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We propose a novel, high-performance dielectrophoretic (DEP) cell-separation flow

chamber with a parallel-plate channel geometry. The flow chamber, consisting of a

planar electrode on the top and an interdigitated-pair electrode array at the bottom,

was developed to facilitate the separation of cells by creating a nonuniform AC elec-

tric field throughout the volume of the flow chamber. The operation and perfor-

mance of the device were evaluated using live and dead human epithermal breast

(MCF10A) cells. The separation dynamics of the cell suspension in the flow cham-

ber was also investigated by numerically simulating the trajectories of individual

cells. A theoretical model to describe the dynamic cell behavior under the action of

DEP, including dipole-dipole interparticle, viscous, and gravitational forces, was

developed. The results demonstrated that the live cells traveling through the flow

chamber congregated into sites where the electric field gradient was minimal, in the

middle of the flow stream slightly above the centerlines of the grounded electrodes

at the bottom. Meanwhile, the dead cells were trapped on the edges of the high-

voltage electrodes at the bottom. Cells were thus successfully separated with a

remarkably high separation ratio (�98%) at the appropriately tuned field frequency

and applied voltage. The numerically predicted behavior and spatial distribution

of the cells during separation also showed good agreement with those observed

experimentally. Published by AIP Publishing. https://doi.org/10.1063/1.5007003

I. INTRODUCTION

When a suspension of cells is subjected to a gradient AC electric field, the cells exhibit

attractive/repulsive motions against the electrodes due to the interaction between the dipoles

induced in the cells and the spatial gradient of the electric field. This is known as dielectro-

phoresis (DEP). Since the magnitude of the DEP force is proportional to the magnitude of the

field gradient, a reduction of the electrode size and/or spacing will markedly increase the

DEP force. This advantageous scaling of the DEP force with electrode geometry makes DEP

very suitable for efficient cell manipulation, even with a relatively low application of AC

voltage.

Meanwhile, biological cells have very different electrical properties, and therefore exhibit

polarizations that are highly dependent on the strength and frequency of the applied AC electric

field. Moreover, the variability in cell response to the field gradient is selective enough to sepa-

rate not only cell types but also the activation states of similar cells. These are the most promi-

nent advantages of DEP technology over existing cell-manipulation methods. Thus, the DEP is

one of the most effective and widely used techniques not only for manipulating but also for

separating, sorting, and identifying cells in microfluidic systems.1–14 However, significant tech-

nical challenges arise in applying DEP to clinical applications, where it is necessary to process

extremely large numbers of cells with adequate separation at a sufficiently high throughput. It
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has not been feasible to scale most previously proposed DEP devices for cell separation of clin-

ical specimens.

In investigating this issue, we previously proposed a simple and effective way to separate

cells. We used a three-dimensional (3D) nonuniform AC electric field established in the whole

volume of a parallel-plate type flow chamber to enhance the process of cell separation.15,16 In

general, the ideal DEP cell-separation device aimed at clinical applications would take the best

advantage of the field gradient established in the flow chamber to manipulate cells without

damaging them by joule heating or high voltage. In the proposed method, the electric field cre-

ates sites of minimum field gradient in the middle of the flow stream slightly above the bottom

face of the flow chamber, while simultaneously creating sites of the maximum field gradient on

the edges of the interdigitated electrode arrays at the bottom face. Therefore, cells having a

negative-DEP (n-DEP) characteristic congregate around the equilibrium height in the flow

chamber where the electric field gradient is minimum and travel down the flow chamber, while

cells having a positive-DEP (p-DEP) characteristic are trapped on the bottom face.

Thus, the proposed method enables the effective separation of nonviable (p- or n-DEP)

cells from viable cells (n- or p-DEP) by applying an AC electric field with appropriately tuned

frequency and field strength. The equilibrium height of the levitating cells is the position at

which the DEP and sedimentation forces acting on a cell are balanced with each other. This

height is also determined by the height of the chamber, the width of the interdigitated electrode

fingers, and the lateral distance between two neighboring electrodes. In this regard, the pro-

posed DEP cell-separation flow chamber is quite different from conventional methods utilizing

local field gradients created in the immediate vicinity of the electrode surface to separate cells.

Another advantage of the proposed device is that a large volume (>several ml) of sample sus-

pension can be processed quickly without increasing the applied voltage. The chamber height

can be much larger than the conventional DEP devices (over 10 times as large) that can accom-

plish rapid cell separation in the most straightforward way.

