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ABSTRACT

Cell viability studies are essential in numerous applications, including drug development, clinical analysis,
bioanalytical assessments, food safety and environmental monitoring. Microfluidic electrokinetic (EK) devices
have been proven to be effective platforms to discriminate microorganisms by their viability status. Two decades
ago, live and dead Escherichia coli (E. coli) cells were trapped at distinct locations in an insulator-based EK (iEK)
device with cylindrical insulating posts. At that time, the discrimination between live and dead cells was attributed
to dielectrophoretic effects. This study presents the continuous separation between live and dead E. coli cells which
was achieved primarily by combining linear and nonlinear electrophoretic effects in an iEK device. First, live and
dead E. coli cells were characterized in terms of their electrophoretic migration, then, the properties of both live
and dead E. coli cells were input into a mathematical model built using COMSOL Multiphysics® software to
identify appropriate voltages for performing an iEK separation in a T-cross iEK channel. Subsequently, live and
dead cells were successfully separated experimentally in the form of an electropherogram achieving a separation
resolution of 1.87. This study demonstrated that linear and nonlinear electrophoresis phenomena are responsible
for the discrimination between live and dead cells under DC electric fields in iEK devices. Continuous
electrophoretic assessments, such as the one presented here, can be used to discriminate between distinct types of
microorganisms, including live and dead cell assessments.

INTRODUCTION

Cell viability analyses are essential in many fields such as new drug development, clinical analysis, bioanalytical
assessments, and food safety and environmental monitoring.! A major driver for the development of new cell
viability assessment methods is the rise of antibiotic-resistant bacteria, a major cause of concern with the significant
increase in nosocomial infections. An estimated number of 687,000 infections and 72,000 deaths occurred in 2019,
according to the US Center for Disease Control, placing the cost to the healthcare at over 25 billion dollars.!?

Microfluidic devices are an attractive option for cell assessments as they offer rapid response times and
portability.’ Electrokinetics (EK), one of the major branches of microfluidics, has received significant attention
as it offers label free and robust characterization methods that depend on the physical characteristics of the
microorganisms rather than requiring a labeling agent. Several review articles have highlighted the potential of
microscale EK devices for the effective separation, sorting and analysis of a wide range of microparticles and
cells,*® including a detailed article by Patel and Markx® on EK techniques for assessing cell viability.

There are a plethora of EK-based devices developed for the discrimination between live and dead
microorganisms.'®'® Dielectrophoretic effects have been reported to be the discriminatory mechanism, where live
cells exhibit positive DEP (pDEP) and are attracted to the regions of higher electric field gradient, while dead cells
migrate away from these regions under the effects of negative DEP (nDEP). The first reported EK differentiation
between live and dead cells was done by Pohl and Hawk!® in 1966 with the DEP-based separation of live and dead
Saccharomyces cerevisiae (S. cerevisiae) cells. They employed a rudimentary electrode-based system stimulated
with AC potentials featuring with two orthogonally placed pin and plate electrodes in a cylindrical chamber. Live
cells were observed to gather quickly at the pin electrode under pDEP effects, while dead cells remained behind
showing no response. Li and Bashir'* in 2002 utilized DEP to differentiate between live and dead Listeria innocua
cells employing an array of interdigitated electrodes stimulated by AC potentials. In their device, live cells exhibited
pDEP while dead cells exhibited nDEP. In 2004, Lapizco-Encinas ef al.!' discriminated between live and dead
Escherichia coli (E. coli) cells in an DC stimulated insulator-based EK (iEK) device by trapping them at different



locations within an array of cylindrical insulating posts. In 2010, Iliescu et al.,'® designed an AC stimulated 3D
electrode-based system to trap live and dead S. cerevisiae cells with pDEP and nDEP, while in 2015 Zellner et al.,”
utilized an iEK device with DC-biased AC fields to selectively trap live Staphylococcus aureus cells from a sample
containing live and dead cells. More recently, in 2020 and 2021 Ettehad et al.,*?! separated live and dead S.
cerevisiae cells employing AC potentials in a device with interdigitated electrodes, where live cells were selectively
trapped with pDEP, while dead cells were flushed away. Electrokinetic devices have also been employed to
inactivate cells as reported by Pudasaini er al. with the inactivation of Enterococcus faecalis, E. coli, and S.
cerevisiae cells by means of electroporation employing iEK devices with insulating pillars*** and insulating
microbeads.?* The cells were inactivated by exposure to high electric fields (up to 18.5 kV/cm) that irreversibly
ruptured the cell membrane. Ho ef al., combined deterministic lateral displacement with EK to separate live and
dead cells E. coli and S. cerevisiae strains, employing microdevices with large post arrays and two distinct outlets;
collecting separated fractions of live and dead cells with purity above 90%.%

