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ABSTRACT

This paper presents a model of an electrokinetic platform
which combines three configurations (traveling, electro-
rotation, and levitation) for manipulation, characterization and
separation of liver cancer cells based on dielectrophoresis
phenomena. The dielectrophoresis phenomena is a motion of
uncharged polarizable particles towards the location of
extreme field strength in a non-uniform electric field.
Recently, a dielectrophoresis (DEP) became a prominent
technique for manipulation and characterization of biological
particles. The traveling-wave dielectrophoresis (twDEP),
Electro-rotation and levitation are electro-kinetic methods
which are produced by the interaction between a non-uniform
electric field and polarizable particles. In this work, a 2D
model of three configurations of electro-kinetic platform
based on Printed Circuit Board technology (PCB) for
differentiating between liver cancer cells and normal liver
cells is presented and discussed.
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1. INTRODUCTION

The dielectrophoresis (DEP) is widely used for manipulation
and characterization of biological cells by monitoring and
characterizing the response of biological cells towards a non-
uniform electric field, where a non-uniform electric field
generates a net force on the field-induced dipole of a particle
[1-4].

There are several advantages make DEP phenomena is most
commonly wused in the field of manipulation and
characterization such as 1) its ability to manipulate and
characterize the biological with high efficiency, where the
dielectric properties of biological particles within a specific
range of frequencies of an electric field can characterize cells.
2) cheaper because it does not need any expensive reagents
like other techniques.

The DEP force is the induced force on an uncharged particles
as a resultant of a non-uniform electric field which is
generated by specific design of microelectrodes. Furthermore,
this force depends on the properties of applied electric field
i.e. frequency, amplitude and waveform), the size of particles
and the dielectric properties of the particles compared to the
surrounding medium [5-6]. The PCB technology is chosen
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due to several advantages such as low cost, widely available,
re-workable and excellent shelf life [7]. Liver cancer is the
sixth most common cancer in the world, with 782,000 new
cases diagnosed in 2012 [8]. There are many reasons of liver
cancer such as Hepatitis B and hepatitis C viruses [8],
therefore, it is important to provide a new technique to detect
this cancer.

The main objective of this paper is to prove the capability of
the proposed electrokinetic platform based on PCB
technology to distinguish the liver cancer cells from normal
liver cells. The rest of paper is arranged as follows: Section 2
explains the theory of dielectrophoresis phenomena. Section 3
presents the structure of the proposed electrokinetic platform
(twDEP, electro-rotation and levitation microelectrodes).
Section 4 presents a simulation model of the proposed
platform and biological particles (liver cancer and normal
cells). The simulation results of DEP forces, the acquired
kinetic energy and the velocity of each type of particles (liver
cancer and normal cells) are stated in Section 5. Finally,
section 6 concludes this paper and summarizes the advantages
of the presented model based on the simulation results.

2. THEORY OF OPERATION

The DEP phenomena describes the generated force as a result
of the interaction between a non-uniform electric field and
polarizable particles. The governing vector relationship
defining the DEP force is: FDEP = (p - V)E, where p is the
effective polarization induced in the particle, V is the gradient
operator and E is non-uniform electric field [9].

The non-uniform electric field is generated, when a sequence
of signals shifted by 90° phase is applied to a microelectrodes
array. Near the electrode surface, a particle may undergo a
translation movement. A particle subjected to an electric field
of a traveling wave will have an induced force by the field
[10]:

FDEP = 2me, ¢, R3 [Re(Ke)VE? + 2 Im(Ke) V x (E; x ER)]
@,
E=Er +j E; (2),

where, g, is the permittivity of free space, g, is the relative
permittivity of the surrounding medium, R is the radius of
particle, Eg is the real part of electric field, E; is the imaginary



part of electric field, Im is the imaginary part, Re is the real
part of CM and [Ke] is the Clausius-Mossotti factor (CM
factor). The CM factor can be calculated such as [10]:

Ke (w) = 2= (3)

£p+2£;n
* io-P * iom
sp_ p_T: m_sm_T (4)1

where g, g, are the permittivity of particle and medium and
o, and o, the conductivity of particle and medium,
respectively, o is the angular frequency of the electric field,
Therefore, the CM factor depends on the permittivity and
conductivity of the medium and the characteristics of the
particle (cell membrane and cytoplasm), in addition to the
frequency of the applied electric field. These variables have
capability to change the sign and the magnitude of CM factor,
which would change the direction and scale down the
magnitude of DEP force.

The main idea of levitation is creating area at which the
electric field being weaker than the electric field at
surrounding areas. This principle is achieved when specific
signal applied on electrodes which would be explained in the
next sections. A particle subjected to an induced force by the
field [10]:

FDEP = 2me,, R3 Re [Ke]VE?  (5),

The electro-rotation is achieved when a rotating electric field
is applied on polarizable particle, where a dipole moment is
induced on particle as result of electric field [10],

P = 4me, R3KeE (6),

Afterwards, the dipole moment starts to rotate in conjunction
with the electric field but with some lag by a phase factor
related to the complex. A torque would be generated on
particles as a result of rotating electric field and induced
dipole moment [10],

T=— 4me,, R3Im [Ke]E? (7).

