinear EP (also
known as EP of the second kind or EP®*)) had been extensively
studied in colloid research."®'” Nonetheless, except for a
handful of studies focused on the electrokinetic response of
particles stimulated with high electric fields,**~** EP® had
mostly been neglected in DC-EK. Coll De Pefa et al.*>**
demonstrated the first applications of Egpc and the theoretical
framework developed by Cardenas-Benitez et al.'” for the
manipulation of several microorganisms in two different
devices; Quevedo et al.>> applied this framework to protein
nanoparticles. These two recent applications further validate
this novel approach to interpret DC-iEK experimental
observations. Also, in a recent study, Tottori et al.”" analyzed
the electromigration and trapping of polystyrene and poly-
(methyl methacrylate) (PMMA) submicron particles under
high electric fields in a similar experimental setup to that used
by Cardenas-Benitez et al,,'” exhibiting similar trends in their
observations. The discovery of DEP not being the main force
driving particle motion in insulator-based systems represents a
major shift in the field of DC-EK-driven microfluidics,
eliminating the use of correction factors in modeling (a
previously widespread common practice).”® Furthermore,
these recent studies also demonstrated that DEP only made
a minor contribution to particle migration, since it only
represented 0.89% to 5.85% of the EP®®) velocity.'”*

This study presents a methodology for simultaneously
characterizing the linear and nonlinear EP mobilities of
polystyrene microparticles and cells. A major and unique
contribution of this work is the characterization of the EP®
mobility of microparticles and cells. To the best of our
knowledge, no previous reports exist in the literature for the
EP® mobility characterization of cells. To test the proposed
methodology, four distinct types of polystyrene microparticles
and four distinct types of cells were used in our experiments,
which were conducted in polydimethylsiloxane (PDMS)
microchannels with a constant rectangular cross section. The
polystyrene microparticles ranged in sizes from 2.0 to 6.8 ym.
The cell strains studied were B. cereus, E. coli, S. enterica, and S.
cerevisiae, ranging in size from 1 to 6.3 um. The results
confirmed that linear and nonlinear EP balancing EOF are the
dominant mechanisms driving particle manipulation under
high electric fields and support the results from our previous
studies.'””® The results illustrated that electrokinetic particle
trapping can occur by linear and nonlinear electrophoresis and
electroosmosis reaching an equilibrium, without the presence
of insulating posts. These findings establish the importance of
determining nonlinear mobility data for the design of effective
microscale DC-EK systems for the analysis and separation of
particles and cells.

B THEORY

In our system, the total particle velocity can be expressed as a
function of three EK phenomena, as illustrated in Figure la for
a negatively and a positively charged particle, respectively:

Vp = Vgo t+ ngllg + VSP) (1)

where vgo, vib, and vi) are the velocities associated with EO,

EPW, and EP®), respectively. Equation 1 can be rewritten in
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Figure 1. (a) Schematic of PIV channel representing negatively and
positively charged particles under the effects of an electric potential
difference. Arrows represent the direction of the predominant forces.
In our system, EO flow direction is from left to right, while EP
migration is from right to left. (b) Velocity of polystyrene particles as
a function of the electric field. (c) Velocity of cells as a function of the
electric field. Solid lines represent third order polynomial fits of the
measured data. Data collection stopped when particle velocity reached
approximately zero.

terms of the different mobilities, y, related to these phenomena
and the electric field, E, present in the microfluidic device:

Vo = fyo + uyE + ) (E-E)E ®)

There are two important regimes to consider: At low electric
fields, the linear EO and EP") phenomena dominate total
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Table 1. Microparticle Information and EK Properties Determined in This Study”

