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Two important electric forces, dielectrophoresis (DEP) and electrowetting-on-dielectric (EWOD),
are demonstrated by dielectric-coated electrodes on a single chip to manipulate objects on
different scales, which results in a dielectrophoretic concentrator in an EWOD-actuated droplet.
By applying appropriate electric signals with different frequencies on identical electrodes, EWOD
and DEP can be selectively generated on the proposed chip. At low frequencies, the applied
voltage is consumed mostly in the dielectric layer and causes EWOD to pump liquid droplets on
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the millimetre scale. However, high frequency signals establish electric fields in the liquid and
generate DEP forces to actuate cells or particles on the micrometre scale inside the droplet. For
better performance of EWOD and DEP, square and strip electrodes are designed, respectively.
Mammalian cells (Neuro-2a) and polystyrene beads are successfully actuated by a 2 MHz signal
in a droplet by positive DEP and negative DEP, respectively. Droplet splitting is achieved by
EWOD with a 1 kHz signal after moving cells or beads to one side of the droplet. Cell
concentration, measured by a cell count chamber before and after experiments, increases 1.6 times
from 8.6 x 10° cells ml~! to 1.4 x 10° cells mI~! with a single cycle of positive DEP attraction. By
comparing the cutoff frequency of the voltage drop in the dielectric layer and the cross-over
frequency of Re(f'¢),) of the suspended particles, we can estimate the frequency-modulated
behaviors between EWOD, positive DEP, and negative DEP. A proposed weighted Re(f )
facilitates analysis of the DEP phenomenon on dielectric-coated electrodes.

Introduction

Regulating fluids and manipulating objects or particles of
interest therein are two major tasks in most lab-on-a-chip (LOC)
applications, especially when dealing with bio-fluids. First, it is
because effective fluid regulation enables sample preparation,
mixing, and transportation to a desired spot on a chip for
further analyses. Thus, diverse micropumps, microvalves, and
microchannels have hence been developed.” On the other
hand, the ability to control a single or a group of particle(s)
of interest in the fluid facilitates sample reaction, separation,
and detection processes. Therefore, optical,® electric,® and
magnetic® manipulations have been investigated to satisfy such
a demand. In many cases, for the size differences, handling fluids
and particles are regarded as two important but separate tasks,
which are approached individually and independently by funda-
mentally different physical means. For instance, one may drive
fluids through a piezoelectric mechanical micropump and move
embedded particles with optical tweezers. In some applications,
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however, instead of handling fluids and particles separately, it
is helpful to achieve both tasks by related mechanisms in order
to increase the portability and reduce the complexity of the
LOC. Among all the manipulating mechanisms, the electric
approach has been widely studied and successfully demonstrated
to drive fluids and particles. For example, electrohydrodynamic’
and electroosmotic® micropumps have been examined to regu-
late fluids in microchannels, while electrowetting-on-dielectric
(EWOD)® has been applied in droplet-based digital microflu-
idics. In addition, electrophoresis* and dielectrophoresis (DEP)®
are two phenomena that electrically manipulate charged and
neutral particles electrically, respectively, in fluids. The above
examples show that electric manipulation is cross-scale, which is
desirable for driving objects on different scales.

Cho et al. first reported the manipulation of particles in a
droplet by electrophoresis.” Concentration of the particles was
achieved by splitting droplets using EWOD. Binary separation of
carboxylate modified latex and polystyrene particles was further
demonstrated. Recently, Cho et al. showed the concentration
and separation of aldehyde sulfate latex particles or ground
pine spores and glass beads by traveling-wave DEP (twDEP)
for digital microfluidics." In addition to electrical means,
magnetic manipulations have also been investigated.'>"* In most
of the previous studies, droplet(s) was/were driven in the gap
between parallel plates by EWOD electrodes; while particles
were driven by additional electrodes or magnets. As a result,
EWOD electrodes were placed on one plate, and electroporesis
or twDEP electrodes for particles were fabricated on the other
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plate of a parallel plate device. Here we show the integration
of two intensively studied electric manipulations, EWOD and
DEP, on dielectric-coated electrodes patterned on a single plate,
to realize a cell (micrometre-sized) concentrator in a millimetre-
sized droplet. By modulating the frequency of the applied AC
signal on identical electrodes, droplet manipulation by EWOD
and particle manipulation by DEP can be selectively achieved.

