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Abstract
Objective: We present a four-branch model of the dielectrophoresis (DEP) method that takes into consideration the
inherent properties of particles, including size, electrical conductivity, and permittivity coefficient. By using this model,
bioparticles can be continuously separated by the application of only a one-stage separation process.

Materials and Methods: In this numerical study, we based the separation process on the differences in the particle
sizes. We used the various negative DEP forces on the particles caused by the electrodes to separate them with a high
efficiency. The particle separator could separate blood cells because of their different sizes.

Results: Blood cells greater than 12 ym were guided to a special branch, which improved separation efficiency because
it prevented the deposition of particles in other branches. The designed device had the capability to separate blood cells
with diameters of 2.0 ym, 6.2 ym, 10.0 um, and greater than 12.0 ym. The applied voltage to the electrodes was 50 V
with a frequency of 100 kHz.

Conclusion: The proposed device is a simple, efficient DEP-based continuous cell separator. This capability makes it
ideal for use in various biomedical applications, including cell therapy and cell separation, and results in a throughput
increment of microfluidics devices.
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Introduction

The field of microfluidics, microfabrication, and
research on miniaturized fluidic systems has been
developed by 4 main factors: genesis microanalytical
methods, microelectronics industry, an expansion of
genomic sciences in the 1980s, and development of
microfluidic systems for use in biological and chemical
weapons in the 1990s (1). For the first time, researchers
used microfluidics in the lab-on-a-chip (LOC) devices at
the beginning of the 1990s (2). LOC has the capability
to run various functions such as microparticle separation
and sorting, cell culture, and analysis. An important
application of LOC microfluidic devices is the analysis
of blood cell components for subsequent applications.
Microfluidic devices are used in the chemical industry,
to separate micron size objects, mineral processing,
biological researches, and diagnostics processes (3).
Studies of diagnostics processes have focused on
separation of dead cells from living cells and cancer cells
from healthy cells.

The mechanical properties and connections among cell
structures are important factors for sorting and separation
of certain cells from other cells. It has been proven
that some diseases such as malaria and gastrointestinal
tumours change the mechanical deformability of the cell.
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Thus, cells can be separated by the use of mechanical
properties such as elastic modulus and cell size (4). For
example, normal red blood cells pass through blood
capillaries; however, those cells infected by malaria
parasites cannot circulate in the bloodstream because
they are approximately 50 times harder than healthy
blood cells, which leads to blocking of the capillaries (5).
Similarly, epithelial cancer cells have different physical
properties compared with healthy cells.

Cell separation techniques that use microfluidics
can be divided into 3 categories: passive, active, and
combined. Examples of passive techniques applied for
cell or microparticle separation include pinched flow
fractionation (6), inertia and dean flow fractionation
(7), micro vortex manipulation (8), deterministic lateral
displacement (9), hydrodynamic filtration (10), and micro-
hydrocyclone (11). Examples of active techniques include
dielectrophoresis (DEP) (12), and magnetic (13), optical
(14), and acoustic techniques (15). In general, active
methods use an external force field in their performance
while passive methods do not use the external force field.
The structure of devices that use passive techniques are
simpler than active techniques, but the throughput of
active techniques is more. The devices that use passive
techniques are usually massive.



Table S1 (See Supplementary Online Information at
www.celljournal.org) compares some of the cell sorting
and isolation methods. Both electrical and acoustic
methods have advantages of strong controllability, high
efficiency, ease of operation, slight damage, and low cost
when compared to other methods. These methods are
suitable for the separation and sorting of bioparticles. In
this research, we have attempted to manipulate human
blood cells using the DEP method.

In the early 20" century, researchers first discussed
the DEP phenomenon. In 1951, Pohl (16) studied the
separation of solid particles from a polymer solution
that resulted from polarization forces produced by the
activation of an inhomogeneous electric field, which
they named "dielectrophoresis". With the development of
micromachiningtechnologies and microelectromechanical
systems at the beginning of the 1990s, researchers
integrated electrochemical functions into chips, which
enabled manipulation of cells, microparticles, and
nanoparticles (2). Kim et al. (17) positioned 2 sets
of electrodes at different angles for dielectrophoretic
cell separation. They tagged target cells with DEP tags
(polystyrene beads) and conducted the buffer and sample
to the microchannels. In this way, they used a multi-target
DEP activated cell sorter (MT-DACS) chip to separate
tagged bacterial cells from non-target cells with a high
purity. In 2011, Piacentini et al. (18) proposed focusing
the particles on one side of the main microchannel using
a buffer solution. Platelets were separated from red and
white blood cells based on their size difference using a
single-stage separation with a nonuniform electric field
generated by ‘liquid electrodes’. This resulted in a purity
0f98.8%. In2013, Li et al. (19) converted the electric field
generated by a DC power supply to a local nonuniform
electric field in an S-shaped curved microchannel by
using both a microchannel curvature and obstacles. In
this method, 10 and 15 polystyrene particle suspensions
diluted by deionized water were injected into the inlet
microchannel, and resulted in a successful, efficient
particle separation. By the end of 2014, Lewpiriyawong
and Yang (20) aligned 5 polydimethylsiloxane (PDMS)
insulating blocks along one side of a main microchannel
to induce a nonuniform electric field. Then, the buffer
solution and samples that comprised one type of fluorescent
particle and 2 types of nonfluorescent particles were injected
into the microchannel inputs. Cell mixtures of 3 sizes (2 um,
5 pm, and 10 pm) were separated at a separation efficiency
of 99%. In 2016, Ye et al. (21) developed a device that
applied the DEP method to separate samples, including the
3 pum, 10 pm, and 25 pm polystyrene microparticles. The
multiple particles were separated continuously using a pair
of acupuncture needle electrodes embedded in a PDMS as a
hurdle in the microchannel, which resulted in more than 90%
separation purity. In 2018, Kale et al. (22) presented a DEP-
based device that manipulated latex beads with a diameter of
5 um. The performance of the latex beads was evaluated as a
function of the applied voltage.

After an investigation of the presented previous works,
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we have developed a relatively simple and efficient
model. This model is based on the insulator-based DEP
method, where the electric field gradient is produced by
the applied alternating electric current to the electrodes.
The induced force generated by the gradient electric field
results in separation of particles with different sizes. For
this purpose, the applied alternating voltages to electrodes
are approximately 50 V and -50 V. As a result of the
hydrodynamic pressure difference between the input and
output zones of the main microchannel, the fluid flows in
the microchannel and the fluid driving force is applied to
the cells. The DEP forces depend on the size of cells. Both
the DEP forces and fluid driving force are simultaneously
applied to the cells, which causes them to separate.
Therefore, by taking into consideration cell size, the cells
are moved into the different branches in the downstream
main microchannel.

