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Negative selection-based circulating tumor cell (CTC) isolation is able to harvest
viable, label-free, and clinically meaningful CTCs from the cancer patients’ blood.
Nevertheless, its main shortcoming is its inability to isolate high-purity CTCs, restricting
subsequent CTC-related analysis. To address this issue, this study proposed a
two-step optically-induced dielectrophoresis (ODEP) cell manipulation to process the
cell sample harvested by negative selection-/immunomagnetic microbeads-based CTC
isolation. The working mechanism is that the ODEP force acting on the cells with
and without magnetic microbeads binding is different. Accordingly, the use of ODEP
cell manipulation in a microfluidic system was designed to first separate and then
isolate the cancer cells from other magnetic microbead-bound cells. Immunofluorescent
microscopic observation and ODEP cell manipulation were then performed to refine the
purity of the cancer cells. In this study, the optimum operating conditions for effective
cell isolation were determined experimentally. The results revealed that the presented
method was able to further refine the purity of cancer cell in the sample obtained after
negative selection-based CTC isolation with high cell purity (81.6˜86.1%). Overall, this
study proposed the combination of immunomagnetic bead-based cell isolation and
ODEP cell manipulation for the negative selection-based isolation of CTCs.

Keywords: circulating tumor cells, optically-induced dielectrophoresis, microfluidic technology,
immunomagnetic microbeads, cell isolation
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INTRODUCTION

Metastasis is the main cause of cancer morbidity and mortality
(Mehlen and Puisieux, 2006). Circulating tumor cells (CTCs)
are those cells that have escaped from the primary tumor tissue
into the vasculature and are subsequently present in the blood
circulation or lymphatic system (Plaks et al., 2013). The presence
of CTCs in the blood circulation is closely associated with cancer
metastasis (Plaks et al., 2013). As a result, the fundamental study
of CTCs has immense potential for revealing the mechanism
behind metastasis. Such a discovery could help scientists develop
novel therapeutic methods for cancer treatments. Moreover, in
terms of clinical utility, the CTCs obtained from cancer patients’
blood can act as a kind of liquid tumor biopsy, which are useful
for various clinical applications [e.g., the selection of personalized
therapeutic regimens (Yue et al., 2018), for the evaluation of
therapeutic response (Otsuka et al., 2013), or for the detection
of cancer disease status (Tsai et al., 2016)].

To achieve these goals, the isolation and purification of
high-purity, label-free, viable, and, more importantly, clinically
meaningful CTCs from blood samples of cancer patients is
crucial. Nevertheless, CTCs are normally rare in a blood sample
(Allan and Keeney, 2010), making them technically difficult to
isolate and purify. CTCs can be separated and then isolated
from the blood samples of cancer patients through physical-
or biochemical-based working mechanisms. It is well accepted
that physical-based approaches are simple, low-cost, and label-
free to operate. Nevertheless, their performance for target cell
isolation (e.g., the cell purity achieved: 0.1˜10%; (Hosokawa
et al., 2010; Hou et al., 2013; Hao et al., 2018) is commonly
inferior to the other biochemical methods (Hosokawa et al., 2010;
Hou et al., 2013; Hao et al., 2018).

In contrary, the methods based on biochemical mechanism
are the mainstream choice in present CTC isolation practices
(Joosse et al., 2015). In these methods, immunomagnetic
microbead-based cell separation and isolation is the commonly
adopted technique for such tasks. Briefly, magnetic microbeads
coupled with CTC surface antigen [e.g., mainly epithelial cell
adhesion molecule (EpCAM)]-specific antibodies are used to
recognize and then selectively bind with CTCs in a cell
suspension sample. The magnetic microbead-bound CTCs are
subsequently separated from the background blood cells through
the exertion of a magnetic field. The above-mentioned CTC
isolation process is called the positive selection of CTCs [e.g.,
the cell purity achieved: 7˜51%; Talasaz et al., 2009; Kang
et al., 2019). Although the current physical or biochemical CTC
isolation protocols have been demonstrated to be workable to
isolate CTCs, the existence of background blood cells in the
harvested sample remains a problem. This problem could in turn
complicate the following analytical works (Chiu et al., 2016; Cho
et al., 2018; Kang et al., 2019).