Principle
EWOD

EWOD is an electric means to change the wettability of a
dielectric solid surface by applying a voltage across the dielectric
layer. Sessile drop experiments are usually used to study this
phenomenon by measuring the change in contact angle of a
droplet on a dielectric-coated electrode caused by an applied
voltage between the droplet and the underlying electrode.™ With
its ability to alter the contact angle of a droplet, EWOD has
been applied in digital microfluidics and been developed as a
driving force to create, transport, merge, and split droplets in
parallel plate devices''"® (Fig. 1(a)). Such a device consists of
a top plate, liquid droplet(s), and a bottom plate, denoted as
A, B, and C in Fig. 1(a), respectively. The top plate contains
a blank electrode covered by a hydrophobic Teflon layer. For
observation purposes, an ITO glass is usually selected. An array
of driving electrodes is patterned on the bottom plate and coated
by a dielectric and a hydrophobic layer. The droplet is placed
between top and bottom plates, with the height determined by
the thickness of the spacers. When applying a voltage between
the top and bottom plates, the surface above the energized

(a) Cross section

Hydrophobic
material

Top view

(b)

Fig. 1 A parallel plate device to manipulate droplets by EWOD on
an array of dielectric-covered driving electrodes. (a) Configuration of
the device: A: top plate, B: liquid droplet, and C: bottom plate. (b)
The simplified equivalent circuit of the device showing that the applied
voltage would be distributed to ¥}, and/or V, depending on the
frequency.

driving electrode is changed from hydrophobic to hydrophilic.
Therefore, the droplet moves to the right as illustrated in
Fig. 1(a). The contact angle change of the droplet on the
energized driving electrode can be expressed by the Young—
Lippmann equation:'*"

cose(V)zcos(90+ﬁV:, 1)

26

where ¢, is the permittivity of vacuum, ¢, and ¢ are the relative
permittivity and thickness of the dielectric layer, respectively,
and y g is the liquid—gas interfacial tension. When voltage V'
is applied across the dielectric layer, the contact angle changes
from 6, to (V).

From eqn (1), the polarity and the frequency (f) of the
applied voltage appear not to alter the amount of contact angle
change. However, it was found that EWOD is sensitive to the
polarity for some dielectric materials. It was called asymmetric
electrowetting and has been applied to drive and oscillate
droplets.” In addition, the frequency also affects EWOD, or
more precisely the voltage drop across the dielectric (¥), which
can be analyzed by the simplified equivalent circuit of a droplet
in a static situation as shown in Fig. 1(b). Similar electric
models were reported and analyzed in the studies of EWOD
and DEP liquid actuations.” When a direct current (DC)
signal is applied, the entire applied voltage drops across the
dielectric layer and causes EWOD (V', = V). When applying
an alternating current (AC) signal, as the frequency of the
signal increases, V', decreases and the voltage drop across
the liquid (V') increases. At sufficiently high frequencies, the
applied voltage drops entirely across the liquid (V, = V).
Since the simplified equivalent circuit is composed of a resistor
and capacitors, the time constant or the cutoff frequency (f¢)
provides general information about the frequency response of
V. fc can be expressed as:

