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Dielectrophoretic separation of biological particles
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We present a numerical study of biological particles separation, we have proposed earlier, by
making use of the force that arises because of particle polarization in an alternating inhomogeneous
electric field, when a cell suspension moves along a separating channel. Since particle polarizability
depends on the physical and biological properties of particles, dielectrophoresis allows biological particles
to be separated from particles of other nature or intact cells from the damaged ones. Electric fields,
particle trajectories, and threshold values of the cell polarizability, which serves a criterion for particle
separation, are calculated for different values of channel parameters and particle size. A dimensionless
criterion of similarity that relates the parameters mentioned above is proposed. This criterion can be used
for selecting optimal parameters of the separating channel.

Introduction

The possibility of making biological particles to
move, attract, or repulse is very important in solving many
medical and biological problems, such as separation and
identification of biological particles, detection of
cancerous cells, concentration of cells in diluted
suspensions, and separation of cells in accordance with
their specific properties. The effect of dielectrophoresis
(DEP) is very promising for solution of the above
problems. The main idea of the effect is as follows.

A particle in a dielectric medium becomes
polarized under the action of an alternating electric
field. If the electric field is inhomogeneous, then the
polarized particle undergoes the action of the DEP
force. Depending on the frequency of the electric field
and dielectric properties of the cells and medium, the
force can be directed along the field gradient or
opposite to it. These cases correspond to positive and
negative dielectrophoresis. 12

Dielectrophoresis allows separation of biological
particles from particles of other nature or intact cells
from the damaged ones.!3 References 4—6 describe the
application of DEP to separation of cancerous cells of
different types in blood. Moreover, the sensitivity of
the method allows the first stages of the virus—cell
interaction to be studied.?-8

A device for separation of particles with the help
of dielectrophoresis34 includes a channel with a
rectangular-shaped cross section formed by two glass
plates. A number of parallel electrodes are located on
the inner surface of one of the plates. The liquid with
suspended particles flows along the channel normally to
electrodes, to which the alternating voltage with the
frequency of 50-250 kHz is applied. In this case the
cancerous cells are affected by the DEP force directed
toward electrodes. Thus, they are caught and can be
removed after the voltage is turned off. In such a way,
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particles are separated into two fractions in accordance
with their physical and biological properties affecting
the polarizability.

_____

Fig. 1. Channel for separation of particles with the help of
dielectrophoresis: plates 7 and electrodes 2.

Figure 1 shows the new separating channel,?
which differs from that described above by the
arrangement of electrodes. The electrodes are on both
plates that face each other while at some angle to the
suspension flow vector. The frequency of the electric
field corresponds to negative DEP, i.e., particles are
repulsed from electrodes. If the DEP force compensates
for the component of the force of viscous friction that is
normal to the electrode, then the particle moves along
this electrode toward a device for cell counting.
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Otherwise, the particle moves along with the flow
toward the next electrode. The more downstream is the
electrode, the higher is the voltage applied. Thus,
particles with lower polarizability can be affected. The
described separating channel allows operation in a
continuous mode with the number of separated fractions
equal to the number of electrodes.

The efficiency of particle separation into fractions
and the threshold wvalues of particle polarizability
depend on the width of a gap between the plates, the
distance between the electrodes and their width, the
voltage applied to the electrodes, the liquid flow rate,
and the particle size. To choose an optimal design of
the device, we should know the relation between these
parameters. Toward this end, it is worth using
mathematical simulation, since it allows estimating the
characteristics of different versions of the device to be
done without making them and without time-consuming
experiments. In this paper, we study numerically the
separation of particles by their polarizability in the
device described above.

Methods of calculation

The potential ¢ of the electric field was calculated
in the 2D region shown in Fig. 2 by numerical solution
of the Laplace's equation

AD=0 )

using the Libman finite-difference iteration method. 10
The boundary conditions were determined by the
geometry of the separating channel and the voltage
across the electrodes. Figure 2 shows the equipotential
lines calculated for the following parameters of the
channel: the gap between the plates H = 100 pm, the
width of an electrode and the distance between the
electrodes D =100 um, the voltage across the
electrodes U = + 20, +40, and +60 V.

+40 V +60 V

=
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+20 V

Fig. 2. Equipotential lines of the electric field in the separating
channel (H =100 pm, D =100 pm; U =+ 20, + 40, + 60 V).

A particle undergoes polarization in the electric
field, i.e., acquires a dipole moment:

p=¢g¢ea,E, 2)

where €, is the electric constant; € is the dielectric
constant of the medium; aj is the polarizability of a
particle; E = — grad ¢ is the electric field strength. The
force of the inhomogeneous electric field acting on a
polarized particle is proportional to the gradient of the
potential energy of a dipole:
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F = grad (pE) = gy € a, grad (E OE). (3)

The resulting DEP force acting on a particle
submerged in water can be written as

F =gy e (a, — ayn) grad (EE) =
=gy e, grad (E[E), 4)

where ay, is polarizability of water molecules; n is the
number of water molecules displaced by the particle; o,
is the effective polarizability of the particle.

The liquid acts on the particle with the Stokes
force of viscous friction

Fy = 3mnd,(Vy, = V), (5)

where n is the viscosity of water; d,, is the particle
diameter; V|, is the particle speed; V', is the water flow
rate.

We should also take into account the gravity

Tt
Fg = g dgg(pp - pw)v (6)

where g is the acceleration of free fall; Pp is the particle
density; p, is the density of water.

Inertia of particles in water can be neglected,
because the relaxation time of particles at characteristic
values of the particle size, flow rate, and viscosity is
much less than the characteristic time of particle
motion in the device.