Except for the technical hurdle mentioned above, the
present CTC isolation and purification methods might not
be able to harvest clinically suitable and label-free CTCs
for subsequent applications. First, the concept that CTCs
with metastatic potential might experience a transformation
called epithelial-to-mesenchymal transition (EMT) has been

thoroughly vetted (Mikolajczyk et al., 2011; Gabriel et al.,
2016; Swennenhuis et al., 2016). After this transformation, the
expression of EpCAM on the cellular surfaces of CTCs is
downregulated (Mikolajczyk et al., 2011; Gabriel et al., 2016;
Swennenhuis et al., 2016). Owing to this phenomenon, the
conventional positive selection-based CTC isolation strategy
might not be able to isolate these clinically meaningful CTCs
closely associated with cancer metastasis (Lustberg et al., 2014;
Peters et al., 2016; Liao et al., 2018; Kang et al., 2019; Nicolazzo
et al., 2019). Second, the CTCs obtained from the positive
selection-based cell isolation protocol are normally labeled with
magnetic microbeads, which could, for example, limit the use of
the harvested cells for subsequent CTC culture-based assays. To
solve out the technical issues, more recently, the idea of negative
selection-based CTC isolation was presented. In operations,
erythrocytes are first depleted using, for example, a chemical
lysis-based method. The leukocytes in the treated sample are
then targeted for removal via the technique of immunomagnetic
microbeads-based cell separation and isolation (Peters et al.,
2016; Liao et al., 2018; Banko et al., 2019; Kang et al., 2019). Based
on this strategy, it has been proven that all possible and label-free
CTCs in the blood samples of cancer patients can be obtained
(Peters et al., 2016; Liao et al., 2018; Banko et al., 2019; Kang
et al., 2019). However, its key technical problem is its inability
to harvest high-purity target cells (e.g., the CTC purity achieved:
5˜10%; Liao et al., 2017; Kang et al., 2019).

Borrowing from the advances of microfluidic technology,
several microscale cell manipulation techniques (Talasaz et al.,
2009; Hou et al., 2013; Chiu et al., 2016; Liao et al., 2018; Kang
et al., 2019) were proposed to be integrated into microfluidic
systems for CTC isolation (Cho et al., 2018). Leveraging
the characteristic feature of miniaturized scale, overall, these
microfluidic systems have been successfully demonstrated to
have better performances of CTC isolation compared with
conventional CTC isolation schemes (Cho et al., 2018).
Among the cell manipulation techniques, optically-induced
dielectrophoresis (ODEP)-based techniques particularly attract
the biologists’ interest due to their ease of operation. In
practice, one can simply use a commercial digital projector
to display light images on an ODEP microfluidic system to
manipulate biological cells of interest in a simple, flexible,
user-friendly, and low-cost manner (Huang et al., 2013; Chiu
et al., 2016; Chou et al., 2017; Liao et al., 2018; Chu et al.,
2019a). The utilization of ODEP cell manipulation in micro-scale
systems has been successfully demonstrated for various biological
applications [e.g., the isolation of rare cells (Huang et al.,
2013; Chiu et al., 2016; Chou et al., 2017; Liao et al., 2018),
the sorting or isolation of cancer cells (Chu et al., 2019a) or
bacteria (Wang et al., 2020) with varied drug resistance, or
identification of sperms’ viability and motility (Ohta et al., 2010)].
In addition, we have also previously exhibited the use of such a
technique in microfluidic systems for the isolation of CTCs in
a higher performance manner in comparison with conventional
counterparts (Chiu et al., 2016). Nevertheless, the utilization
of ODEP cell manipulation for the high-purity and label-free
isolation of viable CTCs based on a negative selection strategy has
not yet been explored.
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In this study, we proposed the combination of
immunomagnetic bead-based cell isolation and ODEP-based
cell manipulation for the negative selection-based isolation of
CTCs. In operations, a conventional negative selection-based
CTC isolation process using the standard immunomagnetic
microbeads-based cell isolation technique (Chiu et al., 2016;
Peters et al., 2016; Liao et al., 2018) was first carried out
to isolate CTCs from the blood samples of cancer patients.
After that, a two-step ODEP cell manipulation was performed
to process the cell sample harvested from the previous cell
isolation process to refine the purity of the cancer cells. The
first working mechanism is that the ODEP force acting on the
magnetic microbead-bound leukocytes, the main cell population
in the cell sample obtained from a negative selection-based
CTC isolation protocol, and the other cells without magnetic
microbeads binding are different. Based on this difference,
the use of ODEP cell manipulation in a microfluidic system
was designed to first separate and then isolate the cancer cells
from the other magnetic microbead-bound leukocytes. The cell
sample obtained was soon followed by the second step, during
which immunofluorescence microscopic observation and ODEP
cell manipulation were carried out to further refine the cell
purity of the target cell population. In this study, an ODEP
microfluidic system was designed and fabricated. In addition,
the optimum ODEP operating conditions [e.g., size (50 nm) and
concentration (0.2 mg ml−1) of magnetic microbeads, the angle
between the rectangular light bar and sample flow direction
(15◦), and the sample flow rate (1.0 µl min−1)] for effective
cell separation and isolation were determined experimentally.
Finally, the performance of cancer isolation and purification
via the presented two-step ODEP cell manipulation process
was experimentally assessed. The results revealed that the
presented two-step ODEP cell manipulation process was able
to further refine the cancer cell purity of the sample obtained
after a negative selection-based CTC isolation process with high
cell purity (81.6˜86.1%). Overall, this study proposes a hybrid
method for the negative selection-based isolation of CTCs. In
addition to CTC isolation, the presented method is also useful
in other research areas in which the isolation of high-purity,
label-free, and viable cells is required.