1
fe

T 2R (C_+Cy) @

Assuming the droplet is static and that it covers the whole
surface of the energized driving electrode (Fig. 1(b)), R, Cy,
and Cp, of eqn (2) can be substituted by the electric parameters
of the liquid and dielectric layer:

fo=r S

2me, (e, + & %) Q)
where o1, ¢, and d are the conductivity, relative permittivity,
and the height of the droplet, and ¢, and ¢ are the same relative
permittivity and thickness of the dielectric layer as those in
eqn (1). Based on eqn (3), f¢ is varied by the combination of
liquids and dielectric layers with different electrical properties
and thicknesses in a parallel plate device. When applying an AC
signal at f ¢, there exists a voltage drop in the liquid (V' ~0.37 V)
which decreases EWOD. In general, a DC signal drives droplets
by EWOD most efficiently, but it is prone to electrolyze aqueous
droplets and hinder their movements.”® When the frequency
of the applied signal is higher than f¢, e.g., hundreds of kHz
for water droplets (f¢ is on the order of a few kHz to tens of
kHz), some other undesirable effects may occur, such as satellite
droplet generation.”** Therefore, driving droplets by EWOD
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by using an AC signal at a frequency below f (e.g., 1 kHz for
water??*) is commonly seen.

DEP

Although a high frequency signal (f > f ) reduces or even causes
EWOD to cease, it would establish an electric field in the droplet
and become a driving force for the suspended particles therein.
For example, a DC electric field could move charged particles
suspended in a droplet by electrophoresis. However, to generate
a DC electric field in a droplet, the dielectric layer of the parallel
plate device should be removed or partially patterned. In
comparison to DC electric fields, AC electric fields in a droplet
are more easily achieved without opening the dielectric layer
by simply modulating the frequency of the applied voltage as
described above. Depending on the frequency, the applied AC
voltage V" would partially or entirely contribute to the electric
field in the droplet shown as V| in Fig. 1(b). The frequency-
dependent ratio of V', / V' can be expressed as:

1+ j27 f(C, +C, )R, @

VIV = Re[ 2 [CoR, ]
V. in the droplet would further polarize the suspended neutral
particles. If the electric field is non-uniform, polarized particles
can be attracted to or repelled from high field strength regions
by dielectrophoresis, or DEP.*?’

The force (Fpgp) exerted on a spherical particle of radius a by

DEP can be described by:*?7

+2¢

m

&g
FDEP = 2”[l3£m Re(g-;p“:]VEza (5)
P

where E is the electric field, ¢', and ¢, are the complex
permittivities of the manipulated particles and the suspension
medium, respectively, which are frequency dependent and can
be expressed as:*%

o . O-p.m

Eom =EEpm — mf 6)
where ¢,,, and g, ,, are the relative permittivity and conductivity
of the particle or the suspension medium, and " is the frequency
of the field. From eqn (4) and (5), the magnitude and direction of
Fep is found to be affected by f. To simplify further discussions,
the frequency dependent term in eqn (5) is represented by the
Clausius—Mossotti factor, fy: >’

M oev2e

When the real part of fcy, or Re(fcy), is greater than zero,
Fpp attracts particles toward high field strength regions, which is
referred to as positive DEP. On the contrary, a negative Re(f'cy)
generates negative DEP and repels particles from high field
strength regions.

Since the gradient of the squared electric field magnitude
(VE?) plays a crucial role in Fpgp, manipulation of particles
by DEP in a parallel plate device, as shown in Fig. 1, with both a
high frequency (f > f-) signal and a redesigned electrode shape
to create a non-uniform electric field is mandatory. Since the

EWOD force is proportional to the meniscus length overlapping
with the energized electrode, square electrodes (Fig. 1) are
usually designed with a comparable size as the droplet for a
large and steady driving force. As a result, the electric field at
high frequencies is almost uniform in a droplet as indicated
by the electric field lines in Fig. 2(a). To create a non-uniform
electric field inside a droplet in a dielectric-coated parallel plate
device, shrunk electrodes (Fig. 2(b)) are as important as high
frequency signals.

(b)

Fig. 2 Electric field lines displaying the uniformity of the electric field
in a droplet when applying a high frequency signal on the designed
electrodes. (a) Square EWOD driving electrodes generate a nearly
uniform electric field. (b) Shuck electrodes establish a non-uniform
electric field that is necessary for DEP actuations.

