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Active manipulation of cells, such as trapping, focusing, and isolation, is essential for various

bioanalytical applications. Herein, we report a hybrid electrokinetic technique for manipulating

mammalian cells in physiological fluids. This technique applies a combination of negative

dielectrophoretic force and hydrodynamic drag force induced by electrohydrodynamics, which is

effective in conductive biological fluids. With a three-electrode configuration, the stable equilibrium

positions of cells can be adjusted for separation and focusing applications. Cancer cells and white blood

cells can be positioned and isolated into specific locations in the microchannel under both static and

dynamic flow conditions. To investigate the sensitivity of the hybrid electrokinetic process, AC voltage,

frequency, and bias dependences of the cell velocity were studied systematically. The applicability of the

hybrid electrokinetic technique for manipulating cells in physiological samples is demonstrated by

continuous focusing of human breast adenocarcinoma spiked in urine, buffy coats, and processed

blood samples with 98% capture efficiency.
Introduction

Microfluidics holds great promises in various biological and

biomedical applications.1,2 The ability to physically manipulate

cells, such as focusing, trapping, and isolation, is often required

to enhance the performance of microfluidic bioanalytical

systems. For instance, cell focusing is performed in a microflow

cytometer to position the target cells into the detection region.3–6

Cell trapping can facilitate the investigation of cell–cell interac-

tion, hybridoma production, and reprogramming of somatic

cells.7–9 Furthermore, cell separation is a fundamental micro-

fluidic operation that is required in numerous diagnostic appli-

cations.10–12 In particular, there is a strong interest recently to

isolate exfoliated cancer cells from physiological samples, e.g.,

urine and blood, due to its potential in early stage cancer diag-

nostics and drug treatment monitoring.13–17 To isolate cancer

cells in physiological samples, immunoaffinity-based techniques

have been adapted to capture cells expressing specific surface
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biomarkers (e.g., EpCAM).17 Physical approaches, such as

physical filtering and centrifugation, have also been adapted to

separate cancer cells that do not express specific surface

biomarkers.18,19 However, physical separation approaches

cannot isolate cells with similar properties and a significant

number of white blood cells can be retained in the sample when

physical separation techniques (e.g., filtering) are applied for

isolation of cancer cells. Therefore, novel mechanisms for

manipulating cells in biological samples are highly desirable in

cell separation and other lab-on-a-chip applications.

To actively manipulate cells in the microscale, magnetic,

optical, hydrodynamic, acoustic, and electrokinetic forces are

commonly applied in microfluidic bioanalytical systems.20

Among these techniques, AC electrokinetics is one of the most

promising approaches for developing fully integrated lab-on-a-

chip systems due to the advantages of label-free manipulation,

well-established techniques for fabricating microelectrodes, and

low voltage requirement.21–25 Several electrokinetic phenomena

have been applied for cell manipulation.26,27 For instance, elec-

trophoresis (EP) directly manipulates cells depending on the

charges on the cell surface and in the cytoplasm. Dielectropho-

resis (DEP) is the motion of polarizable particles due to the

interaction between the induced dipole and the inhomogeneous

electric field.28,29The time averaged DEP force is given by FDEP¼
2pR33Re[K(u)]V|Erms|

2, where R and 3 are the radius of the cell

and permittivity of the media, respectively. Erms is the root-

mean-square electric field. Re[K(u)] is the real part of the Clau-

sius–Mossotti factor, which represents the effective polarization

of the cell in the medium. Recently, several DEP-based cell

manipulation devices have been developed for microfluidic
Analyst, 2012, 137, 5215–5221 | 5215
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manipulation of cells, such as bacteria and cancer cells. For