MATERIALS AND METHODS

The ODEP Microfluidic Chip and
Operating Setup
In this study, a microfluidic chip encompassing a T-shaped
microchannel was designed (Figure 1A). The functions of the
designed main microchannel (L: 21.0 mm, W: 1.0 mm, H:
50.0 µm) and side microchannel (L: 14.0 mm, W: 500.0 µm,
H: 50.0 µm) were for transporting the cell suspension sample
and for collecting the isolated cells, respectively. In the design,
moreover, the ODEP cell manipulation for the continuous
sorting and isolation of cancer cells from the surrounding
magnetic microbead-bound leukocytes was first performed at
the defined cell isolation zone (L: 4.2 mm, W: 1.0 mm, H:
50.0 µm) of the main microchannel (Figure 1A). The structure

of the ODEP microfluidic chip, encompassing two home-made
polydimethylsiloxane (PDMS) adapters for tubing connection
(Layer A), an indium-tin-oxide (ITO) glass (7 �, 0.7 mm;
Ritek, TWN) (Layer B), a double-sided adhesive tape (L298,
thickness: 50.0 µm, Sun-yieh, TWN) with a hollow T-shaped
microchannel (Layer C), and a bottom ITO glass coated with
a layer of photoconductive material, is shown in Figure 1B.
In the Layer D, the photoconductive material was composed
of a 12-nm-thick p-type hydrogenated amorphous silicon layer
and a 500-nm-thick hydrogenated amorphous silicon layer. The
fabrication processes for each layer (Figure 1B) were based on
PDMS replica molding, metal mold-punching fabrication, and
thin-film technology, as well described previously (Liao et al.,
2018; Chu et al., 2019a,b).

For the following assembly process, the two PDMS adapters
were bonded with the ITO glass substrate (Layer B) with
the aid of O2 plasma surface treatment. This bonding was
followed by assembly with the processed ITO glass substrate
(Layer D) with the aid of the prepared double-sided adhesive
tape (Layer C) (Figure 1B). In terms of the operating setup
(Figure 1C), two syringe pumps were used for cell suspension
transportation in the designed ODEP microfluidic chip. For
the ODEP cell manipulation in the microfluidic chip, the
other experimental setup was based on our previous studies
(Liao et al., 2018; Chu et al., 2019a,b). Briefly, a function
generator was utilized to apply an alternating current (AC)
voltage between the two ITO glasses. A digital projector (EB-X05,
Epson, JP) connected with a computer was used to project
light images onto the photoconductive material. In addition, a
CCD-equipped fluorescence microscope (Zoom 160, OPTEM,
US) was designed to observe the ODEP cell manipulation
process in the microfluidic chip. A photograph of the overall
experimental setup is provided as a Supplementary Figure 1.

The Working Mechanism for the
Separation of Cancer Cells From the
Surrounding Magnetic Microbead-Bound
Cells via ODEP Cell Manipulation
Cell manipulation using the ODEP mechanism was utilized
to sort and then separate the targeted cancer cells from the
surrounding magnetic microbead-bound cells in this study.
The key working principle is described as follows. In terms
of microparticle (e.g., biological cells) manipulation using the
ODEP phenomenon (Chu et al., 2019a,b), briefly, an electric
voltage is applied between the top and bottom substrates of
an ODEP system. This application in turn generates a uniform
electric field between the two substrates. When microparticles
with dielectric properties are suspended in solution under the
generated electric field, charges can be electrically polarized on
the microparticles’ surface. When the photosensitive substrate
(e.g., Layer D; Figure 1B) of an ODEP system is projected with
a light, the light can lead to a voltage fall across the liquid layer
within the light-illuminated area and then induces a non-uniform
distribution of an electric field between the top and bottom
substrates. The interaction between an electrically polarized
microparticle and the non-uniform electric field created due to
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FIGURE 1 | Schematic presentation of the (A) top-view design layout and (B) the structure of an ODEP microfluidic chip (Layer A: two PDMS adapters for tubing
connection; Layer B: an ITO glass; Layer C: a double-sided adhesive tape with a hollow T-shaped microchannel; Layer D: an ITO glass coated with a
photoconductive layer), and the (C) the whole operating setup.

light illumination was employed to manipulate microparticles.
Based on the abovementioned phenomenon, overall, one can
manipulate the light image projected onto the photosensitive
layer of an ODEP system to manageably control a microparticle.

