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Abstract

The rising concern over drug-resistant microorganisms has increased the need for rapid and portable detection systems. However,
the traditional methods for the analysis of microorganisms can be both resource and time intensive. This contribution presents an
alternative approach for the characterization of microorganisms using a microscale electrokinetic technique. The present study
aims to develop and validate a library with a novel parameter referred to as the electrokinetic equilibrium condition for each
strain, which will allow for fast identification of the studied bacterial and yeast cells in electrokinetic (EK) microfluidic devices.
To create the library, experiments with six organisms of interest were conducted using insulator-based EK devices with circle-
shaped posts. The organisms included one yeast strain, Saccharomyces cerevisiae; one salmonella strain, Salmonella enterica;
two species from the same genus, Bacillus cereus and Bacillus subtilis; and two Escherichia coli strains. The results from these
experiments were then analyzed with a mathematical model in COMSOL Multiphysics®, which yielded the electrokinetic
equilibrium condition for each distinct strain. Lastly, to validate the applicability EK library, the COMSOL model was used to
estimate the trapping conditions needed in a device with oval-shaped posts for each organism, and these values were then
compared with experimentally obtained values. The results suggest the library can be used to estimate trapping voltages with
a maximum relative error of 12%. While the proposed electrokinetic technique is still a novel approach and the analysis of
additional microorganisms would be needed to expand the library, this contribution further supports the potential of microscale
electrokinetics as a technique for the rapid and robust characterization of microbes.
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extensive knowledge in traditional microbiological methods, a
major bottleneck when working with samples from the envi-
ronment is their heavy resource requirements. Usually, com-
mon identification processes require hours to days of work
with long incubation periods due to use of differential media,
nucleic acid tests, dye pour-plate auxanographic tests, Gram
stains, antibody tests, antigen tests, etc. [4, 5]. However, under
certain circumstances, the time required for the identification/
detection is critical. In addition, some methods can significant-
ly decrease cell viability precluding the sample from being
used for further analysis. This loss of sample quantity and
quality is a major concern when working with small volumes
or if several tests are necessary. These limitations were the
motivation behind exploring an alternative method for the
analysis of biological samples that would reduce the analysis
time by streamlining the analysis process to facilitate identifi-
cation and potential purification of the sample.

Microfluidics is a field that specializes in high-resolution and
purification assays that has reshaped how bioanalytical assess-
ments are performed [6]. When a solid surface is in contact with
an aqueous solution, the surface will generally acquire an elec-
trical charge due to the ionization and adsorption of ions on the
surface [7, 8]. To balance the surface charge, a thin layer of
highly concentrated ions is formed above the surface, creating
what is known as the electrical double layer (EDL).
Electrokinetics are electric field—driven techniques that depend
on the EDL and have become one of the leading pillars in
microfluidics due to their flexibility and simplicity in application,
having been successfully used for both biomedical and clinical
analyses [9-11]. Dielectrophoresis (DEP), the migration of par-
ticles due to the polarization effects of a non-homogeneous elec-
tric field, has shown great potential in the purification and enrich-
ment of biological particles [12—17]. Moreover, since the insulat-
ing structures used to disturb the electric fields generally trans-
verse the entire height of the microchannel, it affects all the
particles within the system, creating a 3D effect [18]. Unlike
linear electrophoresis (EP"), which separates particles based
on charge, DEP has been reported as a more robust separation
method with greater flexibility as it exploits the polarization ef-
fects of particles, allowing the technique to be used on neutral
and charged particles with both AC and DC electric potentials
[19-22]. However, as previously suggested by several research
groups, this study suggests that at higher electric fields, results
previously attributed to DEP may actually be the result of elec-
trophoresis of the second kind (EP®) [23-27]. Therefore, DEP-
related studies, and in particular iDEP-related studies, will be
discussed in an attempt to provide background for this
contribution.