Recently the field of iEK experienced a major change, since it was identified that nonlinear electrophoresis
(EPnv) effects can be a major force influencing the migration of particles and microorganisms under high electric
magnitudes in systems stimulated by DC and DC-biased low frequency AC potentials. The reports by Rouhi and
Diez,*® Tottori et al.,”” and Cardenas-Benitez et al.,”® revealed experimentally the strong effect of EPn. on the
migration of polystyrene microparticles in iEK systems stimulated by DC potentials. Follow-up work has
demonstrated that microorganisms are equally affected by EPny. forces.2’=! The first studies on EPx. were reported
in early 1970s by Dukhin and colloborators.*? Further developments®*** have advanced the knowledge on EPni,
however, the lack of experimental data hindered the wide-spread application of EPyy in analytical separations.’
The recent reports on the characterization of the mobility of EPx. of polystyrene microparticles, cells and

viruses?®313639 have enabled highly discriminatory separations. %4041

The discrimination between live and dead cells in an iEK system employing DC potentials was first reported in
2004 by Lapizco-Encinas et al.!' At that time it was assumed that the live/dead discrimination was due to DEP
effects, where dead cells were thought to have a lower magnitude of nDEP effects compared to live cells that also
exhibited a nDEP behavior. The recent reports on the effects of EPx. on particle and cell migration give insight
that DEP effects may not have been responsible for the reported live and dead cell discrimination under DC
potentials.!! While it is well-accepted that DEP is the dominant effect in EK systems stimulated with AC potentials,
this report presents a different interpretation of the results observed in EK systems stimulated with DC and DC-
biased low frequency AC potentials.

This report is focused on discerning the EK mechanisms responsible for the discrimination between live and
dead E. coli cells in an iEK microchannel with cylindrical insulating posts under DC potentials, by employing
mathematical modeling with COMSOL Multiphysics® and experimentation. First, live and dead cells were
characterized in terms of their electromigration velocity employing particle tracking velocimetry (PTV) in a
rectangular microchannel (Fig. 1a). This allowed for the determination of their electrophoretic mobilities, both
linear and nonlinear regimes. The characterization data was then employed as the input to a COMSOL model to
identify the conditions and predict the retention times (tg ;) for a successful separation between the live and dead
cells. Experimental separations between the live and dead cells were performed employing a T-cross iEK channel
(Fig. 2), obtaining electropherograms from which experimental retention times (tg o) were assessed. A separation
resolution (Rs) of 1.87 was achieved, demonstrating that live and dead cells differ enough in their electrophoretic
migration, to allow for a successful separation. Good reproducibility in terms of retention times was obtained
between experimental repetitions, with deviations below 11% for live and dead cells. Good agreement between the
modeling and experimental results was obtained with deviations between tg,, and the average tg . below 18% in
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all cases. The findings from this work illustrate that electrophoretic effects, both linear and nonlinear, can be
employed in iEK systems under DC potentials to effectively discriminate between distinct types of cells, including
live and dead assessments.

THEORY

Electrokinetic phenomena are classified as linear and nonlinear, as determined by their dependance on the
electric field magnitude. The overall velocity (vp) of a particle in an iEK microfluidic channel is described as a
summation of the following linear and nonlinear EK effects:

Vp = Vgo t+ Vgp T Vé'é?m + Vpep (1)

where Vg is the electroosmotic (EO) velocity, Vgp, is the linear electrophoretic (EPL) velocity, vg;?NLis the

nonlinear electrophoretic (EPxp) velocity, where n represents the nonlinear dependence with the magnitude of
electric field (E), and vpgp is the dielectrophoretic (DEP) velocity. Cardenas-Benitez er al.,”® identified the
condition of electrokinetic equilibrium condition (Egec) under which vp becomes zero inside a rectangular
microchannel (Fig. 1b).