This work has major advantages compared with
previous works. In prior works, the multi-branch model
ofthe DEP method was used to separate the latex particles
and other test particles, and the separation of blood cells
using this method is offered. In the current study, we
have used the simple, efficient electrode structure to
separate blood cells based on their size. In the current
work, separation of the platelets from the white blood
cells (large lymphocytes and neutrophils) and red blood
cells is a continuous, one-step process done by the AC-
DEP technique, in contrast to multiple steps used in
most of the previous works. Previous studies have used
a maximum of 3 branches for the multi-branch model of
the DEP method to separate the blood cells. However, if
these models could lead to deposition of the blood cells
with sizes greater than 12 pm. Offering a four-branch
model of the DEP method, resulting in the capability of
the proposed design to separate the blood cells with sizes
greater than 12 um using the fourth branch. This could
improve separation efficiency and prevent deposition
of the particles in the other branches. In the present
research, we considered both large lymphocytes and
neutrophils to separate the white blood cells from the
other blood cells. The neutrophils are the most common
white blood cell type, and lymphocytes are the second
most common in most mammals (23). The most recent
studies have only separated one type of white blood cell
from the other blood cells. With regards to the various
sizes of white blood cells, it seemed necessary to take
both types of white blood cells into consideration for a
more accurate separation.

Materials and Methods
Dielectrophoretic force exerted on spherical particles

In this numerical study, we considered a variable electric
potential with an angular frequency, ®, to produce an
alternating electric field (AC). The alternating electrical
potential is defined as:

D(x,H)=Re[D (x)e] [1]
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Where: Re[] is the real part of the complex variable (@),
o is the angular frequency, t represents time, j is defined
as: j=\(-1), x is the position vector, and the symbol @
represents the potential phasor, regarding the relationship
between electric potential and field, that is (24):

E=V0Q (2]
The alternating electric field is obtained:
E(x,t)=Re[E (x)&] [3]

In [3], E is the electric field phasor. The time-averaged
DEP force on the spherical particles in an alternating
electric field is calculated as below (24, 25):

(Fypp )=2me_Re[f ]R*VE 2 (4]

Where:¢ indicates the time-averaged DEP force,
E_ . represents the root-mean-square magnitude of the
alternating electric field, ¢ is the electric permeability
coefficient of the medium, and f_ is the Clausius-Mossotti
factor, which is defined as follows (24, 25):
f.E.,E)E € JE T28) [5]
Where: p indicates the particle, m represents the

suspending medium, and € is the complex permittivity,
which is defined as (24):

te=¢-j(o/o) (6]

Where: ¢ is electrical conductivities and ® is angular
frequency. According to the dielectrophoretic force
formula, the following points are notable in the numerical
study of particle separation: i. The dielectrophoretic
force is a nonlinear function because it is proportional to
the square of the electric field, ii. The dielectrophoretic
force is proportional to the cube of the particle radius
(F,zp has the potential to separate the particles from
each other based on the difference in volume), and iii.
The dielectrophoretic force is proportional to f , and
the Clausius-Mossotti factor is proportional to & , and €
Therefore, F_, can distinguish particles and cells based
on their complex permittivity.

Inserting equation [6] into [5], results in:
fcm=((8p—8m)+j/u)(csp—cm))/((sp+28m )+j/w(0p+20m)) [7]

Which indicates that in the high angular frequency limit,
the Clausius-Mossotti factor depends on the dielectric
permittivity of the suspending medium and the particle as:

lim = (8 -€, )/(s +2¢ ) [8]

(0—x) cm

In contrast, in the low angular frequency limit,
the Clausius-Mossotti factor depends on electrical
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conductivities of both the particle and the liquid medium:

lim = (cs -G, )/((5 +20 ) [9]

(0—0) cm

Dielectrophoretic force on the spherical shell

The dielectrophoretic force is used in different methods
according to the literature. In a report by Li et al. (26),
patterning micro-electrodes is within the microchannel
by using photolithography, namely, a metal-electrode
based DEP (eDEP). Consequently, metal electrodes are
fabricated. In this method, it is necessary to apply the
AC voltage to the electrodes because separation requires
the electric field gradient. The main disadvantages of
this method are the complexity of manufacturing and
the chemical reactions of the electrodes. To tackle this
problem, an alternative method is suggested, insulator-
based DEP (iDEP), where the direct voltage is used to
create the electric field gradient. iDEP applies methods to
create obstacles in the microchannel and uses curvature in
the microchannel. Straight microchannels with electrode
obstacles have some limitations such as the effect of excessive
shear stress applied on the particles, joule heating effect, and
creation of local nonuniform electric fields. If the insulating
curved microchannels are used (i.e., circular, serpentine,
spiral etc.), the limitations are relatively less. It should be
noted that, in the alternative method, the applied voltage to
the electrodes is direct and greater than the first method (19).

The eDEP-based separation methods have many
applications in the fields of chemical and biochemical
processes, such as separation and sorting of fine particles
(i.e., proteins, carbon-nanotubes, viruses). iDEP-based
sorting methods are proper for separation of bioparticles such
as bacteria, RNA, and DNA (27). The structure of biological
particles is more complex compared with solid homogeneous
spherical particles. Therefore, the nonhomogeneous spherical
particle model should be capable of calculating the DEP force
exerted on the bioparticles. The concentric multi-shell model
is widely used for calculation of the DEP force that acts on
biological particles. In the simplest case, a cell is considered
to be a spherical single-layer model. In this case, as shown in
Figure S1 (See Supplementary Online Information at www.
celljournal.org), the layered particle model is substituted
as a homogenous particle with an equivalent radius and
permittivity.

According to the description provided, the complex
permittivity of particle & is replaced with equivalent
complex permittivity € . . Thus, the effective complex
permittivity of € €, is substituted in the Clausius-Mossotti
factor, which is defined as (24):
£, €, €)= €)I(E 12 ) [10]

Where (24):
=& [(@+2(E,-8)(E,+28 )(@-(E,-E)(EF2E))] [11]
and 'a' is defined as R1/R2 .



Cellular interior conductivity and permittivity
can be measured with the electrorotation method. In
this method, the rotation of cells is measured under
the influence of the torsional torque generated by
the rotational electric field as a function of electric
field frequency. In order to estimate the dielectric
properties of cells, the measured spectral data is fitted
to a curve using the optimization of single-shell model
parameters (28). The Clausius-Mossotti factor can be
calculated using the estimated dielectric properties
of the cells. Table 1 lists the dielectric and physical
properties of platelets, red blood cells, neutrophils,
large lymphocytes and their suspension medium,
including the cell diameter (d), membrane thickness
(t), the specific membrane capacitance (C_ ), the
internal electrical conductivity (o, ), the internal
relative permittivity (g, ), the membrane electrical
conductivity (c_ ), and the membrane relative
permittivity (g __ ).