If the direction of the gravity coincides with the
direction of flow in the device and the direction of the
axis x, then the equations of particle motion can be
written in the following form:

dr e grad (E [E) + T[dgg(pp ~pw)/6

= S, +Vy, D
dy Oegrad,(ELE)

e~ 3md, ®

V=15 Vo {1 - [(2y - H) /HI?}, €)

where V., is the rate of the laminar viscous flow, Vj is
the mean flow rate in the device.

The equations of particle motion (7) and (8) were
integrated numerically using the fourth-order Runge —
Kutta method.

Results

Typical trajectories of particles are shown in
Fig. 3. The calculations were made for the following
values of the parameters: the gap between the plates
H =100 pm; the width of the electrode and the
distance between the electrodes D = 100 um; the
voltage across the electrodes U = + 20 V; the mean flow
rate in the device V= 20 pm /s; the particle diameter
d, = 7.2 pm; the particle density p, = 1.05 g/ cm3.
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Fig. 3. Trajectories of  particles near the electrodes

(U=%20V).

It is easy to see that under the effect of DEP
forces the particles move to the central plane of the
channel regardless of their initial position. Near the
electrode edge, where the repulsive force is maximum
the particle stops, if the DEP force is equal to the sum
of the gravity and viscous friction forces. Extrusion of
particles to the central plate by the electric field
provides high quality of separation into fractions,
because all particles near the electrode find themselves
in roughly the same position (in the coordinate y)
regardless of their initial coordinate at the entrance
cross section of the channel.

Figure 4 shows the calculated trajectories of
particles at the voltage of 20, 40, and 60 V across the
electrodes and different values of the polarizability. It
is easy to notice that particles with the effective
polarizability d, =-1.1900718 m3 stop before the
electrode with the voltage of 20 V, the particles with
O, =—0.697 M08 and —0.34907 '8 m3 are caught
near the electrode with the voltage of 40 V, etc. It is also
seen that the particles stop just at the electrode edges
(in the coordinate x). If a particle does not stop here, it
moves along with the flow to the next electrode.

# 1 2 3 4 S 6 7
—o 008 md 119 0.697 0.349 0.279 0.209 0.139 0.07

+20V +40 V +60 V

1 3 56 7
W
20V —40 'V —60 V
Fig. 4. Trajectories of particles in the separating channel.

The threshold value of the effective polarizability
Ogc can be determined in the following way. The
particles with o, < agc are kept at an electrode by the
DEP force, whereas the particles with o, 2 agc
continue to move with the flow. The threshold values
of the effective polarization were calculated by the
method of bisection for different values of the voltage
U, channel height H, particle diameter dp, mean flow
rate Vi, and the electrode width and interelectrode
distance D. Besides, for every set of parameters the
dimensionless parameter EV was calculated. This
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parameter is the ratio of the characteristic DEP force
acting on a particle to the force of viscous friction

B AEc UZ/(HZD) .
- 3T[I']de0

As an illustration, the Table presents some calculated
results for different sets of the initial parameters.

(10)

Table. Threshold values of the effective polarization
and the dimensionless parameter of similarity EV

HOo0S,|DOos,| 4,008, | Vo005,
agc, m3 U, v m m pIn m/'s EV

Pp=1g/cm3, py,=1g/cm3

—4.8700720 80 100 50 10 20 -0.237
—4.3300720 60 100 50 S5 20 -0.237
—4.8800719 40 100 50 10 20 -0.238
-1.5600717 20 200 100 10 50 -0.237
pp = 1.05 g/cm3, py =1 g/cm3
-1.060071Y 80 100 100 10 20 -0.258
-2.4900720 80 100 50 5 20 —0.242
-1.6900718 20 100 100 10 20 -0.259
-3.9800719 20 100 50 5 20 —0.242

The calculated results have shown that the
threshold value of the effective polarization at constant
parameters of the separating channel H, D, and V|
depends only on the voltage across the electrodes U and
particle size. The threshold value of the effective
polarization agc for particles of the same size can be
obtained by applying the corresponding voltage U. The
calculated results (in particular, those given in the
Table) show that if the particle density coincides with
the density of water (no effect of the gravity), then the
parameter EV O— 0.24 is independent of H, D, U, and
Vo, i.e., it is the parameter of similarity for the
separating channel of this type. The values of EV
calculated for particles with the density 1.05 g/cm3
depend on the particle diameter, but only slightly (the
values of EV calculated at d, =5 and 10 pm differ
roughly by 6%). Consequently, the value of the
dimensionless parameter EV O— 0.24 can be used for
estimating the threshold value of the effective
polarization ogc at different geometrical parameters of
the separating channel and electrodes, voltage, and
particle size.

Conclusion

Thus, we have developed a mathematical model of
separation of particles in an inhomogeneous electric
field. The dimensionless parameter of similarity EV has
been proposed that allows estimating the geometrical
parameters of the separating channel, flow rate of the
cell suspension, and voltage across the electrodes that
are needed for separation of particles at a given
threshold value of the effective polarization.

It should be noted that the DEP force manifests
itself in various non-conducting media. So, this method
can be wused for separation and identification of
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particles in air (aerosols) or space.%!! Since the number
of displaced molecules in air is much less than that in
water, the DEP force in air depends practically on the
particle polarizability only. As a result, the particles
are always attracted to the nearest electrode. In this
case, the ratio of the dielectric and viscous forces acting
on a particle can be characterized by the parameter of
similarity EV with the allowance made for the
viscosity, density, and polarizability of air.
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