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Electrokinetic preconcentration of particles and
cells in microfluidic reservoirsy
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Preconcentrating samples of dilute particles or cells to a detectable level is required in many chemical,
environmental and biomedical applications. A variety of force fields have thus far been demonstrated to
capture and accumulate particles and cells in microfluidic devices, which, however, all take place within
the region of microchannels and may potentially cause channel clogging. This work presents a new
method for the electrokinetic preconcentration of 1 um-diameter polystyrene particles and E. coli cells in
a very-low-conductivity medium inside a microfluidic reservoir. The entire microchannel can hence be
saved for a post-concentration analysis. This method exploits the strong recirculating flows of induced-
charge electroosmosis to concentrate particles and cells near the corners of the reservoir—microchannel
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interface. Positive dielectrophoresis is found to also play a role when small microchannels are used at
high electric fields. Such an in-reservoir electrokinetic preconcentration method can be easily
implemented in a parallel mode to increase the flow throughput, which may potentially be used to pre-
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Introduction

Preconcentrating samples of dilute particles or cells to a
detectable level for subsequent analysis such as enzyme-linked
immunosorbent assay (ELISA) and polymerase chain reaction
(PCR) is critical in many chemical, environmental and bio-
medical applications such as food industry, water treatment,
disease diagnostics etc.'” Microfluidic devices have been
increasingly used in the past two decades to trap and enrich
diverse particles and cells due to their capability for more
precise control over macroscopic counterparts and their poten-
tial for parallel operation for high throughput without compro-
mising the efficiency.”” Numerous microfluidic techniques
have thus far been developed to concentrate particles, among
which contactless methods are often preferred over surface-
contact methods.®” In the latter case, mechanical blocking
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concentrate bacterial pathogens in water.

and chemical bonding are the two frequently used approaches
to immobilize and accumulate particles and cells onto engin-
eered surfaces, which, though straightforward, usually suffer
from the issues of irreversible adhesions and device
fouling.® ' In contrast, contactless methods utilize an exter-
nally applied force field to remotely capture and enrich par-
ticles and cells in either a flowing or a stationary suspension.
These types of methods offer the flexibility of reversible trap-
ping and as well easy control of the trapping position via
simply turning on and off the force field at a custom-designed
location.®”

A variety of non-electrical forces including acoustic,
magnetic’®'® and optical’®>* fields have been demonstrated
to trap and concentrate particles and cells without contact in
microfluidic devices. Compared to these methods, electric
field-driven particle and cell enrichment is simpler to
implement and reconfigure into lab-on-a-chip devices due to
the ease of electrical connection and integration.>*>® To date
electrokinetic contactless preconcentration of particles and
cells in microfluidic devices has been implemented by primar-
ily four different means. In the first means, a nanoporous
membrane is integrated into one microchannel®® or between
two microchannels,”” through which the electrokinetic pre-
concentration of particles and cells can be achieved via ion
concentration polarization. The second means uses a pressure-
driven flow to oppose electroosmotic fluid flow in a micro-
channel with multiple converging and diverging elements
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where recirculating flows can be generated to concentrate
particles.”® The third means utilizes the recirculating fluid
flows that arise from the polarization of electrode (ie., ac
electroosmosis)** ™" or dielectric (i.e., induced-charge electro-
osmosis or ICEO** in short)**> surfaces or the inevitable
Joule heating effects (i.e., electrothermal flow)**?” in electro-
kinetics to concentrate particles and cells. The fourth means,
which is also the most often used approach, makes use of par-
ticle dielectrophoresis (DEP) that is induced by the gradients
in an externally imposed dc and/or ac electric field.*®?°
Electric field non-uniformity can be created by an array of
microelectrodes’®™*? and/or micro-insulators (e.g., hurdles and
posts)**? that are patterned inside microchannels.