particle diameter surface low-voltage fitting charge uh) x 1078 u$) x 107
# (,um) mfr. funct. eq. (meq/g) & (mV) (m v s_l) Eggc (V/cm) (m4 v3 s_l)
1 2.0 Inv carboxyl y =249 + 3.89 0.065 —58+ 35§ —4.51 + 0.36 481 + 70.92 —42.15 + 10
R = 0.995
2 2.0 Mag carboxyl y =0.56x + 041 0.006 -1+2 —0.06 + 0.16 2507 + 50.60 —8.97 + 0.36
R* = 0.998
3 S.1 Mag  nonfunct.  y = 0.35x — 1.47 NA —28 + 1 —2.16 + 0.10 3722 + 358.58 —2.46 + 045
R* = 0.999
4 6.8 Mag carboxyl y = 3.55x + 89.37 0.013 —-10 £ 8 —0.80 + 0.59 2165 + 191.50 —9.86 + 2.36
R* = 0.995
“Inv: Invitrogen; Mag: Magsphere.
Table 2. Cell Strain Information and EK Properties Determined in This Study”
ygf) x 107 usy) x 107
cell strain dimensions (um) low-voltage fitting eq ¢ (mV) (m* v!s7h) Egpe (V/em) (m* V37!
B. cereus (Gram+) ATCC 14579  L: 4.94 + 0.47 y = 0.81x + 18.59 -58 +2 —4.53 + 0.17 604 + 74.74 —28.62 + 11
W: 132+ 013  R*=09842
E. coli (Gram+) ATCC 25922 L:2.01 + 042 y = 113x + 47.01 —49 + 4 —-3.87 £ 0.32 1100 + 7.68 —14.11 + 0.20
W: 097 £021 R*=1
S. enterica (Gram—) TT9079 L: 2.00 + 0.31 y=297x + 144.70 —12 + 10 —-3.48 + 0.53 804 + 63.07 —72.21 + 10.46
W: 097 £ 011  R*=0910
S. cerevisiae ATCC 9763 D: 6.23 + 0.77 y = 3.30x — 40.03 -35+4 -1+ 0.82 5§37 + 3.10 —97.09 + 1.12
R* = 0.998

“L: length; W: width; D: diameter.

particle velocity,””***” while at high electric fields the

nonlinear EP®® phenomenon becomes the dominant mecha-
nism. The mobilities associated with the two linear phenomena
depend on the zeta potential of the particle ({p) and the
channel wall ({y), as well as on the fluid viscosity (1) and
permittivity (e,)-

fo = _Swén
FO n 3)
1) _ $pEm

plD) = ¥m
By 4)

With the purpose of characterizing the microparticles and
cells, the parameters yp and /41(511)) were estimated first following
standard procedures, as reported elsewhere.”**’ In addition to
these attributes, which are key for the design of DC-iEK
experiments, the novel recently defined parameter referred to
as Eggpc, (ice., the electric field at which EP(3), EOF drag, and
EPW are balanced, resulting in v, = 0) was also measured.'”*
This attribute allows extrapolating the expected applied
voltages required to achieve the trapping of a particle or
microorganism across different microfluidic DC-iEK devices.
This applied voltage value is commonly referred as the
“trapping voltage”, which is a system-dependent parameter,
while Egg is a system-independent parameter.”® Evaluating eq
2 for trapping and solving for ul) yields

(1)
”(3) - _ (”EP + 'MEO)
. Egec (s)

B EXPERIMENTAL SECTION

Microdevices. Microdevices were made from PDMS (Dow
Corning, MI, U.S.A.) using standard soft lithography

techniques.’”*' The microchannels (Figure 1a) had a constant

cross section, a length of 10.16 mm, a height of 40 ym, and a
width of 880 um.

Suspending Medium. The suspending media was a buffer
solution of K,HPO, (Amresco, New York, NY) at a 0.2 mM
concentration, with the addition of 0.05% (v/v) of Tween 20
(Amresco, New York, NY) to prevent particle sticking. This
suspending medium had a conductivity of 41 4S/cm and a pH
of 7.3, which produced a wall zeta potential ({yy) of —=71.6 mV
and ppo = 5.58 X 107 m? V7! s7! in the PDMS devices, as
measured with current monitoring.*’

Particle and Cell Samples. Four types of polystyrene
microparticles were used in this study and are listed in Table 1.
Based on their size, microsphere suspensions were diluted into
the suspending media with concentrations ranging from 1.5 X
10° to 5.7 x 10° particles/mL. Four types of cells were also
studied in this work, three bacteria and one yeast strain, as
listed in Table 2. All microorganisms were cultured and stained
following standard procedures.”® The stained cells were then
suspended in the suspending medium.