The increase in flow-resistance and temperature due to Joule heating caused by the narrow

spacing or height of the flow chamber can also be avoided. These thermo-fluid mechanical fac-

tors have represented major bottlenecks in designing new DEP cell-separation devices to rapidly

process a large volume sample when necessary. Our previous study16 demonstrated that nonvia-

ble (dead) yeast (Saccharomyces cerevisiae) cells traveling in the flow stream were concen-

trated around the sites of the minimum field gradient slightly above the bottom of the flow

chamber and were separated from the viable (live) yeast cells that are attached to the edges of

the fingers of the interdigitated electrodes at the bottom face. In that study, the dead cells trav-

eling through the flow chamber were separated from the live cells using the corresponding 3D

nonuniform electric field with an applied voltage of 3V peak-to-peak and a frequency range of

1–100MHz.

In the present study, in order to examine the operation and performance of the proposed

cell-separation DEP device as the practical tool for medical applications, live and dead human

breast epithelial (MCF10A) cells were used. Because the dielectrophoretic characteristics of the

human cells in response to the electric field are quite different from those of yeast cells, two

different types of parallel-plate type DEP flow-chambers were newly developed in accordance

with our previously proposed design of the device16 to investigate the cell behavior and the

device performance. In developed devices, dead (nonviable) cells were trapped on the edges of

electrodes at the bottom face and were separated from live (viable) cells traveling in the flow

stream at the height of the equilibrium. Quantitative evaluation of the cell-separation perfor-

mance was performed, and it was found that the proposed device could discriminate almost

98% of dead cells from the cell mixture. Numerical simulations were also conducted to investi-

gate the transient behavior of the cell suspension subjected to a nonuniform AC electric field

and steady shear flow. Numerical simulations could predict the spatial distribution of the cells

in the proposed device under the exposure of the electric field, and those were, for the first

time, captured experimentally in terms of the method of 3D-bioimaging. By adjusting the cham-

ber height properly and operating the device at an optimized flow rate, applied voltage, and

064110-2 Tada et al. Biomicrofluidics 11, 064110 (2017)



field frequency, we expect a throughput capacity over an order of magnitude higher than those

of existing microfluidic systems with similar flow channel structures.

II. PARALLEL-PLATE DEP FLOW CHAMBER

Figure 1(a) illustrates the parallel-plate DEP flow chamber used in the present study, and

Fig. 1(b) shows the (left) cross-sectional structure of the flow chamber and (middle and right)

magnifications of the lower part of the distribution of the AC electric field strength (E*2). Values

of the field strength were normalized to the mean value. A planar electrode was installed on the

top face of the flow chamber, while an interdigitated-pair electrode array was installed on the

bottom face. The width of the electrode fingers of the array of electrodes was 50lm, and

the distance between adjacent electrode fingers was set to 50lm [shown in Fig. 1(a)]. The top

face of the chamber and one element of the pair interdigitated electrodes were electrically

grounded. During the application of an AC voltage across the chamber height, a nonuniform

electric field was created throughout the flow chamber. The induced electric field has extremely

steep field gradients around the edges of the high-voltage (H.V.) electrodes at the bottom and

creates sites of the minimum field gradient at positions slightly above the bottom face along the

centerline of grounded (G) electrodes (Fig. 1).

III. EXPERIMENTAL SETUPAND METHOD

A. Cell preparation

Live and dead human breast epithelial cells (MCF10A) were used for the experiment. The

cells were cultured in DMEM/F12 Ham’s Mixture (Thermo Fisher 1330032) supplemented with

5% Horse Serum (Thermo Fisher 16050122), 20 ng/ml EGF (Thermo Fisher PHG0311L), 10lg/

ml human insulin (Sigma I9278), 0.5mg/ml hydrocortisone (Sigma H0135), and 100 ng/ml chol-

era toxin (Sigma C8052). The cell culture dishes were incubated in a humidified atmosphere

containing 5% CO2 at 37
�C. Cell culture media were replaced every 3 days. Cells grown to sub-

confluence were washed with phosphate-buffered saline w/o calcium and magnesium [PBS(-)]

(Nissui, 08190) and harvested by a 5 min treatment with 0.05% trypsin (Sigma, T4799) and

0.02% EDTA (Sigma, E6758).

The cultured cells collected in a conical tube were re-suspended in the media after centrifu-

gation at 600 rpm for 5min. The dead cells were prepared by exposing the cultured live cells to

80 �C for 15min. This time period was found to be adequate to kill all the live cells. For the

phase-contract observation, staining with 0.2% (w/v) solution Trypan Blue (Sigma T6146) was

used to distinguish dead cells from live; dead cells were stained blue, while live cells remained

unstained. After staining, the suspension was centrifuged and the volumes were replaced with

an isotonic and non-electrolyte 300-mM mannitol solution (Sigma M4125). From the stock sus-

pension of live cells, a suitable volume was pipetted and suspended in the mannitol solution

FIG. 1. (a) The proposed DEP device; (b) (left) cross-sectional structure of the flow channel and (middle and right) con-

tours of the AC electric field strength (E*2). Values of the field strength were normalized to the mean value.