However, particle and cell preconcentrations in the above-
reviewed methods have all been restricted to take place inside
microchannels. This may cause a potential clogging of the
microchannels due to the limited space therein and in turn
the fouling of the microfluidic devices. Therefore, our group
has recently developed a new approach that can continuously
trap and enrich particles and cells inside the inlet reservoir
that is far larger in volume than a microchannel.>®** The prob-
ability of channel fouling is greatly reduced, and more impor-
tantly, the entire microchannel can be saved for post-
concentration analysis. Our approach exploits the negative di-
electrophoretic motion of particles, which is induced by the
inherent electric field gradients at the reservoir-microchannel
junction, to counterbalance the electrokinetic flow for particle
trapping.®® Since particles need to be suspended in a more
conductive medium, this approach may suffer from Joule
heating effects when working with small particles at high elec-
tric fields.>® In this work we present for the first time an in-
reservoir electrokinetic particle preconcentration in a very
dilute medium via the combined action of ICEO and positive
DEP. Due to the extremely low electric conductivity of the sus-
pending medium, Joule heating is no longer an issue. The
application of this trapping approach to E. coli cells is
demonstrated.

Experiment
Fabrication of microchannels

Fig. 1 shows a picture of the microfluidic chip used in the
experiment, which was fabricated with polydimethylsiloxane
(PDMS) via the standard soft lithography technique. The
detailed fabrication process is presented elsewhere.>® The
straight channel is 3.3 mm long with a reservoir at each end
and is 25 pm deep everywhere. It is 500 pm wide in the main
body and abruptly tapers to a 25 pm or 50 pm wide constric-
tion of 180 pm length at the entrance, i.e., the inlet reservoir
and microchannel junction as viewed from the inset in Fig. 1.
This constriction was designed for the purpose of reducing the
magnitude of the applied electric voltage because of the local
amplification of electric field. The inlet and outlet reservoirs
were both made very large (6 mm in diameter each) in order to
reduce the influence of pressure-driven backflow due to the
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Fig. 1 Picture of the microfluidic chip (the microchannel and reservoirs
are filled with green dye for clarity) used in experiments (the block arrow
indicates the particle or cell moving direction). Important dimensions of
the reservoir—microchannel junction are labeled on the inset, which is
also the region of particle visualization.

liquid buildup in the outlet reservoir during the course of the
experiment.®’

Preparation of particle and cell suspensions

To implement the in-reservoir electrokinetic preconcentration,
polystyrene particles with 1 pm diameter (Polysciences, War-
rington, PA) were re-suspended in 0.01 mM phosphate buffer
to a final concentration of around 107 particles per milliliter.
The electric conductivity of this solution was measured
(Accumet APS85, Fisher Scientific) to be about 6 uS em™'. To
demonstrate the application in biological cells, E. coli ORN208
cells were transformed with green fluorescent protein (gfp)-
encoding plasmid pGREEN by electroporation.”® The trans-
formed bacterial cells were grown in tryptic soy broth (TSB)/
tryptic soy agar (TSA) supplemented with ampicillin (50 pg
ml™"). For experimental purpose, a single colony of E. coli
ORN208 was inoculated in TSB media (20 milliliter) for
14-16 hours at 37 °C under shaking conditions (200 rpm). The
cells were then centrifuged at 3000g for 3 min before being re-
suspended in 1x phosphate buffered saline (PBS) solution.
After washing the cells thrice, they were finally re-suspended
into 0.01 mM phosphate buffer prior to test at an approximate
concentration of 10° cells per milliliter (based on optical
density readings). Tween 20 (0.1% v/v, Sigma-Aldrich) was
added to both the particle and cell suspensions to prevent par-
ticle per cell aggregations and adhesions to channel walls.

