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Abstract: Identification of circulating tumor cells (CTCs) from a majority of various cell pools
has been an appealing topic for diagnostic purposes. This study numerically demonstrates the
isolation of CTCs from blood cells by the combination of dielectrophoresis and magnetophoresis in
a microfluidic chip. Taking advantage of the label-free property, the separation of red blood cells,
platelets, T cells, HT-29, and MDA-231 was conducted in the microchannel. By using the ferromagnet
structure with double segments and a relatively shorter distance in between, a strong gradient of
the magnetic field, i.e., sufficiently large MAP forces acting on the cells, can be generated, leading
to a high separation resolution. In order to generate strong DEP forces, the non-uniform electric
field gradient is induced by applying the electric voltage through the microchannel across a pair
of asymmetric orifices, i.e., a small orifice and a large orifice on the opposite wall of the channel
sides. The distribution of the gradient of the magnetic field near the edge of ferromagnet segments,
the gradient of the non-uniform electric field in the vicinity of the asymmetric orifices, and the
flow field were investigated. In this numerical simulation, the effects of the ferromagnet structure
on the magnetic field, the flow rate, as well as the strength of the electric field on their combined
magnetophoretic and dielectrophoretic behaviors and trajectories are systemically studied. The
simulation results demonstrate the potential of both property- and size-based cell isolation in the
microfluidic device by implementing magnetophoresis and dielectrophoresis.

Keywords: dielectrophoresis; CTC separation; magnetophoresis; microfluidic chip

1. Introduction

Cell sorting is a crucial step in the purification process and in biomedical research,
including in food and pharmacy processing, environment monitoring, and clinical diagnos-
tics, where detection of targeted cells with high accuracy and sensitivity is necessary [1].
The isolation of circulating tumor cells (CTCs) from blood specimens provides an essential
method in diagnostic and therapeutic approaches, and shows great potential in improving
cancer treatment [2,3]. It has been proven that the successful separation of CTCs enables
cancer prognoses, response to anticancer drugs, and monitoring of the metastatic stage [4,5].

Generally, cell identification methods include fluorescent-activated, bead-based, and
label-free cell sorting, which are utilized for the manipulation and recognition of cells [6].
Bonner et al. conducted flow cytometry for the separation of viable cells by using the
fluorescence-activated cell sorter [7] and rapid and efficient purification procedures for hu-
man myoblasts were established [8]. By using nanomaterial-based structures, the label-free
capture of CTCs and CTC clusters is constructed, providing novel perspectives to apply
nanomaterials for the clinical capture and analysis of CTCs [9,10]. Yang et al. demonstrated
the chemical-based capture of CTCs with a capture efficiency as high as 90% by using
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polyphenol tannic acid (TA)-functionalized films [11]. However, these methods still show
various shortcomings, including complex pre-processes, bulky instruments, technical exper-
tise, risky contamination of samples, the high cost of equipment, and safety concerns [2,12].
Compared with the above-mentioned techniques, microfluidics is becoming one of the most
popular technologies to provide solutions for biological applications, such as manipulation
and concentration of cells [3,13], bacteria [14], and 3D bioprinting [15]. Based on different
physical mechanisms, various methods including dielectrophoresis [16-19], deterministic
lateral displacement (DLD) [20-23], hydrodynamic lift [24], magnetophoresis [25], centrifu-
gation [6], and acoustic [26] have been employed for cell separation in microfluidic chips,
which benefit from bio-compatibility, low sample consumption, the tiny size of platform,
and an easy process to carry out [27,28]. Moreover, due to the free of cell pre-label and
decreasing cell damage, label-free cell sorting techniques in microfluidic devices are widely
used for the separation of cells based on their specified physical differences [12]. Among
these methods in a microfluidic chip, the active techniques, i.e., exerting external fields
to induce forces on particles, such as dielectrophoresis and magnetophoresis, offer the
possibility of cell sorting not only by size but also by type with a similar size [29].
Dielectrophoresis (DEP) provides great potential for cell discrimination and isola-
tion for sample processing, sorting of biological cells [30,31], droplets [32,33] and parti-
cles [34—40]. Li et al. [41] utilized dielectrophoresis to separate live and heat-treated Listeria
innocua cells. Gascoyne et al. [42] applied dielectrophoresis to isolate malaria-infected cells
from blood. Moon et al. successfully separated human breast cancer cells (MCF-7) from a
spiked blood cell sample by combining multi-orifice flow fractionation (MOFF) and dielec-
trophoresis [43]. Song et al. [44] utilized a continuous-flow microfluidic device based on the
accumulation of multiple dielectrophoresis forces to sort stem cells and their differentiation
progeny at different flow rates. Wang et al. proposed a novel microfluidic chip for the
continuous separation of microalgae cells based on AC dielectrophoresis [45]. Vahey et al.
demonstrated the separation of polystyrene beads based upon surface conductance as
well as sorting non-viable from viable cells of the budding yeast Saccharomyces cerevisiae
through dielectrophoresis [46]. Cao et al. [47] demonstrated highly effective enrichment
of proteins by using nanoscale insulator-based dielectrophoresis (iDEP) integrated with
Ag/SiO; Nanorod Arrays. Kung et al. [48] utilized a tunnel dielectrophoresis (TDEP)
mechanism for continuously tunable, sheathless, 3D, and single-stream microparticle and
cell focusing in high-speed flows. However, in order to achieve a high separation resolution
and enough throughput, high voltages are typically necessary to induce a strong DEP effect,
which may induce Joule heating effects in the microchannel and limit their application for
temperature-sensitive biological cells [49]. Magnetophoresis (MAP) is always utilized as
one of the most efficient methods for bulk cell separation [50,51]. Jung et al. [52] achieved
cell separation through a magnetophoretic device integrated with slanted ridge arrays in
a microfluidic channel. A total of 91.68 &£ 2.18% of Escherichia coli bound with magnetic
nanoparticles are successfully separated from undiluted whole blood. Karle et al. [53]
demonstrated continuous DNA extraction from cell lysate on a microfluidic chip based
on phase-transfer magnetophoresis for the first time. Han et al. [54] utilized a continuous
magnetophoretic microseparator to separate white and red blood cells from whole blood
based on their native magnetic properties. Zhu et al. [55] demonstrated a novel separation
method combining positive and negative magnetophoreses based on ferrofluids to separate
mixtures of particles with different magnetic properties. Pamme et al. [51] separated mouse
macrophages and HeLa cells successfully in a microfluidic magnetic separation device.
James et al. [56] proposed sorting spermatozoa by magnetophoresis and shear flow to
reduce the percentage of abnormal sperm cells for assisted reproduction. Therefore, the
operation of the integrated dielectrophoretic and magnetophoretic microfluidic chip for
the manipulation of biological cells provides a magnetophoretic pre-enrichment before the
dielectrophoretic stage and enhances the sensitivity and efficiency of cell manipulation.
In this study, a novel method combining dielectrophoresis and magnetophoresis is
proposed for the separation of CTCs from cell pools. The microfluidic chip used in the
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simulation achieved cell isolation by passing through the multiple sorting regions, i.e., the
magnetophoretic pre-screening and the dielectrophoretic isolation consequently. The effect
of the flow rate, the AC electric potential and the ferromagnet structure on the separation
were investigated. By adjusting the applied magnetic field and the non-uniform electric
field, the separation of two types of CTCs, i.e., MDA-231 and HT-29, from the mixture with
platelets and red blood cells is numerically examined.