instance, DEP flow-field fractionation, lateral-driven DEP,

electrodeless DEP, multi-frequency DEP, and traveling-wave

DEP have been demonstrated for cell separation in microfluidic

systems.30–37 However, dilution and re-suspension of cells in

working buffers are often required to enhance the effective cell

polarization and to minimize the effect of electrohydrodynamics

during DEP manipulation. Few works have been performed to

investigate electrokinetic manipulation of cells in high-conduc-

tivity, physiological samples.32,33

Multiple electrokinetic phenomena can co-exist, since the

involvement of Joule heating and electrokinetics-induced fluid

motion is often unavoidable in electrokinetic manipulation of

high-conductivity fluids. For example, external electric field can

generate electrohydrodynamic fluid motion, such as AC elec-

trothermal flow (ACEF) and AC electroosmosis (ACEO) with

Faradaic charging.38–44 The fluid motion exerts its effect on

embedded cells via hydrodynamic drag, FEH � R1. The

involvement of multiple electrokinetic phenomena simulta-

neously represents a fundamental challenge in understanding the

observed electrokinetic effects and the influence of other elec-

trokinetic phenomena is often neglected in DEP studies.45 On the

other hand, the co-existence of the electrokinetic phenomena

creates new opportunities in combining multiple electrokinetic

techniques, i.e., hybrid electrokinetics.46–49 With hybrid electro-

kinetics, the overall effectiveness of cell manipulation can be

enhanced by taking advantage of the unique characteristics of

each electrokinetic phenomenon. For example, the long-range

electrohydrodynamics can potentially enhance the effective

manipulation region of DEP, which rapidly decays from the

electrode. We have demonstrated a hybrid electrokinetic bacteria

concentrator that combines positive DEP and electro-

hydrodynamics for enhancing the trapping efficiency.47

Furthermore, the dominance of a local particle trapping force

and a fluid motion induced drag force is sensitive to the size of the

cell and provides an effective mechanism for size-based particle

separation. Nevertheless, little is known about hybrid electroki-

netic manipulation of mammalian cells in conductive (typically

on the order of 1 S m�1) biological fluids, such as urine and buffy

coats. Furthermore, the feasibility of using multiple electroki-

netic forces for trapping and separating cancer cells in physio-

logical samples has not been explored.

In this study, we report a hybrid electrokinetic technique to

trap and isolate human breast adenocarcinoma (MDA-MB-231)

from the sample matrix. While most DEP cell manipulation

techniques require re-suspension of cells in low-conductivity

working buffer, hybrid electrokinetics allows effective cell

manipulation in high-conductivity, physiological samples

including urine, buffy coats, and processed blood. Unlike our

previous work in hybrid electrokinetic manipulation of

bacteria,47 which are trapped at the edges of the electrode due to

positive DEP, cancer cells experience negative DEP and are

pushed away from the electrodes depending on the electrode

configuration. This opens new possibility in manipulating

mammalian cells for various microfluidic operations. By opti-

mizing the operating conditions, the relative strength between

different forces can be adjusted to create a cell-specific force field

for trapping and separation of cancer cells from urine and buffy

coat samples.
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Materials and methods

Device design

The system for studying hybrid electrokinetic cell manipulation

consists of a set of three parallel electrodes integrated in a

microchannel (Fig. 1a and b). In this design, cells experience

negative DEP due to the high conductivity of the samples

(�1 S m�1) and are pushed away to regions with weak electric

field strengths.50–52 Numerical simulation (CFDRC-ACE) was

performed to visualize the electric field distribution in the three-

parallel-electrode configuration (Fig. 1c and d). Examining the

electric field distribution reveals that the regions between the gap

and on top of the center electrode have the weakest field

strengths. To form a stable trap, the negative dielectrophoretic

force can be balanced by other forces near the microelectrodes.

For instance, cells experience hydrodynamic drag force induced

by electrohydrodynamics and electrophoretic force, which are

sensitive to the size and electrical properties of the cells. By

optimizing the operating conditions, cells could be trapped in

different equilibrium positions based on their physical

properties.
Device fabrication

The electrodes for hybrid electrokinetic manipulation were

fabricated by sputtering 150 nm titanium, 300 nm gold, and 150

nm titanium on a glass substrate and were patterned by lift-off.