The velocity expressions of the two linear EK mechanisms considered here are:

Veo = UgoE = _@E 2

Ve, = Hpp B = TELE (weak field regime) 3)

where g and pgp |, are the mobilities of EO flow and EPy, respectively; &, and 7 are the permittivity and viscosity
of the suspending medium, respectively; and { is the zeta potential at the interface between the suspending medium
and the channel wall or the particle. Equations (2-3) are based on Smolchowski’s approximation which is valid
under conditions of a thin electrical double later (EDL) which is fulfilled in the current study. Equation (2) is a
common simplification obtained employing the Helmholtz-Smoluchowski approximation which describes EO flow
velocity outside of the EDL.*> Equation (3) assumes that the particle migrates with a constant electrophoretic
velocity as the driving force exerted by the electric field on the particle and the electrical double layer (EDL) is
balanced by the hydrodynamic drag for exerted on the particle and the ions, resulting a net zero force.*34# This
force balance is valid in the absence of pressure driven flow, which is a condition fulfilled in this study.

The two nonlinear EK phenomena considered here are EPnxi and DEP. To identify the regime of EPni three
dimensionless parameters are utilized: the dimensionless applied field magnitude (f), the Peclet number (Pe) and
the Dukhin number (Du). The expressions employed are described below:

_Em
p=t @
__ 1plvepl
Pe = — &)
Du= A ©

where 7, is the particle radius, ¢ is the thermal voltage (~25 mV), |vgp| is the magnitude of the electrophoretic
velocity (linear and nonlinear contributions), D is the diffusion coefficient, and K¢ and K" are the surface
conductivity and bulk conductivity of the medium, respectively. There are two well-defined analytical models that



describe the velocity of EPnt for the two limiting cases of low and high Pe number (no models are available yet
for intermediate Pe values).*

VS,)_ NL = ué‘?;,)’ v E2ag for § <1, Pe << 1, Du arbitrary (moderate field regime) @)

(3/2) (3/2) E3/a;

VepnL = HEPNL for > 1, Pe >> 1, Du <<'1 (strong field regime) (8)

where ,ug;)’ 1. 1s the mobility of EPn and @ is the unit vector for the electric field. In this study, only the moderate
(~E®) regime of EPxi. was considered since experimental conditions did not allow for the strong field regime to be
reached as the maximum values of § and Pe were as follows: S, = 0.7 and Pe,, 4, = 0.19. The values of the
dimensionless parameters used to identify the regimes of EPy and EPxt are included in Tables S1 and S2.

The expression of the DEP velocity for a spherical particle is defined as:

2
- 2 _Tpm 2 — | %= %m
Vpep = UpgpVE® = —=Re[fcy]VE where  foy = [Jp +20,,

]under DC fields )

where ppgp is the DEP mobility, VE? is the gradient of the square of electric field magnitude, f¢,, is the Clausius-
Mossotti factor which defines particle polarizability, which under DC conditions is estimated employing the
conductivity of the particles (a;,) and the medium (ay,). Estimations of the DEP velocity employed the expression
for a prolate shaped particle included in the supplementary material. Under DC conditions the electric field only
penetrates the cell membrane, thus, the values of cell membrane conductivities were considered when estimating
the fcp. The values of the membrane conductivities of the live and dead cells were obtained from the literature and
are listed in Table 1.

The quality of the separations was determined by estimating the separation resolution (Rs) between the peaks
in the electropherogram, which was calculated as follows:
RS — 1.18 (tRZ,e_tRl,e) (10)
Wy +W,
where tg . is the experimental retention time of the cells in the post array of the iEK microchannel (Fig. 2) and W
is the width of the peak measured at half of the peak’s height.

EXPERIMENTAL SECTION

Cell Samples. This study employed E. coli cells (ATCC 11775, American Type Culture Collection, Manassas,
VA, USA) as listed in Table 1. Standard cell culture techniques were followed to obtain the live E. coli cells. To
prepare the sample of dead cells, a sample of live cells was taken and placed in a water bath at 80 °C for 20 minutes,
rendering the cells non-viable. Both live and dead cell samples at concentration of 7 x10® cells/ml were stained
with a combination of propidium iodide (PI) and SYTO 9 fluorescent dyes (ThermoFisher, Carlsbad, CA, USA).%
SYTO 9 stain is able to penetrate live and dead cells, while PI stain penetrates only dead cells due to their
compromised membrane. Live cells fluoresced in green color as they only contained the SYTO 9 stain, while dead
cells contained both dyes, but fluoresced in red color as PI dominates over SYTO 9 when both the dyes are present.