2. Materials and Methods
2.1. Separation Mechanism

The microchannel is composed of a sample inlet region, a magnetophoretic and
dielectrophoretic sorting region, and an outlet sample connection region. When passing
through the magnetophoretic region, the trajectories of magnetic spheres shift based on
their magnetic susceptibilities. Afterwards, the samples are separated based on their
different dielectrophoretic behaviors. To determine the label-free separation of multiple
types of different cells in the microfluidic chip, the isolation of red blood cells, platelets, T
cells, and two types of CTCs, i.e., HT-29 and MDA-231, was conducted in a microfluidic
chip. Figure 1 shows the illustration of CTC sorting from blood cells by the combination
of dielectrophoretic and magnetophoretic methods in the microchannel. The mixed cell
samples flow into the main horizontal channel, where the cells are forced to move close
to the sidewall of the magnet by the dominant suspending medium from the sheath flow.
The red blood cells are discriminated in the magnetophoretic region and collected in
outlet C. Then, the rest cells continue entering into the dielectrophoretic region. To induce
the dielectrophoretic forces, the non-uniform electric field is generated through a pair of
asymmetric orifices, i.e., a small orifice on one side of the microchannel wall and a large
one on the opposite channel wall. Based on their distinct dielectric property and size, the
remaining CTC cells, T cells, and platelets are separated and move into outlet channels (D,
E, and F), respectively.

Inlet A Electrodes
Sheath Flow Ferromagnet Outlet D
l o
Fppep O
T ®
e o © °
L) ° o O hd
e o O:.:. '/. ..\\;..' [ ) -.. C @ece e ° [ ] ‘e O O O O e o ¢ ¢ QOutletE
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Magnetophoretic region Dielectrophoretic region Outlet region

Figure 1. The schematic illustration of the microfluidic channel.

Magnetophoresis refers to the movement of particles in a magnetic field [57]. If a
particle is suspended in a magnetic fluid medium with a relative magnetic permeability
of u,;, the magnetophoretic force acting on a spherical particle with a radius of r can be
expressed as [58]

4
Fyiap = = tumuorr’K(H-V)H

- M
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where 1 is vacuum permeability and 1y = 47 x 1077, H is the strength of the applied
magnetic field, and K is described as

K=3(xp—xm)/[(Xp = xm) +3(xm +1)] @)

where x, is the susceptibility of particles and xp = up — 1, u is the relative permeability of
particles, and x;, is magnetic susceptibility of magnetic fluid medium. It can be seen from
Equation (2) that the direction of the magnetophoretic force is determined by the magnetic
susceptibility of the particle and the surrounding medium. If the magnetic susceptibility
of the cells is greater than that of the surrounding medium, they will be subjected to the
positive magnetophoretic force. On the contrary, the negative magnetophoretic force would
be acting on the cells.

Dielectrophoresis describes the movement of dielectric particles in a non-uniform
electrical field due to the polarization difference between the particle and the suspending
medium. The general expression for the dielectrophoretic force acting on a spherical particle
is expressed as [59]

FDEP = 27ey 7‘3 Re(fCM) (V|E|2) (3)

where r is the radius of the spherical particle, ¢, is the electric permittivity of the suspending
medium, V|E|? is the gradient of the electric field squared, and Re(fcy) is the real part of
the complex Clausius-Mossotti (CM) factor, which describes the relative polarizability of
the particle and of the suspension medium, which is a function of geometry and frequency.
For cells, the CM factor utilizing the double-shell model (shown in Figure 2) is defined
by [13,59-61]
fem = (€cenr — €m) / (€cerr + 2€m) (4)
{ﬁ] 3 +2 [eiinterioriﬁrzembmne :|

* interiar+ € membrane

%
€cell = Emembrane 3
r

" ; ©)
iinteriorfen;embrane i|

Einterior T € membrane

where ¢} and ¢}, are the complex permittivity of cells and media, €* = € — (jo/w) represents
the complex permittivity, ¢ indicates the permittivity of the cell and solution, ¢ is the
corresponding electrical conductivity, j = v/ —1, w = 27t f expresses the angular frequency
of the applied electric field, and f is the ordinary frequency.

Emem

Omem

Emedium

Omedium

Figure 2. Schematic of a spherical cell with a single shell [59,62].

It can be indicated from Equation (3) that the magnitude of the DEP force is propor-
tional to the cell size ( °) and the gradient of the non-uniform electric field (V|E|?), while
the direction of the DEP trajectories of the cells is determined by the sign of fcy;. If the
polarizability of the cell is greater than that of the medium, i.e., a positive value of CM
factor, the cells will be driven by the positive dielectrophoretic forces (p-DEP) moving
towards the stronger non-uniform electric field area. One the other hand, a negative value
of CM factor refers to the negative dielectrophoretic effects (n-DEP) and the cells will move
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Inlet A

Inlet B

towards the weaker non-uniform electric field region. Based on various sizes and the
unique property of cells, they have different trajectories and move into different individual
outlet collections in the microchannel.

2.2. Physical and Mathematical Models

The top view of the geometrical illustration of the integrated dielectrophoretic and
magnetophoretic microfluidic chip is shown in Figure 3. This microchannel includes a main
channel with a length of 2000 pm and a width of 80 pm together with six branches. The
focusing sheath flow inlet (A) and sample inlet (B) channels are 300 pm in length and 80 pm
in width, the magnetophoretic separation region is composed of a pair of ferromagnets
with a width of 400 um and a length of 20 pm and a permanent magnet with both length
and width of 1000 pm, the outlet (C) channel connecting to the magnetophoretic separation
region has a length of 700 pm and a width of 80 wide, a pair of asymmetric orifices are
embedded with external micro-electrodes, where the small orifice has both length and
width of 10 pm and the large orifice has a width of 100 um, and three outlet channels (D, E,
and F) next to the dielectrophoretic separation region have a length of 300 pm and a width
of 80 um. Driven by the pressure flow, and the sheath flow from channel A, the mixed
cell sample flows from channel B into the horizontal main channel. The cells are forced to
flow closely to the ferromagnets by the focusing stream to experience the magnetophoretic
effects and their trajectories shift. For the cells experiencing positive magnetophoretic
forces, they will be attracted towards the ferromagnets and move into outlet C. However,
the negative magnetophoretic forces exerting on the cells lead the repellent away from
the ferromagnets and then they continue entering into the dielectrophoretic sorting area.
For particles with a fcy > 0, they will experience a positive DEP force and be attracted
towards the small orifice, and move into outlet F. However, for particles with a fcy < 0,
they will be repelled toward the large orifice and move into outlet D and E based on their

2000 pm

sizes, respectively.
large orifice: 80 um Outlet D
100 pm P X
§ | outletE

400 um 100 pm  width: 20um /\

“p, Outlet F

small orifice:
1000 pm 700 pm length: 10 pm
width: 10 pm

\ Outlet C

1000 pm

Figure 3. Schematic illustration of the integrated microchannel.