Pumping and imaging of particle and cell suspensions

The pumping of particle and cell suspensions and the in-reser-
voir preconcentration of particles and cells were implemented
simultaneously by the application of a single dc-biased ac elec-
tric field across the microchannel. The electric voltages were
supplied by a function generator (33220A, Agilent Techno-
logies) and amplified through a high voltage amplifier (609E-6,
Trek, Inc.). During the experiment the dc voltage was main-
tained at 10 V while the ac voltage (fixed at 1 kHz frequency,
no more than 300 V in the root-mean-squared magnitude) was

This journal is © The Royal Society of Chemistry 2015
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varied to study the electric field effects on electrokinetic par-
ticle per cell transport from the inlet reservoir to the micro-
channel. Joule heating effects were estimated to be negligible
in the tested solution under these electric fields, which is
reflected by the very small increase in the measured electric
current during the experiment.>® The pressure-driven particle
per cell motion was minimized by carefully balancing the
liquid volumes in the two reservoirs prior to every test. To
further reduce the effects of pressure-driven backflow and
ensure a purely electrokinetic transport during the experiment,
every test was run for no more than 1 min. The particle and
cell behaviors at the reservoir-microchannel junction were
observed with an inverted fluorescence microscope (Eclipse
TE2000U, Nikon Instruments) and recorded with a CCD
camera (Nikon DS-QiIMC) at a rate of 15 frames per second.
The obtained digital images were post-processed with Nikon
imaging software (NIS-ELEMENTS AR 2.30).

Mechanism

Fig. 2 illustrates the particle motions that occur at the reser-
voir-microchannel junction under the application of an elec-
tric field (either dc or de-biased ac). The background thin lines
display the electric field lines, which also represent the fluid
streamlines of electrokinetic flow. The electrokinetic velocity,
Ugg, of a particle is a combination of fluid electroosmosis and
particle electrophoresis, both of which are linear functions of
the imposed dc electric field, Eq., via the interaction with the
surface charge (or zeta potential) spontaneously formed on the
channel and particle surfaces,”*>*

Ugk = HexEde (1)

Fig. 2 Schematic illustrating the mechanism of electrokinetic precon-
centration of particles and cells at the reservoir—microchannel junction.
The symbols Uiceo, Upep and Ugk represent the fluid velocity due to
induced-charge electroosmosis (ICEO, flow direction is highlighted by
the dashed-line arrows), particle velocity due to positive reservoir-based
dielectrophoresis (DEP), and electrokinetic particle velocity, respectively.
The thin lines represent the electric field lines and the background color
shows the contour of electric field squared (the darker the color, the
larger the magnitude).
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where ugx is the electrokinetic particle mobility. The appli-
cation of electric field also induces charges on the channel
surface due to the weak polarizability of the PDMS walls,**°*
especially significant for the two corners at the junction.
The resulting fluid flow due to the interaction of electric
field and induced charges, i.e., induced-charge electroosmosis
(ICEO),** appears in the form of a pair of counter-rotating
vortices with directions being highlighted by dashed-line
arrows in Fig. 2. This flow carries particles along with it at a
velocity, Urcgo,”>*°

62,63

&,
UICEO ~ AD S—WEZ (2)

m

where Ap is the Debye screening length which is about 100 nm
in 0.01 mM buffer, ¢, and &, are the dielectric permittivities
of the channel wall and the suspending medium, respectively.
Due to a quadratic dependence on the electric field, both the
dc and ac field components contribute to Ujcgo.

Moreover, as viewed from the contour of E* in Fig. 2
(the darker the background color, the larger the magnitude),
strong electric field gradients are inherently induced at
the junction due to the significant size-mismatch between
the reservoir and the microchannel. Therefore as a particle
travels through the reservoir-microchannel junction, it experi-
ences a dielectrophoretic force.>® For rigid spherical particles
of diameter d in dc and low-frequency (<100 kHz) ac electric
fields, the resulting dielectrophoretic particle velocity, Upgp,
is given by*®

edefCM

U =
DEP 1 Zf’lm

VE? (3)