A model of a liver cell in a saline medium is shown in Figure
1. the difference between the liver cancer and normal liver
cells in this model is the dielectric properties of a cell.
However, the medium is constant but the change in dielectric
properties of particles will cause a change in the value of
Clausius-Mossotti factor (Ke), consequently, causes a change
in the induced DEP force on particles.
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Figure 1: A model of liver cells: the medium is saline
(6 = 0. 33% & &, = 78.69 [11]), for liver cancer cells

(R =50um [12], 6, = 0.67 = & £, = 58.5 [13]) and for
normal liver cells (R =20um [14], 6,, = O. 57% &e, =
53 [13]).

3. THE PROPOSED ELECTRO-
KINETIC PLATFORM

The proposed electro-kinetic platform combines three
configurations which are traveling, electro-rotation and
levitation to be able to distinguish between biological cells
through multimethod for more efficiency. The twDEP
configuration microelectrodes array can be implemented using
several shapes, 1) a concentric rings structure [15], 2) a planar
linear interdigitated array [16]. The micro- electrodes for DEP
levitation are categorized as three types: a cone plate
levitation system, Ring dipole levitation system and a
quadrupole levitation system [9]. The microelectrodes for
electro-rotation mainly based on four poles to generate a
rotating electric field, different shapes are used, i.e. concentric
rings configuration [15], octode [17], arrows (quadrupole and
octupole) [18]. The concentric rings design is preferred for
microelectrodes  of  traveling and electro-rotation
configurations due to several advantages such as permits
designing long electrodes in a small area that leads to
minimizing the size of the lab-on-a- chip platform.
Furthermore, it increases the intensity of electric field due to
its roundness. Furthermore, it is compatible with PCB
technology. The quadruple design is preferred because of it is
compatible with PCB technology, unlike other designs which
are very complex.

4. 2D MODEL OF ELECTRO-KINETIC

PLATFORM

COMSOL Multiphysics 5.0 is preferred for simulating the
twDEP microelectrodes and liver cancer and normal cells.
The stages of the model will be illustrated in the following
subsections, which contain a preprocessing stage including
space dimension, applied physics and study, and a processing
stage including the geometry, materials and applied physics
conditions as shown in Figure 2 [19].



Preprocessing stage: Space dimension: 2D

Physics modules:
Electric currents module = Frequency domain study
Creeping flow = Stationary study

Particle tracing for fluid flow - Time dependent

+

Processing stage: Geometry: the three configuration
(Traveling, Electro-rotation and Levitation)
microelectrodes are built as shown Figure 3.

Materials:

Copper = twDEP microelectrodes
FR4-TG130 - platform substrate
Saline 2 medium of particles
liver cancer and normal cells > Particles
Applied physics:

Creeping flow (medium): the dielectric properties of
saline as shown in Figure 1

Particle tracing (particles): the dielectric properties of
liver cancer and normal cells as shown in Figure 1

Electric currents (microelectrodes):
10V, 100KHz Square wave signal

with phase with specific sequence for each
configuration as shown in Figure 3

Building Mesh:

normal physics controlled mesh

Run study

Figure 2: Flow Chart of COMSOL model.

The geometry of the three configurations of the proposed
electro-kinetic platform is presented in Figure 3. The
microelectrodes of traveling configuration are consisting of a
four concentric ring (for simplifying the model but in real this
four rings must have repeated more than one to get an
efficient electric field) each ring has 150pum in width and
150pum in between two successive rings as shown in Figure 3

(A).
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Figure 3: A geometry of the three configurations and the
applied electrical potential, A) microelectrodes of traveling
configuration, and B) microelectrodes of Electro-rotation
configuration, and C) microelectrodes of levitation
configuration.

The microelectrodes of electro-rotation configuration are
consisting of a four concentric ring (for simplifying the model
but in real this four rings must have repeated more than one to
get an efficient electric field) each ring has 150pum in width
and divided into a four arcs and 150pum in between two
successive rings as shown in Figure 3 (B). Furthermore, the
concentric rings for electro-rotation configuration are
supported by four poles to increase the intensity of electric
field at center as shown in Figure 3 (B). The microelectrodes
of levitation configuration are consisting of four poles each
pole has 100pm x 100pm size and 100um in between every
two poles as shown in Figure 3 (C).