2.2.1. The Flow Field

The liquid flow in the microchannel is considered as incompressible laminar flow and
the flow field is governed by the Naiver-Stokes equation

P19

a”+§-v2] = —VP+uViu 6)
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and the continuity equation is described as
pViu =0 @)

where u illustrates the velocity vector, y and p are the viscosity and density of the medium,
and VP is the gradient of pressure. As the flow velocity inside the microchannel is relatively

low, the inertia term -V u in Equation (6) is negligible. Furthermore, the flow field does

not change over time in the steady flow, the term of %—Lt‘ can also be neglected. The velocity
of the inlet and outlet microchannels is set with determined values

u = uq, at the inlet (8)
P =0, at the outlet 9)
= 0, at the channel walls (10)

2.2.2. The Magnetic Field
The magnetic field in the microchannel is governed by Maxwell’s equation

VxH=] (11)

H=-VVy (12)
where H represents the magnetic field intensity and Vj, is the magnetic scalar potential.
According to Gauss’ law, the magnetic flux density B is expressed as

V-B=0 (13)

The magnetization model of the constitutive relation B-H of the magnet is set as the
residual flux density, which is defined by

B = poptrecH + By (14)

B, = ||Bs (15)

I
el
where B; is the residual magnetic flux density, e represents the direction of the residual

magnetic flux, y. is the recovery permeability, and g is vacuum permeability. The other
areas except the permanent magnet are described as

B = pou,H (16)
where y, represents the relative permeability.

2.2.3. The Electric Field

As shown in Figure 3, the electric potential is applied across the microchannel through

a pair of asymmetric orifices. The distribution of the applied electric field ¢ is governed by
Laplace’s equation

Vip=0 (17)

and the non-conducting boundary condition on the microchannel walls except the asymmet-
ric orifices region, and the specific electric potential applied to the external micro-electrodes
are expressed as

¢ = Vi, at the small orifice (18)

¢ = 0, at the large orifice (19)
fi- ] =0, at the channel walls (20)
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where 7 is the unit normal vector and | = V¢ is the electric current density.

2.2.4. Particle Tracing

In order to visualize the trajectories of various cells moving in the microchannel, the
cell movement is considered to be coupled with the electric field, the magnetic field and
the flow field. The motion of cells is governed by Newton's second law [63-65]

do =
~— =F 21
me it t (21)

where 1, and v are the mass and velocity of the cell, and F; represents the net force exerting
on the cell, including the viscous drag force, the MAP force, and the DEP force.

Due to the liquid viscosity, the drag forces act on the cells when they are flowing in
the liquid. For the laminar flow, the drag force exerting on the cells is known as Stokes
drag law, which is defined by

[N 1 N .\
Fgrag = Emc(u — v) (22)
2pcr2
= 23
-="5, 23)

where p is the dynamic viscosity of the liquid flow and p, is the density of the cell.
The dielectrophoretic force and magnetophoretic force acting on the cell are given by

Fpep = 27tey r° Re(fowm) (V|E|2> (24)
Fyiap = %umuoan’K(H-V)H (25)

2.3. Numerical Simulation

In this study, commercial software COMSOL 5.5 was utilized to solve the above-
mentioned equations and boundary conditions for the numerical simulation of the isolation
of CTC cells from red blood cells, platelets, and T cells. Firstly, the flow field, the magnetic
field and the electric field were computed using the stationary solver. Then, the mixture
of cells was introduced into the microchannel using the particle tracing module. The
trajectories of the mixed cells with the MAP and DEP effects were solved in the compu-
tation. To investigate the various effects of the ferromagnet structure, the flow rate, and
the strength and the frequency of the electric field on the trajectories of cells, extensive
numerical simulations were conducted and analyzed. The values of parameters utilized in
the simulation are shown in Table 1.

Table 1. Values of parameters used in the simulation.

Parameters Values
Dielectric constant of buffer liquid phase, ¢, 80
Permittivity of vacuum, ¢g (F m™1) 8.85 x 1012
Vacuum permeability, 1o (N A~2) 47t x 1077
Density of buffer, p, (kg m~3) 1000
Dynamic viscosity of buffer, y;, (Pa-s) 1x1073
Electrical conductivity of buffer (mS m~1) 55
Density of particles, p, (kg m~2) 1050
Magnetic susceptibility of buffer, x, (kg m3) -9 x107°
Residual flux density of permanent magnet, ||B;|| (T) 1
Length of main channel (um) 2000
Length of microchannel A, B, D, E and F (um) 300
Length of microchannel C (um) 700

Width of the whole microchannel (um) 80
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To discuss the separation resolution, different red blood cells (RBC), T lymphocytes (T
cells), platelets, and two types of circulating tumor cells (CTCs), i.e., HT-29 (human colon
cancer cells) and MDA-231 (human breast cancer cell), were used and the corresponding
values of parameters are shown in Table 2.

Table 2. Physical-chemical properties of the cells used in the simulation [29,62,66-70].

Property RBC T cells Title 2 Title 3 Title 4
interior conductivity (S/m) 0.31 0.65 0.203 0.62 0.25
membrane conductivity (S/m) 1x107° 27.4 x 107° 34.82 x 1070 0.9 x 107° 1x107°
interior dielectric constant 59 60 61.14 52 50
membrane dielectric constant 44 11.1 6.01 14.69 6
magnetic susceptibility (m?/kg) -39 x10°° -9.9 x 107 —95x 107 —95x 107 -92x 107
radius (um) 3 34 6.6 9 0.9
membrane thickness (nm) 9 7 5 7 8

3. Results and Discussion
3.1. The Effect of the Ferromagnet Structure on the Magnetic Field

To discuss the effect of the ferromagnet structure on the gradient of the magnetic field,
extensive numerical simulations have been conducted and Figure 4 show some examples
of the values of the magnetic field gradient obtained for the ferromagnet combinations
with different pairs of ferromagnet segment, and double-segment ferromagnets with two
different lengths and distances at a given magnetic field.
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300 pm

800 pm
1000pm ——
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Figure 4. Numerical simulations of the effect of the ferromagnet structure on the gradient of the mag-
netic field. (A) Single-segment ferromagnet with a length of 800 um; double-segment ferromagnets
with (B) a length of 300 um and a distance of 200 pm, (C) a length of 300 um and a distance of 200 um,
and (D) a length of 400 pm and a distance of 100 um. The length of the permanent magnet is 1000 pm.
The residual magnetic flux density is 1 T. The stronger magnetic field is depicted by the darker red
color and higher magnitude.
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As we know, a higher gradient of the magnetic field means stronger MAP forces. It
can be inferred from Figure 4A,B that the structure with double-segment ferromagnets
induces higher values of the magnetic field (depicted by the darker red color) near the
segment edge. By comparing Figure 4B,C, once can clearly find that the region of the high
gradient of the magnetic field is larger in the structure with the shorter distance between
two ferromagnet segments (Figure 4C). For example, the semicircle of the darker red color
has a radius of approximately 40 um in Figure 4B, while the semicircle of the darker red
color has a radius of approximately 70 um in Figure 4C. This is because, when the distance
between the ferromagnet segments is reduced, the magnetic field is more compressed
near the segments. Therefore, one can clearly see that the magnitude of the magnetic
field gradient is higher and the high gradient of the magnetic field area is larger in the
structure with shorter distance between two ferromagnet segments (Figure 4C). Therefore,
the structure with multi-segment ferromagnets and a relatively shorter distance between
the ferromagnet segments can lead to a stronger MAP force on the cells, resulting in a
high separation resolution. Furthermore, it can be expected that increasing the length of
ferromagnet segments will increase the value of the maximum magnitude of the magnetic
field gradient and the corresponding high gradient of the magnetic field region significantly,
as shown in Figure 4D.

