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Focusing cells into a single stream is usually a necessary step prior to counting and
separating them in microfluidic devices such as flow cytometers and cell sorters.
This work presents a sheathless electrokinetic focusing of yeast cells in a planar
serpentine microchannel using dc-biased ac electric fields. The concurrent pumping
and focusing of yeast cells arise from the dc electrokinetic transport and the turn-
induced ac/dc dielectrophoretic motion, respectively. The effects of electric field
�including ac to dc field ratio and ac field frequency� and concentration �including
buffer concentration and cell concentration� on the cell focusing performance were
studied experimentally and numerically. A continuous electrokinetic filtration of E.
coli cells from yeast cells was also demonstrated via their differential electrokinetic
focusing in a serpentine microchannel. © 2009 American Institute of
Physics. �doi:10.1063/1.3267098�

I. INTRODUCTION

Focusing particles or cells into a single stream is usually a necessary step prior to counting
and separating them in microfluidic devices such as flow cytometers and cell sorters.1–4 Previ-
ously, particle focusing in microchannels has been achieved by pinching the suspending medium
with hydrodynamic5–9 or electrokinetic10–14 sheath flows. This sheath flow focusing method re-
quires precise control of the flow rate of both the sheath flows and the particulate stream. Particle
focusing has also been achieved through the use of external force fields such as acoustic,15

optical,16 magnetic,17 electrophoretic,18 and ac dielectrophoretic forces.19–22 Although these ap-
proaches directly manipulate particles to the desired positions, both external pressure pumping of
the particle stream and extra setups for generating the external forces are typically required.
Recently, hydrophoresis has been used to focus particles in a microchannel using obstacles on the
top and bottom channel walls.23,24 This approach is dependent on fabrication as the focusing
effectiveness is sensitive to the structure of the obstacles. Particle focusing has also been obtained
using inertia in curved microchannels,25–27 where the equilibrium position of the focused particle
stream is sensitive to the Reynolds number.28

In addition, the concurrent pumping and focusing of particles have been demonstrated using
dielectrophoresis induced in dc electrokinetic flow. However, in creating the nonuniform electric
field for this focusing technique, an array or pairs of microstructures such as insulating posts and
oil menisci are required.29–31 Furthermore, high electric fields in the constriction areas formed by
the microstructures can cause significant Joule heating and shear stress, both of which may have
strong adverse effects on cell viability, especially when dealing with mammalian cells.32 In order
to overcome these issues, a sheathless dc electrokinetic focusing of particles in a planar serpentine
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microchannel was recently introduced by Xuan’s group.33 Due to the turn-induced negative di-
electrophoretic motion, particles migrate across streamlines and flow in a focused stream along the
channel centerline. While this method eliminates the in-channel microelectrodes and microinsula-
tors and hence the accompanying adverse effects, relatively large electric fields or long channels
are still required in order to focus small particles. This issue can be addressed using dc-biased ac
electric fields.34,35 As both dc and ac fields contribute to dielectrophoresis while only the former
generates the net particle motion, focusing can be implemented at lower field magnitudes.

This paper presents a systematic study of electrokinetic focusing of yeast cells in a serpentine
microchannel under dc-biased ac electric fields. The effects of electric field �including magnitude,
ac to dc field ratio, and ac field frequency� and concentration �including cell and buffer concen-
trations� on the cell focusing performance are examined. Further, this focusing technique is used
to demonstrate a continuous filtration of Escherichia coli �E. coli� cells from yeast cells. In
addition, numerical simulation is performed to predict and verify the effectiveness of the electro-
kinetic focusing and filtration of cells in a serpentine microchannel.

II. EXPERIMENT

A. Microchannel fabrication

The serpentine microchannel was fabricated with polydimethylsiloxane �PDMS� using the
standard soft lithography method.36 In order to make the photomask, the channel geometry was
drawn in AUTOCAD

® and printed onto a transparent thin film at a resolution of 10 000 dpi �CAD/
Art Services, Bandon, OR�. Photoresist �SU-8 25, MicroChem Corp, Newton, MA� was applied to
a clean glass slide by spin coating �WS-400E-NPP-Lite, Laurell Technologies, North Wales, PA�
at a terminal speed of 2000 rpm, which yielded a nominal thickness of 25 �m. After spin coating,
the slide was baked on hotplates �HP30A, Torrey Pines Scientific, San Marcos, CA� using a
two-step soft bake �65 °C for 3 min and 95 °C for 7 min�. The photoresist film was then exposed
to near UV light �ABM Inc., San Jose, CA� through the negative photomask before being sub-
jected to another two-step hard bake �65 °C for 1 min and 95 °C for 3 min�. Following the hard
bake, the photoresist was developed in SU-8 developer solution for 4 min, which left a positive
replica of the microchannel on the glass slide. After briefly rinsing the slides with isopropyl
alcohol, the slides were subjected to one final hard bake at 150 °C for 5 min. The cured photo-
resist was then ready for use as the mold of the microchannel.