Microdevices. All devices were fabricated employing standard soft lithography techniques*’ utilizing molds made
with SU8 on a silicone wafer. All microchannels were cast employing polydimethylsiloxane (PDMS — Dow
Corning, MI, USA), to create a rectangular microfluidic channel employed for PTV illustrated in Figure 1a and a
T-cross iEK channel employed for separation experiments in Figure 2.



Suspending Medium. A buffer solution of K;HPOj4 at a concentration of 0.2 mM was employed as the suspending
medium for all experiments, this produces an electrical double layer with a thickness of 14 nm. Tween 20 was
added at 0.05% (v/v) to decrease cells from sticking to the channel walls. This media had a pH of 7.2 + 0.2, and a
conductivity of 44.1 £ 1.7 uS/cm. For this suspending medium, in the PDMS devices used in this work, it resulted
in a wall zeta potential, {;y of -60.1 £ 3.7 mV and pg, of 4.7 £ 0.3 x10® m?V!s™!, as assessed with current

monitoring.*®

Equipment and Software. A Leica DMi8 inverted microscope (Wetzlar, Germany) was employed to record the
characterization experiments, while the separation experiments were recorded as videos using a Zeiss Axiovert
40CFL inverted microscope (Carl Zeiss Microscopy, Thornwood, NY, USA). Voltage sequences were applied to
the devices with four platinum wire electrodes (1.5 cm length and 0.6 mm diameter) labelled A — D (Fig. 2)
employing a high voltage power supply (Model HVS6000D, LabSmith, Livermore, CA, USA). Tracker® software
(Douglas Brown) built on Open Source Physics (OSP)* Java framework was used to analyze the particle positions
for characterization videos and ImagelJ was used to analyze the pixel density of E. coli cells to track the fluorescence
signals for separation experiments.
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Figure 1. (a) Illustration of the rectangular microfluidic channel utilized in the PTV characterization of live and dead cells
with an inset showing the forces exerted on the cells (no DEP effects are present). (b) Plot of the overall cell velocity as a
function of electric field, depicting the Ergc for both live and dead cells. As observed, live cells cross the zero-velocity line at
a lower electric field magnitude than dead cells.
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Figure 2. [llustration of the T-cross iEK channel employed for the separation between live and dead cells, depicting the channel
dimensions and the interrogation window used to acquire the fluorescence measurements used to build the electropherogram
in Figure 3. The first inset illustrates the dimensions of the insulating posts, and the second inset illustrates the EK forces
exerted on the cells.

COMSOL Model. Mathematical modeling has proven to be a valuable tool to guide EK experimentation and
device design.?*3%! A COMSOL Multiphysics model was built to identify appropriate voltage conditions and
predict the retention times (tg,,) of the cells in the insulated post array of the iEK channel shown in Figure 2. These

values were predicted by inputting into COMSOL the EK characteristics of the live cells and dead cells obtained
with PTV experiments.**®* COMSOL simulations were performed to identify a set of applied voltages that would
result in a difference of predicted retention times of 20 s (4tg , ~ 20 s). Detailed model information is included in
the supplementary material (Figures S1-S2 and Tables S3-S4). The cutline shown in Figure S2 was used to obtain
the velocity data employed to estimate tg, values under a range of voltages, these results are included in the
supplementary material (Table S5).

Experimental Procedure. Experiments were conducted in two stages — characterization and separation. Prior to
experimentation, all devices were soaked for 12 h in the suspending medium to ensure stable EO flow. Prior to
each experiment pressure driven flow was eliminated by balancing the liquid levels at the inlet and outlet reservoirs.
A set of PTV assessments were conducted in the device shown in Figure 1a to characterize the migration velocity
(Fig. 1b) of the cells and obtain the cell dielectric properties listed in Table 1. This information was then employed
for mathematical modeling which guided experimentation. Separation experiments were conducted employing the
T-cross iEK channel shown in Figure 2. After the iEK channel was filled with the suspending, platinum electrodes
were placed in all four liquid reservoirs. Then, a 10 pL sample of the live and dead cells at a concentration of 7
x10% cells/ml was introduced at reservoir A (Fig. 2). A three-step EK injection process was utilized to
electrokinetically introduce the sample into the main channel, the voltages and time durations of EK injection
process are listed in Table 2. The elution of the cells from the post array was recorded at the interrogation window
marked in Figure 2. The recorded videos were analyzed using the ImageJ software to assess the fluorescence signal
of the live and dead cells. A snippet of the image analysis method is included in Figure S3. The separation
experiment was repeated three times to ensure reproducibility, the reproducibility results are in Table S6.