In closer examination of previous works in this field, much
literature has contributed to introducing biological samples in
DEP systems. Specifically, the work done by Elitas et al. [28]
found DEP as a viable technique for characterizing live bac-
terial cell cultures and their use in point-of-care diagnostics as
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well as applications for monitoring bacterial infections. A
study done by Hilton et al. [29] showed that different bacterial
strains can be manipulated using DEP with DC electric poten-
tials. Hilton et al. also used this technique to address the issue
of the limited ability to interpret the significance of the varia-
tion between two cell populations. Syed et al. [30] applied AC
DEP techniques to capture Escherichia coli cells. Their re-
search proved the intrinsic dielectric properties of photogenic
bacteria could be used to effectively detect, capture, and re-
lease culture samples of small volumes. Another study done
by Seyedi et al. [31] showed these theories could also be
applied to protein particles, illustrating the applicability with
nanobiological particles. Their work examined the electroki-
netic behavior of protein particles under manipulation by
dielectrophoresis. In particular, they performed molecular dy-
namics simulations of the protein cytochrome c in solution to
evaluate the variance of its refractive index and dipole mo-
ment, which directly affects the effective polarity of the pro-
tein. Coll De Pefia et al. [15] reported that insulator-based
DEP (iDEP) systems could successfully characterize and sep-
arate bacteriophage viruses while retaining viability.
Furthermore, adding to the parameter introduced by
Mohammadi et al. [32] and Crowther et al. [33], Coll De
Penia et al. [15] explored the use and application of the param-
eter trapping value (7v) as a standard for characterizing differ-
ent species. In regard to the retention of viability of the sam-
ples being used, LaLonde et al. [14] addressed how the mag-
nitude of an applied electric potential, exposure time, and
suspending medium osmolality affect cell viability in iDEP
systems. These findings were critical for the validation of
the operating conditions of iDEP devices when using samples
containing biological cells. Wang et al. [34] studied the rela-
tionship between the polarizability of microbial cell envelope
and electrochemical activity by studying Geobacter
sulfurreducens, Shewanella oneidensis, and Escherichia coli
wild-type and mutant strains that had modifications in their
genes of interest. Rather than using traditional extracellular
electron transfer phenotyping techniques to characterize their
microorganisms, which require large sample volumes and can
require complex experimental procedures, they used
microfluidic DEP, which allowed them to show a strong cor-
relation between bacterial cell extracellular electron transfer
and surface polarizability. Other earlier contributions to DEP-
based bacteria and yeast studies were performed during the
late 1990s and early 2000s, showing a constantly increasing
interest in the dielectrophoretic manipulation of biological
cells [35-40].

The studies discussed above reflect upon the current state
and latest advancements in the electrokinetic (EK) character-
ization and manipulation of biological particles, in particular
bacterial and yeast cells. However, despite the vast experi-
ments that have been conducted to analyze, enrich, and sepa-
rate microorganisms, the potential of creating a functional and
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translational library with the unique electrokinetic signature of
microorganisms has yet to be explored. There is currently a
shortage of techniques that would allow for rapid characteri-
zation of cells with limited effect on viability and whose pa-
rameter can be used in homologous systems, in particular
when limited volumes are available. Thus, this contribution
introduces the idea of such a library and supports it with ex-
periments in a homologous system. The original electrokinetic
behavior that is specific to the system in which the experi-
ments are run would be obtained experimentally with devices
containing an array of circle-shaped insulating posts
(Fig. la, b), and used as one of the inputs for our 2D
COMSOL Multiphysics®™ mathematical model to estimate
the electrokinetic equilibrium condition (Ezzc) of each strain
(see Eq. (11)). The Egpc will then be used to extrapolate the
conditions required to identify the cells of interest in the ho-
mologous system (oval-shaped post device, Fig. 1¢). The pa-
rameter Ezxc integrates the main EK phenomena acting on the
cells (electrophoresis of the 1st and 2nd kind and electroos-
mosis) and will be used for the optimization of EK systems
aiming to separate and enrich samples while keeping viability
retention a priority.

Theory and mathematical modeling
Theory

At low electric field magnitudes, the migration of particles
within a microchannel is dictated by linear electrokinetics,
which is the superposition of linear electrophoresis EP'" and
electroosmosis (EO). The expressions for the £O and EPY
velocities are given by [41]:

1 1
Vip = HypE (1)

