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ABSTRACT

A microchip interdigitated electrode with a sequential signal generator has been developed for traveling wave dielectrophoresis
(twDEP) of biological cell suspensions. The electrode was fabricated on a microscope glass slide and coated with a 0.5 pm thickness
of gold through a sputtering technique which was designed for large-scale inductions of cells rather than for individual cells as in
previous versions of our device. As designed for a representative cell size of 10 um, the electrode array was 50 pum in width to allow
large numbers (>10°) of cells to be processed. The sequential signal generator produces an arbitrary AC quadrature-phase to generate
traveling electric field for a microchip interdigitated electrode. Each phase signal can be automatically altered and alternated with the
other phases within interval time of 0.01-30 seconds (controlled by programming). We demonstrate the system could be used to es-
timate the dielectric properties of the yeast Saccharomyces cerivisiae TISTR 5088, the green alga Tetraselmis sp. and human red

blood cells (HRBCs) through curve-fitting of dielectro- phoretic velocities and critical frequencies.
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1. Introduction

It is well known that a micro-interdigitated electrode can be
employed for dielectrophoresis (DEP) and traveling wave di-
electrophoresis (twDEP) of cell suspensions [1-4]. The micro-
electrodes for such work can generally be classified as three
types: a one planar linear interdigitated array [1,5-7], two pa-
rallel arrays [2-4,8,9] and a multi-concentric ring structure [10].
Such systems have considerable biotech- nological potential. It
is important to develop a user friendly version of the technolo-
gy that is able to be used routinely in a biotechnology laborato-
ry on a variety of types of cells.

The two-parallel electrode array might offer advantages for
both of cell manipulation and separation. The methods allow
cell suspensions to move either toward the electrode tips or
along the electrode track simultaneously, as a result of two
driving orthogonal forces [11]. Wang et al. [4] were the first to
term them the “unified force” for a dielectric sphere which
depends on both the real (Re[CMF]) and the imaginary part
(IM[CMF]) of the complex dielectric-frequency dependent
Clausius-Mossotti factor [CMF]. The model was then ex-
tended for a shelled spheroidal dielectric by [11]. These ana-
lyses describe cell behavior in a traveling electric field and the
models can be used to evaluate cell dielectric properties
through curve-fitting of experimentally measured dielectropho-
retic velocities and two critical frequencies.

The present study proposes a microchip interdigitated elec-
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trode of two parallel arrays equipped with a sequential signal
generator for experiments on traveling wave dielectrophoresis
(twDEP) of cell suspensions. This microelectrode is designed
for large-scale inductions of cells rather than for individual
cells in our previous versions of the device such as “the
octa-pair interdigitated electrode” described by [11]. The se-
quential signal generator generates traveling electric field of an
arbitrary AC quadrature-phase to apply for type of cell. Dielec-
trophoresis and traveling wave dielectrophoresis spectra of a
non-spherical unicellular green alga, Tetraselmis sp., yeast of
Saccharomyces cervisiate TISTR 5088 and human red blood
cells (HRBCs) were investigated. A curve-fitting method of cell
velocities and the lower critical frequency (LCF) were em-
ployed to determine their dielectric properties using a spheroid-
al cell model proposed in our previous work. Our newly devel-
oped system is a significant step towards biotechnology appli-
cations of the technology.

2. Theoretical Approaches
2.1. Traveling Dielectrophoretic Force

In_AC electric field, the time-average dielectrophoretic force
( ﬁ ) [4] acting on a shelled spheroidal dielectric possessing the
volume 4rzab®/3 (Figure 1) in a non-uniform sinusoidal
traveling electric field of magnitude E is given by [11]
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where Re[CMF] and Im[CMF] are the real and the imaginary
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parts of the complex dielectric- frequency dependent Clau-
sius-Mossotti factor [CMF], &,and ¢, are dielectric constants
of the vacuum and the suspending medium, respectively.

The value of E and its three components in the Cartesian
co-ordinate frame x,y,z (EX,Ey, E,) is the root mean square
(rms) and ¢ is the electrical phase sequences addressing onto
each tip of the microelectrode (Figure 2). The real part of the
time-average dielectrophoretic force (ﬁ) represents the con-
ventional dielectrophoretic force (IchEP) and the imaginary
term is the traveling wave dielectrophoretic force ( F, oz )-

2.2. The Clausius-Mossotti Factor (CMF)

The Clausius-Mossotti factor (CMF) of a shelled spheroidal
model [11] possesses the physical parameters of the shell (cell
membrane) thickness (&) and complex dielectric constants of
the shell (&, ), the cytoplasm ( &, ) and the suspending medium
(&), respectively. As for the whole spheroid, the dielectric
properties can be considered as a single value of ¢, , the so
called “the effective value of the complex relative permittivity”.
The [CMF] factor is defined as [12],

Y - @)
- & + (g — &)L
As is seen from (2) [11,13], both of Re[CMF] and Im[CMF]
are affected by the dielectric and conductivity parameters of the
cytoplasm (¢,,0, ), the membrane (¢,,,0,, ) and the suspending
medium (&,,0, ). The values of the parameters chosen were of
particular relevance to cells.