Equipment and Software. Conductivity and pH were
measured with a conductivity meter Thermo Scientific Orion
STAR A212, and a pH meter Thermo Scientific STAR A2116.
Experiments were recorded in the form of videos with a Zeiss
Axiovert 40 CFL inverted microscope (Carl Zeiss Microscopy,
Thornwood, NY) and Leica DMi8 inverted microscope
(Wetzlar, Germany). The Sequencer software was used to
control the high voltage power supply (Model HVS6000D,
LabSmith, Livermore, CA) and apply voltage sequences to the
microchannels via platinum electrodes.

Experimental Procedure. Particle image velocimetry
(PIV) was used to assess particle migration within the
microchannel shown in Figure la. Each PIV experiment
started by filling the microchannels (Figure la) with the
suspending medium (0.2 mM K,HPO,, 0.05% (v/v) Tween
20). To decrease pressure driven backflow during the
experiments, large reservoirs (~2 mL) were placed at the
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Figure 2. Boxplots representing estimated electrokinetic equilibrium condition (Eggc) and electrophoresis of the second kind mobility (u8) of
each particle and cell. (a) Boxplot of the Eggc of the studied particles. (b) Boxplot of the Egg of cells. (c) Boxplot of the u8) of particles. (d)

Boxplot of the u) of cells.

inlet and outlet of the channel and were filled and leveled with
the suspending medium. Sample suspensions (3—8 pL) were
introduced into the inlet reservoir, and platinum wire
electrodes were also placed into the reservoirs. Particle and
cell migration were observed and recorded at a range of
applied voltages to observe both, linear and nonlinear, EK
effects (Figure 1b,c). The range of applied voltages was
customized for each sample to ensure the velocity profile for
each particle or cell was properly characterized. Experiments
were performed in triplicate. To keep data consistent,
experiments stopped when the particles approximately reached
their Egpc. Also, because input voltage fidelity of the power
supply lowers at higher voltages (and because trapping voltages
were very high for some particles) exploring larger voltages
would likely introduce noise to the system. We stress that the
focus of this work was to determine the Eggc of particles and
cells; thus, we aimed at keeping the experiments suitable to
determine ,u(EIP) and /41(:}) only.

The detailed voltage sequence applied for high voltage PIV
experiments is included in the Supporting Information. Briefly,
velocity measurements were taken at target high voltages.
Precautions (the use of large reservoirs and a K,HPO, solution
as suspending medium) were taken to avoid possible changes
in pH of the suspending medium inside the channel due to the
effects of high voltages. Image] software was used for video
analysis to estimate particle and cell velocities using particle
image velocimetry (PIV).

B RESULTS AND DISCUSSION

Low-Voltage PIV Measurements and Determination
of Linear EK Parameters. A series of low-voltage (<200 V)

PIV measurements were carried out to estimate the linear EP
mobility (usy) of particles and cells, as well as their zeta
potential ({p). The detailed velocity data obtained under low
voltage is listed in Table S1 (Supporting Information) and
plotted in Figure 1b,c; this data was fitted to a straight line and
the fitting equations are listed in Tables 1 and 2. Equation 2
was used (neglecting the /41(;31)) term since low voltages were
applied) to estimate ,ugp), since Yo was known from current
monitoring experiments.”” Particle and cell zeta potential
values were directly estimated from ;4](311;) values with eq 4 and
are reported in Tables 1 and 2. It is important to note that
particle and cell behavior must be strictly linear with the
electric field for these measurements to be accurate (i.e. EP®
effects should be negligible); considering this, the maximum
applied voltages for all of the measurements listed in Table S1
were between 150 and 200 V.