Experimental
Device design and fabrication

Our goal is to manipulate a droplet and suspended particles,
including cells, on a single chip by electric manipulations:
EWOD and DEP. To perform both EWOD and DEP effectively,
two kinds of electrodes are designed as shown in Fig. 3(a). Eight
strip electrodes (100 um x 1.6 mm) in the center are mainly
used to generate a non-uniform electric field in the droplet to
actuate particles by DEP when applying high frequency signals,
e.g.,2 MHz. Four square electrodes (1 mm x 1 mm) are designed
to drive droplets by EWOD at low frequencies, e.g., 1 kHz. It is
noteworthy that EWOD occurs when a 1 kHz signal is applied on
the strip electrodes. Likewise, square electrodes can provide DEP
if 2 MHz is applied. The applied frequency determines whether
DEP or EWOD is generated; the shapes of the electrodes are
designed for better performances of DEP or EWOD as discussed
in the previous section. The reported manipulation mechanism
emphasizes the frequency-modulated feature. This concept was
first published in a conference proceeding,?® which distinguishes
itself from other digital microfluidic concentration or separation
procedures introduced above.’®** The electrodes are patterned
on the bottom plate of a parallel plate device and covered with
dielectric and hydrophobic layers as shown in Fig. 3(b). The top
plate contains a blank electrode coated with a thin hydrophobic
layer. The gap between the plates is 200 pm.

The procedure to concentrate the suspended particles in a lig-
uid droplet is shown in Fig. 3(c)—(e). After a droplet is dispensed
on top of the strip electrodes, the high frequency voltage (shown
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(d)

(e)

Fig. 3 Configuration and driving procedure of a parallel plate device
containing square and strip electrodes for droplets and suspended
particle actuations by EWOD and DEP, respectively. (a) Top view. (b)
Cross section. (c)—(d) By applying a high frequency signal (¥4¢) on one
of the strip electrodes from left to right, the non-uniform electric field
inside the droplet drives the particles to the right by DEP. (¢) By applying
a low frequency signal (V') on two of the square electrodes, two sub-
droplets are obtained by EWOD with different particle concentrations.

Ve in Fig. 3) is applied on the very left strip electrode and
switched from left (Fig. 3(c)) to right (Fig. 3(d)) sequentially. The
energized strip electrodes generate non-uniform electric fields,
causing particles driven by DEP from left to right. A similar
particle/cell transportation was recently reported and named
moving DEP (mDEP) by non-dielectric-covered electrodes in a
microchannel.” After particles are moved to one side of the
droplet (shown right side in Fig. 3(d)), the droplet is split
into two sub-droplets with different particle concentrations
by applying the low frequency voltage (V' r) as sketched in
Fig. 3(e). Manipulated droplets are placed in an immiscible
filler fluid of silicone oil to prevent evaporation, particle or
protein adsorption,* 3! and other undesirable phenomena such
as satellite droplets at high frequencies.”>*

The tested devices are prepared by the following microfabri-
cation steps. Au/Cr (450 A/50 A) electrodes are deposited and
patterned as strip and square electrodes on the bottom plate. The
bottom plate is then spun with 5 pm-thick SU-8 as a dielectric

layer and 500 A-thick Teflon as a hydrophobic coating. The top
plate has a blank ITO electrode coated with a hydrophobic layer
(500 A-thick Teflon). Before testing, a droplet is dispensed on the
bottom plate and surrounded by the filler fluid, 50 cSt silicone
oil. The top plate is then assembled onto the bottom plate with
a 200 um-high spacer in between.

Cell concentration

Neuroblastoma cells (Neuro-2a) are prepared and tested in
the concentration experiments. Neuro-2a cells are cultured in
DMEM (Dulbeco’s Modified Eagle’s Medium), supplemented
with 7.5% fetal bovine serum and 7.5% horse serum and incu-
bated in 5% CO, at 37 °C. Prior to the experiments, cells are re-
leased from their flask by trypsin—-EDTA. A suspension medium
is prepared by adding 3% PBS in a 280 mM isotonic sucrose
solution, resulting in a conductivity of 480 uS cm~'. The sus-
pension medium is added to disperse centrifuged Neuro-2a cells
for testing. The cell concentration measures 8.6 x 10° cells ml™'
using a commercial cell count chamber (hemocytometer).