5. SIMULATION RESULTS

In this part, the detailed results were presented to prove the
ability of the proposed electro-kinetic platform based on PCB
technology to detect and characterize the liver cancer cells
from the normal liver cells. All figures are produced by
COMSOL unless otherwise stated. The applied electrical
potential on the three configurations of the electro-kinetic
platform is presented in Figure 4, where the red of the color
legend indicates to 100KHz square wave 10v 0° phase, while
the blue indicates to 100KHz square wave 10v 180° phase,
however, the green indicates to 100KHz square wave 10v 90°
phase and 270° phase (is represented in the imaginary part, not
zero). In addition to the electric field which is generated by
the three configurations (traveling, electro-rotation and
levitation) of the electro-kinetic platform is presented in
Figure 4. The generated electric field is considered a good
indicator of the efficiency of the electro-kinetic platform.
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Figure 4: The applied electrical potential on: A)
microelectrodes of traveling configuration, C)
microelectrodes of electro-rotation configuration, and E)
microelectrodes of levitation configuration. The generated
electric field of: B) microelectrodes of traveling
configuration, D) microelectrodes of electro-rotation
configuration, and F) microelectrodes of levitation
configuration.

x—7

Figure 5: the spread of liver cells above microelectrodes of
levitation configuration, A) random before applying
electrical potential and B) trapped after applying electrical
potential. The migration of liver cells above
microelectrodes of traveling configuration, C) before
applying electrical potential and D) after applying
electrical potential.

Both types of liver cancer cells acquired kinetic energy as a
resultant of the induced DEP force which forced the cells to
move over platform as shown in Figure 5. Figure 5 (A) and
(B) shows the migration of liver cells above the
microelectrodes of traveling configuration. While Figure 5 (C)
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and (D) shows the trapping of liver cells above the
microelectrodes of levitation configuration. The rotation
motion does not appear in the model due to the circular shape
of liver cells. Figure 5 shows the ability of the proposed
electro-kinetic platform to manipulate the liver cancer cells.

Each of Figure 6, Figure 7 and Figure 8 shows a comparison
between the liver cancer cells and the normal liver cells in
DEP force, kinetic energy and velocity which are generated
by the three configurations of the proposed electro-kinetic
platform to prove the ability of the proposed electro-kinetic
platform to characterize and separate the liver cancer cells and
normal liver cells.

e Figure 6 shows a comparison between the liver
cancer cells and the normal liver cells in the induced
twDEP force, the acquired kinetic energy and the
velocity of migration of liver cells.

e Figure 7 shows a comparison between the liver
cancer cells and the normal liver cells in the induced
DEP rotation force, the acquired kinetic energy.

e Figure 8 shows a comparison between the liver
cancer cells and the normal liver cells in the induced
DEP levitation force, the acquired Kinetic energy and
the velocity of trapping of liver cells.
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Figure 6: A comparison between the liver cancer cells and
normal liver cells under effect of twDEP force in: A) the
average induced DEP force on normal liver cells, B) the
average induced DEP force on liver cancer cells, C) the

average acquired kinetic energy by normal liver cells, D)

the average acquired Kkinetic energy by liver cancer cells, E)
the variance velocity of normal liver cells, F) the variance
velocity of liver cancer cells.
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Figure 7: A comparison between the liver cancer cells and

normal liver cells under effect of DEP rotation force in: A)

the average induced DEP force on normal liver cells, B) the
average induced DEP force on liver cancer cells, C) the
average acquired kinetic energy by normal liver cells, D)
the average acquired Kkinetic energy by liver cancer cells.
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Figure 8: A comparison between the liver cancer cells and
normal liver cells under effect of DEP levitation force in:
A) the average induced DEP force on normal liver cells, B)
the average induced DEP force on liver cancer cells, C) the
average acquired kinetic energy by normal liver cells, D)
the average acquired Kkinetic energy by liver cancer cells, E)
the variance velocity of normal liver cells, and F) the
variance velocity of liver cancer cells.
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Each of Figure 6, Figure 7 and Figure 8 shows the follows:

e The induced DEP force on the liver cancer cells that
is generated by the three configurations (traveling,
electro-rotation and levitation) of the proposed
electro-kinetic platform is greater than the induced
DEP force on the normal liver cells.

e  The acquired kinetic energy by the liver cancer cells
that is generated by the three configurations
(traveling, electro-rotation and levitation) of the
proposed electro-kinetic platform is greater than The
acquired kinetic energy by the normal liver cells.

e  The variance velocity of the liver cancer cells that is
generated by the two configurations (traveling and
levitation) of the proposed electro-kinetic platform is
slightly greater than the variance velocity of the
normal liver cells.

Consequently, the proposed electro-kinetic platform able to
characterize the liver cancer cells.

6. CONCLUSION

A 2D model of the three configurations of the proposed DEP
electro-kinetic platform based on PCB technology for
manipulation and characterization of liver cancer cells is
presented and discussed. The simulation results show that the
proposed electro-kinetic platform able to manipulate and
differentiate the liver cancer cells from the normal liver cells
by the comparison in the induced DEP force, the acquired
kinetic energy and the velocity. The proposed electro-kinetic
platform based on PCB technology is a good candidate to
manipulate and characterize the different biological particles
with high efficiency such as liver cancer cells. In the future
work, the proposed electro-kinetic platform will be
implemented to confirm the concept of the paper by
experimental results.
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