Figure S2 (See Supplementary Online Information
at www.celljournal.org) shows the DEP spectra of
spherical particles with a single-shell model for
dielectric properties of blood cells using the medium
with a conductivity of 55 mS/m, where the Clausius-
Mossotti factor is computed in the MATLAB software
with a single-shell model. The real part of the Clausius-
Mossotti factor ranges from -0.5 to 1 and can increase
or decrease the DEP forces. If the Clausius-Mossotti
factor takes a positive sign (P-DEP), the particles are
attracted to the higher electric field zone; if the factor
takes a negative sign, the particles are attracted to the
lower electric field zone (N-DEP).

When the applied electric field frequency is less than
100 (KHz), the Clausius-Mossotti factor for platelets,
red blood cells, neutrophils, and large lymphocytes
will approach -0.5 and, consequently, the blood cells
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experience N-DEP forces. According to equation [4],
the dielectrophoretic force is proportional to the cube
of the radius, and this results in the separation of blood
cells in the downstream branches of the microchannel.

Modelling and simulation

The medical importance of this study is to purify
blood cells concentration at the microfluidic chip outlets
to further biological investigations for diagnostic
and therapeutic studies. The proposed separation
method could be replaced by a fluorescence-activated
cell sorter (FACS) for biomedical applications or
differential cell counters in haematology analysis in
medical laboratories. Furthermore, the designed chip
can also be used as a home-use device for personalized
medicine.

The schematic design of the microchip is shown in
Figure S3 (See Supplementary Online Information at
www.celljournal.org). There are two inlet branches and
four exit branches in the design, which are connected
to input and output reservoirs. The input reservoirs are
for injection of buffer solution and samples into the
microchannels "A" and "B", respectively. The length of
the main microchannel is 1400 pm and the width of the
microchannel is 300 pm. Microchannel "B" is 150 pm
wide. The widths of the branch microchannels "C", "D",
"E", and "F" are 120 pm, 100 pm, 120 pm and 100 pm,
respectively. Each of the microchannels has a depth of
50 um. The electrodes are placed on the right side of the
microchannel. Electrodes 1 and 2 have a width of 170
um and 40 pm, respectively. The electric fields can be
calculated by the Laplace equation (equation [12]). In
the mentioned schematic, the insulated microchannels are
connected to the reservoirs and the electrodes that apply
the AC electric fields on the passing fluid through the
main microchannel.

V20 =0 [12]

Table 1: The dielectric and physical properties of different blood cells and their suspension medium

Property Platelets Red blood cells Neutrophils Large lymphocytes Suspension
medium

Diameter (d, pum) 2.0 (18,29) 6.2 (30) 10.0 (31, 32) 12.0 (32, 33)

Thickness (t, nm) 8(34) 8 (35) 7 (36) 7 (36)

C,. (mF/m?) 7.9 (34) 8 (36) 11 (37) 16.2 (38)

o, (S/m) 0.16 (34) 0.31 (39) 0.6 (37) 0.83 (38) 0.055

. 50 (34) 59 (39) 150.9 (37) 73.2 (38) 78

G, . (S/m) le-7 (34) le-6 (39) 1.4e-7 (37) 1.4e-7 (38)

. 7.2 (34) 4.44 (39) 8.7 (37) 12.8 (38)
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Where: @ is defined as the phasor of the alternating
electrical potential applied on the electrodes.

In the proposed design (Fig.S3) (See Supplementary
Online Information at www.celljournal.org), the Reynolds
number is extremely low; therefore, the inertial term in
the Navier-Stokes equation can be omitted, resulting in:

uv? u=Vp [13]

Where: u is the fluid velocity, Vp is the pressure
gradient, and p is the dynamic viscosity. For the walls of
the microchannels, we considered the no-slip boundary
conditions. The flow velocities at the input "A" and “B”
are fixed and the output flow at positions "C", "D", and
"E" flows within the exited reservoirs with zero gauge
pressure. We took into consideration the following
assumptions for conducted simulation: i. The fluid flow has
very low Reynolds number values (Re<<1) and the inertial
term in the Stokes equations is dropped. Consequently,
the fluid flow is considered a type of creeping flow, ii. The
fluid flow is diluted to the extent that the effect of particle
interaction is ignored and the particles do not exert any
significant force on each other. In addition, the coupling
between the fluid and particle phase is considered to be
one-way. Thus, there is negligible particle force on the
fluid, iii. The fluid flow is injected in the microchannel
from branches "A" and "B" (Fig.S3) (See Supplementary
Online Information at www.celljournal.org). The flow
field is planar and thus the "z" component of the velocity
is negligible compared with the two other components
of the velocities, iv. The chip is installed horizontally.
Consequently, the gravitational force can only cause
particle deposition, v. The walls of the microchannels and
the particles are not porous. Therefore, the effect of the
particles and the walls are considered impermeable solids,
and vi. The thermal gradient inside the microchannels is
relatively low and does not affect the particles and fluid
velocities.

The displacement changes of the particles can be
calculated by time integrating the particles velocity, as:
x (O=xHu (1) dt (0 t K1) [14]
Where: x_ (1) is the location of the microchannel liquid

outlet at the discharge hoses, x is the initial position of
the particle, and u, (t) is the particle velocity.

According to Newton’s law, the translational motion of
a particle is explained by (24):
F ~m (dup/ dt) [15]

Where: F_ is defined as the total of the superficial and
volumetric forces applied to the particles and m is
considered the particle mass.

The exerted drag force on a spherical particle is
calculated at a very low Reynolds number (Re<<1) by the
following relation according to Stokes low (40):
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F e 3T ud (u-u) [16]

Where: p is the dynamic viscosity, d is the particle
diameter, u is the fluid velocity, and u_is the particle
velocity within the fluid.

In the conducted design, it is assumed that the particles
move across the microchannels at a constant velocity.
Substituting equations [16] and [4] into equation [15], we
calculate the particle velocity as:

u=u-(¢ Re[f, ] R*VE_ *)/3u [17]

Results

The particle separation that resulted from the
dielectrophoresis force

Separation of platelets, red blood cells, neutrophils,
and large lymphocytes was simulated by the DEP field-
flow-fractionation in COMSOL Multiphysics software
(version 5.1; https://www.comsol.de/products). Both
forces of the flow focusing and the DEP affected the
particles’ trajectories and resulted in separation of the
cells according to size. The prepared sample and buffer
solution are injected into the downstream branches. Using
the applied hydrodynamic pressures on the inlet solutions,
the cells focused on the right side of the microchannel
and, at the same time, the dielectrophoretic voltage is
applied to the electrodes, which resulted in separation of
the particles.