The ODEP force generated on a microparticle can be
described by Eq. (1) (Chu et al., 2019a,b):

FDEP = 2πr3ε0εmRe[fCM]∇|E|2 (1)

In Eq. (1), r, ε0, εm, ∇| E| 2, and Re[fCM] represent the
microparticle radius, vacuum permittivity, relative permittivity

of the surrounding solution, gradient of the applied electrical
field squared, and real part of the Clausius–Mossotti factor (fCM),
respectively. For a given property of the working solution, the
direction of the ODEP force generated on a microparticle is
determined by Re[fCM] (Valley et al., 2008; Hwang and Park,
2011; Chen and Yuan, 2019). Re[fCM] is further determined
by the frequency of the applied electric voltage as well as the
dielectric property of a microparticle (Valley et al., 2008; Hwang
and Park, 2011; Chen and Yuan, 2019). If the Re[fCM] is positive,
the manipulated microparticles are attracted within a light image
and the light image can be used to pull the microparticles
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for manipulation (i.e., positive ODEP force). When Re[fCM] is
negative, conversely, the manipulated microparticles are repulsed
by a light image and are thus located outside of the light
image. In this situation, the light image can be used to push
the microparticles for manipulation purposes (i.e., negative
ODEP force) (Valley et al., 2008; Hwang and Park, 2011;
Chen and Yuan, 2019).

According to the abovementioned phenomena, the nature
(e.g., positive or negative) of the ODEP force generated on
a microparticle is dependent on the dielectric property of
the microparticle at a given frequency of electric voltage. For
example, microbeads and biological cells exhibited negative
and positive ODEP forces, respectively, under specific electric
conditions (Chiou et al., 2005; Hwang and Park, 2011; Chen and
Yuan, 2019). Based on this fact, it might be possible to fine tune
the ODEP force generated on a cell if magnetic microbeads are
bound onto it. If this speculation is workable, one can simply
use ODEP cell manipulation to sort and separate the cancer cells
from the surrounding magnetic microbead-bound cells, in which
these cells are originally difficult to sort and separate via ODEP

cell manipulation due to their similar size. In this study, this
speculation was tested and described in section “The Optimum
ODEP Operating Conditions for the Isolation of SW620 Cancer
Cells From Magnetic Microbead-Bound Jurkat cells.”

The Working Mechanism of Using the
ODEP Microfluidic System to Isolate and
Purify Cancer Cells From Magnetic
Microbead-Bound Jurkat Cells
In this study, the ODEP microfluidic system (Figure 1C) was
utilized to process the cell sample obtained from the negative
selection-based CTC isolation scheme using the standard
immunomagnetic microbead-based cell isolation technique.
In operations, a two-step ODEP cell manipulation process,
schematically presented in Figures 2A,B, was designed to sort,
separate, and then isolate SW620 cancer cells (a cell line used
as model CTCs) from magnetic microbead-bound Jurkat cells
(a cell line used as model leukocytes). In this work, a static
rectangular light bar (L: 3.9 mm, W: 100.0 µm) with a particular

FIGURE 2 | Schematic presentation (top view) of the working mechanism for the continuous isolation and purification of cancer cells from the magnetic
microbead-bound Jurkat cells; (A) the first step ODEP cell manipulation process: (I): a static rectangular light bar (L: 3.9 mm, W: 100 µm) with a particular angle
(e.g., 15◦) to the flow direction of the cell suspension was designed at the defined cell isolation zone of the main microchannel, (I–VIII): most of the magnetic
microbead-bound Jurkat cells (black dots) in the sample flow were not trapped by the light bar and thus flowed to the downstream of the main microchannel,
whereas most of the SW620 cancer cells (gray dots) flowing through the main microchannel were trapped by the light bar and then delivered along the light bar to
the side microchannel for cell collection (indicated by arrows), (B) the second step of the ODEP cell manipulation process: (I) a certain amount of the cancer cells
were collected in the side microchannel, (II) the liquid flow in the side microchannel was driven to flux the cells collected so that they were evenly spread within the
side microchannel, (III) fluorescence microscopy observation was carried out to identify the species of the cells [i.e., fluorescence stained SW620 cancer cells (the
red dots) and immunofluorescence stained magnetic microbead-bound Jurkat cells (the green dots)] collected in the side microchannel for positioning the SW620
cancer cells, (IV) static circular light images were illuminated on each SW620 cancer cell. Meanwhile, the side microchannel was projected with a rectangular light bar
to manipulate the magnetic microbead-bound Jurkat cells into the side microchannel, in which O-ring-like non-illuminated patterns were designed as partitions to
separate the light-illuminated SW620 cancer cells and the other cells, (V–VII) the rectangular light bar on the side microchannel was then moved to manipulate the
magnetic microbead-bound Jurkat cells to remove them from the side microchannel, and this process was repeated for 5 times, (VIII) through the previous process,
the cell purity of the SW620 cancer cells in the side microchannel was greatly improved, (C) the working mechanism of using a static rectangular light bar both as a
virtual cell filter and a virtual cell track for continuous cancer cell separation and isolation: (I) when the FODEP (ODEP manipulation force) acting on a cell is greater than
the component force of FHD (i.e., FHD