The experimental result of cell concentration is shown in
Fig. 4. First, a 0.45 pl droplet containing Neuro-2a cells at the
concentration of 8.6 x 10° cells ml™! is dispensed and immersed
in the 50 cSt silicone oil filler fluid on the strip electrodes of the
bottom plate. A top plate level with the bottom plate is carefully
assembled to prevent capillary flow or droplet movement caused
by the angle between the plates. After assembly, the parallel
plates are spaced by a 200 pm-thick spacer. Before applying any
voltage, the Neuro-2a cells, measuring 5 um in diameter, are
randomly dispersed in the droplets and are shown as the black
dots in Fig. 4(a). Fig. 4(b)—(i) show the cells attracted by positive
DEP when a 2 MHz and 60 Vrms signal is applied on one of the
strip electrodes from left to right. After the cells are concentrated
to the right side in the droplet (Fig. 4(j)), the droplet is split into
two sub-droplets by EWOD with 80 Vrms and 1 kHz applied
on the two adjacent square electrodes as shown in Fig. 4(k). By
using a cell count chamber, we quantify the cell concentration of
the right sub-droplet as 1.4 x 10° cells m1™', while that of the left
sub-droplet is 3.3 x 10° cells ml~'. As a result, by energizing the
strip electrodes with a single cycle from left to right, the cells are
concentrated 1.6 times (right sub-droplet) or diluted 2.6 times
(left sub-droplet).

Polystyrene bead concentration

Moreover, we investigate the concentration of polystyrene beads
in the same parallel plate device with the same procedure. A 0.5 pl
droplet containing 5 pm polystyrene beads at a concentration
of 1.4 x 10® particles ml~! and surrounded by a 50 cSt silicone
oil filler fluid is assembled in a parallel plate device as shown
in Fig. 5(a). By sequentially applying a voltage (60 Vrms and
2 MHz) on one of the strip electrodes from left to right, the
polystyrene beads are repelled from left to right by negative DEP
as shown in Fig. 5(b) and 5(d). Finally, most of the polystyrene
beads are collected on the right side of the droplet (Fig. 5(¢)).
An 80 Vrms, 1 kHz AC signal is then applied on the two square
electrodes adjacent to the strip electrodes to split the original
droplet into two sub-droplets. As shown in Fig. 5(f), two droplets
with different polystyrene bead concentrations are obtained.
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Fig.4 Mammalian cell (Neuro-2a) droplets concentrated by DEP and
EWOD. (a) Cells are evenly suspended in a PBS and sucrose solution
initially. (b)—(i) Cells are driven by positive DEP with a high frequency
signal (2 MHz, 60 Vrms) sequentially applied to one of the eight strip
electrodes from left to right. The images are taken when the driving
voltage is applied. (j) Cells are concentrated on the right side of the
droplet after DEP actuations (voltage is off). (k) Two sub-droplets of
different cell concentrations are formed by applying a low frequency
signal (1 kHz, 80 Vrms) to the two adjacent square electrodes. The
supplementary video 1 can be seen in the ESL.}

i | !
Fig.5 Polystyrene beads concentrated by DEP and EWOD. (a) Beads
are evenly suspended in a water droplet initially. (b)—(e) Beads are driven
by negative DEP (2 MHz, 60 Vrms) and concentrated on the right side
of the droplet. (f) Droplet is split by EWOD (1 kHz, 80 Vrms). The
supplementary video 2 can be seen in the ESL.}