Figure 1 shows the magnitude of the exerted
dielectrophoretic forces on the blood cells and the
resultant fluctuations of dielectrophoretic forces from the
alternating electric field can be seen in this figure.

|Fpgp—r| X 10712(N)

3.4} | — Platelets
3.2 | — Red blood cells

3 | — Neutrophils \‘
:: [ | — Large lymphocytes

2.4
22
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0.8
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0

0 0.5 1 15 2
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Fig.1: Comparison of the applied dielectrophoretic forces on platelets, red
blood cells, neutrophils, and large lymphocytes.

The slope of the beginning of the graph is almost zero,
whereas the slope of the end gradually decreased because
in these areas the effect of the electric field decreased
compared with surrounding areas and in a time decreasing
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nature. The maximum slope of the diagram occurred
during the time interval of 3.4 to 3.5 seconds because,
in this interval, the particles experienced the maximum
electric field gradient.

We used the proposed design for continuous separation
of'the cells, where the localized AC-DEP forces were applied
to cells located around the electrode blocks. Figure 2 shows
the electric field streamlines, exerted forces diagram on the
cell, and velocity magnitude distribution near the electrodes
for a cell that passed through the microchannels. The
particles were followed by the fluid flow streamlines because
the electrodes did not apply the alternating electric field to
the microchannels. In contrast, since an electric potential
was imposed on the electrodes, the electric field gradient
was created by the electrodes around the corners of the
electrode blocks, which resulted in the generation of the
DEP forces. In this design, the nDEP forces were exerted
on the cells, which caused them to be repelled from the
corners of the electrodes. Among the leaded cells, the
white blood cells had the largest size and experienced
the greatest nDEP force magnitude, and were conducted
to outlet channels "E" and "F". The red blood cells and
the platelets moved through the outlet channels "D"
and "C" respectively, and experienced the nDEP forces
proportional to their volumes.

%107 (m/s)
3

Fluid flow

Electrode block

EElecv.rical Field

Electrode block

Fig.2: Electric field streamlines, force diagram, and fluid velocity
distribution near the electrode blocks, where the blood cells are repelled
of zone with higher electric field and are carried by the hydrodynamic
force exerted by fluid.

Figure S4 (See Supplementary Online Information at www.
celljournal.org) shows the convergence plot of the absolute
error versus iteration number. The validation process is
performed for the steady-state condition of the fluid flow.
The Newton-Raphson method is used to correct the absolute
error terms of the momentum equations. To solve the
equations, the Newton-Raphson method starts with an initial
guess and continues to converge the obtained answer to the
exact answer with the desired precision. In Figure S4 (See
Supplementary Online Information at www.celljournal.org),
we show the absolute error plot of the fluid flow equation
solutions with an absolute error of 0.85, which continued
until it converged to an absolute error less than 1013,

In Table S2 (See Supplementary Online Information
at www.celljournal.org), the applied drag force on
the neutrophils is calculated in the middle zone of the
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microchannel (t=2.85 seconds after injection of the
particles). The results showed that magnitude of the
applied drag force on the neutrophils was independent of
mesh size for the normal to the fine grid sizes with an
uncertainty of 1 e -11 N. The magnitude of the drag force
was equal to 1.758 e -10 on average.

We used the geometrical model applied by Ye et al. (21)
to validate the simulation. The simulation showed that latex
particles (polystyrene microspheres) with diameters of 3
um, 10 um, and 25 pm were conducted into different outlet
channels. The path lines of the particles were compared with
the experimental path lines presented in the reference article.
Figure 3 shows a comparison of the two mentioned models,
where the applied frequency to the electrodes equalled 1 MHz
and flow velocity ratio between branch "A" and branch "B"
(inlets) equalled 4.2. Of note, the applied alternating voltage
on the electrodes could affect the magnitude of the applied
dielectrophoretic force on the particles (Fig.3A-D).

The relative error with respect to the experimental data
is expressed as:

a=|(P, - P,)/P, X100 [18]

Where: P, is the measured distance of the particles from
the upper wall of the microchannel branches and P, is the
calculated distance.

Considering that in Figure 3A, the 25 pum particles
did not cross through just one branch. Thus, in order to
measure P, in Figure 3A and P in Figure 3B, we took
into consideration the upper walls of both outlets "E" and
"D". According to our image processing, we assumed that
in Figure 3A, 80% of particles with a diameter of 25 um
passed through outlet "D".

Table 2 shows the magnitude of o for different sizes of
polystyrene microspheres with diameters of 25 pm, 10 pm,
and 3 pum for the 112.5 V and 150 V voltages applied to the
electrodes.

The results showed that the particle trajectory of the present
work was similar to that reported by Ye et al. (21), with
an acceptable deviation of 22.5%. This indicated that the
presented model could be used in the separation applications.
Therefore, we developed the model for 4 different size
channels in order to separate the 4 blood cell types.

It is important that the particle separation be independent
of the initial position of the released particles. We have taken
this into consideration in the design and it could affect the
separation precision. The released particles of the initial
various locations were separated successfully (Fig.S5) (See
Supplementary Online Information at www.celljournal.org).
The density and viscosity values of the buffer solution are
p~1000 Kg/m® and =107 Pa.s, respectively. According to
Figure S2 (See Supplementary Online Information at www.
celljournal.org), the electric field frequency is considered to
be 100 KHz. For this reason, the Clausius-Mossotti factor of
the cells approached -0.5.
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A

Outlet E

Infet A Outlet D

= (10um)

Inlet B

Inlet A

Outlet C
(3 pum)

Fig.3: A comparison of the presentation model in this manuscript with the presentation model by Ye et al. (21). A. The path lines of three size particles for
voltage of 112.5 V (experimental data reported by Ye et al. (21)), B. Prediction of the path lines of three size particles for voltage of 112.5 V (simulated data
is reported in this article), C. The path lines of three size particles for voltage of 150 V (experimental data reported by Ye et al. (21)), and D. Prediction of
the path lines of three size particles for voltage of 150 V (simulated data is reported in this manuscript).