∗sin2, 2: the angle between the rectangular light bar and the flow direction of the cell suspension), the cell could move along
the rectangular light bar, driven by another component force of FHD (i.e., FHD

∗cos2), (II) when the FODEP is less than FHD
∗sin2, conversely, a moving cell might not

be trapped by the designed light bar image and thus flows through the light image area.
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angle (e.g., 15◦) to the flow direction of the cell suspension
was designed at the defined cell isolation zone of the main
microchannel (Figure 2AI). In the design, the static rectangular
light bar not only functioned as a virtual cell filter that sorted
and separated the cells with and without magnetic microbead
binding but also worked as a virtual track that continuously
guided the cells without magnetic microbeads binding to the side
microchannel for collection. As illustrated in Figures 2AI–VII,
most of the magnetic microbead-bound Jurkat cells in the sample
flow were not trapped by the rectangular light bar and thus
flowed downstream of the main microchannel for waste sample
collection. For the SW620 cancer cells flowing through the main
microchannel, conversely, most of them were trapped by the
rectangular light bar and then delivered along the light bar to
the side microchannel for cell collection (Figures 2AI–VIII),
indicated by arrows). After a certain amount of the cancer
cells were collected in the side microchannel, the second step
of the ODEP cell manipulation (Figure 2B) was performed
for the further purification of cancer cells. First, the liquid
flow (0.1 µl min−1) in the side microchannel was driven for
15˜20 s to flux the cells collected so that they were evenly
spread within the side microchannel, facilitating the following
cell manipulation using ODEP mechanism (Figures 2BI,II).
After that, fluorescence microscopy observation was carried
out to identify the species of the cells collected in the side
microchannel (Figure 2BIII). Through this process, SW620
cancer cells (red dots) were then positioned. This positioning
was followed by projecting static circular light images on
each SW620 cancer cell (the red dot) to generate an ODEP
force for anchoring them on the bottom surface of the side
microchannel (Figure 2BIV). Meanwhile, the side microchannel
was projecting with a rectangular light bar (L: 1.2 mm;
W: 420.0 µm) to manipulate the magnetic microbead-bound
Jurkat cells (green dots) into the side microchannel, in which
O-ring-like non-illuminated patterns were designed as partitions
to separate the light-illuminated SW620 cancer cells and the
outside part, as illustrated in Figure 2BIV. The rectangular light
bar on the side microchannel was then moved (10 µm s−1)
to manipulate the magnetic microbead-bound Jurkat cells to
remove them from the side microchannel, leaving high-purity
SW620 cancer cells in the side microchannel (Figures 2BV–VII).
The above process was repeated for 5 times so as to obtain
high-purity SW620 cancer cells. After the purification of the
SW620 cancer cells in the side microchannel (Figure 2BVIII), the
isolated SW620 cancer cells were then obtained via the through-
port connecting the tubing and a suction-type syringe pump 2, as
illustrated in Figure 1C.

In this study, as mentioned earlier, a static rectangular light
bar serving both as a virtual cell filter and a virtual cell track
was designed at the defined cell isolation zone of the main
microchannel (Figure 2AI). Its working mechanism is described
herein (Figure 2C). When a cell is in the main microchannel,
it flows in accordance with the liquid flow direction due to
hydrodynamic force (FHD) (Figure 2CI). When the cell flows
through the rectangular light bar area, its movement could be
altered due to the ODEP force (FODEP) acting on it. At a given
electric condition (e.g., 10 Vpp and 3 MHz) (Chen and Yuan,

2019; Chu et al., 2019b), a cell could experience positive ODEP
force under an ODEP field. In this situation, the cell is attracted
to the edge of a light image (Hwang and Park, 2011; Chou et al.,
2017; Chen and Yuan, 2019; Chu et al., 2019b) and the FODEP
exerted on such a cell is perpendicular to the edge of the light
image (Hu et al., 2005; Chou et al., 2017), as shown in Figure 2CI.
When the movement alteration of the cell is observed (e.g., it
moves along the rectangular light bar image), it might indicate
that the FODEP is greater than the component force of FHD (i.e.,
FHD