064110-3 Tada et al. Biomicrofluidics 11, 064110 (2017)



after centrifugation. The live and stained dead cells were mixed together at a ratio of 1:1, with

an appropriate final cell volume fraction favorable for separation studies.

For the fluorescence image observation, the collected live cells were washed once with

the culture media and then incubated for 15min at 37 �C with a 1-lM Calcein-AM solution

(Dojindo, C396), a photo-stable reagent that is well retained in the cytoplasm of live cells. The

cells were then centrifuged, washed once with the mannitol solution, and suspended in the man-

nitol solution. In a similar manner, the dead cells were incubated with a 5-lM propidium iodide

(PI) (Sigma P4864) solution, a fluorescent dye that binds to DNA, for 15min at 37 �C. Cells
were then centrifuged, washed once with the mannitol solution, and suspended in the mannitol

solution. The stained live and dead cells were mixed together at a ratio of 1:1, with an appro-

priate final cell volume fraction favorable for providing a clear view for bioimaging analysis.

B. Experimental setup

Figure 2 shows (a) the illustration of the experimental equipment and (b) the design and

specification of the electrode substrate. The dimension of the internal volume of the flow cham-

ber was 80mm (L)� 10mm (W)� 0.5mm (H). The flow chamber is composed of two planar

glass plates separated from each other by a 0.5mm gap with a silicon-rubber spacer. The glass

plate on the top face was an indium tin oxide (ITO) coated transparent electrode. Two holes for

the inlet- and outlet-flow of the cell suspension were drilled into the top glass plate. Further,

silicon-rubber tubes were connected to the holes for introduction and removal of the suspension.

For the application of the AC voltage across the height of the chamber, a function generator

(Tektronix, AFG3101) was used. For the monitoring of the voltage across the height of the

chamber, a digital oscilloscope (Tektronix, TDS2012B) was used. To realize a continuous flow

rate of cell suspension through the flow chamber, a digital syringe pump (KD Scientific, KDS-

100) and a 5ml glass syringe were used. On the glass plate at the bottom face, the arrays of par-

allel electrodes with equal widths and gaps were interdigitated with each other as shown in Fig.

2(b). In the present study, two different types of interdigitated electrodes with different lengths

of electrode fingers (L¼ 25 and 40mm) were used. A shorter electrode substrate was used to

investigate the dielectrophoretic behavior of cells and to explore the optimal operation condition

and the optimal length of the flow chamber for a high throughput cell separation, while the lon-

ger one was used for the quantitative evaluation of the separation performance of the proposed

device. The length of the shorter electrode substrate was determined by taking into account the

results of the yeast-cell separation;16 the length of the electrode longer than the previously used

one was found to be necessary for mammalian cells. The shorter interdigitated electrodes were

fabricated in a similar manner by standard photolithography.16 The longer interdigitated electro-

des were also fabricated by photolithography. Briefly, aluminum films (thickness 1lm) were

deposited on glass substrates [50mm (W)� 90mm (L)� 0.7mm (t)] using an RF magnetron

sputtering system. The positive photoresist (S1808, Rohm and Haas Electronic Materials) was

then spin-coated at 4000 rpm and baked on a hot plate at 90 �C for 3min. The resist layer was

exposed to UV light through a positive mask image of the electrode arrays, using a mask

FIG. 2. (a) The illustration of the experimental equipment and (b) the design and specification of the electrode substrate.
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aligner. The exposed photoresist was developed with MF-319 (Rohm and Haas Electronic

Materials) developer and baked on a hot plate at 130 �C for 5min. The uncovered aluminum

region was etched in a commercially prepared acid mixture labeled Aluminum Etch (Kanto

Chemical), which is a mixture of phosphoric, acetic, and nitric acids at 40 �C for 3min. Finally,

the photoresist was removed with AZ 100 remover (AZ Electronic Materials).

All the interdigitated electrodes were fabricated at the Semiconductor Center of Kitakyushu

Foundation for the Advancement of Industry, Science and Technology.

C. Experimental method

The flow chamber placed on a stage of a phase-contrast inverted microscope (Olympus,

CKX41) was connected to the syringe pump. A continuous flow of cell suspension with the flow

rate of Q¼ 5.0ml/h (mean velocity of 0.28mm/s in the flow chamber) was provided into the

flow chamber from the syringe pump through the silicon rubber tube. After the whole volume of

the flow chamber was filled with the cell suspension, the stream of suspension medium was

allowed to carry sample cells through the flow chamber. A sinusoidal AC voltage of Vpp¼ 20.0V

peak-to-peak and a frequency of 10 kHz were applied after the flow of the cell suspension

reached a stabilized condition. It was demonstrated that an input voltage of Vpp¼ 20.0V could

induce DEF forces on the cells enough to manipulate them without any problems of temperature

increase17 and electrolysis.18

The behavior of cells in the flow chamber was observed using a CCD camera (WATEC,

WAT-231S2), and video signals were sent to a monitoring and recording system (Shodensya

GRAV-1). In addition to the phase-contrast observation, a confocal laser-scanning microscope

(Olympus, FV-1000) was used to monitor the spatial distribution of cells in the middle of the

separation process. A sequence of snapshots of the cells labeled by fluorescent dye was taken

by scanning the focal plane of the laser along the z-axis (in the depth direction). We used

wavelengths of 490 nm (ex.) and 515 nm (em.) for the live cells and 530 nm (ex.) and 580 nm

(em.) for the dead cells to capture fluorescence images of cell distribution. The snapshots of

two-dimensional (2D) sliced images were reconstructed into a high-contrast 3D image using the

software included in the microscope system.