3.2. The Effect of the Flow Rate

To examine the effect of pressure-driven flow, three different velocities of cells mixture,
i.e., 100, 300, 800 um/s, were tested for the separation of RBCs, T cell, platelet, and HT-29.
In these tests, the residual flux density of permanent magnet is applied 1 T. The trajectory
shifts of the mixed cell sample with different flow rates are demonstrated in Figure 5.

(A) 100 pm/s | Platelet HT-29 |

(B) 300 pm/s

(C) 800 pm/s

Figure 5. The effect of the flow rate on the separation of RBCs, T cells, platelets, and HT-29 by the
integrated MAP-DEP microchannel. The dependence of the cell trajectories on pressure-driven flow
with cell velocity of (A) 100, (B) 300, and (C) 800 pm/s. The width of the channel is 80 um and the
residual magnetic flux density is 1T.

It can be illustrated from Figure 5A that the RBCs experienced positive magne-
tophoretic forces and were attracted into outlet channel C, and the rest mixtures were
repelled away from the double-segment ferromagnet by the negative magnetophoretic
effects and continued flowing into the dielectrophoretic sorting region at the cell velocity
of 100 pm/s. It is easy to understand that when the velocity of the cells increases, they
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will move faster and pass over the vicinity of the ferromagnet. The time period of the cells
undergoing the MAP forces will decrease. As shown in Figure 5B, when the flow velocity
was increased to 300 um/s, the time period of MAP effects acting on the cells is shortened,
and the trajectory differences between the RBCs and the rest cells is reduced after passing
through the vicinity of the ferromagnet segments. Then, most of RBCs were still isolated
into the outlet channel C, but some of them moved together with the rest mixture flowing
to the outlet channel. However, a further increase in the cell velocity excessively shortened
the acting time of the MAP forces exerting on the cells, and the RBCs could not be separated
from the mixed cells into individual outlet channels. As shown in Figure 5C, when the
velocity of cells increased to 100 pm/s, the RBCs cannot experience strong enough positive
MAP forces and flow passing over the outlet channel C, which were driven together with
the rest cells into the next DEP sorting region.

3.3. The Effect of the Applied Voltage

After passing through the magnetophoretic isolation area, the RBCs were sorted from
the cells mixture by positive magnetophoretic effects and moved into the outlet channel C.
The rest of the mixed cells continued flowing into the dielectrophoretic separation region.
To determine the effect of applied voltage on the DEP separation of T cells, platelets, and
HT-29, different voltages from 5 to 30 V at small orifice were studied. The large orifice is
grounded. The frequency of the electric field is 10* Hz (i.e., the cells experience negative
DEP effects as shown in Figure 6) and the velocity of the cells is 300 pm/s. The width of
the main channel is 80 pum. The width and length of the small orifice are 10 um, and the
width of the large orifice is 100 um. In these simulations, the trajectory differences of T cells,
platelets, and HT-29 under different applied voltages from 5 to 30 V are shown in Figure 7.

It should be known that according to Equation (3), the DEP force is proportional to
the gradient of the non-uniform electric field (V|E|?). As the applied voltages increase,
the DEP forces will be enhanced. It can be inferred from Figure 7 that an increase in the
applied voltage leads to larger values of the maximum V|E|? (i.e., larger semicircle of the
darker red color) and wider high (V|E|?) areas, as shown in Figure 7D. Furthermore, it can
be indicated from Equation (3) that the magnitude of the DEP force acting on the HT-29
(6.6 pm in radius) is approximately 7-fold larger than that on the T cells (3.4 um in radius),
and the magnitude of the DEP force acting on T cells (3.4 um in radius) is 54-fold larger
than that on the platelets (0.9 um in radius). As shown in Figure 7A, under 5 volts, the
DEP forces is relatively weak, and thus shows non-apparent trajectory differences between
the cells mixture after passing through the vicinity of the small orifice, and they all moved
into the outlet channel F. When the applied voltage was increased to 20 volts, as shown
in Figure 7B, the larger DEP forces led to a significant shift difference between the small
platelets and the large HT-29 and T cells after passing over the small orifice. Although
they were separated from the platelets, the DEP forces acting on the large HT-29 and T
cells were still not large enough, both of which moved into the outlet channel E. It can be
illustrated from Figure 7C, when the applied voltage was increased to 23 volts, the stronger
DEP effects resulted in greater trajectory variation for the larger HT-29, which were isolated
from T cells and moved into individual outlet channels D and E. The separation of T cell,
platelet, and HT-29 with different sizes was achieved. Then, further increasing the applied
voltage may induce overly strong DEP effects and cannot achieve the separation of the
small and large cells into distinct outlet channels as desired. As shown in Figure 7D, the
smallest platelets were further pushed by the DEP forces and part of them moved into
outlet channel E, while the larger HT-20 and T cells were repelled away and moved together
into the outlet channel D.
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Figure 6. Prediction of fcp values for HT-29 (red dash line), T cells (solid green line), and platelets
(blue dash line) varying with the electric field frequency.
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Figure 7. Numerical simulations of the distribution of the electric field gradient (V|E|2) and the
effect of the applied electric field on the separation of the T cells, platelets, and HT-29 by the integrated
MAP-DEP microchannel. The dependence of the cell trajectories on the applied voltage at the small
orifice: (A) 5, (B) 20, (C) 23, and (D) 30 V. The large orifice is grounded. The frequency of the electric
field is 104 Hz and the velocity of the cells is 300 um/s. The width of the main channel is 80 um. The
width and length of the small orifice are 10 um, and the width of the large orifice is 100 um.

3.4. Isolation of CTCs

To examine the separation sensitivity of the proposed MAP-DEP separation method,
two types of CTCs, i.e., MDA-231 and HT-29, were mixed with RBCs and platelets to
determine the numerical simulation. The voltage of 11 V is applied at the small orifice and
the large orifice is grounded. The residual magnetic flux density is 1 T. The frequency of the
electric field is 10* Hz (i.e., the cells experience negative DEP effects as shown in Figure 6)
and the velocity of the cells is 300 um/s. The width of the main channel is 80 um. The
width and length of the small orifice are 10 pm, and the width of the large orifice is 100 um.