2.3. Translational Velocity and Two Critical
Frequencies

Evaluation of cell translational velocity can be made using
Newton’s first laws of motion. For the present analysis, the
electric field gradient was assumed to be so low that the trans-

Tips of the electrode
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lational velocity of the spheroid will be essentially constant,
that is, the particle has reached terminal velocity, where the
translational force is balanced by the frictional drag force [11].
The translational speed of a spheroid for dielectrophoresis
(DEP) and traveling wave dielectrophoresis (twDEP) are,
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where 7 is the viscosity of the suspending medium and K’
is a shape factor. The direction of v, and v, depends
on the polarity of the Re[CMF] and Im[CMF], respectively.
Both velocities are written as a function of cell dielectric prop-
erties and they are frequency dependent. In case of the dielec-
trophoretic force, the spheroid experiences positive dielectro-
phoresis if the field frequency is in the range from the lower
critical frequency ( f,) to the higher critical value ( f,). The
higher critical frequency value is usually so high that it is not
measurable experimentally [11].

9
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Figure 1. Prolate-spheroidal cell geometry in three orthogonal axes.
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Microchannel 2

Figure 2. Diagram of the electrode configuration in top view. The track length of the microchannel is about 750 pm and electric phase se-
quences (in radians) are addressed to the tips of the electrode as the quadrature pattern.
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3. Experimental
3.1. Microelectrodes

The present version of the octa-pairs interdigitated gold elec-
trode was fabricated on microscope glass slides of dimension
75%X25X1 mm (Marienfeld, Germany) (Figure 2). The elec-
trode was strengthened by coating with a 0.5 um thickness of
gold through a sputtering technique. Processes of photolitho-
graphy and wet-etching were employed to finalize a prototype
of the microelectrode. The electrode array was 50 pm in width
and the separation of the adjacent bars on the same array was
50 pum and the microchannel width between the two arrays was
50 pm. The microchannel track length was about 750 pm. The
glass slide of the microelectrode was mounted on the socket
base shown in (Figure 3). An inferometer was employed to
measure the thickness of the electrode tips.

3.2. Electrical Setup

The present version of the microchip interdigitated electrode
equipped with the sequential quadrature-signal generator was
developed from the previous version [11]. The sequential qua-
drature-signal generator was the source generating the traveling
electric field of a quadrature phase for the 16 tips of the micro-
chip octa-pair interdigitated electrode. The generator also has a
function to split the electrical phase sequences (¢ ) i.e.
¢=0, 712, =, 3x/2 in series. They can be automatically
be altered and circulated to be in or out of phase within interval
times of 0.01-30 seconds (controlled by programming). The
equipment is connected directly to the microelectrode via the
computer cables and the microchip junction unit [11].

3.3. Cells Preparation

Yeast cells of Saccharomyces cerivisiae TISTR 5088 were
determined as a prolate spheroidsofa=4.0+0.7and b =3.0 +
0.4um (mean + SD). They were cultured in Biotechnology of
Electromechanics research unit, Prince of Songkla University.
The cells were harvested in the stationary phase after 24 hr and

washed twice with deionized water, then centrifuged at 1,000 x
g for 2 min and re-suspended twice in 0.5 M sorbitol solution.
The solution conductivity (o,) was measured by using a
conductivity meter (Eutech Instruments, Cyberscan CON 11),
the conductivity was adjusted to be in the range of 3 to 300
mS.m? by adding 0.IM KCI solution, using a micropipette
(Nichipet, model 5000DG). For the experiments with dead
yeast cells, the cell suspension was heated to 75° C for 10 min
[8] and then cooled down to room temperature [8,14]. The sus-
pension was then centrifuged as described for viable cells.