RESULTS AND DISCUSSION

Characterization of the Dielectric Properties of Cells. Live and dead cells were characterized in the PTV channel
illustrated in Figure 1a. The Information on cell size and EK properties is listed in Table 1. The overall cell velocity
was obtained from PTV experiments and plotted as a function of the electric field as shown in Figure 1b. Both
cells in this study had a negative surface charge, as demonstrated by their negative zeta potential values which only
differed by 7mV. A negative surface charge means that their electrophoretic migration is towards the inlet, opposite
to the direction of EO flow. The Erzc of the live and dead cells (Fig. 1b) was as expected, with live cells crossing
the zero-velocity line at lower electric field than dead cells. Live cells possess a higher magnitude in their
electrophoretic mobilities (linear and nonlinear), resulting in live cells exhibiting a stronger electrophoretic pull
towards the inlet, which decreases their vp magnitude, i.e., live cells migrate at a lower speed. The vp values
measured in the channel in Figure 1a follow Equation 1, minus DEP effects, as the electric field in this channel is
homogenous, no DEP effects are present, since DEP requires an electric field gradient. Size measurements of the
E. coli cells showed a slight difference between live and dead cells. These results of negligible size differences
between live and dead E. coli cells are in agreement with the studies by Bao et al. > and Ktodzinska et al.*?

Table 1. Characteristics of the live and dead cells used in this study.

- - i 3 i
Cells Dimensions ip Mepy X108 uégrmxlo 18 Exgc op
(um) (mV) (m2v-ist) (m*V-3st) (V/em) (nS/cm)
o Length: 3.2+ 0.3
255+ 1. -2.0+£0. -6.4+0. 6+3. .01%
E. coli (Live) Width: 11402 255+ 1.5 2.0+0.1 6.4+ 0.6 911.6 £33 0.01
. Length: 3.4+ 0.6
_ + 14+ 40+ + 53,54
E. coli (Dead) Width: 1.0£0.3 18.5+0.8 14+0.1 4.9+0.6 963.1+£9.8 100

Continuous Separation Between Live and Dead Cells. Continuous separation experiments were conducted in
the T-cross iEK channel with cylindrical posts shown in Figure 2. There are two types of separations performed in
iEK channels: continuous separations which employ the streaming EK regime,? and trapping separations which
enrich and separate particles using the EK trapping regime.>® The streaming regime is when particles inside the iEK
channel flow in streamlines under the effects of linear and nonlinear EK phenomena. The trapping EK regime is
when nonlinear EK phenomena (EPn. in this case) are strong enough to overcome EO flow and particles are
“trapped” at specific locations within the channel.® The present study separated live and dead E. coli cells
employing the streaming EK continuous approach and compare these results with the trapping EK approach used
in first live dead cell discrimination study in an iEK channel reported in 2004."" A device with cylindrical insulating
posts (Fig. 2) was employed for the separation experiments in this study with the purpose of achieving the closest
possible comparative analysis with the 2004 report. Figure 3a illustrates the results reported by Lapizco-Encinas
et al. in 2004.'! In that study, a mixture of live and dead E. coli cells was introduced into a simple iEK channel with
cylindrical posts (200 pm diameter, spaced 250 um center-to-center), and after applying a DC voltage of 720 V
over the 10.2 cm long channel (E overall = 600 V/cm), both live and dead cells were electrokinetically trapped. As
shown in Figure 3a, dead cells (red) were trapped as a band located closer to the constriction between the insulating
posts, while live cells (green) were trapped in a band located farther from the constriction, behind the band of dead
cells. This was the first report on differential iEK trapping of live and dead cells. At that time, the distinct behavior
exhibited by the live and dead cells was attributed to DEP effects caused by significant differences in the membrane
conductivity of the cells. They considered that live cells had a membrane conductivity of 1 x10* uS/cm>” while the
dead cells had an increase by a factor of 10* in their membrane conductivity,’* making the dead cell membrane
conductivity to be ~1 uS/cm. Considering that the suspending media employed had a conductivity of 22.5 uS/cm,
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the study from 2004 reported that both cells exhibited nDEP behavior. In the discussion of the results of the 2004
report,'! it was stated that live E. coli cells exhibited a greater magnitude of the nDEP behavior than dead cells due
their lower membrane conductivity which in turn produced a higher magnitude of their negative Clausius-Mossotti
factor (fcp). Similar results were reported by Gallo-Villanueva et al., with the trapping of live and dead
Selenastrum capricornutum microalgae cells.® This interpretation of the results based on DEP was well accepted
for decades. However, the recent work on EPxi in iEK systems,?* 28338 also demonstrated that the relative
magnitude of DEP effects is actually low, since vpgp is less than 6% of the overall magnitude of VSJ)’ vt i.e., DEP
effects are not dominant and cannot cause particle/cell trapping in systems stimulated with DC fields or low
frequency AC fields. Instead, the distinct locations of the bands of trapped live and dead cells can be explained in
terms of electrophoretic effects. Live cells, which have greater magnitudes of their negative electrophoretic
mobilities than dead cells (Table 1), experience a greater electrophoretic pull towards the inlet, thus, resulting in a
trapping/band location (vp = 0) in a region of lower electric field magnitude than that of dead cells.