Low-voltage behavior on the four types of polystyrene
particles, ruled by the linear effects of EO flow and EP" force,
is represented by the first three velocity data points plotted in
Figure 1b for each particle. Therefore, their linear electro-
phoretic mobilities (1Y) could be calculated directly from
their velocities (Tables 1 and S1), ranging from —4.6 X 107* to
—0.06 x 107% (m*> V! s7!) with a maximum standard
deviation of 0.54 X 107% (m> V™' s7!). The estimation of
particle zeta potential values ({p), which accounts for the ionic
strength of the suspending medium, was taken directly from
ey using eq 4, and the mean values varied from —1 to —538
mV.

Similar to velocity measurements of polystyrene particles,
the first three data points plotted in Figure lc represent the
linear behavior of the four strains of microorganisms at low

https://dx.doi.org/10.1021/acs.analchem.0c03525
Anal. Chem. 2020, 92, 14885—14891



Analytical Chemistry

pubs.acs.org/ac

Technical Note

electric fields. The accuracy of the linear fit equation for this
data (shown in Tables 2 and S1) was high, having an R?
parameter ranging from 0.91 to 1. As mentioned, at low
electric fields, the linear increase in velocity in relation to the
electric field is dominated by EO flow and the EP") force. In
this study, all microorganisms had average &y values varying
between —4.53 X 107 and —1 x 107 m* V™! s7. To
determine the {p of the studied cells, eq 4 was used
(considering EP®) effects as negligible). This is a broadly
accepted model to calculate the zeta potential values of
bacteria and other types of microorgansims.”” Table 2 shows
that S. enterica, S. cerevisiae, E. coli, and B. cereus had average
zeta potential values of —12, =35, —49, and —58 mV,
respectively.

As expected, the EK behavior of particles and cells
stimulated with low voltages exhibited a linear response and
the estimations were in excellent agreement with previously
reported data in the literature.”> We emphasize that, according
to the conventional “IDEP” theory, particle trapping (or
particle flow reversal) could only be expected in channels with
insulating posts and explained by DEP.?" In a straight channel,
like the one presented herein, trapping would not be expected
and could definitely not be explained. However, as observed in
Figure 1b,c, the linear trend is not sustained as the electric field
magnitude increases, and after reaching a maxima, velocity
decreases and an eventual overall zero particle velocity can, in
fact, be obtained as reported recently.'”**

High Voltage PIV Measurements and Determination
of Nonlinear EK Parameters. After the low-voltage PIV
measurements were done, particle and cell migration were also
assessed, employing a series of high voltages (>200 V),
following the experimental procedure detailed previously. For
the analysis of these experiments, for each recorded video, the
velocities obtained from PIV measurements were arranged in
histograms set so that the highest bin represented a 20% of the
velocity population. Then, the average velocity of each highest
bin of the histograms was calculated. For each experiment, the
average values of each repetition were averaged, and their
standard deviation were calculated and plotted as a function of
the applied electric field. Figure 1b,c shows the complete
velocity curves of particles and microorganisms. These velocity
curves clearly illustrate the nonlinear behavior due to the onset
of EP® effects at high electric fields. As it can be observed, the
velocity continues decreasing until the microparticles and
microorganisms eventually stop (on average), reaching their
Egge at vp = 0, and as the electric field further increased the
particles and cells even experienced negative velocities (i.e.,
their flow direction reversed).

To calculate the Eggc of each particle and cell, interpolations
or extrapolations were done using the two velocity data points
closest to zero at high voltages. Interpolation estimations were
done if those data points crossed the x-axis, and extrapolation
estimations were done if they did not. Because of the
abundance of data and the proximity between data points,
linear interpolation/extrapolation was assumed. With the Eggc
results, the calculation of 48} followed directly from evaluating
eq S. The Eggc and /4%312 parameters of each particle and cell
type are shown in Figure 2, as well as in Tables 1 and 2.