Discussions
Re(fcm), fc,and Vi /V

The concentration of cells and polystyrene beads are successfully
demonstrated by positive DEP and negative DEP, respectively,
at 2 MHz. However, negative DEP actuation of cells or positive
DEP actuation of polystyrene beads is not achieved in our
available tested frequencies between DC and 2 MHz. In theory,

positive or negative DEP can be selectively obtained by altering
the frequency of the applied field and estimated from the sign of
Re(f cm) ineqn (7). Curve A in Fig. 6 shows Re(f o) of Neuro-2a
cells from 10 Hz to 1 GHz, which is calculated from a model of
a spherical particle with a single shell.** The parameters used
in the calculation are: 78, 10, and 60 as the relative permittivities
(&) of the suspension medium, cell membrane, and cytoplasm,
respectively, and 4.8 x 1072, 1 x 1078, and 5 x 107! Sm™! as
the conductivity (o) of the suspension medium, cell membrane,
and cytoplasm, respectively. The diameter of the cell and the
thickness of the cell membrane are 5 um and 5 nm, respectively.
Most of the parameters follow the previous study? in addition
to the measured conductivity of the suspension medium and the
diameter of the cell. From curve A, it is confirmed that at 2 MHz
the sign of Re(f¢y) is positive, which is in accordance with the
experimental results of positive DEP shown in Fig. 4. It appears
that at low frequencies such as 1 kHz, the cells can be driven
by negative DEP. However, from previous descriptions, a low
frequency signal is consumed in the dielectric layer and generates
little or no electric field in the droplet. It is now helpful to have f'¢
of V. By substituting 4.8 x 10> Sm~' (medium), 78 (medium),
3(SU-8), 200 um (medium), and 5 um (SU-8) foray, ., &p, d, and
tinto eqn (3), f ¢ is calculated to be ~4.3 MHz. Obviously, 1 kHz
is too low to provide DEP actuations. Since 2 MHz is also below
fc, to estimate V', and V' at 2 MHz, V' /V is plotted against

(a) L T o T T T T T
08 ~
06
04 &
A Water fo b
02 ¥ (9 kHz) ¥ fo (4.3 MHZ) b
Modified cross-over Cross-over  “ooocecs|
22 frequency of beads frequency of
(5 kH2) beads (~2 MHz)
04 o 4
06 -s—e—e- |C[: Vi/V of water
—o—o—o- [A} Re(fuw) of cells
08 [D}: Re(few) of beads
~—o—o— [B: Vu/V of cell medium
Ak —+—+— [E} Modified Re(fow) of beads |
10' 1;)‘ 1:1’ 121‘ 12)’ 1;1' 1(‘1’ u.)' 10°
()
06
04
02
0.2
04 -o—o—o— Cells
MA_L_A‘“"
o6 ——*—#— Beads

10 10 10’ 10 1;1‘ 1:7‘ 1(‘1’ ulf 10°
Fig. 6 Frequency-dependant curves of the parallel plate device to
analyze EWOD and DEP. (a) Re(fcy) of cells and beads, modified
Re(fcm) of beads, and V' /V of cells and bead show that positive
DEP actuation of cells and negative DEP actuation of beads occur
at 2 MHz. Low frequency signals would generate EWOD instead of
negative DEP actuation of cells or positive DEP actuation of beads.
(b) Weighted Re(f'cy), product of Re(fy) and V' ./V, curves of cells
and beads facilitate estimating DEP phenomena on dielectric-covered
electrodes. The derivation of each curve is detailed in the supplementary
material in the ESL.}
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frequency (eqn (4)) as curve B in Fig. 6. At 2 MHz, ~20% of the
applied voltage V establishes the electric field in the droplet (V)
while the other ~80% drops in the dielectric layer (V). Since a
large amount of V7, exists in the dielectric, when manipulating
cells by DEP at 2 MHz, the EWOD effect can still be observed
as the distortion of the droplet on the energized strip electrodes
in Fig. 4 and the supplementary video 1 in the ESI.{ To attract
cells more effectively by positive DEP, one can apply a signal of
a higher frequency or decrease the conductivity of the medium
to reduce f and increase V| at 2 MHz, as indicated by curve C
in Fig. 6.