The present studied the continuous separation between live and dead E. coli cells employing the new knowledge
on EPni. 2028338 After live and dead cells were characterized in terms of their {p, ugp, and ,uSP)’NL values,
COMSOL modeling results that indicated a difference in retention times of approximately 20 s could be obtained
with voltages applied at reservoirs A, B, C, D (as shown in Fig. 2) being 200 V, 800 V, 200 V and 0 V, respectively.
A summary of the complete modeling results is included in Table S5. The voltages sequence employed for the iEK
injection process are listed in Table 2. The experimental results showed, as expected, live cells to have a lower
overall velocity (vp) than dead cells, as seen in Figures 3b-3d. Dead cells (red) are migrating ahead of live cells
(green). The electropherogram in Figure 3e illustrates the successful separation between live and dead E. coli cells,

with a Rs = 1.87. A video of the separation, depicting the elution of the cells is included in the supplementary
material (Video S1).

Table 2. Voltages employed for EK sample injection and the iEK separations of live and dead cells.

Runtime Applied voltage (V) at each

Description Step s) reservoir
A B C D
) . Loading 8 1500 500 0 1000
Separation ofll}ve and dead F. Gating ) 1000 1000 300 0
ot Injection 350 200 800 200 0
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Figure 3. (a) Differential trapping of live (green) and dead (red) E. coli cells at the constriction regions between the cylindrical
insulating posts at potential of 720 V applied over a 10.2 mm long channel (E overall = 600 V/cm). Adapted with permission
from Ref.,!! copyright (2004) American Chemical Society (ACS). (b) Illustration of the iEK microchannel showing two
distinct locations for observation of the migrating cells. (¢) Live E. coli cells migrating closer to the start of the post array. (d)
Dead E. coli cells migrating ahead of the live cell at a location close the center of the post array. The two images of the
migrating cells were taken at time = 55 s after the EK injection. (e) Electropherogram of the live and dead E. coli cells
separation built by employing the fluorescence signal obtained at the interrogation window indicated in Figure 2. A resolution
of Rs = 1.87 was obtained with the following applied voltages: VAo =200 V, Vg =800 V, Vc =200 V and Vp =0 V, resulting
E overall = 137.4 V/em.

The results in Figure 3e show that dead cells eluted before live cells, at 72 s vs. 102 s, which is as expected
from the PTV results in Figure 1b and the electrophoretic mobility values in Table 1. There was a small number
of live cells that eluted with the dead cells indicating some of the live cells had died after the labelling process
causing them to elute with the dead cells. The live cells elute in three distinct peaks, perhaps due to a greater
population distribution than dead cells. The experiment ended 150 s after the cells entered the post array taking the
total experiment duration to approximately 3 minutes. The short duration of the experiment shows the potential of
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utilizing iEK separation as a rapid cell viability assessment. Table 3 summarizes the retention times results from
the electropherogram in Figure 3e and compares the experimental values to the COMSOL predicted retention time
values. The deviations between tg , and tg ,, values were 9% and 26% for live and dead cells, respectively, indicating
a fair agreement between the model and the experiments. Good experimental reproducibility was obtained between
experimental repetitions, with deviations below 11% in terms of ty , values (Table S6). When comparing ty ,values
to the average from all experimental repetitions, tz., it was found that the deviations between model and
experiments were below 18% (Table S7).