The channel mold was placed into a Petri dish and covered with liquid PDMS before being
degassed for 30 min in an isotemp vacuum oven �13-262-280A, Fisher Scientific, Fair Lawn, NJ�.
Following the degassing, the liquid PDMS was cured in a gravity convection oven
�13-246-506GA, Fisher Scientific, Fair Lawn, NJ� for 2 h at 70 °C. Once cured, the PDMS
covering the microchannel was cut with a scalpel and peeled off of the mold. Next, two holes were
punched into the PDMS cast to serve as reservoirs. The channel side of the PDMS and a clean
glass slide were then plasma treated �PDC-32G, Harrick Scientific, Ossining, NY� for 1 min.
Immediately after the plasma treating, the two treated surfaces were bonded irreversibly to make
the microchannel. Once sealed, the working buffer was dispensed into the channel by capillary
action to prime the channel and maintain the wall surface properties.

The microchannel for the experiments is a straight channel connecting two wells �serving as
reservoirs� with a serpentine section in the center. Figure 1 shows a picture of the fabricated
channel whose dimensions are as indicated. The serpentine section of the channel is comprised of
33 periods and used to produce the dielectrophoretic focusing of cells along the channel centerline,
as explained in Sec. III. The total length of the microchannel is 30 mm, and the width and depth
are 50 and 25 �m, respectively, throughout the length of the channel.

B. Cell culture

ATCC4098 yeast cells �Saccharomyces cerevisiae� were cultured at 37 °C in the sabouraud
dextrose broth �Becton and Dickinson Co., USA� medium. After about 24 h, the cells were
harvested and washed three times with phosphate buffered saline �PBS�. The cells were then
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collected at an approximate concentration of 9�108 cells/ml in 1�PBS. Prior to use, the cell
concentration was diluted down to about 4.5�107 cells/ml. The average diameter of the yeast
cells was measured at about 5 �m. In preparing E. coli cells, a single colony of E. coli ORN208
was inoculated into a tryptic soy broth and incubated at 37 °C overnight. Afterward, the E. coli
was centrifuged at 3000g for 3 min before being resuspended in 1�PBS. After repeating this
process three times, the cells were collected at an approximate concentration of 8.9�109 cells/ml
in 1�PBS. As their diameter �about 1 �m� is much smaller than that of the yeast cells, E. coli
cells were not diluted significantly prior to the experiments for visibility purposes in the recorded
images. Tween 20 �Fisher Scientific� was added to the cell suspensions at 0.5% �v/v� in order to
suppress the cell adhesions to channel walls as well as the cell aggregations.

C. Experimental technique

The electrokinetic focusing and filtration of cells in the serpentine microchannel was achieved
through negative dielectrophoresis induced by application of an electric field. A function generator
�33220A, Agilent Technologies, Santa Clara, CA� combined with a high-voltage amplifier
�609E-6, Trek, Medina, NY� was used to supply both the dc and dc-biased-ac fields required in the
experiments. The ac fields had a sine waveform. The behavior of cells in the microchannel was
visualized using an inverted microscope �Nikon Eclipse TE2000U, Nikon Instruments, Lewisville,
TX�, and videos were recorded using a charge coupled device camera �Nikon DS-Qi1Mc� at a rate
of 19 frames/s. The captured videos and images were then processed using the Nikon imaging
software �NIS-ELEMENTS AR 2.30�. Pressure-driven cell motions were eliminated by carefully bal-
ancing the liquid heights in the two reservoirs prior to each measurement.