∗sin2, 2: the angle between the rectangular light bar and the
flow direction of the cell suspension). Under this circumstance,
the cell could move along the rectangular light bar, driven by
another component force of FHD (i.e., FHD

∗cos2) as illustrated in
Figure 2CI. When the FODEP is less than FHD

∗sin2, conversely,
a moving cell might not be trapped by the designed light bar
image and thus flows through the light image area, as shown
in Figure 2CII. Because the ODEP force acting on the SW620
cancer cell is expected to be greater than that on a magnetic
microbead-bound Jurkat cell, the former could be trapped and
then flow along the rectangular light bar (i.e., Figure 2CI) to the
side microchannel for collection, whereas the latter could directly
flow through the light image area (i.e., Figure 2CII). Based on
this phenomenon, SW620 cancer cells can be sorted, separated,
and then isolated from magnetic microbead-bound Jurkat cells
in a continuous flow manner.

The Optimum ODEP Operating
Conditions for the Isolation of SW620
Cancer Cells From Magnetic
Microbead-Bound Jurkat Cells
In the presented ODEP microfluidic system, ODEP cell
manipulation was utilized for the continuous separation and
isolation of the desired cancer cells from the surrounding
magnetic microbead-bound Jurkat cells, as schematically
presented in Figure 2A. In the ODEP setting, the electric voltage
and frequency were set at 10 Vpp and 3 MHz, respectively (Chu
et al., 2019b). In addition, the ODEP manipulation force (Chou
et al., 2017; Chu et al., 2019a,b), a net force between the ODEP
force and friction force, acting on the manipulated cells (e.g.,
the magnetic microbead-bound Jurkat cells or SW620 cancer
cells) was then experimentally evaluated based on the method
described previously (Chou et al., 2017; Chu et al., 2019a,b). In
a steady state, the ODEP manipulation force acting on a cell
is balanced by the viscous drag of fluid acting on such a cell
under continuous flow condition. As a result, the hydrodynamic
drag force of a moving cell was used to evaluate the net ODEP
manipulation force of a cell according to Stokes’ law (Eq. 2)
(Chou et al., 2017; Chu et al., 2019a,b):

F = 6πrηv (2)

In Eq. (2), r,η, and v denote the cellular radius, the
fluidic viscosity of the fluid, and the velocity of a moving
cell, respectively. Based on Stokes’ law, therefore, the ODEP
manipulation force acting on the cells tested can then
be experimentally evaluated through measurements of the
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maximum velocity of a moving light image that can manipulate
these cells (Chou et al., 2017; Chu et al., 2019a,b).

To test the speculation described in section “The Working
Mechanism for the Separation of Cancer Cells From the
Surrounding Magnetic Microbead-Bound Cells via ODEP Cell
Manipulation,” Jurkat cells were bound with streptavidin-coated
magnetic microbeads of different sizes [diameter: 2 µm
(11205D, Invitrogen, US), 1 µm (65001, Invitrogen, US),
and 50 nm (SV0050, Ocean Nanotech, US), respectively] and
different concentrations (e.g., 0.1, 0.2, and 0.4 mg ml−1) via
aid of a biotin-coated anti-human CD45 antibody (Mouse
IgG1, tcta30459, Taiclone Biotech Corp., TWN). The ODEP
manipulation force generated on the magnetic microbead-bound
Jurkat cells and SW620 cancer cells was then evaluated
experimentally based on the abovementioned method. The
treatment conditions (i.e., the size and concentration of the
magnetic microbeads) that led to a significant difference
in the ODEP manipulation force between the magnetic
microbead-bound Jurkat cells and SW620 cancer cells were
then selected for the following tests. Based on the selected
operating conditions of magnetic microbeads, they were further
tested in the negative selection-based cancer cell isolation
process (Chiu et al., 2016; Liao et al., 2017, 2018; Kang et al.,
2019) using the standard immunomagnetic microbeads-based
cell isolation technique. In the tests, briefly, streptavidin-coated
magnetic microbeads with the operating conditions selected were
designed to selectively bind with Jurkat cells via the aid of
biotin-coated anti-human CD45 antibodies. Briefly, Jurkat cells
and biotin-coated anti-human CD45 antibodies (concentration:
2.5 µg ml−1 per 106 cells) were mixed and then incubated
in phosphate-buffered saline (PBS) with 2% fetal bovine serum
(FBS) and 1 mM ethylenediaminetetraacetic acid (EDTA) at 4◦C
for 10 min. After incubation, the sample was washed twice using
PBS with 2% FBS and 1 mM EDTA to remove any unbound
antibodies. After that, the Jurkat cells bound with biotin-coated
anti-human CD45 antibodies were mixed and incubated with
the abovementioned streptavidin-coated magnetic microbeads
at 4◦C for 1 h. In the following step, most of the magnetic
microbead-bound Jurkat cells (e.g., ˜99%; Wu et al., 2014; Liao
et al., 2017; Kang et al., 2019) were expected to be removed
due to the exertion of a magnetic field (EasySepTM Magnet,
StemCell Technologies, CAN), leaving few of them in the treated
cell sample. Based on the aforementioned evaluation method of
ODEP manipulation force, the ODEP manipulation force of the
magnetic microbead-bound Jurkat cells remaining in the treated
cell sample was then experimentally evaluated. The purpose was
to explore whether it was still significantly different from that of
SW620 cancer cells, as showed in previous tests. Based on this
evaluation, the final operation condition of streptavidin-coated
magnetic microbeads in terms of their size and concentration was
then determined for subsequent works.