Table 2: The magnitude of a for the polystyrene microspheres with different diameters and the voltages of 112.5 V and 150 V (21)

Voltage applied  Polystyrene Measured Calculated Corresponding  Average of the Overall average
to the electrodes microsphere distance of the distance of the relative errors relative errors of the relative
diameters (um)  particles from the particles from the (%) (%) errors (%)
upper wall (nm)  upper wall (nm)
25 13.0 9.5 26.9
112.5V 10 82.2 74.0 10.0 24.0
3 49.6 67.1 353
22.5
25 57.8 41.6 28.0
150.0 vV 10 36.1 432 19.6 21.1
3 554 46.6 15.8

We used the applied voltage to the electrodes to
generate the gradient of the electric field intensity (VE?)
in the microchannel. The DEP forces were created by the
gradient of the electric field intensity. Thus, in order to
continuously separate the cells that had high purity, it was
necessary to check the effect of the applied voltage on
the cell separation process (Fig.4A-C). The electric field
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gradient in the corners of the electrodes was higher than at
other places in the microchannels. Therefore, the particles
experienced more DEP forces in the corners of electrodes,
which resulted in cells that repelled from the corners.
According to equation [4], the DEP force is a function
of the gradient of the electric field intensity, the particle
volume, and the real part of the Clausius-Mossotti factor.



Thus, as the diameter and the applied voltage become
higher, repelling will increase.

Figure 4A-C shows separation of the blood cells. As
depicted in Figure 4A, by applying voltage and pressure
differences, the lymphocytes and the neutrophils were
simultaneously removed from outlet "E", the red blood
cells were removed from outlet "D", and the platelets
were removed from outlet "C". This indicated that the
particles did not experience successful separation from
outlet "E" because the applied voltage was not enough to
shift the larger particles further. Therefore, in this case,
the performed separation was not successful.

In the next mode (Fig.4B), we applied a higher voltage
to the electrodes. This applied voltage to the electrodes
was 120 V_ (peak-peak voltage). When the voltage was
applied, the lymphocytes were shifted and removed from
outlet "F" and the red blood cells were drawn toward the
upper wall of the microchannel branch (branch "D"). This
event increased the likelihood of the separation error.

Finally in the last mode, the applied voltage to the
electrodes was 100 V., F igure 4C shows successful
separation of the blood cells. The simulation results show
that the proposed design has the ability to separate the
blood cells based on cell size with high accuracy. For a
successful separation, it is necessary for the DEP and drag
forces to be properly employed.

A

N outletE
«  WBC (Lymphocyte) >
+  WBC (Neutrophil)

outlet D

Applied voltage = 80 V,,,

Upnax = 2500 %

outlet C

* / outlet F

« WBC (Lymphocyte) outlet E

+  WBC (Neutrophil)
RBC

outlet D

Applied voltage = 120 Vpp
m
Umax = 2500 MT

outlet C

Zahedi Siani et al.

outlet F

outlet E

e WBC (Lymphocyte)
¢ WBC (Neutrophil)
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Upnay = 2500 @

outlet C

Fig.4: The blood cell trajectory when the applied voltage to the electrodes
was: A. 80 Vpp, B. 120 Vpp, and C. 100 Vpp.

Discussion

We evaluated this design by simulating trajectories
of large lymphocytes (diameter=12.0 pm) (32, 33),
neutrophils (diameter=10.0 pm) (31, 32), red blood
cells (d=6.2 pm) (30), and platelets (d=2.0 um) (18, 29)
in COMSOL Multiphysics software (version 5.1.) The
COMSOL software is based on the finite element method
for discretization of partial differential equations on the
computational domain. In order to analyse the model,
the finite element divide the model into small geometric
zones. As the next step, polynomial functions were
used to calculate the velocity and pressure components.
At first, the alternating electric field and the fluid flow
velocities were computed by considering the creeping
flow and previously mentioned conditions, where the fluid
flow has very low Reynolds number value (Re<«1). The
suspending medium (the buffer solution) was diluted to
the extent that, it was considered as water (p=997 kg/m’,
i =0.9x10" kg/ms). The chip was installed horizontally.
The flow field was planar and thus the "z" component of
the velocity was negligible compared with the two other
components of velocities. The walls of the microchannels
and the particles were not porous and there was a negligible
thermal gradient inside the microchannels. Finally, we
simulated the particles’ trajectories in the microchannels.
In the simulation, the samples were released from different
positions in inlet "B".

Conclusion

In this manuscript, we propose the four-branch model
of the DEP method, taking into consideration the
inherent properties of particles such as size, electrical
conductivity, and permittivity coefficient. The presented
design suggests a relatively simple setup to effectively
separate 4 different blood cell types of 2.0 um, 6.2 pum,
10.0 um, and greater than 12.0 pm sizes. Therefore, it can
be used to separate blood cells in different applications,
including microfluidic separation devices and medical
diagnostic processes. This device can separate blood
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cells using the single-stage system. The applied voltages
to the electrodes can be adjusted such that shear stresses
and joule heating effect are neglected. In the future, we
suggest that the proposed device be extended for use in
biomedical and diagnostic applications, with the goal of
separating all blood components.

Acknowledgements

There is no financial support and conflict of interests in
this study.
Authors’ Contributions

0.Z.S., M.S., M.Z.T., M.M.; Contributed extensively to
data interpretation and the conclusion. All authors edited,
finalised, and approved the final version of this manuscript
for submission.

References

1. Whitesides GM. The origins and the future of microfluidics. Nature.
2006; 442(7101): 368-373.

2. ManzA, Graber N, Widmer HM. Miniaturized total chemical analy-
sis systems: a novel concept for chemical sensing. Sensors and
actuators B: Chemical. 1990; 1(1-6): 244-248.

3. Lopez GA, Estevez MC, Solera M, Lechuga LM. Recent advances
in nanoplasmonic biosensors: applications and lab-on-a-chip inte-
gration. Nanophotonics; 2017; 6(1): 123-136.

4. Suresh S, Spatz J, Mills JP, Micoulet A, Dao M, Lim CT, et al. Re-
print of: connections between single-cell biomechanics and human
disease states: gastrointestinal cancer and malaria. Acta Bio-
mater. 2015; 23 Suppl: S3-S15.

5. Zhang Y, Huang C, Kim S, Golkaram M, Dixon MW, Tilley L, et al.
Multiple stiffening effects of nanoscale knobs on human red blood
cells infected with Plasmodium falciparum malaria parasite. Proc
Natl Acad Sci USA. 2015; 112(19): 6068-6073.

6. TakagiJ, Yamada M, Yasuda M, Seki M. Continuous particle sepa-
ration in a microchannel having asymmetrically arranged multiple
branches. Lab Chip. 2005; 5(7): 778-784.

7. Wu Z, ChenY, Wang M, Chung AJ. Continuous inertial microparti-
cle and blood cell separation in straight channels with local micro-
structures. Lab Chip. 2016; 16(3): 532-542.