III. THEORY

A. Operating mechanism

Figure 2 shows the distribution of electric field intensity �the darker the higher� and the
electric field lines �with arrows showing the direction� in one period of the serpentine microchan-
nel. Due to the variation in path length for electric current, the electric field at each of the four 90°
turns becomes nonuniform and attains the local maximum and minimum values at the inner and
outer corners, respectively. As a result of the electric field gradients at these corners, cells expe-
rience a dielectrophoretic force FDEP �a bold symbol denotes a vector henceforth� as they move
electrokinetically through the channel turns. The time average of FDEP on an isolated spherical
particle is modeled by37

FDEP = �1/2���md3fCM�E • �E� , �1�

fCM = ��c − �m�/��c + 2�m� , �2�

where �m is the permittivity of the suspending medium, d the cell diameter, fCM the so-called
Clausius–Mossotti �CM� factor that has been assumed approximately the same for dc and low

Reservoir
Reservoir

FIG. 1. Picture and dimensions of the serpentine microchannel used in the experiments.
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frequency ��100 kHz� ac electric fields,29,32 E the root-mean-square �rms� value of the applied
electric field, �c the electric conductivity of cells, and �m is the electric conductivity of the
medium.

Since biological cells appear to be poorly conducting in dc and low-frequency ac electric
fields,38 their conductivity is generally smaller than the medium conductivity, leading to fCM�0
and hence negative dielectrophoresis. Therefore, FDEP is directed toward the lower electric field
region at the outer corner of each turn, as indicated in Fig. 2. Since the turns in the serpentine
channel alternate direction, cells are gradually deflected toward the center region of the channel
during each period as they move electrokinetically through the channel. The compounding effect
results in a focused stream of cells along the channel centerline as the cells exit the serpentine
section of the microchannel.

The cell velocity Uc is a combination of electrokinetic motion caused by the dc field and
dielectrophoretic motion caused by both the ac and dc fields, as shown in Eq. �3�,

Uc = UEK + UDEP = �EKEdc + �DEP�E • �E� , �3�

�DEP = �md2fCM/6�m, �4�

where �EK denotes the electrokinetic mobility which is a combination of fluid electro-osmotic
mobility and cell electrophoretic mobility, �DEP the dielectrophoretic mobility, Edc the dc compo-
nent of the applied electric field, E=Edc+Eac with Eac being the rms value of the ac field, and �m

is the dynamic viscosity of the suspending medium. As the mechanism for cell focusing in the
serpentine microchannel is the cross streamline migration of cells due to dielectrophoresis, the cell
velocity can be conveniently expressed in streamline coordinates, as illustrated in Fig. 2,

E

FDEPFDEP

FDEP
FDEPUEK,DEP nU �

,DEP sU �

FIG. 2. Mechanism for electrokinetic cell focusing in a serpentine microchannel. The diagram shows the dielectrophoretic
force experienced by the cell at each turn in one serpentine period as well as the velocity components in streamline �similar
to the electric field lines as demonstrated� coordinates. The background shows the electric field contour �the darker the
higher�.
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Uc = �UEK + UDEP,s��ŝ + UDEP,n�n̂ = ��EKEdc + �DEPE
�E

�s
�ŝ + �DEP

E2

R
n̂ , �5�

where UEK is the streamwise electrokinetic velocity, UDEP,s� the dielectrophoretic particle velocity
in the streamline direction with the unit vector ŝ, UDEP,n� the dielectrophoretic particle velocity
normal to the streamline direction with the unit vector n̂, E the electric field intensity �i.e., E
= �E��, and R is the radius of curvature of the streamline. It is important to note that the electric
field lines shown in Fig. 2 resemble the streamlines in the serpentine channel due to the similarity
between flow and electric fields in pure electrokinetic flows.39,40

The effectiveness of cell focusing in a serpentine microchannel is determined by the ratio of
the distance a cell moves perpendicular to the streamline to the distance the cell moves along the
streamline. This ratio can be expressed as the ratio of the cell velocity components perpendicular
and parallel to the streamline, which, as referred to Eq. �5�, is given by

UDEP,n�

UEK + UDEP,s�

�
UDEP,n�

UEK
=

�DEP

�EK

E2

EdcR
=

�DEP

�EK

E

R
�1 + �� , �6�

� = Eac/Edc, �7�

where UDEP,s� has been assumed to have a much smaller magnitude than UEK in the current channel
geometry, and � is the ratio of rms ac field to dc field, i.e., E=Edc+Eac=Edc �1+��. Equation �6�
indicates that a larger E or � and a smaller R should provide a better focusing. The focusing
performance is also dependent on the channel dimensions. Apparently cells can be more easily
focused to the center of a channel with a smaller width w. Moreover, the longer the channel, or
more exactly, the more serpentine periods, the better focusing will be obtained. A rough estimation
of the necessary number of serpentine periods n may be written as

n 	
�EK

�DEP

w

E�1 + ��
. �8�

In addition, as �DEP is proportional to the square of the cell diameter �see Eq. �2��, whereas �EK

is only a weak function of cell size,41 bigger cells should be focused more effectively than smaller
ones. This differential focusing enables the electrokinetic filtration of cells by size in a serpentine
microchannel.