As described earlier (Figure 2A), furthermore, the static
rectangular light bar functioning as a virtual cell filter was
designed in the cell isolation zone of the main microchannel
to sort and separate the cells with and without magnetic
microbead binding. To determine the optimal angle (between
the rectangular light bar and the flow direction of the

cell suspension) capable of achieving better cell separation
performance, the following evaluation was carried out. Briefly,
the cell trapping percentage (%) of SW620 cancer cells
and magnetic microbead-bound Jurkat cells trapped at the
rectangular light bar area was experimentally evaluated under
different angles (15◦, 30◦, 45◦, 60◦, 75◦, and 90◦) and flow rates
(0.5, 1.0, and 1.5 µl min−1). Due to the technical limitation (i.e.,
experimental setup), the minimum angle of the rectangular light
bar to the flow direction was 15o, under which the rectangular
light bar can fully cross the main microchannel within the ODEP
working area (4.2 mm ∗ 3.1 mm; L∗W) (Figure 5AI). In this work,
the cell trapping percentage (%) was defined as the number of
cells trapped at the light image area over the total cell number
(i.e., the number of cells trapped at the light image area + the cells
collected in the waste).

Performance Evaluation of Cancer Cell
Isolation Using Two-Step ODEP Cell
Manipulation After a Negative
Selection/Immunomagnetic
Microbead-Based Cancer Cell Isolation
Process

To test whether the proposed method (Figure 2) can
refine the cell purity of the cancer cells isolated from a
negative selection-based CTC isolation scheme, the following
experimental work was carried out. In this study, Jurkat cells and
SW620 cancer cells were used as the model cells of leukocytes
and CTCs, respectively. To mimic the cell sample obtained
after a conventional negative selection-based CTC isolation
scheme (Chiu et al., 2016; Liao et al., 2017, 2018; Kang et al.,
2019), as described in section “The Optimum ODEP Operating
Conditions for the Isolation of SW620 Cancer Cells From
Magnetic Microbead-Bound Jurkat Cells,” streptavidin-coated
magnetic microbeads were designed to selectively bind with
Jurkat cells via the aid of biotin-coated anti-human CD45
antibodies. After removing most of the magnetic microbead-
bound Jurkat cells via the exertion of a magnetic field, the cells
remaining in the sample were collected for immunofluorescent
staining using Donkey anti-Mouse IgG Secondary Antibody,
Alexa Fluor 488 (A-21202, Invitrogen, US) (i.e., green fluorescent
images). After that, the fluorescence stained SW620 cancer
cells (CellTraceTM Calcein Red-Orange, C34851, Invitrogen,
US) (i.e., red-orange fluorescent images) with different levels
were spiked in the cell sample mentioned above to form the
cell samples containing 5 and 10% SW620 cancer cells. The
purpose of this cell sample preparation was to mimic the cell
purity [e.g., 5˜10% (Liao et al., 2017; Kang et al., 2019)] of CTCs
in the cell samples normally obtained from a conventional
negative selection-based CTC isolation scheme. It was followed
by replacing the background solution of cell samples with a
sucrose buffer (270˜290 mOsmol kg−1 and 1˜5 µS cm−1) before
the subsequent ODEP cell manipulation. The prepared cell
sample was then loaded into the proposed ODEP microfluidic
chip (Figure 1A) and succeeded by the two-step ODEP cell
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manipulation process (Figures 2A,B) (flow rate: 1.0 µl min−1,
angle between the rectangular light bar and flow direction of
the cell suspension: 15◦) to separate and then isolate the SW620
cancer cells from magnetic microbead-bound Jurkat cells. In
each step of cell manipulation process (i.e., Figures 2A,B), the
cell purity of SW620 cancer cells in the harvested cell sample
was evaluated with the aid of immunofluorescence microscopic
observation. In the evaluation, the cell purity (%) of SW620
cancer cells was defined as the number of SW620 cancer cells
isolated/the total cell number in the obtained cell sample∗100%.