The frequency of the AC voltage was determined by the DEP spectrum of the real part of

the Clausius-Mossotti (CM) factor, Re(b), obtained as follows. The Clausius-Mossotti factor, b,

between the cell and the suspension medium is defined as19

b ¼
e�c � e�f
e�c þ 2e�f

: (1)

Here, the value e*¼ e þ jr/x is the complex permittivity, j¼
ffiffiffiffiffiffiffi

�1
p

, r is the electrical conduc-

tivity, x is the angular frequency of the AC electric field, and coefficients ec and ef are the

relative permittivity of the cell and the suspension medium, respectively. Further, b can be

modified, and thus, the values of Re(b) for live and dead cells were obtained using the modified

forms of b for a single-shell model of live cells19

b ¼
x2ðsf s�c � scs

�
f Þ þ jxðs�f � sf � s�cÞ � 1

�x2ð2sf s�c þ scs
�
f Þ þ jxðs�f þ 2sf þ s�cÞ þ 2

; (2)

and b for dead cells

b ¼ xðec � 2ef Þ þ jðrc � rf Þ
xðec þ 2ef Þ þ jðrc þ 2rf Þ

s�c ¼
cmd

2r0c
; sc ¼

e0c
r0c

; s�f ¼
cmd

2rf
; sf ¼

ef

rf
: (3)
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Here, cm, rc, and rf are the membrane capacitance, cytoplasm conductivity, and suspension

medium conductivity, respectively, and the prime means the effective values. For the values of the

parameters that could not be measured experimentally (membrane and cytoplasm properties), the

previously reported values for the MCF10A20,21 and protoplast model22 were used. The medium

conductivity obtained experimentally was 40 mS/m. Table I lists the parameters used for these

plots. The predicted Re(b) was plotted as a function of frequency using a semilog plot (Fig. 3). In

order to realize the largest possible separation performance, several experimental trials were per-

formed in which the frequency of the applied voltage was changed within the range between 1

and 20 kHz. We found that a frequency of 10 kHz was the most appropriate value for the proposed

cell-separation device.

The DEP force, h, induced on a cell having a diameter d is expressed as

h ¼ 2pe0ef
d

2

� �3

Re ðbÞrðE � EÞ; (4)

where r is the gradient operator, E is the electric field vector, center-dot is the inner product

of vectors, and e0 is the vacuum permittivity. The real part of the CM factor, Re(b), is a func-

tion of the field frequency and can be positive or negative, depending on the relative differences

between the dielectric properties of the cell interior and surrounding medium. When cells are

more polarizable than the surrounding medium (Re(b) > 0), they will be pushed from a low to

a high field region (p-DEP). In contrast, when the surrounding medium is more polarizable than

cells (Re(b) < 0), cells will withdraw from the highest field region (n-DEP), that is to say, cells

will concentrate into the lowest field region.

TABLE I. Physical properties of MCF10A cells. e0: Vacuum permittivity.

Physical properties Value References

Cytoplasm permittivity ec 60.0 e0 F/m 22

Cytoplasm conductivity rc 9.1� 10�1 S/m 20

Membrane capacitance cm 1.9� 10�2 F/m2 21

Medium permittivity ef 78.0 e0 F/m

Medium conductivity rf 4.0� 10�2 S/m

Cell diameter d 15.0lm 24

FIG. 3. Dielectrophoretic spectrum of live and dead MCF10A cells calculated using a single-shell model. Model parame-

ters used are listed in Table I.
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IV. NUMERICAL SIMULATION

A. Theoretical model formulation

The trajectories of individual cells exposed to the combined force-field of the DEP and

dipole-dipole interparticle forces were simulated numerically in order to investigate the transient

behavior of cells in the flow chamber. As shown in Fig. 4(a), the cells were assumed to be rigid

and spherical having an identical diameter d and density qc. In an electrically insulated incom-

pressible viscous fluid of viscosity l and density qf, the motion of the individual cell exposed

to a nonuniform electric field is described by the following equation of motion:

m
d2ri

dt2
¼ Fi � Si þ

4

3
pðqc � qf Þ

d

2

� �3

g; (5)

where m is the mass of a single cell, ri is the positional vector of cell i, Fi is the electro-

mechanical force vector acting on cell i [Fig. 4(a)], Si is Stokes’ drag force vector acting on

cell i, and the last term is the external body force due to the difference in mass density between

the cells and the suspension medium. Stokes’ drag force, Si, is given by

Si ¼ 3pld
dri

dt
� ui

� �

; (6)

where ui is the local velocity of the suspension medium at the position of the cell i. Fi is given

by the following expression:

Fi ¼
X

j 6¼i

f ij þ hi; (7)

where fij is the non-zero time-average dipole-dipole interaction vector induced in cell i by the

presence of cell j and hi is the non-zero time-average DEP force vector induced in cell i.

Because cells are much smaller than the length scale of the electric field nonuniformity, fij is

derived as follows:8

f ij ¼ pi � rð ÞEj; (8)

where Ej is the electric field induced by the dipole, pj, in cell j, and described as

Ej ¼
1

4pe0ef

3 pj � rð Þr
r5

�
pj

r3

� �

; r ¼ jrj; r ¼ ri � rj
� �

: (9)

Here, the dipole moment of cell j, pj, is defined as

FIG. 4. (a) Mathematical model of the DEP and dipole-dipole interparticle forces between a pair of cells under an AC elec-

tric field generated in the vertical (z) direction; (b) specifications of the calculation domain and boundary conditions used in

numerical simulations.

064110-7 Tada et al. Biomicrofluidics 11, 064110 (2017)



pi ¼ 4pe0ef
d

2

� �3

ReðbÞEðriÞ; (10)

and the non-zero time-average DEP force vector, hi, is written from Eq. (4)

hi ¼ pe0ef
d

2

� �3

ReðbÞrEðriÞ2; (11)

where E(ri) is the electric field vector at position ri. The effect of cell rotation caused by the

shearing flow of the suspension medium was ignored because the Reynolds number of the flow

was on the order of Re � 10�2. Nor did the present model take into account frictional forces

between cells and between cells and solid walls because the fluid flow was quite slow. In this

situation, frictional forces were thought to have a minor effect when compared to the electro-

mechanical forces.

B. Numerical simulation method

Numerical simulations were performed in the “calculation domain” as shown in Fig. 4(b).

The dimensions of the calculation domain were 5.0mm (L)� 0.2mm (W)� 0.5mm (H). The

width of the channel was determined so as to contain the minimum unit of interdigitated elec-

trodes in the span-wise (y) direction. Because the flow of the suspension was fully developed23

and the rectangular cross-section of the flow channel was a high aspect ratio, the velocity distri-

bution in the calculation domain was assumed to be a 2D Poiseuille flow as a function of z

alone

u ¼ 6Q

AH2
z H � zð Þ; (12)

where Q, A, and H are the volumetric flow rate of the suspension medium, the area of the

cross-section of the flow channel, and the channel height, respectively.

A periodic boundary condition was applied on both the lateral sides of the calculation

domain [Fig. 4(b)]. At the up- and down-stream boundaries, a cell leaving through the down-

stream boundary was at the same time replaced by another cell entering through the up-stream

boundary. A cell trapped on an edge of the interdigitated electrodes was not allowed to further

displace aside or away from the edge. For the electric field, the approximation of 2D-distribution

over a cross-section of the calculation domain (y–z plane) was adopted since there was no field

variation in the longitudinal direction of the flow chamber.

A shifted soft-sphere potential was used for calculations of the intercellular and the wall-

cell collisions. The cutoff radii of the shifted soft-sphere potential for the wall-cell and intercel-

lular collision were rc¼ 0.6d and 1.1d, respectively. Furthermore, a cutoff radius of rc¼ 6.0d

was applied to the shifted soft-sphere potential of dipole-dipole interaction. This ensured that

the value of the mutual dipole-dipole interaction between cells at the distance rc¼ 6.0d was

reduced to less than 1� 10�8 of its value at rc¼ d (cells were in contact with each other). The

same cutoff radius of rc¼ 6.0d was also applied for the DEP force potential.

Prior to the trajectory calculation, the distributions of the electric field and electric field

gradient were derived by solving the Laplace equation of the electric potential using a second-

order accuracy finite difference method. The mesh sizes of the electric potential in the y- and z-

directions used were Dy¼Dz< d/4. Forces in Eq. (5) were calculated using the computed elec-

tric field and the electric field gradient. The trajectories of individual cells were numerically

simulated by updating the total electro-mechanical force acting on cells at every time step.

The number of cells used in the numerical simulation was determined by using the volume

ratio of a single cell to the calculation domain and the cell volume fraction, /. The number of

cells used was in the range of 200 (/¼ 1� 10�3) – 1000 (/¼ 5� 10�3). The initial distribution
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of all the cells was obtained from a random distribution after 1� 106 iterations of the geometry

optimization.