8. Hsu CH, Di Carlo D, Chen C, Irimia D, Toner M. Microvortex for
focusing, guiding and sorting of particles. Lab Chip. 2008; 8(12):
2128-2134.

9. Davis JA, Inglis DW, Morton KJ, Lawrence DA, Huang LR, Chou
SY, et al. Deterministic hydrodynamics: taking blood apart. Proc
Natl Acad Sci USA. 2006; 103(40): 14779-14784.

10. Yamada M, Seki M. Microfluidic particle sorter employing flow split-
ting and recombining. Anal Chem. 2006; 78(4): 1357-1362.

11. Bagdi P, Bhardwaj P, Sen AK. Analysis and simulation of a micro
hydrocyclone device for particle liquid separation. J Fluids Eng.
2012; 134(2): 021105.

12. Huang C, Smith JP, Saha TN, Rhim AD, Kirby BJ. Characterization
of microfluidic shear-dependent epithelial cell adhesion molecule
immunocapture and enrichment of pancreatic cancer cells from
blood cells with dielectrophoresis. Biomicrofluidics. 2014; 8(4):
044107.

13. Inglis DW, Riehn R, Austin RH, Stum JC. Continuous microfluidic
immunomagnetic cell separation. Appl Phys Lett. 2004; 85(21):
5093-5095.

14. Huang SB, Chen J, Wang J, Yang CL, Wu MH. A new optically-in-
duced dielectrophoretic (ODEP) force-based scheme for effective
cell sorting. Int J Electrochem Sci. 2012; 7: 12656-12667.

15. Ma Z, Collins DJ, Ai Y. Detachable Acoustofluidic System for
Particle Separation via a Traveling Surface Acoustic Wave. Anal
Chem. 2016; 88(10): 5316-5323.

16. Pohl HA. Dielectrophoresis: the behavior of neutral matter in nonu-
niform electric fields. New York: Cambridge University Press; 1978.

17. Kim U, Qian J, Kenrick SA, Daugherty PS, Soh HT. Multitarget

Cell J, Vol 22, No 2, July-September (Summer) 2020 226

18.

19.

20.

21.

22.

23.
24,

25.

26.

27.

28.

29.

30.
31.

32.

33.
34.

35.

36.
37.

38.

39.

40.

dielectrophoresis activated cell sorter. Anal Chem. 2008; 80(22):
8656-8661.

Piacentini N, Mernier G, Tornay R, Renaud P. Separation of plate-
lets from other blood cells in continuous-flow by dielectrophore-
sis field-flow-fractionation. Biomicrofluidics. 2011; 5(3): 34122-
341228.

Li M, Li Sh, Li W, Wen W, Alici G. Continuous particle manipulation
and separation in a hurdle-combined curved microchannel using
DC dielectrophoresis. In: Yu A, Dong K, Yang R, Luding S, editors.
Proceedings of the 7" International Conference on Micromechan-
ics of Granular Media; Australia: AIP Publishing; 2013; 1542(1):
1150-1153.

Lewpiriyawong N, Yang C. Continuous separation of multiple parti-
cles by negative and positive dielectrophoresis in a modified H-fil-
ter. Electrophoresis. 2014; 35(5): 714-720.

Ye T, Yukun R, Hui Y, Hongyuan J. Continuous separation of mul-
tiple size microparticles using alternating current dielectrophoresis
in microfluidic device with acupuncture needle electrodes. Chinese
Journal of Mechanical Engineering. 2016; 29(2): 325-331.

Kale A, Patel S, Xuan X. Three-dimensional reservoir-based die-
lectrophoresis (rDEP) for enhanced particle enrichment. Microma-
chines (Basel). 2018; 9(3): 123.

Bain BJ. A beginner’s guide to blood cells. 2™ ed. London: John
Wiley & Sons: 2017.

Jones TB. Electromechanics of particles. England: Cambridge Uni-
versity Press; 2005.

Liao SH, Chang CY, Chang HC. A capillary dielectrophoretic chip
for real-time blood cell separation from a drop of whole blood. Bi-
omicrofluidics. 2013; 7(2): 24110.

Li, M, QuY, Dong Z, Wang Y. Limitations of Au particle nanoassem-
bly using dielectrophoretic force-a parametric experimental and
theoretical study. |IEEE Transactions on Nanotechnology. 2008;
7(4): 4T7-479.

Pethig, R. Review-Where is dielectrophoresis (DEP) going? J Elec-
trochem Soc. 2017; 164(5): B3049-B3055.

Huang Y, Wang XB, Hélzel R, Becker FF, Gascoyne PR. Electro-
rotational studies of the cytoplasmic dielectric properties of Friend
murine erythroleukaemia cells. Phys Med Biol. 1995; 40(11): 1789-
1806.

Pommer MS, Zhang Y, Keerthi N, Chen D, Thomson JA, Meinhart
CD, et al. Dielectrophoretic separation of platelets from diluted
whole blood in microfluidic channels. Electrophoresis. 2008; 29(6):
1213-1218.

Turgeon ML. Clinical hematology: theory and procedures. 4" ed.
London: Lippincott Williams & Wilkins; 2005.

Conover MR, Vail RM. Human diseases from wildlife. 1% ed. Boca
Raton: CRC Press; 2014.

Downey GP1, Doherty DE, Schwab B 3rd, Elson EL, Henson
PM, Worthen GS. Retention of leukocytes in capillaries: role of cell
size and deformability. J Appl Physiol (1985). 1990; 69(5): 1767-
1778.

Rozenberg G. Microscopic haematology: a practical guide for the
laboratory. Elsevier Australia: Churchill Livingstone; 2011.

Eggera M, Donath E, Spangenberg P, Bimmler M, Glaser R, Till
U. Human platelet electrorotation changed induced by activation:
inducer specificity and correlation to serotonin release. Biochimica
et Biophysica Acta (BBA)-Molecular Cell Research. 1988; 972(3):
265-276.

Gagnon ZR. Cellular dielectrophoresis: applications to the charac-
terization, manipulation, separation and patterning of cells. Electro-
phoresis. 2011; 32(18): 2466-2487.

Pethig RR. Dielectrophoresis: theory, methodology and biological
applications. Hoboken: John Wiley & Sons; 213-244.

Morgan H, Holmes D. Multi-frequency impedance method and ap-
paratus for discriminating and counting particles expressing a spe-
cific marker. 2012, Google Patents.

Huang Y, Wang XB, Gascoyne PRC, Becker FF. Membrane dielec-
tric responses of human T-lymphocytes following mitogenic stimu-
lation. Biochimica et Biophysica Acta (BBA)-Biomembranes. 1999;
1417(1): 1-62.