B. Numerical modeling

In order to predict and understand the effects of the working parameters on cell focusing, a
numerical model was developed in order to simulate the electrokinetic transport of cells through
the serpentine microchannel. This model is based on the one developed by Kang et al.,42,43 and has
recently been used by the authors to simulate the particle focusing in various structured
microchannels.33,35,44 In this model a correction factor � was introduced to account for the per-
turbation of cell size, cell-cell interactions, etc. on the dielectrophoretic velocity. Thus, Eq. �3� can
be revised to show the simulated cell velocity as

Uc = �EKEdc + ��DEP�E • �E� = �EKEdc + ��1 + ��2�DEP�Edc • �Edc� . �9�

This velocity was used as an input to the particle tracing function in COMSOL �Burlington, MA� for
computing the cell trajectory. Note that the correction factor � decreases with the increase in cell
size,33,35,42–44 which indicates a smaller difference in the real dielectrophoretic response of cells
with different sizes than that predicted by Eq. �1�.

In order to determine the cell velocity in Eq. �9�, the electric field distribution Edc was solved
from the Laplace equation in COMSOL with a full-scale model. The electrokinetic mobility �EK

was obtained by measuring the average cell velocity in the straight section of the serpentine
microchannel. The dielectrophoretic mobility �DEP was determined from Eq. �4� where the dy-
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namic viscosity �m=0.9�10−3 kg / �m s� and permittivity �m=6.9�10−10 C / �V m� of pure water
at 25 °C were used as they closely approximate the respective properties of the PBS solution. As
the electric conductivity of live cells at dc and low frequency ac electric fields is far smaller than
that of the PBS buffer, the CM factor fCM in Eq. �2� was found to be approximately 	1/2. The
correction factor � was determined by matching the predicted cell trajectory to the visible thick-
ness of the cell stream at the exit of the serpentine channel under a 50 V/cm dc field. This obtained
value was then used for all other fields and buffer concentrations. Note that the electric field
magnitudes stated in this article were all obtained from a full-scale numerical modeling with the
experimentally applied voltages.

IV. RESULTS AND DISCUSSIONS

This section presents the parametric study of the effects of electric field and concentration on
the electrokinetic focusing of yeast cells in the serpentine microchannel. The electric field effects
examined include electric field magnitude, ac to dc field ratio, and ac field frequency, and the
concentration effects examined include buffer concentration and cell concentration. In each ex-
periment, all parameters were fixed except for the parameter being tested to ensure only the tested
parameter was affecting the cell focusing. The standard parameters used in the experiments in-
clude the electric field magnitude E=100 V /cm, the ac to dc field ratio �=2, the ac field fre-
quency of 1 kHz, the buffer solution of 1�PBS, and the standard cell concentration as prepared
in Sec. II. The electrokinetic mobility of yeast cells in 1�PBS was measured to be �EK

=3�
0.6� ��m /s�/�V/cm� where the 20% variation is due to the variance in cells and the experi-
mental error. The electrokinetic focusing technique as demonstrated here was also used to dem-
onstrate a continuous filtration of E. coli cells from yeast cells. The results from these experiments
were all compared with the simulated results from numerical modeling.

A. Electric field effects on yeast cell focusing

With all other parameters as given above being fixed, the electric field magnitude was varied
from 50 to 100 V/cm in order to study its effect on cell focusing. The snapshot �left column� and
superimposed �middle column, a superposition of around 500 images� images of the focused yeast
cells at the exit of the serpentine section of the channel are shown in Fig. 3. The cell images at the
entrance �Fig. 3�a�� are also included to show how focusing improves as cells progress through the
serpentine section. It is apparent from comparing Fig. 3�c� with Fig. 3�b� that increasing the field
magnitude improves the focusing as the width of the cell stream at 100 V/cm is narrower than at
50 V/cm. Moreover, the cell throughput is also enhanced at a larger field magnitude. This result is
consistent with Eq. �6� and also agrees with the simulated cell trajectories, as demonstrated in Fig.
3 �right column�. The correction factor was set to �=0.18 for both field magnitudes, which is
much smaller than that previously obtained for 5-�m-diam polystyrene beads ���0.5�.33,34,42–44

This may be attributed to the distinctly different internal structure of yeast cells from that of
polymer beads. The intrinsic variance in cell size, shape, etc., as well as the influence of Tween 20

(a)

(b)

50 µm(c)

FIG. 3. Experimentally obtained images �left and middle columns� and numerically predicted trajectories �right column� of
yeast cells at the �a� entrance and ��b� and �c�� exit of the serpentine section of the microchannel under the electric fields
of �b� 50 and �c� 100 V/cm. Other parameters are referred to the text.
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on cell membrane permeability, may also contribute to the difference. This issue will be addressed
in the future by studying the electrokinetic motion of single cells in a microchannel turn.