(a) EIe}ctrode

10.16 mm

Vio = pigoE (2)

where vj;,z is the linear EP'" velocity, vz is the EO

velocity, E is the electric field, and ,ug}l and g are the linear
electrophoretic and electroosmotic mobilities, respectively.
These mobilities depend on the particle zeta potential ((p)
and the zeta potential of the channel wall ((y), respectively,
as well as on media viscosity (1), and media permittivity (g,,):
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At higher electric fields, which are relative to the EK prop-
erties of the particle, an additional non-linear EP phenomenon
becomes more noticeable and affects particle migration [42].
This effect is called electrophoresis of the second kind (EP®),
and it depends on the cube of the electric field as it has been
reported by several research groups [23—27]. For the present
study, the models derived by Dukhin [23] and the Yariv group
[24, 26] could apply, since under our conditions, the voltage
drop across a particle is comparable or larger than the thermal
voltage (25 mV). The voltage drops, estimated as the electric
field times the particle radius (E - r,), for the bacterial and
yeast cells in this study ranged from 69 to 268 mV. These
three models [23, 24, 26] require the addition of a non-linear
velocity term proportional to the cubic power of the electric
field strength. Shilov et al. [42] reported a study on non-linear
EP, where they distinguished between linear EP (EP(I)) and
non-linear EP (EP®). They reported that as soon as the elec-
tric field strength is increased, the non-linear phenomena that
depend on E start playing a more significant effect on particle
migration due to EP, illustrating a clear non-linear dependence
of vgp on E. They explained that the effect of this non-linear
dependence appears higher than first-order terms in the

Electrode

(b)

20 um
20 um

Fig. 1 Schematic illustration of one of the insulator-based microchannel
designs. a Full channel for design Circle-200-220 depicting the post array
and inlet and outlet reservoirs. For the two designs analyzed in this study,
an illustration of four insulating posts with dimensions is included: b

Circle-200-220, ¢ Oval-200-220&80-170. Design names illustrate post
size followed by post center-to-center spacing lateral and longitudinal
dimensions. d Illustration of the forces acting on particles with negative
and positive charges, respectively, when exposed to an electric field
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expansion of vzp in power of E and that vy is an odd function
of E, and therefore, the corresponding even powers are absent
(i.e., there is not a term with dependence on E2). This behavior
arises from the fact that the direction of vzp depends on the
direction of E and that changing the sign (direction) of E
without changing its absolute value, would change the sign
of vizp Thus, the first two terms in the expansion of vzp with
respect to E are [42]:

Vip = pE + g [E[ (5)

where both M<El,3 and ugﬁ are field-independent and ,ﬁ;g is the
electrophoretic mobility of the second kind. Consequently, the

expression for the EP velocity of the second kind (vf;} ),
which is proportional to the cubic power of the electric field
strength, is defined as [42]:

3 3 3.
Vir = pip|EL % (6)

where i is a unit vector in the applied electric field direction

[24]; the use of this vector satisfies the vector nature of vfﬁ,ﬁ. A
second non-linear phenomenon to consider that has been ex-
tensively studied is dielectrophoresis (DEP) [19, 20], which is
defined as particle migration as a function of polarization ef-
fects in the presence a non-homogeneous electric field. The
DEP velocity of a particle is defined as:

VoEP = [pppVE ? (7)

where pipgp 1s the DEP mobility. Considering all four phe-
nomena mentioned above, the overall expression for particle
velocity within a microchannel (Fig. 1a) becomes:

Vp = Vro + ngz + Vgg —+ Vpep (8)

However, from our own estimations of the relative contri-
butions of these four phenomena to the overall particle veloc-
ity (see Electronic Supplementary Material (ESM) Table S1),
it was found that the dielectrophoretic velocity (vpzp) magni-
tude was 0.89 to 5.85% of the EP'® velocity. Considering this,
by neglecting the contribution of vpzp the particle velocity
can be simplified as follows:

V) = VEo + Vip + Vi = goE + B + pBEPT (9)

The majority of biological particles, such as cells, possess a
negative charge. If we consider a microchannel with a nega-
tive wall zeta potential, like PDMS, the direction of the EO
flow would be opposite to that of the two EP contributions
(EP'V and EP®) for negatively charged particle. This means
there is a particular electric field condition under which the
overall particle velocity is 0; i.e., the particle becomes
“trapped.” From Eq. (9), by setting vp=0, it is possible to
determine the electrokinetic equilibrium condition (Egzc) as:

@ Springer

1 3 .
10 + pppE = —p)|E[ (10)

i
(M(Ef)’ + ﬂEO)

Egpc =

The present study aims to validate the applicability of the
parameter Exzc by conducting experiments in different
insulator-based channel designs with biological samples; the
value of Exgc for each cell should be the same in all distinct
insulator-based channel designs.