It can be illustrated from Figure 8 that the RBCs experienced positive magnetophoretic
forces and were attracted into outlet channel C, and the rest mixture of MDA-231, HT-29,
and platelets were repelled away from the double-segment ferromagnet by the negative
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magnetophoretic effects and moved into the dielectrophoretic sorting region. By applying
a specific electric field frequency, the isolated dependent on different dielectrophoretic
behaviors as a function of cell radius. The smallest platelets experienced relatively weak
negative DEP effects and moved closely to the vicinity of the small orifice into the outlet
channel E. While two different types of CTCs, i.e., MDA-231, HT-29, were separated based
on their different size, the larger, MDA-231, were repelled away by the stronger negative
DEP forces and flowed into outlet channel D, and HT-29 were pushed into outlet channel E.
This indicates that the proposed dielectrophoretic and magnetophoretic isolation method
can be used for the separation of various types of CTCs, as demonstrated in Figure 8.

| Platelet HT-29 |
/\ Outlet D
IOutlet E

Outlet F

” Outlet C

Figure 8. Numerical simulation of the separation of RBCs, MDA-231, HT-29, and platelets. The
voltage of 11 V is applied at the small orifice and the large orifice is grounded. The residual magnetic
flux density is 1 T. The frequency of the electric field is 10* Hz and the velocity of the cells is 300 um/s.
The width of the main channel is 80 um. The width and length of the small orifice are 10 um, and the
width of the large orifice is 100 pm.

4. Conclusions

The manipulation and isolation of CTCs by using the integrated DEP and MAP method
in a pressure-driven flow were numerically studied. To induce sufficient MAP effects, the
strong gradient of the magnetic field was produced by using multiple pairs of ferromagnet
segments. By using the ferromagnet structure with double segments and a relatively
shorter distance in between, the strong gradient of the magnetic field, i.e., sufficiently large
MAP forces acting on the cells, was generated, leading to a high separation resolution. In
order to generate strong DEP forces, the non-uniform electric field gradient was induced
by applying the electric voltage through the microchannel across a pair of asymmetric
orifices, i.e., a small orifice and a large orifice on the opposite wall of the channel sides. The
distribution of the gradient of the magnetic field near the edge of ferromagnet segments,
the gradient of the non-uniform electric field in the vicinity of the asymmetric orifices,
and the flow field were investigated. To examine the different MAP behaviors of the cells
mixture, the gradient of the magnetic field in terms of the ferromagnet structures was
studied. Furthermore, a suitable flow rate was found necessary for the separation of mixed
cells when passing over the MAP isolation region. If we further increase the velocity of
the cells, the action time of MAP forces on the cells will be excessively shortened and they
will move out of the MAP sorting area. By selecting a specific electric field frequency,
the rest mixture of CTCs continues flowing into the DEP separation region and is sorted
based on distinct properties and different sizes. In this numerical simulation, the effects of
the ferromagnet structure on the magnetic field, the flow rate, as well as the strength of
the electric field on their combined magnetophoretic and dielectrophoretic behaviors and
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trajectories were systemically studied, proving this proposed integrated MAP-DEP method
can be used for the isolation of CTCs by size and dielectric properties.

Author Contributions: Conceptualization, K.Z.; formal analysis, K.Z. and J.W.; funding acquisition,
K.Z. and ].W.; methodology, K.Z.; project administration, K.Z. and ].W.,; resources, K.Z., ] W. and B.C.;
software, P.Z., ].D. and Y.W. (Yanjuan Wang); supervision, ].W. and X.P.; visualization, K.Z. and J.JW.;
writing—original draft, K.Z., YW. (Yunman Wei) and J.D.; writing—review and editing, K.Z., PZ.,
J.D., YW. (Yanjuan Wang), B.C., YW. (Yunman Wei), X.P. and ]J.W. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by China Postdoctoral Science Foundation (Grant No. 2021M690500),
Fundamental Research Funds for the Central Universities of China (Grant No. 3132022247), Natural
Science Foundation of Liaoning Province (2022-BS-100), Startup Research Foundation for Talents
of Dalian Maritime University (Grant No. 02500352), National Natural Science Foundation of
China (52171343), Dalian High-level Talents Innovation Support Plan (2019R]08), Dalian Key Field
Innovation Team (2021RT05), Liaoning Province “Unveiling the List and Taking the Lead” project
(85210038).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, L,; Zheng, X.L.; Hu, N.; Yang, J.; Luo, H.Y,; Jiang, F,; Liao, Y.J. Research Progress on Microfluidic Chip of Cell Separation
Based on Dielectrophoresis. Chin. J. Anal. Chem. 2015, 43, 300-309. [CrossRef]

2. Wyatt Shields Iv, C.; Reyes, C.D.; Lopez, G.P. Microfluidic Cell Sorting: A Review of the Advances in the Separation of Cells from
Debulking to Rare Cell Isolation. Lab Chip 2015, 15, 1230-1249. [CrossRef] [PubMed]

3. Au, SH; Edd, J; Stoddard, A.E.; Wong, K.H.K.; Fachin, F; Maheswaran, S.; Haber, D.A.; Stott, S.L.; Kapur, R.; Toner, M.
Microfluidic Isolation of Circulating Tumor Cell Clusters by Size and Asymmetry. Sci. Rep. 2017, 7, 2433. [CrossRef] [PubMed]

4. Warkiani, M.E.; Guan, G.; Luan, K.B.; Lee, W.C,; Bhagat, A.A.S.; Kant Chaudhuri, P; Tan, D.S.W.; Lim, W.T,; Lee, S.C,;
Chen, P.C.Y;; et al. Slanted Spiral Microfluidics for the Ultra-Fast, Label-Free Isolation of Circulating Tumor Cells. Lab Chip 2014,
14,128-137. [CrossRef] [PubMed]

5. Cohen, S.J.; Punt, C.J.A.; Iannotti, N.; Saidman, B.H.; Sabbath, K.D.; Gabrail, N.Y.; Picus, J.; Morse, M.; Mitchell, E.;
Miller, M.C.; et al. Relationship of Circulating Tumor Cells to Tumor Response, Progression-Free Survival, and Overall Survival
in Patients with Metastatic Colorectal Cancer. J. Clin. Oncol. 2008, 26, 3213-3221. [CrossRef]

6. Nasiri, R.; Shamloo, A.; Akbari, J.; Tebon, P.; Dokmeci, M.R.; Ahadian, S. Design and Simulation of an Integrated Centrifugal
Microfluidic Device for CTCs Separation and Cell Lysis. Micromachines 2020, 11, 699. [CrossRef]

7.  Herzenberg, L.A.; Parks, D.; Sahaf, B.; Perez, O.; Roederer, M.; Herzenberg, L.A. The History and Future of the Fluorescence
Activated Cell Sorter and Flow Cytometry: A View from Stanford. Clin. Chem. 2002, 48, 1819-1827. [CrossRef]

8. Webster, C.; Pavlath, G.K,; Parks, D.R.; Walsh, ES.; Blau, H.M. Isolation of Human Myoblasts with the Fluorescence-Activated
Cell Sorter. Exp. Cell Res. 1988, 174, 252-265. [CrossRef]

9. Jiang, W.,; Han, L,; Yang, L.; Xu, T;; He, ]J.; Peng, R.; Liu, Z.; Zhang, C.; Yu, X,; Jia, L. Natural Fish Trap-Like Nanocage for
Label-Free Capture of Circulating Tumor Cells. Adv. Sci. 2020, 7, 2002259. [CrossRef]