where 7, and o, are the dynamic viscosity and electric con-
ductivity of the suspending medium, respectively, and fou =
(6p — om)/(0p + 201) is the Clausius-Mossotti factor that has
been assumed to be approximately equal in dc and low-fre-
quency ac electric fields*>**™*® with ¢, being the electric con-
ductivity of the particle. When a particle is more conductive
than the fluid, i.e., fom > 0, it experiences positive DEP and is
pulled towards regions of higher electric field, i.e., the
corners of the reservoir-microchannel junction (see both the
direction of Upgp and the contour of E* in Fig. 2). In contrast,
a particle that is less conductive than the fluid experiences
negative DEP (i.e., fom < 0), and is repelled away from the con-
striction, i.e., against Ugk. This function has been demon-
strated in our earlier papers to concentrate particles and cells
of several microns in diameter,’*™>> which, as noted in the
Introduction section, is however prone to Joule heating
effects due to the use of a more conductive suspending
medium.’® As we will present in the results section below, the
combined action of Ujcgo and positive Upgp, particularly the
former due to its much longer working range, enables the in-
reservoir electrokinetic preconcentration of particles and
cells in very dilute solutions without the concern of Joule
heating effects.
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Results and discussion

In-reservoir electrokinetic preconcentration of polystyrene
particles

Fig. 3 shows the electrokinetic behaviors of 1 pm-diameter
polystyrene particles at the reservoir-microchannel junction
under the application of various ac electric voltages with a
fixed 10 V dc bias. The constricted section of the microchannel
(see the inset in Fig. 1) is 25 pm wide. The illustrated top-view
snapshot images in Fig. 3 were each taken at 15 s after the
respective electric field was switched on. Under a 50 V ac
voltage, all particles travel through the constriction without
noticeable migrations across fluid streamlines in Fig. 3(A).

(A)

i

’J | ot
50 Vac | 100 V ac | 200V ac

Fig. 3 Top-view snapshot images illustrating the ac electric field effect
on electrokinetic transport and trapping of 1 um polystyrene particles at
the reservoir—microchannel (with a 25 pm wide constriction, see Fig. 1)
junction: (A) 50 V ac, (B) 100 V ac, (C) 200 V ac. The dc voltage is fixed at
10 V. The dashed-line arrows highlight the trapped particles on the
corner surfaces due to positive DEP and the curved-line arrows highlight
the particles trapped in the bulk fluid by the recirculating flows of ICEO.
The block arrow indicates the particle traveling direction in all cases. The
scale bar represents 50 ym.

Analyst

Under a 100 V ac voltage particles get trapped at the junction
in two locations (see Movie 1 in the ESIf). The primary
location is in the bulk fluid where particles are concentrated
in the form of clusters inside a pair of counter-rotating
vortices, which, as highlighted by the curved arrows in
Fig. 3(B) (see also Fig. 2), is the typical flow pattern of
ICEQ.?>343360:61.63 The secondary location of preconcentration
is on the surfaces of the two corners where particles form long
chains lining the channel walls as highlighted by the dashed-
line arrows in Fig. 3(B). This is a direct evidence of positive
DEP®® (see Fig. 2), which takes place because the particle with
6, = 40 pS cm™' is more conductive than the suspending
medium with ¢,, = 6 pS cm™" and hence has a positive CM
factor, fop = 0.65. The particle conductivity was estimated
using the formula, ¢, = 4Ks/d with K; = 1 ns being the rec-
ommended value for the surface conductance of polystyrene
particles.”® When the ac voltage increases to 200 V, the two
fluid vortices become stronger in size and speed due to the
dependence of Ujcgo on E?in eqn (2). Moreover, the centers of
both vortices are shifted towards the adjacent corners (see
Movie 2 in the ESIt). Therefore, particles are concentrated in
these near-wall vortices, which turn out to also enhance par-
ticle trapping by positive DEP on the corner surfaces as
demonstrated in Fig. 3(C).