As the electric field increased, the onset of EP® caused all
studied polystyrene particles to experience a nonlinear velocity
behavior (Figure 1b). Nonetheless, these behaviors are not
necessarily similar since each particle has a distinct /4%31,) The
estimated values for &} on the studied particles were in the

range between —2.46 X 107" and —42.15 x 107" (m* V~?
s7"), as shown in both Figure 2c and Table 1. As described
earlier, due to ¥, the particles experience negative velocities
at high electric fields and exhibit an equilibrium point, where
the average velocity of the particle is zero (Eggc). As can be
observed in Figure 2a and Table 1, where the Eggc of each
particle is shown, particle 1 reached its Egpc at lower electric
fields (481 + 70.92 V/cm) than the rest. One of the main
reasons for this behavior may be found in its size (2 ym), as it
is the smallest from the pack. In addition, it has the greatest
zeta potential (=59 + 4 mV) and u{}) (—=42.15 x 107 m* v3
s7!). The large u{}) is translated as a stronger force pointing
toward the inlet of the channel, forcing the particle to move
backward (Figure la). In contrast, particle 3 had the lowest
/41(;313) value (—2.46 X 107" m* V* s7'), allowing the particle to
reach the highest velocity and preventing it from reaching a
negative average velocity in our experiments. For this reason,
its estimated Egpc (3722 V/cm) had the greatest standard
deviation (358.58 V/cm). Particles 2 and 4 reached their Egg
at 2507 and 2165 V/cm, and had a u8) of —8.97 x 107" and
—9.86 X 107" (m* V73 s71), respectively.

As can be observed in both Figure 2b and Table 2, each cell
strain studied also reached its Eggc at different electric fields
and exhibited an error ranging from 1 to 12%. It is important
to notice that even with E. coli and S. enterica having a very
similar morphology, they reached their Eggc at very different
electric fields (1100 and 804 V/cm, respectively). In contrast
to polystyrene particles, where the smallest one (particle 1)
with the highest zeta potential reached its Eggc at very low
electric fields, E. coli, which has one of the smallest dimensions
of the studied cells and the second higher zeta potential (—49
mV), had the smallest {3 (—14.11 + 0.20 X 107 m* V3
s™") and, therefore, the highest Egpc. S. cerevisiae reached the
lower Eggc value (537 V/cm) and had the largest 18y (—97.09
+ 1.12 X 107 m* V™2 s7'). B. cereus experienced /4,(3313 values of
—28.62 + 11 x 107 (m* V3 s7"), which due to its shape, can
have a higher population distribution, which can lead to an
increased standard deviation in the results. It is important to
note that, as expected, a clear correlation exists between
particles’ charge density and their measured zeta potential.
This can be verified in Table 1, which illustrates that the larger
the magnitude of the particle charge density (reported as meq/
g), the greater the magnitude of the particle zeta potential.
Nonetheless, although nonlinear EK phenomena depend on
particle size and charge density, a clear trend could not be
observed between these properties in our system and the
observed nonlinear EK response of the particles. These results
reveal that new DC-iEK experiments must be designed to
further isolate linear and nonlinear phenomena and unveil the
currently hidden relationship between physical properties and
the EK cell responses here presented.

This is a pioneering report of experimentally characterized
nonlinear electrophoretic mobilities (ug)) of polystyrene
particles, prokaryote bacterial cells, and eukaryote yeast cells.
Furthermore, the present study also characterized the electro-
kinetic equilibrium conditions (Egzc)'”*>** for all particles
and cells tested. The linear and nonlinear EK parameters
reported here for polystyrene particles and cells, together with
those recently reported by Tottori et al.>' for submicron
(polystyrene and PMMA) particles, which are in good
agreement with our measurements for polystyrene micro-
particles, add to the growing body of literature that highlights
the importance of nonlinear EK phenomena in particle

https://dx.doi.org/10.1021/acs.analchem.0c03525
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trapping applications. Furthermore, they will allow for the
design of novel DC-iEK systems that can be tailored for
challenging separations. The introduction of the nonlinear
phenomenon of EP of the second kind represents a major
change in our understanding of particle migration in DC-iEK
devices. Moreover, the use of these linear and nonlinear EK
parameters ensure that modeling results better represent
reality, enabling accurate predictions of particle migration in
DC-EK devices and removin§ the previous requirement of
introducing correction factors*® into inadequate models.
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The detailed procedure followed for high-voltage PIV
experiments, as well as Table S1, listing the detailed data
obtained with low-voltage PIV for polystyrene particles
and cells (PDF)
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