In examining the effect of the ac to dc electric ratio on cell focusing, � was varied from �a�
�=0 �i.e., pure dc� to �b� �=1 �i.e., 1dc:1ac� and �c� �=2 �i.e., 1dc:2ac�; see Fig. 4 for the
comparison of snapshot �left column� and superimposed �middle column� images at the exit of the
serpentine section. As expected from Eq. �6�, cells obtain a better focusing when � is increased. It
is, however, important to note that increasing � decreases the dc field component and hence
reduces the cell throughput. The simulation results in Fig. 4 �right column� show the same trend as
in the experimental images. The correction factor was still set to �=0.18 as it is independent of
electric field.33,35,42–44 In all cases, the simulated cell trajectories agree well with the experimental
results, which justifies the use of the correction factor in the modeling.

The effect of ac field frequency on cell focusing was also examined, where three different
frequencies, 100 Hz, 1 kHz, and 10 kHz, have been tested. No higher frequency was applied due
to the limitation of the amplifier. At these frequencies, there was no significant change in the width
of the focused cell stream at the exit of the serpentine section. This was expected because the
frequency effect is represented by the CM factor in Eq. �1�, which only has a substantial impact on
dielectrophoresis once the frequency exceeds 100 kHz.29,32

B. Concentration effects on yeast cell focusing

The effects of buffer and cell concentrations on yeast cell focusing in the serpentine micro-
channel were both examined. Figure 5 compares the superimposed cell images �left column� from
the exit of the serpentine section at three different buffer solutions: �a� 0.01�PBS, �b� 0.1
�PBS, and �c� 1�PBS. The cell concentration was maintained at the standard concentration as
used in all previous tests. It was observed that increasing the buffer concentration increases the
effectiveness of the cell focusing. This is because cells move slower when the buffer concentration
is increased. The measured electrokinetic mobilities of yeast cells are �EK=7�
1.4� and 5�
1�

(c)

(a)

(b)

50 µm

FIG. 4. Experimentally obtained images �left and middle columns� and numerically predicted trajectories �right column� of
yeast cells at the exit of the serpentine section of the microchannel for �a� �=0 �i.e., pure dc�, �b� �=1 �i.e., 1dc:1ac�, and
�c� �=0 �i.e., 1dc:2ac� at a total field magnitude of 100 V/cm.

(a)

(b)

50 µm(c)

FIG. 5. Experimentally obtained images �left column� and numerically predicted trajectories �right column� of yeast cells
at the exit of the serpentine section of the microchannel for buffer concentrations of �a� 0.01�PBS, �b� 0.1�PBS, and �c�
1�PBS.
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��m /s�/�V/cm� in the 0.01� and 0.1�PBS, respectively, in contrast to �EK=3�
0.6�
��m /s�/�V/cm� in the 1�PBS. The decrease in cell mobility with increasing buffer concentration
is mainly attributed to the reduced electro-osmotic flow.45,46 At lower velocities, there is more time
for the dielectrophoretic force to affect the cells at each turn as they progress through the channel,
which leads to an improved focusing in the serpentine channel. This trend can also be clearly seen
in the simulation results in Fig. 5 �right column�, where the measured cell electrokinetic mobilities
have been used and the correction factor was still fixed at �=0.18.

In testing the effect of cell concentration on focusing, the original yeast cell sample was not
diluted. The cell images thus obtained from the exit of the serpentine section �Fig. 6�a�� are
compared with those at the standard cell concentration �Fig. 6�b��. Apparently increasing the cell
concentration can decrease the effectiveness of cell focusing. This is due in part to the cell-cell
interactions which affect cell dielectrophoresis and the fact that there is not always room for the
cells to form a thin stream at the exit regardless of the effectiveness of the focusing. The latter is
clearly seen in comparing the snapshot images �left column in Fig. 6� for the two cell concentra-
tions. The reduced yeast cell focusing at the high cell concentration appears to be well predicted
by decreasing the correction factor from �=0.18 to 0.12 in the simulation, as demonstrated in Fig.
6 �right column�.