The Ti–Au–Ti electrode combination is chosen due to its stability

during electrokinetic manipulation.47 Unless otherwise specified,

the length, width and distance of the electrodes were 2.5 mm,

50 mm and 125 mm respectively. The microfluidic channels were

fabricated by molding polydimethylsiloxane (PDMS) with

photoresist molds or laser machined structures. The glass

substrate with microelectrodes was sealed with the PDMS

microchannel by plasma treatment (PDC-001, Harrick Plasma).

The fluid flow in the dynamic trapping experiment was regulated

by a programmable syringe pump (NE-100, New Era Pump

Systems, Inc. USA). A function generator (33120A, Hewlett

Packard) was used to supply the voltage signals and the AC

potential across the electrode was monitored with a digital

oscilloscope (GDS-1102, GW Instek).
Cancer cells and physiological samples

The human mammary gland adenocarcinoma, MDA-MB-231,

and HeLa cell lines were obtained from the American Type

Culture Collection (ATCC, HTB-26). Cells were cultured in

DMEM with 10% FBS, 1% L-glutamine and 0.1% gentamycin.

The cells were seeded at 25–40% confluence and were maintained

at 37 �C, 100% humidity, and 5% CO2. Cells at passages 2 to 10

were used. Before the experiment, the cells were pre-stained using

3,30-dihexyloxacarbocyanine iodide (DiOC6(3), Sigma) and

incubated for 15 minutes at 37 �C in the dark. Then, the stained

cells were washed 5 times with the growth medium to remove

residual dyes prior to spiking into the sample. Human buffy coat

and whole blood (WB) samples were obtained commercially

(Innovative Research, IPLA-WB5 and IPLA-WB1). The lysed

WB was prepared by adding red blood cell lysis buffer (Biol-

egend, USA) into WB and incubated for 15 min at 37 �C. The
This journal is ª The Royal Society of Chemistry 2012



Fig. 1 (a) Cross-sectional view of the hybrid electrokinetic cell trapping device. Cancer cells and white blood cells are differentially trapped at different

equilibrium locations inside the microchannel with the three-electrode design. Red arrows indicate electrokinetics-driven fluid motion in the spanwise

direction. (b) Schematic view (3D) of the hybrid electrokinetic device. In this design, cancer cells and white blood cells are separated in the electrode

region and delivered to different channels for downstream analysis. Blue arrows indicate the streamwise fluid motion driven by an external pump. (c and

d) Computational fluid dynamics simulation of the (c) vertical (y direction) and (d) horizontal (x direction) components of the electric field for visualizing

the low field region in the microchannel.
centrifuged WB was obtained by centrifuging WB for 10 min at

1000 rpm. The conductivities of the culture medium, buffy coat,

lysed WB and centrifuged WB were approximately 1 S m�1 and

the conductivity of the urine sample was 2.3 S m�1.
Data collection and analysis

The motions of cells were observed with a digital inverted epi-

fluorescence microscope (DMI 4000B, Leica Microsystems)

equipped with a mercury lamp. Fluorescently stained cells were

illuminated at 480 � 40 nm and images were recorded at 527 �
30 nm by a CCD camera and directly digitized into a video

capture system. To estimate the capture efficiency, the number of

the target cells passing through the outlet was counted by

analyzing 300 consecutive images using image analysis software

(ImageJ, NIH), and the efficiency was calculated based on the

fraction of cell counts.33
Results

Hybrid electrokinetic cell focusing and separation

The behaviors of MDA-MB-231 and HeLa cells in culture media

were first observed. With a combined DC and AC signal (7 Vpp

at 100 kHz with 1.0 V DC bias) applied across the side and the

center electrodes, the cells rapidly migrated and trapped on top

of the center electrode. Under dynamic flow conditions, the

cancer cells appear to be focused by a force field in the spanwise

direction and are entrained with the fluid along the streamwise

direction (ESI Movie 1†). To allow fluorescence observation

behind the electrode, the cancer cells were pre-stained. The same

trapping behavior was observed for unstained cells, suggesting

that the dye does not alter the electrokinetic property of the cells.