It is important to note that both ,u‘(El,g and ugg will always be
negative for negatively charged particles (Fig. 1d). Therefore,
Errc is a real number when (0 has a larger magnitude than
ugﬁ, which is common for micron-sized particles, such as
cells [43]. For the case of a positively charged particle (Fig.
1d) in a channel with a negative surface charge (negative Cyy),
there is no Eggc as the particle will increase in velocity mag-
nitude for a higher electric field and keep migrating toward the
negative electrode. Detailed information on the 2D COMSOL
mathematical model used to estimate the electric field distri-
butions within our devices is included in the ESM file. For our
study, a 2D model was selected, since for shallow channels
like the ones employed here, there are no significant differ-
ences between the results obtained with 2D and 3D models
[44]. Cardenas-Benitez et al. first proposed the use of the Exzc
in insulator-based channels [45].

Materials and methods
Microdevices

Two distinct insulator-based EK channel designs were fabri-
cated from PDMS; both designs included an array of insulat-
ing posts (Fig. 1). Standard soft lithography techniques were
followed to create a device from PDMS (Dow Corning,
Midland, MI) molded on a silicon wafer (Silicon Inc., Boise,
ID) that had been patterned using SU-83050 photoresist
(MicroChem, Newton, MA). Once the PDMS slab cured at
85 °C for 40 min and 135 °C for 5 min, it was removed from
the negative mold and the inlet/outlet reservoirs (2 mm diam-
eter) were manually punched. To seal the channels, a plasma
corona wand (Electro Technic Products, Chicago, IL) was
utilized to activate the PDMS slab and the surface area of a
glass wafer (4" diameter) which was spin-coated with a thin
layer of PDMS. This step ensures the internal channel surfaces
are composed of PDMS and thus have the same zeta potential
of the wall ((y) and allow consistent £O flow through the
channel. The dimensions of both microchannel designs were
10.16 mm long, 40 um deep, and 880 um wide, and the
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Fig. 2 Illustration of the trapping of all microorganisms in this study in circle-shaped posts devices. a Trapping voltage for each strain. Images of
trapping for b B. cereus at 270 V, ¢ B. subtilis at 230 V, d E. coli (1) at 350 V, e E. coli (2) at 400 V, { S. cerevisiae at 160 V, and g S. enterica at 650 V

specific parameters for the two post array geometries
employed, circles and ovals, are included in Fig. 1.

Samples and suspending medium

The five different bacterial strains that were studied included
Bacillus subtilis (ATCC® 6051™), Bacillus cereus (ATCC®
14579™), Escherichia coli (1) (ATCC® 11775™),
Escherichia coli (2) (ATCC® 25922™), and Salmonella
enterica serovar Typhimurium (TT9079). One strain of
Saccharomyces cerevisiae (ATCC® 9763") was also
employed. Each microorganism was cultured in its respective
liquid media (B. cereus and B. subtilis in TSB, S. cerevisiae in
YMB, and S. enterica and E. coli in LB) and grown to an

optical density (OD) that correlated with its respective expo-
nential growth curve. After the OD was measured, the samples
were stained following a standard labeling procedure with the
Syto DNA-intercalating dyes [43]. The final sample was then
suspended in DI water with a conductivity between 10 and
17 uS/cm and a pH between 6.8 and 7.5, which produced a (y,
of approximately — 108.57 mV. DI water was also used to
prefill the channels prior to conducting the experiments.

Equipment and software
Cell behavior was observed and recorded in the form of videos

and pictures with a Leica DMIi8 inverted microscope (Wetzlar,
Germany) paired with a Leica DFC7000 T camera and the
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software LASX provided by the manufacturer. A personal
computer was required to operate the voltage sequencer and
microscope. DC electric potentials were applied across the
length of the channel by employing the high voltage supply
(Model HVS6000D, LabSmith, Livermore, CA). The voltage
sequencer was manipulated with the software Sequence pro-
vided by the manufacturer. COMSOL Multiphysics®™ 4.4 was
used to estimate the magnitude of the electrokinetic equilibri-
um condition (Eggc) value for each strain (Eq. (11)).