Phytoplankton of Tetraselmis sp., obtained from the National
Institute for Coastal Aquaculture (NICA), Songkla, Thailand.
The cells were cultured in Sato and Serikawa’s artificial sea-
water and harvested when the cells were in log-growth phase.
They were considered as a spheroid with average dimensions a
=10.0£0.7 umand b = 8.0 + 0.5 um. Centrifugations at 7,000
rpm for 2 min were made to re-suspend twice in 0.5 M sorbitol
solution as described by [14]. The solution conductivity was
measured by using a conductivity meter (Tetracon 325, LF318),
and it was adjusted to be between 3 and 300 mS.m™ by adding
0.1 M KCI solution, using a micropipette (Nichipet, model
5000DG). Non-viable cells were prepared by boiling the cells at
80 °C for 10 min, cooling down to room temperature, centri-
fuging and re—suspending in the same experimental solution as
was used for the live cells [14]. Arsenic pre-treated cells were
prepared by adding arsenic solution (Sodium arsenite, NaAsO,,
MW 129.9) into the cell culture at concentrations varying from
1 to 150 ppm and leaving them for 24 hrs before being used in
an experiment.

Human red blood cells (HRBCs) were obtained directly from
the blood bank of Vachira Phuket Hospital (Phuket, Thailand).
The normal mature red cells of blood group A and B were used
in the present study. Cell were centrifuged at 1,000 g for 2 min
then resuspended twice in isotonic sorbitol (300 mOsmol.kg™).
The solution conductivity (o,) was adjusted to be between 3 to
300 mS.m™ by adding 0.1M KCI solution. HRBCs were consi-
dered as an oblate spheroid with average radius dimensions a =
35+03um,b=3.0+05pumand c~ 1.5 um.

Figure 3. Microchip interdigitated electrode on the glass slide covered with PDMS sheet. The electrode has a fluid circulation system to flow
cell suspensions through the microchannel of the electrode using microtubes connected at the end of the track.

Copyright © 2012 SciRes.
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3.3. Data Collection

For the DEP measurements 100 ml aliquots of a diluted cell
suspension containing 10° cells/ml were pipetted onto the glass
slide between the microelectrodes. The electrodes were ener-
gized with four sinusoidal signals (the quadrature phase) of
amplitudes 0.7, 1.4, 2.8 and 7.0 V (rms) in the phase sequence.
To determine the lower critical frequency ( f, ), the frequency
of the applied signals was gradually decreased from the upper
value of 4 MHz to the lower values (down to 5 kHz).

3.4. Data Fitting

Cells dielectric parameters were estimated through curve-fitting
of dielectrophoretic velocities and lower critical frequencies.
The method to fit the theoretical curves of cell velocity and the
lower critical frequency with that of the experiments were made
based on the known sensitivities of dielectric parameters [11].

4. Results and Discussion
4.1. Microelectrodes

A microchip of two array-interdigitated electrode equipped
with a sequential signal generator was developed for a study of
traveling wave dielectrophoresis (twDEP) of bhiological cells.
This prototype was designed for large-scale inductions of cells
suspensions rather than for individual cells in previous versions
of the device. The track length was about 750 um for a micro-
channel, hence it allows large numbers (>10° cells/ml) of cells
to be processed. The electrode tips were strengthened by coat-
ing with a 0.5 pm thickness of gold which is thicker than that of
the previous version. The sequential signal generator is de-
signed for use on a laboratory scale and programmed to drive
the quadrature signal for induction of the traveling electric
field.

For the present study, the quadrature-phase difference ad-
250 —— DEP-control
------ twDEP-control
20 ®  DEPexp-control

O twDEPexp-control

15 - ———DEP-Pretreated 1 ppm
—-—-— twDEP-Pretreated 1 ppm
1 % DEPexp-Pretreated 1 ppm
05 +
0 L i

dressing on the adjacent and the opposite electrodes are of
712 andrx, respectively. The phase sequence can automati-
cally be altered and circulated within a interval time of 0.01-30
seconds. The operating frequency was ranged from 5 Hz to 4
MHz with the output voltage range of 1.5-14 V. As simulated
from the twDEP force model, the frequency dependent twDEP
force acting on a biological cell can be resolved into two or-
thogonal forces which are determined by the real and the im-
aginary parts of the Clausius-Mossotti factor [CMF]. The for-
mer is determined by the gradient in the electric field and a
n-difference pattern of the signals where the DEP force directs
a cell either towards or away from the tip of the electrodes. The
imaginary component is in a direction along the track of the
electrode array which is determined by a signal of
n/2-difference. Simulations of twDEP force acting on a shelled
dielectric allow one to obtain the optimization of phase se-
quences changes addressing on each bar of the electrode. Such
simulations yield a better understanding of twDEP force and
allow one to obtain the optimum phase sequence addressed to
each bar of the electrode. For example of Tetraselmis, at 60
kV.m™, 300 kHz, and the conductivity of cell suspension me-
dium o,=0.01 S.m’%; the maximum value of the twDEP force
was found to be 20X 10" pN which corresponds to a cell ve-
locity of 2.4 um.s™.