Table 3. Results from the separation between live and dead cells from the electropherogram shown in Figure 3e.

Cell R COMSOL Experimental Deviation
¢ § predicted tg,, (s) tre (5) tpp Vs tpe (%)
E. coli (Live) 111 102 9
1.87
E. coli (Dead) 91 72 26

While DEP was considered to be the major phenomenon that caused the trapping of live and dead cells at
distinct locations (Fig. 3a) in the 2004 study,'" the recent reports on EPxy illustrate that this was not the case. A set
of COMSOL simulations using the voltage employed in the separation in Figure 3e, and the conditions/parameters
in Table S8, were conducted to further explore the individual contributions of each one the four EK phenomena
considered in this study: EOF, EPr, EPxi and DEP. Table 4 shows the overall velocity and average velocity values
for each EK phenomena estimated across the cutline described in Figure S2. The data from the COMSOL
simulations clearly illustrate that the magnitude of the DEP velocity is at least four orders of magnitude lower than
the contributions of the other three EK phenomena. To further illustrate this, a plot depicting the velocity
contributions of each phenomenon across the cutline defined in Figure S2 is included as Figure S4 where it is
clearly observed that DEP has a negligible contribution.

Table 4. Individual contributions of each one of the four EK phenomena towards the overall velocity of the cells.

Live E. coli cells Dead E. coli cells
VEo
3 3
(m/s) Vp VEP,L Vép), NL VpEP Vp VEP,L Vép), NL VpEP
(m/s) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s)
(Sjt‘:g;nt 63x104 | 32x10%  27x10* -42x10° 3.8x10° | 40x10% -1.9x104 -32x10° -3.5x10°
2004 3 3 3 3 -8 3 3 3 -8
Study“ 4.6 x10 -5.4 x10 -1.9x10 -8.1 x10 -5.4x10 -3.0x10 -1.4 x10 -6.2 x10 5.0 x10

As seen in Table 4 and Figure S5, the contribution of DEP is minimal and negligible for live and dead cells,
while DEP is present, it has a contribution to the overall cell velocity that is orders of magnitude lower than the
other three EK phenomena, thus, DEP is not dominant nor significant in this system under the employed conditions.
This also holds true in the 2004 report by Lapizco-Encinas et al.,'' under an electric field of 600 V/cm where the
DEP velocity contribution is five orders of magnitude lower than the other EK phenomena present in the system as
also shown in Table 4. For the velocity estimations for the 2004 study,!! a cutline of 250 um was considered
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(cutline shown in Fig. S4) and the values of EO and EP mobilities from the current work were utilized, as the 2004
study did not contain any mobility data (see Table S8). The COMSOL results in Table 4 for the 2004 study,
although not entirely accurate, allow comparing relative magnitudes of the four EK phenomena. As an additional
note, by employing more recently reported values of the conductivity of cell membranes (Table 1),535 the value of
the f¢y of the dead cells is actually positive (fcpy, peqa = 0.38), which means that dead E. coli cells should exhibit
pDEP behavior.

CONCLUSIONS

This study is the first report of an electrophoretic-based separation of a binary mixture of live and dead E. coli
cells in an iEK microfluidic device employing DC potentials. Two decades ago, the discrimination between live
and dead E. coli cells in an iEK channel had been reported, but the distinction between the two cells types was
attributed to dielectrophoretic effects.'! The present report illustrated that DEP effects are minimal and that effective
discrimination between live and dead cells is achieved by electrophoretic effects, with contributions from linear
and nonlinear electrophoresis. After the characterization of the electrophoretic mobilities of the cells and COMSOL
simulations to identify appropriate DC voltages for a successful separation, a set of separation experiments was
performed achieving a separation resolution (Rs) of 1.87. Experimental repetitions had good reproducibility
(deviations < 11 %) and good agreement with modeling results (deviations <26 %) in terms of retention times. The
findings from this study are twofold: First, an updated analysis was presented for the results reported in 2004 on
the differential trapping of live and dead E. coli cells.!! Second, an electrophoretic approach to live and dead cells
separations was successfully demonstrated in a T-cross iEK microchannel under DC potentials. Further, the
proposed electrophoretic approach only requires 3 minutes for a complete elution of live and dead cells as separate
peaks in an electropherogram, opening the potential for iEK systems as platforms for rapid cell viability
assessments.
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