MCF10A cells were modeled as rigid and spherical particles with an identical diameter of

d¼ 15.0 lm.24 The relative dielectric permittivity of the suspension medium was ef¼ 78.0; the

mass density of the cell was qc¼ 1.04 g/cm3;25 and density qf and viscosity l of the suspension

medium at room temperature were qf¼ 1.00 g/cm3 and l¼ 8.94� 10�4Pa s, respectively.

The modified Br€unger-Brooks-Karplus method26 was used for the numerical time integration of

Eq. (5) with the time increment Dt¼ 2.0� 10�6 s.16

V. RESULTS AND DISCUSSION

A. Experimental results of cell separation

Figure 5(a) shows an instantaneous distribution of traveling cells through the flow chamber

at time t¼ 300 s after the onset of the application of AC voltage (Vpp¼ 20.0V, 10 kHz). The

mean velocity of the cell suspension was um¼ 0.28mm/s. The white arrow indicates the flow

direction. The cell volume fraction was /¼ 1� 10�3. Blue-stained cells are dead cells and

appear as filled circles in the figure. White unstained cells are live, and their appearance is

more of open circles. The electrodes labeled “G” are grounded electrodes, while those labeled

“H.V.” are high-voltage. As soon as the AC voltage was applied across the height of the flow

chamber, the live cells began to focus into sites slightly above the centerlines of the G electro-

des and levitated in the flow stream toward the downstream. In contrast, the dead cells were

attracted toward the edges of electrodes and captured there. However, the number of dead cells

attached to the edges of G electrodes increased very little with time. Instead, the number of

dead cells attached to the edges of H.V. electrodes gradually increased with time. This was

because the magnitude of the field gradient at the edges of H.V. electrodes was far greater than

that at the G electrodes. Figure 5(b) shows a series of snapshots of cell behavior in the middle

of the separation process, at around t¼ 300 s. Live cells continuously traveled in the flow

stream at a constant velocity along the centerline of the G electrode, whereas the dead cells

were trapped along the edges of the H.V. electrode. To evaluate the separation performance of

the proposed device, the experiment was conducted using the longer interdigitated electrodes

[L¼ 40mm in Fig. 2(b)] made of aluminum. The ratio of the live and dead cells was evaluated

by counting the number of each group of cells in the inlet and outlet regions of the flow

chamber.

FIG. 5. (a) The distribution of traveling cells in the flow chamber at time t¼ 300 s after the onset of the application of the

AC voltage of Vpp¼ 20.0V peak-to-peak with a frequency of 10 kHz. The mean velocity of cell suspension was

um¼ 0.28mm/s. The white arrow is the flow direction. The cell volume fraction was /¼ 1� 10�3. Cells stained blue are

dead cells, and white unstained cells are live ones. The electrodes labeled “G” are grounded electrodes, while “H.V.” are

the high-voltage electrodes. (b) A series of snapshots of the cells’ behavior in the middle of the separation process at around

t¼ 300 s. Experimental conditions were the same as those shown in (a).
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Figure 6 shows that the initial ratio of the live and dead cells, 41.6:58.4, changed to

97.5:2.5 after separation. In other words, almost 98% of dead cells were discriminated from the

cell mixture. It was found that the proposed DEP cell-separation device could successfully dis-

criminate most of the dead cells from the live cells. A very small number of dead cells were

not trapped in the flow chamber. It could be that the corresponding dead cells had similar DEP

properties to the live cells. Another possibility is that small clusters consisting of a mixture of

live and dead cells were formed in the middle of the flow stream and then traveled through the

flow chamber. It is likely that cells having the p-DEP characteristics (dead cells) and those with

the n-DEP (live cell) could attract each other by the dipole-dipole interparticle force acting

between them. When the number of live cells in the small cluster is greater than that of dead

cells, the levitation force acting on the small cluster will exceed the attractive force from the

bottom. This situation may allow dead cells to travel through the flow chamber without being

captured at the bottom face.

B. Numerical predictions of cell separation

Figure 7 shows a sequence of snapshots of the cell distribution at times t¼ 0, 10, 30, 60,

and 90 s, after the onset of the AC voltage (Vpp¼ 20.0V, 10 kHz) application. Distributions of

the cells are viewed from the downstream end of the calculation domain looking toward the

upstream end. The mean velocity of the cell suspension was um¼ 0.28mm/s. The ratio of live

and dead cells in the cell suspension was 1:1, with a cell volume fraction of /¼ 3� 10�3. The

green and red closed circles in the figure are the live and dead cells, respectively. The contour

lines of the square of the field strength, E*2, are drawn behind the distribution of cells, and

positions of electrodes are shown. The total cell number used was about 600.