Experimental procedure

The experiments started by introducing a 2—20-pL sample of
the selected microorganism to the inlet of the channel pre-
filled with DI water and placing platinum wire electrodes at
the reservoirs in order to apply a DC potential across the
channel length. Microorganism response was observed and
recorded for each experiment. Rather than using the standard
trapping voltage, at which particles are trapped with little to
no observable particle leaking from the band of trapped par-
ticles, for the purpose of this study, a “sufficient” trapping
voltage was determined. Sufficient trapping was defined as
the required voltage to obtain a band or cluster of trapped
bacterial or yeast particles that is sufficiently thick to be
observed with minimal particle leakage. This was done to
standardize the trapping voltage requirements of the different
microorganisms despite the inherent population variability
that exists among all living organisms (i.e., differences in
size as they grow and reach their final size), which results
in additional cell leaking. During the “sufficient” trapping
experiments, the applied voltage was varied between 100
and 800 V in the circle-shaped post device and between
100 and 650 V in the oval-shaped post device until a distinct
band could be observed and recorded as the sufficient trap-
ping voltages. The results for the circle-shaped post devices
are reported in Figs. 2 and 3 and ESM Table S2, which
include the detailed trapping voltage data and estimated

(a) 3.0E+05

2.5E+05
2.0E405

1.5E+05

Egec (V/m)

1.0E+05
5.0E+04

0.0E+00

B. cereus 8. subtilis E. coli{1) E. coli (2}

Microorganisms

5. cerevisige 5. typhimurivm

Errc for each strain, and the results for the oval-shaped post
devices are reported in Fig. 4 and ESM Table S3, which
include the detailed experimental and expected trapping
voltage data for each strain, along with their respective rela-
tive errors.

Results and discussion

Experimental characterization of the electrokinetic
trapping of microorganisms

The electrokinetic trapping of bacterial and yeast cells was
explored through a series of experiments. The purpose was
to determine the required voltage to “sufficiently” trap and
enrich each type of organism in the device with circle-
shaped insulating posts shown in Fig. la and b. After intro-
ducing the fluorescently labeled microorganism of interest
into the channel, a voltage was applied, which was manually
increased every 5 to 10 s, until the “sufficient” trapping of the
organism was observed, as reported in Fig. 2a. The experi-
ments were repeated at least three times for each organism to
ensure the reproducibility of the results within the system.
Figure 2b—g illustrate images of the trapping of all six organ-
isms in the circle-shaped post device at applied potentials
between 160 and 650 V.

As it can be observed in Fig. 2a, each strain tested had a
distinct trapping voltage and strong reproducibility, as dem-
onstrated by the small variation in trapping voltage. As ex-
pected, the two strains of E. coli yielded very similar values
given that under DC potentials, the response of the organisms
mainly depends on the cell membrane properties and the latter
have nearly identical surface properties [39]. Moreover, the
distinct trapping voltages yielded by the experiments support
the potential of this system for applications differentiating
distinct types of cells.

(b)

Fig. 3 Illustration of the Ezzc values and method of determination. a Ezzc values for each strain. b Plot of isometric lines of Ezzc between two posts.

These can represent the Expc “signature” of a specific microorganism
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Fig. 4 Tllustration of the trapping of all microorganisms in this study in
oval-shaped post devices. a Comparison of the experimental and predict-
ed trapping voltage for each strain. Images of trapping for b B. cereus at

Modeling predictions for the trapping of bacteria
and yeast

The trapping voltage (Fig. 2a) is useful for determining the
applied potential at which a microorganism will stop migrat-
ing (becomes trapped) within a device allowing for significant
enrichment. However, specific trapping voltage values obtain-
ed using the device with circle-shaped posts cannot be directly
translated to a different channel design with different post
geometries (e.g., oval posts in Fig. 1¢). Normalizing the con-
ditions at which particles and organisms are trapped in EK
microscale devices has been explored by multiple research
groups using the concept of trapping value (7v) [15, 32, 33].