This is consistent with previous DEP based cell manipulation

studies.31–33 The focusing behavior was also observed in cancer

cells spiked in urine. ESI Movie 2† shows spiked cancer cells in

the downstream region of the channel. The same trapping

behavior was observed in cells from passages 2 to 10. These
This journal is ª The Royal Society of Chemistry 2012
observations suggest that the hybrid electrokinetic technique is

capable of focusing cancer cells in conductive buffers and urine

samples.

The effects of electrokinetic trapping of MDA-MB-231 cells

spiked in buffy coats were then investigated. Remarkably, MDA-

MB-231 cells and white blood cells in the microchannel were

observed to position into different equilibrium locations. In

particular, the cancer cells migrated to the center electrode, while

the majority of the white blood cells moved to areas between the

gaps of the electrodes (Fig. 2a). Fluorescence microscopy verified

that most cancer cells were captured on top of the center elec-

trode (Fig. 2b). This differential cell trapping occurred under

both static and dynamic flow conditions. The movement of

cancer cells under static conditions is shown in Fig. 2c–e. ESI

Movies 3 and 4† show cancer cells focused under static and

dynamic conditions respectively. The same cell trapping behavior

was also consistently observed when unlabeled cells were loaded

into the channel separately. Therefore, the cell trapping does not

require the existence of the other cells, and cancer cells can be

separated from white blood cells based on their intrinsic

properties.
Effects of the geometry of the electrode

The differential cell trapping is found to be sensitive to the

electrode geometry and occurs only in specific configurations.

Therefore, the effects of the electrode geometry, including the

outer electrode width, gap distance, and inner electrode width,

on the equilibrium positions for cell trapping were adjusted

systematically. With a small gap (comparable to the size of the

cell), only one equilibrium position on top of the center electrode,

i.e., cell focusing, was observed (Fig. 3a–c). All cells within the

region are collected on top of the center electrode and focus into

a line with a width of 10 mm. The effective capturing region

extends approximately 100 mm from the gap of the electrode and

is independent of the width of the outer electrode (Fig. 3a–c).

Furthermore, the equilibrium position near the gap for cell
Analyst, 2012, 137, 5215–5221 | 5217



Fig. 2 (a and b) Bright field and fluorescence images showing the locations of cancer cells andwhite blood cells in themicrochannel under dynamic (flow)

conditions. Red dotted lines in (b) indicate the position of the electrodes. The fluid is moving from left to right. (c–e) Time lapse images for visualizing the

movement of fluorescently labeled breast cancer cells under static conditions. The applied voltage was 7 Vpp at 100 kHz with 1.0 V DC offset.
trapping depends on the gap distance. Increasing the gap

distance creates cell trapping equilibrium positions between the

electrodes (Fig. 3d–f). The focusing width of white blood cells

was observed to increase with the gap distance. Similarly, the

trapping of cancer cells on top of the center electrode is sensitive

to the width of the center electrode (Fig. 3g–i). With a large width

of the center electrode, cells are trapped on top of the center

electrode. The focusing width increases with the center electrode

width. The equilibrium position on top of the center electrode

vanishes if the center electrode width is small compared to the

cell. Collectively, these results suggest that the equilibrium

positions for cell focusing and separation are sensitive to the

electrode geometry and can be tailored for different cell manip-

ulation purposes, such as focusing and separation.
Fig. 3 Dependences of hybrid electrokinetic cell trapping on the (a–c) width

electrode. Buffy coats spiked withMDA-MB-231 cells were tested. The fluid is

the effective cell capturing regions and the equilibrium position on top of the

5218 | Analyst, 2012, 137, 5215–5221
Characteristics of hybrid electrokinetics

To further investigate the cell trapping technique, the velocities

of cancer cell migration toward the center electrode with

different AC voltages, DC biases and frequencies were deter-

mined systematically. Fig. 4a shows the voltage dependence of

the velocity of cancer cells at different locations in the micro-

channel. The velocity is highest in the region near the side elec-

trode and decreases as the cell approaching the equilibrium

position on top of the center electrode. The velocity generally

increases with the applied voltage and shows a scaling exponent

between 1.76 and 1.90, which is slightly lower than the exponent,

2, for DEP (FDEP � V2) (Fig. 4b). EP and electrohydrodynamics

have different voltage dependences (FEP � V1; FACEF � V4;