10. Chen, W.,; Weng, S.; Zhang, F; Allen, S.; Li, X,; Bao, L.; Lam, R H.W.; MacOska, ].A.; Merajver, S.D.; Fu, ]. Nanoroughened Surfaces
for Efficient Capture of Circulating Tumor Cells without Using Capture Antibodies. ACS Nano 2013, 7, 566-575. [CrossRef]

11.  Yang, L.; Sun, H.; Jiang, W.; Xu, T.; Song, B.; Peng, R.; Han, L.; Jia, L. A Chemical Method for Specific Capture of Circulating
Tumor Cells Using Label-Free Polyphenol-Functionalized Films. Chem. Mater. 2018, 30, 4372-4382. [CrossRef]

12.  Gossett, D.R.; Weaver, WM.; MacH, A ].; Hur, S.C.; Tse, H.TK,; Lee, W.; Amini, H.; Di Carlo, D. Label-Free Cell Separation and
Sorting in Microfluidic Systems. Anal. Bioanal. Chem. 2010, 397, 3249-3267. [CrossRef] [PubMed]

13.  Zhao, K,; Larasati; Duncker, B.P,; Li, D. Continuous Cell Characterization and Separation by Microfluidic Alternating Current
Dielectrophoresis. Anal. Chem. 2019, 91, 6304-6314. [CrossRef] [PubMed]

14. Nivedita, N.; Papautsky, I. Continuous Separation of Blood Cells in Spiral Microfluidic Devices. Biomicrofluidics 2013, 7, 054101.
[CrossRef] [PubMed]

15. Davoodi, E.; Sarikhani, E.; Montazerian, H.; Ahadian, S.; Costantini, M.; Swieszkowski, W.; Willerth, S.M.; Walus, K.; Mofidfar, M.;

Toyserkani, E.; et al. Extrusion and Microfluidic-Based Bioprinting to Fabricate Biomimetic Tissues and Organs. Adv. Mater.
Technol. 2020, 5, 1901044. [CrossRef] [PubMed]


http://doi.org/10.1016/S1872-2040(15)60808-8
http://doi.org/10.1039/C4LC01246A
http://www.ncbi.nlm.nih.gov/pubmed/25598308
http://doi.org/10.1038/s41598-017-01150-3
http://www.ncbi.nlm.nih.gov/pubmed/28550299
http://doi.org/10.1039/C3LC50617G
http://www.ncbi.nlm.nih.gov/pubmed/23949794
http://doi.org/10.1200/JCO.2007.15.8923
http://doi.org/10.3390/mi11070699
http://doi.org/10.1093/clinchem/48.10.1819
http://doi.org/10.1016/0014-4827(88)90159-0
http://doi.org/10.1002/advs.202002259
http://doi.org/10.1021/nn304719q
http://doi.org/10.1021/acs.chemmater.8b01646
http://doi.org/10.1007/s00216-010-3721-9
http://www.ncbi.nlm.nih.gov/pubmed/20419490
http://doi.org/10.1021/acs.analchem.9b01104
http://www.ncbi.nlm.nih.gov/pubmed/30977369
http://doi.org/10.1063/1.4819275
http://www.ncbi.nlm.nih.gov/pubmed/24404064
http://doi.org/10.1002/admt.201901044
http://www.ncbi.nlm.nih.gov/pubmed/33072855

Biosensors 2022, 12, 757 14 of 15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Pommer, M.S.; Zhang, Y.; Keerthi, N.; Chen, D.; Thomson, J.A.; Meinhart, C.D.; Soh, H.T. Dielectrophoretic Separation of Platelets
from Diluted Whole Blood in Microfluidic Channels. Electrophoresis 2008, 29, 1213-1218. [CrossRef] [PubMed]

Yasukawa, T.; Yamada, J.; Shiku, H.; Matsue, T.; Suzuki, M. Microfluidic Separation of Blood Cells Based on the Negative
Dielectrophoresis Operated by Three Dimensional Microband Electrodes. Micromachines 2020, 11, 833. [CrossRef]

Piacentini, N.; Mernier, G.; Tornay, R.; Renaud, P. Separation of Platelets from Other Blood Cells in Continuous-Flow by
Dielectrophoresis Field-Flow-Fractionation. Biomicrofluidics 2011, 5, 034122. [CrossRef]

Siani, O.Z.; Sojoodi, M.; Targhi, M.Z.; Movahedin, M. Blood Particle Separation Using Dielectrophoresis in a Novel Microchannel:
A Numerical Study. Cell J. 2019, 22, 218-226. [CrossRef]

Huang, L.R.; Cox, E.C.; Austin, R.H.; Sturm, ].C. Continuous Particle Separation Through Deterministic Lateral Displacement.
Science 2004, 304, 987-990. [CrossRef]

Khodaee, F.; Movahed, S.; Fatouraee, N.; Daneshmand, F. Numerical Simulation of Separation of Circulating Tumor Cells from
Blood Stream in Deterministic Lateral Displacement (DLD) Microfluidic Channel. J. Mech. 2016, 32, 463—471. [CrossRef]

Li, N.; Kamei, D.T.; Ho, C.M. On-Chip Continuous Blood Cell Subtype Separation by Deterministic Lateral Displacement.
In Proceedings of the 2007 2nd IEEE International Conference on Nano/Micro Engineered and Molecular Systems, Bangkok,
Thailand, 16-19 January 2007; pp. 932-936. [CrossRef]

Holmes, D.; Whyte, G.; Bailey, J.; Vergara-Irigaray, N.; Ekpenyong, A.; Guck, J.; Duke, T. Separation of Blood Cells with Differing
Deformability Using Deterministic Lateral Displacement. Interface Focus 2014, 4, 20140011. [CrossRef] [PubMed]

Geislinger, TM.; Eggart, B.; Braunmiiller, S.; Schmid, L.; Franke, T. Separation of Blood Cells Using Hydrodynamic Lift. Appl.
Phys. Lett. 2012, 100, 183701. [CrossRef]

Shiriny, A.; Bayareh, M. On Magnetophoretic Separation of Blood Cells Using Halbach Array of Magnets. Meccanica 2020, 55,
1903-1916. [CrossRef]

Shamloo, A.; Parast, F.Y. Simulation of Blood Particle Separation in a Trapezoidal Microfluidic Device by Acoustic Force. IEEE
Trans. Electron Devices 2019, 66, 1495-1503. [CrossRef]

Lim, Y.C.; Kouzani, A.Z.; Duan, W. Lab-on-a-Chip: A Component View. Microsyst. Technol. 2010, 16, 1995-2015. [CrossRef]
Arora, A.; Simone, G.; Salieb-Beugelaar, G.B.; Kim, ].T.; Manz, A. Latest Developments in Micro Total Analysis Systems. Anal.
Chem. 2010, 82, 4830—4847. [CrossRef]

Shamloo, A.; Yazdani, A.; Saghafifar, F. Investigation of a Two-Step Device Implementing Magnetophoresis and Dielectrophoresis
for Separation of Circulating Tumor Cells from Blood Cells. Eng. Life Sci. 2020, 20, 296-304. [CrossRef]

Kang, Y,; Li, D.; Kalams, S.A.; Eid, J.E. DC-Dielectrophoretic Separation of Biological Cells by Size. Biomed. Microdevices 2008, 10,
243-249. [CrossRef]