4.2. Cell Inductions

As was expected from previous experience with yeast, Tetra-
selmis sp. and human red blood cells (HRBCs), increasing elec-
tric field strengths resulted in increased values of cell velocity
and an increase in the peak of the positive dielectrophoresis
spectra (Figure 4). The velocity spectra of a cell were obtained
by measuring cell velocity during its movement towards the
electrode tip, under various field frequencies. Lower critical
frequency ( f, ), where the cell was repelled (i.e. negative force)
from the tip after initially being attracted, was recorded against
the conductivity of cell suspension medium

05 -

-15 -

a2 L

Figure 4. Experimental spectra of cells velocity for dielectrophoresis (DEPexp) and traveling wave dielectrophoresis (twDEPexp) were plot-
ted as a function of the electric field frequency with theoretical curves of DEP and twDEP.

Copyright © 2012 SciRes.
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(o). It was observed that as the o, was increased the f, was
shifted towards a higher frequency value for S. cerevisiae
TISTR 5088, Tetraselmis sp. and HRBC. It should be noted
that cell velocity spectra for all three cell types were reduced
significantly at greater o, values. According to the model, when
the increased o, reached a critical value the attractive force
became negligible, implying an equivalence to the cytoplasmic
conductivity. Yeast cells at a cell density of 10° mI™ displayed
positive dielectrophoretic force over a frequency range between
50 kHz and 15 MHz, when increasing o, from 0.01 to 0.25
S.m. For traveling wave dielectrophoresis, the cells expe-
rienced the traveling wave dielectrophoretic force at about 60
kHz and o, of 0.01-0.25 S.m™ for electric field strength of
10-143 kV/m. By curve-fitting methods to the model, it was
shown that dielectric values of yeast were similar to what were
reported using other methods [11,15,16]. The cytoplasmic and
the membrane conductivity for yeast cells were 0.23 S.m™* and
0.1 pS.m?, respectively. For Tetraselmis sp., cells experienced
positive dielectrophoresis over a frequency ranged from 50 kHz
and 0.5 MHz, when increasing o, from 0.01 to 0.10 S.mt
Tetraselmis sp. experienced traveling wave dielectrophoresis in
the 20-48 kHz frequency range with o, of 0.01-0.37 S.m for
28-143 kV/m. In the case of HRBC, it was found that positive
dielectrophoresis occurred in the range 8 kHz-10 MHz, when
increasing o, from 0.64 to 60 mS.m™. HRBC cells expe-
rienced traveling wave dielectrophoresis in the 50-150 kHz
frequency range with o, of 56 S.m? and 4.7-14 kVIm for
both type of A and B groups.

Dead yeast cells exhibited positive dielectrophoresis over the
frequency range from 100 kHz ( f,) to 1 MHz if the medium
conductivities were between 0.01-0.04 S.m™. The value

of f, was shifted towards greater values when o, was increased.

The spectra of cells translational velocity and critical frequency
of the living and dead cells were different and allowed the dif-
ferent dielectric properties of these to be determined. The DEP
velocity (V. ) spectra and the value of f, of Tetraselmis sp.
were investigated in control and arsenic treated cells. Increasing
arsenic level from 1 to 150 ppm reduced the magnitude of cell
velocity and shifts the f, to a lower value. When the control and
the arsenic contaminated cells were combined, one can distin-
guish the control from the arsenic pretreated cells if the fre-
quency used was below 35 kHz.

The specific capacitance (C, ) and conductance (G, ) of the
membrane were calculated for control and arsenic treated cells.
The results showed that C, and G, of living and dead yeast
cells were 10.1 mF.m?, 8.3 S.m? and 18.4 mF.m?, 33.3 x10°
S.m?, respectively. Thus arsenic has a relatively small effect
onC, but a very large effect on G, in yeast. The values of C_
and G, of the control Tetraselmis sp. cells were 5.5 mF.m?
and 13.0 S.m?, respectively, which were smaller than that of
the arsenic pretreated cells. For 1, 5, 10, 50, and 150 ppm pre-
treated cells, C, values were 6.7, 8.3, 10.8, 14.3 and 21.8
(mF.m), respectively. It was interesting that while the C, val-
ues of the arsenic pretreated cells were increased, the value
of G,, remained constant and the conductivity of cell membrane
(o, ) was 23.0 S.m2

Copyright © 2012 SciRes.
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