In the first 10 s after the field application, dead cells were initially distributed in the lower

region (�0.1mm), promptly moved down due to the strong attractive DEP forces induced on

the edges of electrodes at the bottom face. However, the rest of the dead cells (initially distrib-

uted in regions higher than �0.1mm) gradually moved down. Because the magnitude of the

DEP force within these regions (>¼0.1mm) was negligibly small, gravitational force alone

caused the sedimentation of not only the dead cells but also the live cells. The dead cells that

moved close to the bottom face were further attracted and finally attached to the edges of the

electrodes, whereas the live cells that had moved down earlier were soon lifted upward by the

repulsive DEP forces induced on the edges of the electrodes at the bottom face and began to

congregate gradually at the equilibrium height. Finally, the dead cells were captured on the

edges of electrodes at the bottom face, while the live cells, which continued to travel through

the chamber, focused at the site of the equilibrium height in the middle of the flow stream, and

were consequently separated from the dead cells by t¼�90 s.

Figure 8 shows the numerically predicted time variation of the fraction of levitating cells

in the flow chamber (Vpp¼ 0, 20.0V, 10 kHz). The mean velocity of the cell suspension was

FIG. 6. Ratios of live and dead cells in the cell suspension before and after the separation.
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um¼ 0.28mm/s. The ratio of live and dead cells was 1:1 with the cell volume fraction of

/¼ 3� 10�3. When there was no electric field (0V), the fraction of levitating cells decreased

linearly with time. This means that all the cells simultaneously moved down at a constant

velocity due to the gravitational force. These dropping cells promptly acquired terminal velocity

because the retarding drag force became equal and opposite to the gravitational force in a very

short time (on the order of ms) as soon as they began to fall. On the other hand, when the elec-

tric field was applied, all the dead cells began to drop simultaneously due to the gravitational

force, and dead cells initially located in the lower region of the flow chamber were accelerated

downward by the attractive DEP force and soon attached to the edges of electrodes at the bot-

tom face. Live cells continued to travel through the flow chamber due to the repulsive DEP

force acting as a levitation force. As shown in Fig. 8, the time period necessary to complete the

cell separation was predicted to be about 80 s under the present operating conditions, and this

duration was found to be independent of the cell volume fraction and mean velocity of the sus-

pension (not shown). This implies that the minimum length of the flow chamber, L, to complete

the cell separation under the present operation condition can be estimated as L¼ 0.28mm/s

(mean flow velocity)� 80 s �22.4mm, when the total area of the electrodes at the bottom is

large enough to capture all the dead cells in the suspension.

FIG. 7. The numerical prediction of the cell distribution at times t¼ 0, 10, 30, 60, and 90 s, after the onset of the application

of the AC voltage of Vpp¼ 20.0V with a frequency of 10 kHz. Cell distributions are viewed from the downstream end of

the calculation domain, looking upstream. The ratio of live and dead cells was 1:1, with a cell volume fraction of

/¼ 3� 10�3. The green and red closed circles are live and dead cells, respectively. The contour lines of the square of the

field strength, E*2, are drawn behind the distribution of cells. Positions of electrodes are also shown.

FIG. 8. Numerically predicted time variation of the fraction of levitating cells in the flow chamber for cases 0V (no AC

voltage applied) and 20V (Vpp¼ 20.0V) with a frequency of 10 kHz. The mean velocity of the cell suspension was

um¼ 0.28mm/s. The ratio of live and dead cells was 1:1 with a cell volume fraction of /¼ 3� 10�3.
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C. Comparison of experimental results and numerical predictions

Figure 9 shows (a) the experimental results and (b) the numerical prediction of the distribu-

tions of cells traveling through the flow chamber at time t¼ 300 s after the onset of the AC

voltage (Vpp¼ 20.0V, 10 kHz). The mean velocity of the cell suspension was um¼ 0.28mm/s,

flowing from left to right. The cell volume fraction was /¼ 1� 10�3. Recall that in Fig. 5,

cells stained blue are dead cells and white unstained cells are live; in Fig. 9(b), the green closed

circles are live cells and the red are dead cells. The electrodes labeled “G” are grounded elec-

trodes and “H.V.” are high-voltage electrodes. The numerical prediction shows good agreement

with the experimental results. Live cells continued to travel along the centerline of the

grounded electrodes slightly above the bottom face, while dead cells were captured at the edges

of the electrodes. It is interesting to note that the prediction shows that the dead cells captured

at the grounded electrode formed a cluster due to the attractive dipole-dipole interparticle force

acting in the transverse (y) direction.

To investigate the spatial distribution of cells in the flow chamber, bioimaging analysis was

performed. Cell distribution in the vertical direction greatly affects the separation performance

of the proposed device. Therefore, visualizations of the vertical distribution of the suspended

cells were performed by constructing 3D images from a series of 2D fluorescence images

obtained by traversing the focal sheet of the laser-scanning microscope in the vertical direction.