The time development of this in-reservoir electrokinetic
particle preconcentration is displayed in Fig. 4 for both 100 V (A)
and 200 V (B) ac voltages with a fixed 10 V dc bias. In the first
5 s, particles are trapped by the vortices of ICEO near the
center region of the channel entrance under 100 V ac in Fig. 4(A).
They first form chains which then extend and interact with
each other to form clusters as seen from the image at 10 s.
Moreover, the trapping zone expands towards the two corners

Fig. 4 Time (labeled on the images) development of in-reservoir electrokinetic preconcentration of 1 pm polystyrene particles under 100 V ac (A)
and 200 V ac (B). The dc voltage is fixed at 10 V and the constricted section of the microchannel (see Fig. 1) is 25 pm wide. The dashed-line arrows
highlight the trapped particles on the corner surfaces due to positive DEP and the curved-line arrows highlight the particles trapped in the bulk fluid
by the recirculating flows of ICEO. The block arrows indicate the particle traveling direction. The scale bar represents 50 um.
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where positive DEP takes effect to pull particle chains onto the
walls at 20 s. It further extends into the microchannel and
spans the entire width with more particles being concentrated
at 30 s and 40 s, which may eventually cause a clogging of the
channel and thus, should be avoided in applications. In con-
trast, under 200 V ac both ICEO and positive DEP become
strong and act to concentrate particles near the corners of the
channel from the beginning of the test as seen from the image
at 5 s in Fig. 4(B). Moreover, the trapping zone extends signifi-
cantly into the reservoir and also over the cross-section of the
channel entrance as the particle preconcentration progresses.
However, due to the disturbance of ICEO, the trapped particles
circulate quickly in the two vortices with few chains or clusters
being formed, which indicates the greater impact of ICEO than
DEP. Therefore, high ac voltages are preferred in order to pre-
concentrate particles inside the reservoir and avoid channel
clogging.

The preconcentrated particles can be dispersed by turning
off either the entire actuation voltage (i.e., both DC and AC
components) or the AC voltage component alone. In the
former situation, both fluid and particle motions, ie., Ugg,
Uiceo, and Upgp in Fig. 2, are completely stopped. Therefore,
the trapped particles get dispersed right at the reservoir and
microchannel interface, which may be taken out of the reser-
voir using a micropipette for out-of-spot analysis. If, however,
only the AC voltage component is turned off, the DC voltage-
driven Ugg remains unvaried while Ujcgo and Upgp are both
substantially reduced. As a consequence, the vortices if still
available become so weak that the preconcentrated particles
can no longer be held inside the reservoir and hence are
flushed into the microchannel by Ugk. The particles are then
dispersed in the flow and may be exposed to other forces or
chemicals for further analysis inside the microchannel.

Geometric effect on in-reservoir electrokinetic particle
preconcentration

Fig. 5 shows the time development of the electrokinetic pre-
concentration of 1 pm particles at the reservoir-microchannel
junction with a 50 pm wide constriction (see the inset in

L

Nay

Fig. 5 Time development of electrokinetic preconcentration of 1 pm
polystyrene particles at the reservoir—microchannel (with a 50 pm wide
constriction, see Fig. 1) junction under the application of a 10 V dc-
biased 300 V ac electric voltage. The curved-line arrows highlight the
particles trapped in the bulk fluid by the recirculating flows of ICEO. The
block arrow indicates the particle traveling direction. The scale bar rep-
resents 50 pm.