Adekanmbi EO, Srivastava SK. Dielectrophoretic applications for
disease diagnostics using lab-on-a-chip platforms. Lab Chip. 2016;
16(12): 2148-2167.

Leal LG. Advanced transport phenomena: fluid mechanics and con-
vective transport processes. Cambridge University Press; 2007.



https://www.ncbi.nlm.nih.gov/pubmed/?term=Suresh%20S%5BAuthor%5D&cauthor=true&cauthor_uid=26235344
https://www.ncbi.nlm.nih.gov/pubmed/?term=Spatz%20J%5BAuthor%5D&cauthor=true&cauthor_uid=26235344
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mills%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=26235344
https://www.ncbi.nlm.nih.gov/pubmed/?term=Micoulet%20A%5BAuthor%5D&cauthor=true&cauthor_uid=26235344
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dao%20M%5BAuthor%5D&cauthor=true&cauthor_uid=26235344
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lim%20CT%5BAuthor%5D&cauthor=true&cauthor_uid=26235344
https://www.ncbi.nlm.nih.gov/pubmed/?term=Reprint+of%3A+connections+between+single-cell+biomechanics+and+human+disease+states%3A+gastrointestinal+cancer+and+malaria.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Reprint+of%3A+connections+between+single-cell+biomechanics+and+human+disease+states%3A+gastrointestinal+cancer+and+malaria.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=25918423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Huang%20C%5BAuthor%5D&cauthor=true&cauthor_uid=25918423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25918423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Golkaram%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25918423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dixon%20MW%5BAuthor%5D&cauthor=true&cauthor_uid=25918423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tilley%20L%5BAuthor%5D&cauthor=true&cauthor_uid=25918423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Multiple+stiffening+effects+of+nanoscale+knobs+on+human+red+blood+cells+infected+with+Plasmodium+falciparum+malaria+parasite.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Multiple+stiffening+effects+of+nanoscale+knobs+on+human+red+blood+cells+infected+with+Plasmodium+falciparum+malaria+parasite.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Takagi%20J%5BAuthor%5D&cauthor=true&cauthor_uid=15970972
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yamada%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15970972
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yasuda%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15970972
https://www.ncbi.nlm.nih.gov/pubmed/?term=Seki%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15970972
https://www.ncbi.nlm.nih.gov/pubmed/15970972
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wu%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=26725506
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=26725506
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20M%5BAuthor%5D&cauthor=true&cauthor_uid=26725506
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chung%20AJ%5BAuthor%5D&cauthor=true&cauthor_uid=26725506
https://www.ncbi.nlm.nih.gov/pubmed/26725506
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hsu%20CH%5BAuthor%5D&cauthor=true&cauthor_uid=19023476
https://www.ncbi.nlm.nih.gov/pubmed/?term=Di%20Carlo%20D%5BAuthor%5D&cauthor=true&cauthor_uid=19023476
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20C%5BAuthor%5D&cauthor=true&cauthor_uid=19023476
https://www.ncbi.nlm.nih.gov/pubmed/?term=Irimia%20D%5BAuthor%5D&cauthor=true&cauthor_uid=19023476
https://www.ncbi.nlm.nih.gov/pubmed/?term=Toner%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19023476
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hsu%2C+C.-H.%2C+et+al.%2C+Microvortex+for+focusing%2C+guiding+and+sorting+of+particles.+Lab+on+a+Chip%2C+2008.+8(12)%3A+p.+2128-2134.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Davis%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=17001005
https://www.ncbi.nlm.nih.gov/pubmed/?term=Inglis%20DW%5BAuthor%5D&cauthor=true&cauthor_uid=17001005
https://www.ncbi.nlm.nih.gov/pubmed/?term=Morton%20KJ%5BAuthor%5D&cauthor=true&cauthor_uid=17001005
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lawrence%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=17001005
https://www.ncbi.nlm.nih.gov/pubmed/?term=Huang%20LR%5BAuthor%5D&cauthor=true&cauthor_uid=17001005
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chou%20SY%5BAuthor%5D&cauthor=true&cauthor_uid=17001005
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chou%20SY%5BAuthor%5D&cauthor=true&cauthor_uid=17001005
https://www.ncbi.nlm.nih.gov/pubmed/?term=Deterministic+hydrodynamics%3A+taking+blood+apart.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Deterministic+hydrodynamics%3A+taking+blood+apart.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yamada%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16478134
https://www.ncbi.nlm.nih.gov/pubmed/?term=Seki%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16478134
https://www.ncbi.nlm.nih.gov/pubmed/?term=Microfluidic+particle+sorter+employing+flow+splitting+and+recombining.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Huang%20C%5BAuthor%5D&cauthor=true&cauthor_uid=25379092
https://www.ncbi.nlm.nih.gov/pubmed/?term=Smith%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=25379092
https://www.ncbi.nlm.nih.gov/pubmed/?term=Saha%20TN%5BAuthor%5D&cauthor=true&cauthor_uid=25379092
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rhim%20AD%5BAuthor%5D&cauthor=true&cauthor_uid=25379092
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kirby%20BJ%5BAuthor%5D&cauthor=true&cauthor_uid=25379092
https://www.ncbi.nlm.nih.gov/pubmed/?term=Characterization+of+microfluidic+shear-dependent+epithelial+cell+adhesion+molecule+immunocapture+and+enrichment+of+pancreatic+cancer+cells+from+blood+cells+with+dielectrophoresis.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ma%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=27086552
https://www.ncbi.nlm.nih.gov/pubmed/?term=Collins%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=27086552
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ai%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=27086552
https://www.ncbi.nlm.nih.gov/pubmed/27086552
https://www.ncbi.nlm.nih.gov/pubmed/27086552
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20U%5BAuthor%5D&cauthor=true&cauthor_uid=18939853
https://www.ncbi.nlm.nih.gov/pubmed/?term=Qian%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18939853