220V, ¢ B. subtilis at 190 V, d E. coli (1) at 330 V, e E. coli (2) at 320 V,
S. cerevisiae at 150 V, and g S. enterica at 550 V

A newer research report considers the effects of electrophore-
sis of the second kind (EP'?) as one of the phenomena that
causes particle trapping when particles are negatively charged
as is the case with the bacterial and yeast species in this study
(Fig. 1d). This new parameter is the electrokinetic equilibrium
condition (Ezgc, Eq. (11)). The Exgc of a particular cell type
(Fig. 3a) should be transferable between any insulating post-
based design since it considers both linear and non-linear
electrokinetic effects acting on the cells. In order to determine
the Eggc of a particular cell type, the trapping voltage was
experimentally determined and the electric field distribution
within the entire device was simulated using COMSOL at the
given trapping voltage. The electric field value at the center of
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the constriction between two posts was considered to be equal
to the Exc at the trapping voltage. The black lines in Fig. 3b
depict the isometric curves within the constrictions obtained in
a device with circle-shaped posts. The isometric curves act as
a barrier, such that only cells with an Ezzc value higher than
that of the isometric curve will pass through. This can be
explained as the balance between the linear EK and EP®
forces present in the system, which are opposite to each other.
However, a particle with an Ezzc value equal or lower than
that of the isometric curve will be stopped or driven back, as
EP® will become the dominant effect within the constriction
region.

Experimental validation of Eg library

To validate the results estimated using the COMSOL
mathematical model, sufficient trapping experiments
were repeated employing oval-shaped post devices
(Fig. lc). First, using the Egzc values previously esti-
mated for each strain (Fig. 3a and ESM Table S2) and
integrating the oval-shaped post design into the mathe-
matical model, we were able to estimate the required
applied voltage to reach the Ezzc condition for each
strain (Fig. 4a and ESM Table S3). Then, the sufficient
trapping experiments were performed at least three times
for each organism. The experimentally obtained trapping
voltages are illustrated in Fig. 4a next to the predicted
values. Figure 4b—g display images of the trapping of
all six organisms in the oval-shaped post device at ap-
plied potentials between 150 and 550 V.

As it can be observed in Fig. 4a, each strain tested had a
distinct trapping voltage and strong reproducibility, as dem-
onstrated by the small variation in Ezzc. In addition, as shown
graphically in Fig. 4a and listed in ESM Table S3, the
COMSOL predictions were able to estimate the actual trap-
ping voltages within a relative error of 2—12%. Furthermore,
given the overlap between the error bars of our estimated and
experimental values, it can be said this error is not statistically
significant. Therefore, this low relative error is well within our
tolerance and further proves the potential applicability of the
EK library, in particular considering that biological organisms
have an innate heterogeneity and that the effect of vpzp was
neglected as it only represents 0.89-5.85% of the total veloc-
ity of the particle (ESM Table S1).

Application: differentiation of two species
of the same genus

This set of experiments aimed to differentiate two species of
the same genus. As seen in Tables S2—S3 (see ESM), despite
belonging to the same genus and having similar shapes and
sizes, B. subtilis and B. cereus have different trapping volt-
ages, 225 Vand 276 V, respectively (Fig. 2a). This observation
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was further explored through a mixture separation experiment
where B. subtilis and B. cereus were introduced into the device
and exposed to voltages that would cause them to trap. As
expected, given its lower “sufficient” trapping voltage, as seen
in Fig. 5a, when an electric potential of 250 V was applied,
only B. subtilis trapped, and as the voltage was increased to
300 V, B. subtilis was pushed back farther away from the
constriction, while B. cereus trapped closer to the constriction,
as seen in Fig. 5b. These findings illustrate the potential of
employing experimental electrokinetic data for designing a
separation process, which further emphasizes the need for an
EK library with a wide number of microorganisms that is
based on a parameter (Ezzc) which can be translated into
different designs. An attractive feature of this technique is
the sensitivity of the library as demonstrated by Fig. 5b where
organisms of the same genus with a difference of 50 V in
“sufficient” trapping voltage were differentiated into distinct
bands. It should be noted that voltages slightly higher than the
respective trapping voltages for each organism were used in
this experiment for visualization purposes, in an attempt to
increase the fluorescence within the constriction by slightly
surpassing the “sufficient” trapping voltage.