C. Electrokinetic filtration of E. coli cells from yeast cells

The electrokinetic cell focusing method was also used to demonstrate an electrokinetic filtra-
tion of cells by size in the serpentine microchannel. For this purpose, E. coli cells were mixed with
yeast cells in 1�PBS. The standard parameters as presented earlier were employed. Figure 7
shows the snapshot and superimposed images recorded from �a� the entrance and �b� the exit of the
serpentine section. Both the yeast and E. coli cells were unfocused at the entrance to the serpentine
section, see Fig. 7�a�. This can be easily seen by observing the widths of the cell streams in the
superimposed image, where yeast cells appeared dark while E. coli cells appeared gray. At the exit
of the serpentine section, however, yeast cells were aligned along the channel centerline while E.
coli cells still scattered, see Fig. 7�b�. This differential electrokinetic focusing lies in the size
difference between the two types of cells. Although it is not a complete separation, the unfocused
E. coli cells can be filtered from the focused yeast cells if a three-branch outlet is designed to

50 µm

(a)

(b)

FIG. 6. Experimentally obtained images �left and middle columns� and numerically predicted trajectories �right column� of
yeast cells at the exit of the serpentine section of the microchannel for �a� high cell concentration and �b� standard cell
concentration.

(a)

(b)
50 µm

FIG. 7. Experimentally obtained images �left and middle columns� and numerically predicted trajectories �right column� of
yeast and E. coli cells at the �a� entrance and �b� exit of the serpentine section of the microchannel.
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follow the serpentine section. Notably the predicted cell trajectories closely agree with the experi-
mental results, as shown in Fig. 7 �right column�, where the green trajectories represent E. coli
cells and the red trajectories represent yeast cells. The correction factor for E. coli cells was set to
�=1. The measured electrokinetic mobility of E. coli is approximately 5��m /s�/�V/cm�.

D. Joule heating and cell viability test

As 1�PBS is highly conductive and was used in the majority of the cell focusing experi-
ments, Joule heating may have caused a temperature rise in the solution affecting cell viability.30

In order to ensure that Joule heating was not an issue in these tests, the electric current in 1
�PBS was monitored when the highest electric field of 100 V/cm was applied. The current was
found to remain at 30 �A for 5 min with no noticeable increase, indicating negligible Joule
heating in all the tests.47

Other adverse effects on cell viability may be caused by the electric field-induced transmem-
brane voltage, especially from the dc field.32 For this reason, a cell viability test was performed by
staining a sample of the yeast cells from both the inlet and outlet reservoirs with methylene blue.
As viable cells with an intact cellular membrane reject methylene blue and remain translucent
while nonviable cells with permeable cellular membrane are stained blue, the impact of electric
field exposure on cell viability can be determined by comparing the percentage of viable cells in
the inlet and outlet reservoirs. It was confirmed that more than 95% of the yeast cells were still
alive after being exposed to the most abrasive electric field used in the experiments, which is the
100 V/cm dc electric field.

V. CONCLUSION

A sheathless cell-friendly electrokinetic focusing technique has been demonstrated in a planar
serpentine microchannel using dc-biased ac electric fields. This technique uses the dc electroki-
netic motion to pump the cell suspension while exploiting the induced cross-stream ac/dc dielec-
trophoretic motion within the turns to focus cells along the channel centerline. The fabricated
in-channel microstructures �either electrodes or obstacles� and/or the external pressure-driven
pumping that are typically required in dielectrophoresis-based particle focusing approaches are
thus eliminated. This greatly simplifies the device fabrication as well as the device operation.
Using a combination of experimental and numerical methods, the effects of five parameters,
including electric field magnitude, ac to dc field ratio, ac field frequency, buffer concentration, and
cell concentration on the focusing performance of yeast cells in a serpentine microchannel have
been examined. It is found that the effectiveness of cell focusing is enhanced with increasing field
magnitude, ac to dc field ratio, and buffer concentration, or by decreasing cell concentration. The
electrokinetic cell focusing in serpentine microchannels has also been demonstrated to continu-
ously filter E. coli cells from yeast cells. This serpentine cell focusing microchannel can be
envisioned as a front-end device for cell detection and sorting in lab-on-a-chip devices for numer-
ous other applications.
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