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kenrick%20SA%5BAuthor%5D&cauthor=true&cauthor_uid=18939853
https://www.ncbi.nlm.nih.gov/pubmed/?term=Daugherty%20PS%5BAuthor%5D&cauthor=true&cauthor_uid=18939853
https://www.ncbi.nlm.nih.gov/pubmed/?term=Soh%20HT%5BAuthor%5D&cauthor=true&cauthor_uid=18939853
https://www.ncbi.nlm.nih.gov/pubmed/?term=Multitarget+dielectrophoresis+activated+cell+sorter.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Piacentini%20N%5BAuthor%5D&cauthor=true&cauthor_uid=22662047
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mernier%20G%5BAuthor%5D&cauthor=true&cauthor_uid=22662047
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tornay%20R%5BAuthor%5D&cauthor=true&cauthor_uid=22662047
https://www.ncbi.nlm.nih.gov/pubmed/?term=Renaud%20P%5BAuthor%5D&cauthor=true&cauthor_uid=22662047
https://www.ncbi.nlm.nih.gov/pubmed/?term=Separation+of+platelets+from+other+blood+cells+in+continuous-flow+by+dielectrophoresis+field-flow-fractionation.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lewpiriyawong%20N%5BAuthor%5D&cauthor=true&cauthor_uid=24338796
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yang%20C%5BAuthor%5D&cauthor=true&cauthor_uid=24338796
https://www.ncbi.nlm.nih.gov/pubmed/?term=Continuous+separation+of+multiple+particles+by+negative+and+positive+dielectrophoresis+in+a+modified+H%E2%80%90filter.
http://adsabs.harvard.edu/cgi-bin/author_form?author=Tao,+Y&fullauthor=Tao,%20Ye&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Ren,+Y&fullauthor=Ren,%20Yukun&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Yan,+H&fullauthor=Yan,%20Hui&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Jiang,+H&fullauthor=Jiang,%20Hongyuan&charset=UTF-8&db_key=PHY
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kale%20A%5BAuthor%5D&cauthor=true&cauthor_uid=30424057
https://www.ncbi.nlm.nih.gov/pubmed/?term=Patel%20S%5BAuthor%5D&cauthor=true&cauthor_uid=30424057
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xuan%20X%5BAuthor%5D&cauthor=true&cauthor_uid=30424057
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6187384/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6187384/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liao%20SH%5BAuthor%5D&cauthor=true&cauthor_uid=24404015
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chang%20CY%5BAuthor%5D&cauthor=true&cauthor_uid=24404015
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chang%20HC%5BAuthor%5D&cauthor=true&cauthor_uid=24404015
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liao%2C+S.-H.%2C+C.-Y.+Chang%2C+and+H.-C.+Chang%2C+A+capillary+dielectrophoretic+chip+for+real-time+blood+cell+separation+from+a+drop+of+whole+blood.+Biomicrofluidics%2C+2013.+7(2)%3A+p.+024110.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liao%2C+S.-H.%2C+C.-Y.+Chang%2C+and+H.-C.+Chang%2C+A+capillary+dielectrophoretic+chip+for+real-time+blood+cell+separation+from+a+drop+of+whole+blood.+Biomicrofluidics%2C+2013.+7(2)%3A+p.+024110.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Huang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=8587932
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20XB%5BAuthor%5D&cauthor=true&cauthor_uid=8587932
https://www.ncbi.nlm.nih.gov/pubmed/?term=H%C3%B6lzel%20R%5BAuthor%5D&cauthor=true&cauthor_uid=8587932
https://www.ncbi.nlm.nih.gov/pubmed/?term=Becker%20FF%5BAuthor%5D&cauthor=true&cauthor_uid=8587932
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gascoyne%20PR%5BAuthor%5D&cauthor=true&cauthor_uid=8587932
https://www.ncbi.nlm.nih.gov/pubmed/?term=Electrorotational+studies+of+the+cytoplasmic+dielectric+properties+of+Friend+murine+erythroleukaemia+cells.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pommer%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=18288670
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=18288670
https://www.ncbi.nlm.nih.gov/pubmed/?term=Keerthi%20N%5BAuthor%5D&cauthor=true&cauthor_uid=18288670
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20D%5BAuthor%5D&cauthor=true&cauthor_uid=18288670
https://www.ncbi.nlm.nih.gov/pubmed/?term=Thomson%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=18288670
https://www.ncbi.nlm.nih.gov/pubmed/?term=Meinhart%20CD%5BAuthor%5D&cauthor=true&cauthor_uid=18288670
https://www.ncbi.nlm.nih.gov/pubmed/?term=Meinhart%20CD%5BAuthor%5D&cauthor=true&cauthor_uid=18288670
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dielectrophoretic+separation+of+platelets+from+diluted+whole+blood+in+microfluidic+channels.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Downey%20GP%5BAuthor%5D&cauthor=true&cauthor_uid=2272970
https://www.ncbi.nlm.nih.gov/pubmed/?term=Doherty%20DE%5BAuthor%5D&cauthor=true&cauthor_uid=2272970
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schwab%20B%203rd%5BAuthor%5D&cauthor=true&cauthor_uid=2272970
https://www.ncbi.nlm.nih.gov/pubmed/?term=Elson%20EL%5BAuthor%5D&cauthor=true&cauthor_uid=2272970
https://www.ncbi.nlm.nih.gov/pubmed/?term=Henson%20PM%5BAuthor%5D&cauthor=true&cauthor_uid=2272970
https://www.ncbi.nlm.nih.gov/pubmed/?term=Henson%20PM%5BAuthor%5D&cauthor=true&cauthor_uid=2272970
https://www.ncbi.nlm.nih.gov/pubmed/?term=Worthen%20GS%5BAuthor%5D&cauthor=true&cauthor_uid=2272970
https://www.ncbi.nlm.nih.gov/pubmed/2272970
https://www.sciencedirect.com/science/article/pii/S0005273698002533
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dielectrophoretic+applications+for+disease+diagnostics+using+lab-on-a-chip+platforms.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dielectrophoretic+applications+for+disease+diagnostics+using+lab-on-a-chip+platforms.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dielectrophoretic+applications+for+disease+diagnostics+using+lab-on-a-chip+platforms.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dielectrophoretic+applications+for+disease+diagnostics+using+lab-on-a-chip+platforms.

	_GoBack
	_ENREF_23
	_ENREF_30
	_ENREF_31
	_ENREF_33
	_ENREF_45
	_ENREF_55
	_ENREF_62
	_ENREF_63
	_ENREF_66
	OLE_LINK5
	OLE_LINK6
	_GoBack
	_GoBack
	_ENREF_12
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	OLE_LINK1
	OLE_LINK4
	_Hlk10390695
	_Hlk10924541
	_Hlk10924276
	sec011
	article1.body1.sec2.sec5.p2
	sec012
	_GoBack
	OLE_LINK4
	OLE_LINK7
	OLE_LINK10
	OLE_LINK11
	OLE_LINK9
	_ENREF_20
	_ENREF_26
	baep-author-id2
	baep-author-id3
	baep-author-id4
	baep-author-id5
	baep-author-id6
	_ENREF_38
	baep-author-id8
	baep-author-id9
	baep-author-id10
	_GoBack
	_ENREF_10
	_ENREF_12
	_ENREF_27
	_ENREF_43
	_GoBack