Because the laser scanning speed was limited and was not capable of live imaging of moving

cells, images of cell distribution were captured in a static condition (in the absence of the fluid

flow). Figure 10 shows (a) the experimental results and (b) the numerical prediction of the 3D

distributions of cells in the flow chamber at time t¼ 300 s after the onset of the AC voltage

(Vpp¼ 20.0V, 10 kHz) application. The cell volume fraction was /¼ 3� 10�3.

As already seen, most of the dead cells attached to the edges of the H.V. electrodes (top

view), while a few attached to those of the G electrodes. However, the dead cells attached to

the H.V. electrodes formed clusters scattered over the surface of electrodes due to the presence

of dipole-dipole interactions acting between cells because there was no flow in the chamber.

When the fluid flow was absent, cells aggregated close enough to each other to allow the for-

mation of clusters in terms of the dipole-dipole interparticle force acting between cells. On the

other hand, live cells were congregated at the height of equilibrium along the grounded electro-

des by the repulsive DEP force and formed a thin layer slightly above the layer of dead cells

on the bottom. The live cells formed very few clusters because the electric field above the

grounded electrodes was not strong enough to induce the dipole-dipole interparticle force for

cells to attract each other.15 The equilibrium height of the live cells in the experiment was

�40 lm, lower by almost half than the numerically predicted height (�80 lm). The difference

between these values can be attributed to the effect of fluorescent dyes introduced into the cells

on the DEP properties of the cells. The present experiment revealed that fluorescent dyes signif-

icantly affected the DEP properties of both the suspension medium and the cells, even when

FIG. 9. (a) Experimental result and (b) numerical prediction of the distributions of cells traveling through the flow chamber

at time t¼ 300 s after the onset of the AC voltage of Vpp¼ 20.0V with a frequency of 10 kHz. The mean velocity of the

cell suspension was um¼ 0.28mm/s, flowing from left to right. The cell volume fraction was /¼ 1� 10�3.
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only an extremely small amount was dissolved in the suspension (on the order of lM), as well

as introduced into the cells.

VI. CONCLUDING REMARKS

In this study, a novel parallel-plate type DEP flow-chamber was developed to effectively

separate nonviable cells from viable ones using the difference in their DEP characteristics in

response to a nonuniform AC electric field. Human breast epithelial (MCF10A) live and dead

cells were used to examine the cell-separation performance of the proposed device as a tool for

medical applications. In accordance with our concept of device design proposed before,16 a

flow chamber consisting of a planar electrode on the top and an interdigitated-pair electrode

array on the bottom was fabricated to provide a nonuniform electric field across the whole vol-

ume of the flow chamber for high-throughput cell separation. Along with the experiment, a

numerical simulation was conducted to investigate the transient behavior of the cell suspension

subjected to a nonuniform AC electric field and steady shear flow. A theoretical model was

developed to simulate the trajectories of individual cells under the action of DEP, dipole-dipole

interparticle, viscous, and gravitational forces.

The results demonstrated that the live cells traveling along the flow stream were focused

around the sites of the equilibrium slightly above the grounded electrodes at the bottom face of

the flow chamber and were effectively separated from the dead cells trapped on the edges of

the high-voltage electrodes at the bottom face. Numerical predictions showed good agreement

with the experimental results, and we determined that more extensive numerical studies and

applications could be carried out based on the proposed simulation model, such as for the col-

lection and discrimination of polarizable biological particles of various size scales. Meanwhile,

we investigated the spatial distribution of cells in the process of separation by analyzing 3D

fluorescence images of cells labeled with fluorescent markers. The 3D images of cell distribu-

tion were constructed from a series of 2D fluorescence images obtained by scanning the laser

sheet of the confocal laser microscope in the vertical direction. The results showed that the live

cells were focused at the height of equilibrium in the flow chamber, whereas the dead cells

were attached to the bottom face. It was also found that the distribution of live and dead cells

obtained in the experiment was very similar to that of the prediction; however, the height of

the live cells levitating in the flow chamber obtained experimentally was half the predicted

height. It is suspected that the fluorescent dyes loaded in the cells altered the DEP properties of

the cells.

FIG. 10. (a) Fluorescence image and (b) numerical prediction of the 3D distributions of cells in the flow chamber at time

t¼ 300 s after the onset of the AC voltage (Vpp¼ 20.0V; frequency 10 kHz). Fluid flow was not present. The cell volume

fraction was /¼ 3� 10�3. Green cells are live, and red ones are dead cells.
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In conclusion, it is expected that the proposed DEP cell-separation device will be capable

of attaining a throughput capacity over an order of magnitude higher than those of existing

microfluidic systems with proper adjustment of the height and the length of the flow chamber

and when the device is operated at an optimized flow rate, applied voltage, and field frequency.

This could broaden the clinical utility of DEP devices for cell separation.
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