Curve C in Fig. 6 displays V', /V of water (¢, = 1 x 10* S
m~!, g = 80), which possesses a much lower f- at ~9 kHz.
Therefore, in the case of polystyrene bead actuation, 2 MHz is
sufficiently high to eliminate EWOD since V7 /V is close to 1. It
is confirmed from Fig. 5 and the supplementary video 2 in the
ESIi that the droplet is not altered or deformed when applying a
2 MHz signal to drive polystyrene beads. Re(f ) of polystyrene
beads is also plotted as curve D in Fig. 6 by substituting 2.5
for g,, 1 x 107 for ¢,,% and the corresponding parameters of
water into eqn (6) and (7). The curve shows that the value of
Re(f cm) 1s changed from positive to negative at ~2 MHz, which
is also called the cross-over frequency. In theory, the polystyrene
beads should be slightly polarized, and the DEP is negligible
at 2 MHz, However, our experimental results show noticeable
negative DEP at 2 MHz, meaning that the cross-over frequency
is below 2 MHz. It was reported that the cross-over frequency
is sensitive to the size of the beads.’? Instead of 2 MHz, the
cross-over frequency of 5 um polystyrene beads was found to be
~5 kHz. Although it may not represent the real condition, for
easier analyses we shift the Re(fcy) (curve D) so that the cross-
over frequency is at 5 kHz (curve E) as shown in Fig. 6. From the
V./V curve of water (curve C) and the modified Re(fcy) curve
of polystyrene beads (curve E), we realize that positive DEP of
polystyrene beads is not possible for the tested dielectric-covered
electrodes.

Weighted Re(f cnr)

With the same electrode design and fixed magnitude of the
applied signal, i.e.,, VE? is a constant, frequency-dependent
Fpep can be predicted by Re(f o). For example, one may not
utilize a signal at the cross-over frequency because Re(f'cy) is
zero and Fpgp is negligible. However, the prediction of Fpgp by
Re(f cm) 1s not satisfactory for electrodes covered by a dielectric
layer as described in this paper since the V' /V ratio is also
varied by frequency, i.e., VE? is no longer a constant to varied
frequencies. As discussed above, negative DEP of cells are not
achieved because no electric field is established in the droplet
at low frequencies. In other words, because curve B (V/V)
in Fig. 6(a) is approximately zero at low frequencies, VE? is
insignificant. Therefore, we propose a weighted Re(f'cy), which
is the product of V' /V and Re(f'cv), to better estimate DEP on
dielectric-coated electrodes as shown in Fig. 6(b). For example,
the weighted Re(f o) curve of the cells is obtained from curve A
and B of Fig. 6(a). The weighted Re(f¢y) curves clearly explain
that cells would only be driven by positive DEP in the tested
frequencies (DC to 2 MHz), while negative DEP actuation of
beads is achieved in most of the tested frequencies. Although

positive DEP of beads may occur at ~2 kHz, Fpgp is too small to
be observed in the experiment for the limited weighted Re(f'cy)
and significant EWOD at low frequencies. From Fig. 6(b),
the optimum frequency for positive DEP of cells would be at
~20 MHz. To analyze Fpgp on dielectric-covered electrodes, one
should substitute the weighted Re(f'cy) for Re(fcy) in eqn (5)
and recalculate VE? caused by V| from eqn (4).