Application: separation of three microorganisms
of different sizes and shapes

After determining the different trapping voltages of each or-
ganism, a separation experiment was conducted with a sample
containing S. enterica, E. coli (2), and S. cerevisiae cells.
Figure 6a shows the trapping of all three cell types, where S.
enterica (blue) is trapped at the center of the constriction,
followed by E. coli (2) (green) and yeast cells (red) trapped
at the wider region of the construction. The results in Fig. 6a,
depicting distinct “trapping bands” for each microorganism,
open the possibility for an electrokinetic-based separation. A
sample containing all three cell types at a 1:1:1 ratio was
injected into a microchannel with circle-shaped posts, and a
voltage high enough to ensure the trapping of all three organ-
isms was applied (900 V) for 15 s. The voltage was lowered to
selectively release one type of microorganism at a time, as
shown in Fig. 6b. Video footage was captured at the beginning
of'the post array as the strains were released and the signal was
analyzed using the ImageJ software. To avoid capturing the
signal from the trapping bands, five different interrogation
windows were selected, from which the data was to be drawn.
The fluorescence signal was measured from the video file (see
ESM Video S1) using Imagel, and the signal was adjusted
with respect to the greatest fluorescence value yielded
throughout the data. These normalized fluorescence values
were then plotted against time (Fig. 6b). While it is difficult
to differentiate between S. enterica (blue) and E. coli (2)
(green) in the video, based on their respective trapping volt-
ages, it was assumed that the first peak in Fig. 6b illustrates the
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Fig. 5 Representation of the
differential trapping behavior of
two species from the same genus.
a B. subtilis (blue), which has the
lower trapping voltage, first traps
at250 V. b B. cereus (green), traps
at 300 V, as expected from
“sufficient” trapping voltage data

release of S. enterica, the second peak the release of E. coli
(2), and the third peak the release of S. cerevisiae (red/orange).
It must be noted, however, that these are biological samples,
and as such, some variability in cell size is expected.
Moreover, this variability in cell size can lead to some cross-
contamination at a significantly lower concentration in the
peaks. These promising results suggest the library can be used
to characterize non-homogeneous mixtures of microorgan-
isms as well as differentiate and potentially purify microor-
ganisms using microscale electrokinetic devices.

Concluding remarks

The present contribution studies the EK behavior of six dif-
ferent microorganisms, including one yeast strain and five
bacterial strains. Among the bacterial strains, two were of
the same genus and two were strains of the same species.
Insulator-based EK microdevices made from PDMS and con-
taining arrays of insulating posts of two distinct shapes (circles
and ovals) were employed. Experimental and mathematical
analyses were carried out considering the effects of three EK
phenomena: EP'", EP®, and EO. Dielectrophoretic effects
were neglected since they have a small contribution to the
overall particle behavior. The novel parameter of electrokinet-
ic equilibrium condition (Egzc) was employed to create a

Fig. 6 Illustration of simultaneous analysis and separation by controlled
release of three distinct microorganisms; S. cerevisiae in orange/red, E.
coli (2) in green, and S. enterica in blue. a Image showing the three
organisms trapping at 650 V in the order predicted by their individual

(b) .

library of the EK signature for each strain. Furthermore,
Errc was then used to extrapolate the conditions required
for trapping a particular strain across distinct post designs, in
this particular case from circle-shaped posts to oval-shaped
posts. The results were very encouraging with excellent agree-
ment between the predicted and the experimental £z for all
cells used. Moreover, while more work needs to be done to
expand on use of the EK library, the small error (< 12%) with
which we were able to predict the trapping voltage in a differ-
ent geometry is a promising first step toward validating this
technique.

In addition to validating the applicability of the EK library,
two distinct applications were carried out to support the sen-
sitivity of the technique. The first application was the differ-
entiation of cells from two distinct species (B. cereus and B.
subtilis) of the same genus, an assessment of great biological
significance as separations between organisms that grow in
the same conditions and have similar membrane properties
(Gram positive) are generally more intricate. The second ap-
plication consisted of the simultaneous differentiation and
characterization of a sample containing three distinct strains
(S. enterica, E. coli (2), and S. cerevisiae). A voltage was
applied to trap all strains followed by the selective release of
enriched cells one strain at a time. The EK separation yielded
the three distinct peaks, which further supports the potential
applications of an Exp-based EK library by suggesting this

o o
o (==}

(=]
=
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Fluorescence (AU)

=]
L]

0 20 40 60
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trapping voltages. b Electrokinetic separation showing the release of S.

enterica, E. coli (2), and S. cerevisiae, in that order, as peaks of enriched
cells
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approach can be used not only for the rapid analysis of het-
erogeneous bacterial or yeast samples but also to purify them.
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