Chen, D.E,; Du, H.; Li, W.H. Bioparticle Separation and Manipulation Using Dielectrophoresis. Sens. Actuators A Phys. 2007, 133,
329-334. [CrossRef]

Zhao, K.; Li, D. Manipulation and Separation of Oil Droplets by Using Asymmetric Nano-Orifice Induced DC Dielectrophoretic
Method. J. Colloid Interface Sci. 2018, 512, 389-397. [CrossRef] [PubMed]

Zhao, K;; Li, D. Tunable Droplet Manipulation and Characterization by Ac-DEP. ACS Appl. Mater. Interfaces 2018, 10, 36572-36581.
[CrossRef]

Gascoyne, P.R.C.; Vykoukal, ]. Particle Separation by Dielectrophoresis. Electrophoresis 2002, 23, 1973. [CrossRef]

Zhao, K.; Li, D. Continuous Separation of Nanoparticles by Type via Localized DC-Dielectrophoresis Using Asymmetric
Nano-Orifice in Pressure-Driven Flow. Sens. Actuators B Chem. 2017, 250, 274-284. [CrossRef]

Sajeesh, P; Sen, A K. Particle Separation and Sorting in Microfluidic Devices: A Review. Microfluid. Nanofluid. 2014, 17, 1-52.
[CrossRef]

Zhao, K.; Peng, R.; Li, D. Separation of Nanoparticles by a Nano-Orifice Based DC-Dielectrophoresis Method in a Pressure-Driven
Flow. Nanoscale 2016, 8, 18945-18955. [CrossRef]

Dash, S.; Mohanty, S. Dielectrophoretic Separation of Micron and Sub-Micron Particles: A Review. Electrophoresis 2014, 35,
2656-2672. [CrossRef]

Khoshmanesh, K.; Zhang, C.; Nahavandi, S.; Tovar-Lopez, E].; Baratchi, S.; Mitchell, A.; Kalantar-Zadeh, K. Size Based Separation
of Microparticles Using a Dielectrophoretic Activated System. |. Appl. Phys. 2010, 108, 034904. [CrossRef]

Zhao, K.; Wei, Y;; Dong, J.; Zhao, P.; Wang, Y.; Pan, X.; Wang, J. Separation and Characterization of Microplastic and Nanoplastic
Particles in Marine Environment. Environ. Pollut. 2022, 297, 118773. [CrossRef]

Li, H.; Bashir, R. Dielectrophoretic Orientation, Manipulation and Separation of Live and Heat-Treated Cells Of Listeria on Microfabricated
Devices with Interdigitated Electrodes; Cambridge University Press: Cambridge, UK, 2002; Volume 729, pp. 1-6.

Gascoyne, P.; Mahidol, C.; Ruchirawat, M.; Satayavivad, J.; Watcharasit, P.; Becker, EF. Microsample Preparation by Dielec-
trophoresis: Isolation of Malaria. Lab Chip 2002, 2, 70-75. [CrossRef]

Moon, H.S.; Kwon, K.; Kim, S.I.; Han, H.; Sohn, J.; Lee, S.; Jung, H.I. Continuous Separation of Breast Cancer Cells from Blood
Samples Using Multi-Orifice Flow Fractionation (MOFF) and Dielectrophoresis (DEP). Lab Chip 2011, 11, 1118-1125. [CrossRef]
[PubMed]

Song, H.; Rosano, ].M.; Wang, Y.; Garson, C.J.; Prabhakarpandian, B.; Pant, K.; Klarmann, G.J.; Perantoni, A.; Alvarez, L.M.; Lai, E.
Continuous-Flow Sorting of Stem Cells and Differentiation Products Based on Dielectrophoresis. Lab Chip 2015, 15, 1320-1328.
[CrossRef] [PubMed]


http://doi.org/10.1002/elps.200700607
http://www.ncbi.nlm.nih.gov/pubmed/18288670
http://doi.org/10.3390/mi11090833
http://doi.org/10.1063/1.3640045
http://doi.org/10.22074/cellj.2020.6386
http://doi.org/10.1126/science.1094567
http://doi.org/10.1017/jmech.2015.91
http://doi.org/10.1109/NEMS.2007.352171
http://doi.org/10.1098/rsfs.2014.0011
http://www.ncbi.nlm.nih.gov/pubmed/25485078
http://doi.org/10.1063/1.4709614
http://doi.org/10.1007/s11012-020-01225-y
http://doi.org/10.1109/TED.2018.2889912
http://doi.org/10.1007/s00542-010-1141-6
http://doi.org/10.1021/ac100969k
http://doi.org/10.1002/elsc.202000001
http://doi.org/10.1007/s10544-007-9130-y
http://doi.org/10.1016/j.sna.2006.06.029
http://doi.org/10.1016/j.jcis.2017.10.073
http://www.ncbi.nlm.nih.gov/pubmed/29080534
http://doi.org/10.1021/acsami.8b14430
http://doi.org/10.1002/1522-2683(200207)23:13&lt;1973::AID-ELPS1973&gt;3.0.CO;2-1
http://doi.org/10.1016/j.snb.2017.04.184
http://doi.org/10.1007/s10404-013-1291-9
http://doi.org/10.1039/C6NR06952E
http://doi.org/10.1002/elps.201400084
http://doi.org/10.1063/1.3457226
http://doi.org/10.1016/j.envpol.2021.118773
http://doi.org/10.1039/b110990c
http://doi.org/10.1039/c0lc00345j
http://www.ncbi.nlm.nih.gov/pubmed/21298159
http://doi.org/10.1039/C4LC01253D
http://www.ncbi.nlm.nih.gov/pubmed/25589423

Biosensors 2022, 12, 757 15 of 15

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.
57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Wang, Y.; Wang, J.; Wu, X,; Jiang, Z.; Wang, W. Dielectrophoretic Separation of Microalgae Cells in Ballast Water in a Microfluidic
Chip. Electrophoresis 2019, 40, 969-978. [CrossRef] [PubMed]

Vahey, M.D.; Voldman, J. An Equilibrium Method for Continuous-Flow Cell Sorting Using Dielectrophoresis. Anal. Chem. 2008,
80, 3135-3143. [CrossRef]

Cao, Z.; Zhu, Y,; Liu, Y;; Dong, S.; Chen, X.; Bai, E; Song, S.; Fu, ]J. Dielectrophoresis-Based Protein Enrichment for a Highly
Sensitive Immunoassay Using Ag/SiO2 Nanorod Arrays. Small 2018, 14, 1703265. [CrossRef]

Kung, Y.C.; Huang, K.W.; Chong, W.; Chiou, PY. Tunnel Dielectrophoresis for Tunable, Single-Stream Cell Focusing in Physiologi-
cal Buffers in High-Speed Microfluidic Flows. Small 2016, 12, 4343-4348. [CrossRef]

Voldman, ]. Electrical Forces for Microscale Cell Manipulation. Annu. Rev. Biomed. Eng. 2006, 8, 425-454. [CrossRef]

Abdel Fattah, A.R.; Ghosh, S.; Puri, LK. High Gradient Magnetic Field Microstructures for Magnetophoretic Cell Separation. J.
Chromatogr. B Anal. Technol. Biomed. Life Sci. 2016, 1027, 194-199. [CrossRef]