Concentration parameters

In our experiment, the DEP signal (2 MHz, 60 Vrms) is applied
on each strip electrode until most of the particles on the adjacent
electrodes are attracted or repelled by DEP. From supplementary
video 1 and 2 in the ESIL,] the cells are attracted in 30 s, and the
beads are repelled in 10 s. It is because the weighed Re(f'y) of
cells is smaller than that of the beads at 2 MHz. The frequency
and amplitude of the DEP signal (2 MHz, 60 Vrms) are limited
by our apparatus. Although the results are not shown, a lower
voltage slows the concentration. By using a higher voltage, a
faster separation is expected. However, the risk of damaging the
cells would become higher. In the case of cell concentration, to
lower the applied voltage while maintaining the concentration
speed or to increase the throughput with the same voltage, one
could shorten the width of the strip electrodes to increase V E?, or
increase the frequency, e.g., 20 MHz, to obtain a higher weighted
Re(f cm)-

Cell viability is monitored by observing cell conformation
during the experiment and staining cells with Trypan blue
after the experiment. Since the cells start to lose their viability
in the isotonic suspension medium for more than one hour,
experiments are performed right after the cells are released from
the flask and finished within one hour. During the experiment,
changing of cell conformation and cell lysis are not observed,
as shown in Fig. 4 and supplementary video 1 in the ESL.}
After the experiment, the cells are almost not stained by Trypan
blue, meaning the cells are still viable. In comparison with other
experiments of cell DEP, the applied voltage (2 MHz, 60 Vrms)
appears to be large. However, from the previous analysis of
V./V, the real voltage applied in the droplet (V') causing DEP
is 12 Vrms (i.e., 0.2 V), resultingina 6 x 10* Vm~! electric field,
which is similar to other DEP experiments. Gary et al.** found
the viability of BPAECs cells that underwent a 2 MHz, 6.25 x
10* V. m~! for 30 min was close to 100%. The morphologies of
the DEP cells were similar to controls over 2 days in culture.
Cell viability studies with comparable electric field strengths
suggested that the field has no appreciable effects on the cells.?**’

It is observed that the movements of the particles during
DEP concentrations are localized. As shown in Fig. 4, the cells
on the electrodes adjacent to the energized electrode can be
attracted; while the rest of the cells keep stationary. It implies
that the initial dispersion of the cells has limited effect on the
results. Furthermore, the concentration ability is expected to
increase by multiple cycle actuations. The cell concentration can
be increased twice at most under current procedures because
two sub-droplets are split. To increase the concentration, more
droplets or smaller droplets need to be split at the last step.

Finally, the possibility of binary separation, an interesting
function in digital microfluidics to drive two types of par-
ticles in opposite directions and confine them in different
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sub-droplets,'® is discussed. Although it has not been experi-
mentally confirmed, binary separation is feasible in the proposed
device by sweeping an appropriate signal on the strip electrodes
back and forth at least once. Assuming that the signal attracts
A particles by positive DEP and repels B particles by negative
DEDP, by sweeping the signal from left to right, A particles would
be attracted to the very right strip electrode, while B particles
would be repelled farther beyond it. As the signal is swept
back from right to left, A particles are expected to be driven
to the left, while B particles stay at the right. The subsequent
droplet splitting should achieve the binary separation function.
Carefully choosing the separation parameters for A and B
particles possessing similar weighted Re(fcy) increases the
separation efficiency. The cell fractionation® of viable and
nonviable yeast cells in a microchannel demonstrated by mDEP
is an interesting study close to the binary separation in a droplet.

Conclusions

Two cross-scale electric manipulations, EWOD and DEP, are
successfully demonstrated by modulating the frequency of the
applied signal in a parallel plate device with dielectric-coated
electrodes. At low frequencies (e.g., 1 kHz), the applied signal
mainly exists in the dielectric layer and causes EWOD to
drive droplets on the mm scale. At high frequencies (e.g., 2
MHz), the applied signal establishes a non-uniform electric
field in the droplet and generates DEP forces exerting on the
suspended particles including mammalian cells and polystyrene
beads. Cell and bead concentrations are achieved by DEP
and EWOD. Frequency-dependent V', /V and f. are calculated
from the simplified equivalent circuit of the device to realize
the voltage distributions in dielectric (V) and liquid (V).
Re(fcm) and V' /V are plotted to estimate DEP actuation of
cells and beads. The weighted Re(fcy) is proposed for DEP
force predictions on dielectric-coated electrodes.
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