FACEO� ev/v0), which suggests that the trapping force is primarily
of the outer electrode, (d–f) gap distance, and (g–i) width of the center

moving from left to right. Dark areas are electrodes. Dotted lines indicate

center electrode.

This journal is ª The Royal Society of Chemistry 2012



Fig. 4 (a) Voltage dependence of the cell velocity at different locations

from the center electrode (i.e., 0 mm is the equilibrium position). (b)

Power dependence of the voltage on the cell velocity. (c) Bias voltage

dependence on the cell velocity. (d) Comparison of the cell trapping

velocity with different DC offsets. (e) Frequency dependence of the cell

velocity. (f) Distribution of cell velocity at different frequencies.
driven by DEP. Nevertheless, the cell velocity could also be

affected by other electrokinetic effects. For example, the

involvement of EP should not be neglected. A DC bias on the AC

potential increases the cell velocity by �50% due to the existence

of EP (Fig. 4c and d). Interestingly, negative bias also increases

the cell velocity, while a positive bias shows a stronger

enhancement effect. This observation suggests the involvement

of electrohydrodynamics, which can be enhanced by both posi-

tive and negative bias voltages due to the nonlinearity of elec-

trohydrodynamics.38,41 The cell velocity with �1 V negative bias

is �10% higher than the value without the dc offset. The exis-

tence of electrohydrodynamics is further evidenced by observing

the fluid circulation near the electrode with small cell debris and

tracer particles that experience weaker DEP. Moreover, the cell

velocity displays a strong dependence on the frequency (Fig. 4e

and f). The frequency dependence can be understood by the

polarization of the cell and is in general agreement with the result

obtained from electrorotation and DEP field-flow fraction-

ation.50–52 Therefore, our data reveal that the cell trapping force

is primarily driven by DEP and is enhanced by electro-

hydrodynamics and EP.
Fig. 5 (a) Dependence of the cancer cell capturing efficiency on the fluid

flow rate. (b) Capturing efficiencies of cancer cells in buffy coat, lysed

whole blood, centrifuged whole blood and urine.
Hybrid electrokinetic manipulation of physiological samples

The operation of hybrid electrokinetics for cell trapping was

further tested under different flow conditions and with different

physiological samples. The numbers of cancer cells and white

blood cells passing through the outlet were counted by analyzing

images to estimate the capture efficiency. Fig. 5a shows the

capturing efficiency, i.e., the percentage of cells being captured
This journal is ª The Royal Society of Chemistry 2012
on the center electrode, of cancer cells in buffy coat with different

flow rates. Below 0.1 ml min�1, over 98% cancer cells were

trapped on top of the center electrode while the majority of white

blood cells (80–90%) were removed from the center region. A

higher flow rate, however, could reduce the residual time of the

cancer cell in the channel, thus the capturing efficiency. To

explore separation of cancer cells from physiological samples,

cancer cells were spiked in urine and blood samples diluted with

red blood cell lysing buffer (Biolegend, USA) or centrifuged for

10 min at 1000 rpm. To compare the trapping effects under

different conditions, the flow rate was maintained at 0.08 ml

min�1. Based on the result, the device shows comparable

capturing efficiencies for buffy coat and urine (Fig. 5b). The

capture efficiency, however, decreases slightly (<10%) for diluted

and centrifuged blood samples. The decrease in the efficiency is

conceivably due to the difference in viscosity and can be

improved by reducing the flow rate, increasing the channel

length, or multiplexing the microchannels.