This journal is © The Royal Society of Chemistry 2015

Paper

Fig. 1) under a 10 V dc-biased 300 V ac (see Movie 3 in the
ESIt). The local electric field squared, E* = (1 + o®) E3. with a =
30 being the ac to dc field ratio, is approximately equal to that
inside the 25 um wide constriction in Fig. 4(B) under a 10 V
dc-biased 200 V ac (i.e., a = 20). This is because E4. in the
latter case is about twice that within the 50 pm wide constric-
tion. Therefore, the particle velocity due to ICEO, Uycgo in eqn (2),
remains approximately the same in the two tests in Fig. 4(B)
and 5. However, the dielectrophoretic particle velocity, Upgp
in eqn (3), gets weaker in the 50 um wide constriction due
to the decrease in electric field gradients or more accurately
VE®. As a consequence, positive DEP should play an even
smaller role in Fig. 5 than in Fig. 4(B). This analysis is sup-
ported by the images in Fig. 5 where no particles are observed
to be trapped onto the channel walls. Moreover, the zone of
particle preconcentration via ICEO seems to be further pushed
away from the microchannel wherein very few particles are
trapped. This may be (partially) attributed to the decrease in
both Ugk and positive Upgp (note that the latter has a stream-
wise component in the same direction as the former; see
Fig. 2) as compared to the corresponding particle velocity com-
ponents in Fig. 4(B).

In-reservoir electrokinetic preconcentration of E. coli cells

The application of the above-demonstrated in-reservoir electro-
kinetic preconcentration technique in E. coli cells is demon-
strated in Fig. 6 (see Movie 4 in the ESIf). All working
conditions are identical to those in Fig. 5 for 1 pm polystyrene
particles. Therefore, the strength of ICEO should remain the
same and the effect of DEP on cell preconcentration should be
still minor. Indeed, strong fluid vortices occur immediately
after the electric field is switched on, which quickly wrap and

Fig. 6 Time development of in-reservoir electrokinetic preconcentra-
tion of fluorescently stained E. coli cells under 10 V dc-biased 300 V ac.
The constricted section of the microchannel (see Fig. 1) is 50 ym wide.
The block arrow indicates the cell traveling direction. The scale bar rep-
resents 50 ym.
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preconcentrate cells near the two corners (see the images
within the first 5 s in Fig. 6). Even after they have been greatly
concentrated with significantly expanded and enhanced fluo-
rescence signals (see images after 5 s in Fig. 6), the cells are
still trapped completely inside the reservoir. Moreover, no cells
are observed to trap onto the channel walls of the two corners
by positive DEP during the course of the test. The average E.
coli cell concentration in the two vortices after 30 s was esti-
mated using Image] software (Wayne Rasband, National Insti-
tute of Health) and found to be at least 15 times greater than
that prior to pre-concentration. The observed uneven cell dis-
tribution in the two vortices may be due to the slight asymme-
try of the two corners which is a consequence of the
fabrication defect. It is important to note that live E. coli cells
might actually experience negative DEP in the test because the
electric conductivity of their membranes has been reported to
be of the order 1 nS cm™" (ref. 65) and is hence smaller than
that of the suspending medium with 6, = 6 pS cm™". This
reversed dielectrophoretic motion even if true, however, does
not seem to significantly affect the electrokinetic concen-
tration of cells as shown in Fig. 6.

Conclusions

We have demonstrated a new method for the electrokinetic
preconcentration of particles and cells in microfluidic reser-
voirs. This method relies primarily on the strong recirculating
flows of ICEO to trap particles and cells near the corners of the
reservoir-microchannel interface. (Positive) DEP may also play
a role, which, however, is minor unless a small constriction of
the microchannel is used at high electric fields. Therefore, the
method we demonstrate in this work may potentially be used
to preconcentrate submicron-sized bacterial pathogens in
dilute mediums with a very low electric conductivity (e.g.,
water). Moreover, it can be easily implemented in a parallel
mode to increase the flow throughput vig, for example, a radial
arrangement of multiple microchannels in a stacked device. As
electrokinetic preconcentration takes place inside the reser-
voir, the necessary transport of particles and cells from the
reservoir to the in-channel analysis region is eliminated. This
can save the entire microchannel for post-analysis and greatly
simplify device fabrication and operation. We are currently
developing a numerical model to predict and understand in-
reservoir electrokinetic particle preconcentration. This model
will provide the electric field for electrokinetic velocity, Ugg,
and dielectrophoretic velocity, Upgp, of particles, the flow field
for ICEO velocity, Ujcgo, of the suspending medium, and the
concentration field for the trapped particles.
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