Pamme, N.; Wilhelm, C. Continuous Sorting of Magnetic Cells via On-Chip Free-Flow Magnetophoresis. Lab Chip 2006, 6, 974-980.
[CrossRef]

Jung, S.H.; Hahn, YK.; Oh, S.; Kwon, S.; Um, E.; Choi, S.; Kang, J].H. Advection Flows-Enhanced Magnetic Separation for
High-Throughput Bacteria Separation from Undiluted Whole Blood. Small 2018, 14, 1801731. [CrossRef]

Karle, M.; Miwa, J.; Czilwik, G.; Auwdrter, V.; Roth, G.; Zengerle, R.; Von Stetten, F. Continuous Microfluidic DNA Extraction
Using Phase-Transfer Magnetophoresis. Lab Chip 2010, 10, 3284-3290. [CrossRef] [PubMed]

Han, K.H.; Bruno Frazier, A. A Microfluidic System for Continuous Magnetophoretic Separation of Suspended Cells Using Their
Native Magnetic Properties. Proc. Nanotechnol. 2005, 1, 187-190.

Zhu, T,; Cheng, R; Liu, Y.; He, J.; Mao, L. Combining Positive and Negative Magnetophoreses to Separate Particles of Different
Magnetic Properties. Microfluid. Nanofluid. 2014, 17, 973-982. [CrossRef]

Koh, J.B.Y. Marcos Sorting Spermatozoa by Morphology Using Magnetophoresis. Microfluid. Nanofluid. 2017, 21, 75. [CrossRef]
Munaz, A.; Shiddiky, M.J.A.; Nguyen, N.T. Recent Advances and Current Challenges in Magnetophoresis Based Micro Mag-
netofluidics. Biomicrofluidics 2018, 12, 031501. [CrossRef] [PubMed]

Furlani, E.P. Analysis of Particle Transport in a Magnetophoretic Microsystem. J. Appl. Phys. 2006, 99, 024912. [CrossRef]
Morgan, H.; Green, N.G. AC Electrokinetics: Colloids and Nanoparticles; Research Studies Press: Boston, MA, USA, 2003;
ISBN 0863802559.

Huang, Y.; Holzel, R.; Pethig, R.; Wang, X.B. Differences in the AC Electrodynamics of Viable and Non-Viable Yeast Cells
Determined through Combined Dielectrophoresis and Electrorotation Studies. Phys. Med. Biol. 1992, 37, 1499. [CrossRef]

Lin, R.Z.; Ho, C.T;; Liu, C.H.; Chang, H.Y. Dielectrophoresis Based-Cell Patterning for Tissue Engineering. Biotechnol. ]. 2006, 1,
949-957. [CrossRef]

Wu, L,; Lanry Yung, L.Y,; Lim, K.M. Dielectrophoretic Capture Voltage Spectrum for Measurement of Dielectric Properties and
Separation of Cancer Cells. Biomicrofluidics 2012, 6, 014113. [CrossRef]

Nahavandi, M. Continuous-Flow Separation of Malaria-Infected Human Erythrocytes Using DC Dielectrophoresis: An Electroki-
netic Modeling and Simulation. Ind. Eng. Chem. Res. 2016, 55, 5484-5499. [CrossRef]

Das, D.; Biswas, K.; Das, S. A Microfluidic Device for Continuous Manipulation of Biological Cells Using Dielectrophoresis. Med.
Eng. Phys. 2014, 36, 726-731. [CrossRef] [PubMed]

Zhao, K; Li, D. Numerical Studies of Manipulation and Separation of Janus Particles in Nano-Orifice Based DC-Dielectrophoretic
Microfluidic Chips. J. Micromech. Microeng. 2017, 27, 095007. [CrossRef]

Egger, M.; Donath, E. Electrorotation Measurements of Diamide-Induced Platelet Activation Changes. Biophys. ]. 1995, 68,
364-372. [CrossRef]

Gascoyne, P.; Satayavivad, J.; Ruchirawat, M. Microfluidic Approaches to Malaria Detection. Acta Trop. 2004, 89, 357-369.
[CrossRef] [PubMed]

Ermolina, I; Polevaya, Y.; Feldman, Y.; Ginzburg, B.Z.; Schlesinger, M. Study of Normal and Malignant White Blood Cells by
Time Domain Dielectric Spectroscopy. IEEE Trans. Dielectr. Electr. Insul. 2001, 8, 253-261. [CrossRef]

Polevaya, Y.; Ermolina, I.; Schlesinger, M.; Ginzburg, B.Z.; Feldman, Y. Time Domain Dielectric Spectroscopy Study of Human
Cells II. Normal and Malignant White Blood Cells. Biochim. Biophys. Acta-Biomembr. 1999, 1419, 257-271. [CrossRef]
Shirmohammadli, V.; Manavizadeh, N. Numerical Modeling of Cell Trajectory Inside a Dielectrophoresis Microdevice Designed
for Breast Cancer Cell Screening. IEEE Sens. ]. 2018, 18, 8215-8222. [CrossRef]


http://doi.org/10.1002/elps.201800302
http://www.ncbi.nlm.nih.gov/pubmed/30221789
http://doi.org/10.1021/ac7020568
http://doi.org/10.1002/smll.201703265
http://doi.org/10.1002/smll.201600996
http://doi.org/10.1146/annurev.bioeng.8.061505.095739
http://doi.org/10.1016/j.jchromb.2016.05.046
http://doi.org/10.1039/b604542a
http://doi.org/10.1002/smll.201801731
http://doi.org/10.1039/c0lc00129e
http://www.ncbi.nlm.nih.gov/pubmed/20938545
http://doi.org/10.1007/s10404-014-1396-9
http://doi.org/10.1007/s10404-017-1911-x
http://doi.org/10.1063/1.5035388
http://www.ncbi.nlm.nih.gov/pubmed/29983837
http://doi.org/10.1063/1.2164531
http://doi.org/10.1088/0031-9155/37/7/003
http://doi.org/10.1002/biot.200600112
http://doi.org/10.1063/1.3690470
http://doi.org/10.1021/acs.iecr.6b00660
http://doi.org/10.1016/j.medengphy.2013.12.010
http://www.ncbi.nlm.nih.gov/pubmed/24388100
http://doi.org/10.1088/1361-6439/aa7eae
http://doi.org/10.1016/S0006-3495(95)80197-9
http://doi.org/10.1016/j.actatropica.2003.11.009
http://www.ncbi.nlm.nih.gov/pubmed/14744562
http://doi.org/10.1109/94.919948
http://doi.org/10.1016/S0005-2736(99)00072-3
http://doi.org/10.1109/JSEN.2018.2865699

	Introduction 
	Materials and Methods 
	Separation Mechanism 
	Physical and Mathematical Models 
	The Flow Field 
	The Magnetic Field 
	The Electric Field 
	Particle Tracing 

	Numerical Simulation 

	Results and Discussion 
	The Effect of the Ferromagnet Structure on the Magnetic Field 
	The Effect of the Flow Rate 
	The Effect of the Applied Voltage 
	Isolation of CTCs 

	Conclusions 
	References