Discussion

In this study,we demonstrate a hybrid electrokinetic technique for

directly manipulating mammalian cells in conductive biological

fluids. This is the first study that combines the three-electrode

configuration and hybrid electrokinetics for mammalian cell

manipulation. The principle for manipulating mammalian cells is

fundamentally different from our previous work for concen-

trating bacteria that experience positive DEP, and the target

bacteria are trapped at the edges of the center electrode. In this

study, cancer cells andwhite blood cells experience negativeDEP,

which pushes the cells away to regions with weak electric field

strength. By proper design of the device, mammalian cells can be

focused on the top of the center electrode with a focusing width

comparable to the size of the cell. Hybrid electrokinetic cell

focusing could potentially be applied in applications such as

microfluorescence-activated cell sorting or flow cytometry.

The cell trapping phenomena can be understood by the

balance between negative DEP and other forces. For cancer cells,

the equilibrium position exists on top of the center electrode. In

the vertical direction, cells are pushed away by both DEP and the

drag force, which are balanced by the gravitational force. The

strong horizontal component of DEP traps the cancer cells on

top of the center electrode (Fig. 1d). Since white blood cells have

a smaller size and a weaker polarizability compared to cancer

cells at this frequency,50,51 the white blood cells are not stable on

top of the center electrode and are entrained by the fluid motion.
Analyst, 2012, 137, 5215–5221 | 5219



In the gap region, the negative DEP force experienced by the

white blood cells is balanced by the electrophoretic force and the

hydrodynamic drag induced by electrohydrodynamics, which

circulates on top of the electrode and pushes the cells toward the

center electrode (Fig. 1a). Therefore, separation of cancer cells

and white blood cells is due to the differences in their sizes (FEH�
R; FDEP � R3) and the effective polarization at the applied

frequency. Notably, the equilibrium positions near the gap

disappear and the white blood cells move to the center electrode

when the microchannel is flipped up-side-down. This observation

suggests the involvement of gravitational force, Fgrav, and the cell

trapping is the result of a tight balance between DEP and other

forces. The dedicated balance between different forces, which are

sensitive to the size and electrical properties of the cells, creates

cell-specific force fields for trapping and isolation of cancer cells.

The involvement of multiple forces in cell trapping is also evi-

denced by the dependence on the electrode geometry. Since the

negative DEP force is only effective near the electrode edge,

the focusing width of the equilibrium positions can be tuned by

the width of the center electrode and the gap distance, as shown

in Fig. 3. The electrode configuration, i.e., the electric field

distribution, provides a simple mechanism for turning the force

field for cell focusing and cell separation. By adjusting the elec-

trode configuration, the equilibrium positions near the gap can

be modified for cell trapping and separation.
Conclusions

In summary, we have demonstrated a hybrid electrokinetic

technique that is capable of selective trapping and separation of

mammalian cells. In the future, theoretical and computational

analyses should be performed to evaluate the relative strength of

each forces and to guide the design of the hybrid electrokinetic

device for other cell manipulation applications. While hybrid

electrokinetics does not directly handle unprocessed whole

blood, the ability to separate the cancer cell lines from white

blood cells could potentially be applied for capturing exfoliated

cancer cells in physiological samples by integrating with a size-

based separator or other separation approaches (e.g., in situ

mixing with red blood lysis buffer which selectively lysed RBCs

or pre-processed by centrifugation). Evaluating the device with

clinical samples from patients should be performed to explore

this feasibility. The throughput and efficiency of the system can

be improved by increasing the residual time of the cells in the

channel (e.g., increasing the channel length). Furthermore,

multiplexed microfluidic devices can also be developed by taking

advantage of the parallel processing nature of microfabrication

to increase the throughput of the systems. With the simplicity

and effectiveness in conductive biological fluids, hybrid electro-

kinetics is envisioned to provide a useful approach for cell

manipulation toward the development of novel biosensing

systems in the future.
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