RESULTS AND DISCUSSION

The Optimal Operating Conditions for
the Separation of SW620 Cancer Cells
and Magnetic Microbead-Bound Jurkat
Cells via ODEP
In this study, ODEP cell manipulation (Figures 2A,B)
was designed to process the cell samples obtained from a
negative selection-based CTC isolation process. Owing to the
heterogeneous property of CTCs, certain CTCs and leukocytes
are similar in size to their model cells (i.e., SW620 cancer cells
and Jurkat cells, respectively) used in this study (Hyun and Jung,
2014). In this situation, they might not be sorted and separated
by the ODEP force because cellular size plays an important
role in the ODEP force generated on these cells based on Eq. 1.
This issue was further confirmed by Figure 3A, showing that
the measured maximum velocities of a moving light bar (and
thus the ODEP manipulation force) that can manipulate the
SW620 cancer cells and Jurkat cells had no significant difference
(p > 0.05). However, leukocytes are normally connected with
magnetic microbeads after a negative selection-based CTC
isolation process (Chiu et al., 2016; Liao et al., 2017, 2018; Kang
et al., 2019). As discussed earlier, the nature of the ODEP force
generated on a microparticle is dependent on the dielectric
property of the microparticle at a given frequency of electric
voltage (Chiou et al., 2005; Valley et al., 2008; Hwang and Park,
2011; Chen and Yuan, 2019). It was reported that microbeads
and biological cells might exhibit negative and positive ODEP
forces, respectively, under specific electric conditions (Chiou
et al., 2005; Hwang and Park, 2011; Chen and Yuan, 2019). At
a given electric condition of 10 Vpp and 3 MHz, this outcome
was also experimentally confirmed by Figure 3B, in which the
Jurkat cell and SW620 cancer cell were all attracted within
the light image, whereas the magnetic microbeads with varied
diameters were repulsed by the light image and thus located
outside of the light image. Based on this fact, we speculated that
the ODEP force generated on the magnetic microbead-bound
leukocytes could be downregulated in comparison with the
native leukocytes or SW620 cancer cells. If this is the case, the
magnetic microbead-bound leukocytes and CTCs can then be
further separated using ODEP after a conventional negative
selection-based CTC isolation process.

To test this speculation and to determine the optimal
operating conditions of magnetic microbeads (e.g., size and

concentration) for separating magnetic microbead-bound Jurkat
cells and SW620 cancer cells, experimental evaluations were
carried out. In this study, Jurkat cells were bound with
streptavidin-coated magnetic microbeads of different sizes
(diameter: 2, 1 µm, and 50 nm) and different concentrations (e.g.,
0.1, 0.2, and 0.4 mg ml−1) via the aid of biotin-coated anti-human
CD45 antibodies. The ODEP manipulation force generated
on the magnetic microbead-bound Jurkat cells and SW620
cancer cells was then evaluated experimentally. Within the
experimental conditions explored, the results (Supplementary
Figure 2A) revealed that the use of a larger magnetic microbead
(i.e., the 2 µm microbeads) could not lead to a significant
difference (p > 0.05) in the maximum velocities of a moving
light bar that can manipulate the magnetic microbead-bound
Jurkat cells and SW620 cancer cells. For the use of magnetic
microbeads slightly smaller than the previous microbead (i.e.,
the 1 µm microbeads), the results (Supplementary Figure 2B)
demonstrated that the maximum velocities of a moving light
bar that can manipulate the magnetic microbead-bound Jurkat
cells and SW620 cancer cells showed significant difference
(p< 0.05) when the highest concentration (i.e., 0.4 mg ml−1)
of magnetic microbeads was used. When the smallest magnetic
microbeads (i.e., the 50 nm microbeads) were used, conversely,
the maximum velocities of a moving light bar that can manipulate
the magnetic microbead-bound Jurkat cells and SW620 cancer
cells all exhibited significant differences (p< 0.05) within the
concentration conditions tested (Supplementary Figure 2C).
For the 4 cases showing significant differences, overall, it was
observed that the maximum velocities of a moving light bar
that can manipulate the magnetic microbead-bound Jurkat cells
were significantly lower than those of SW620 cancer cells.
These findings, to some extent, justified our speculation that
the ODEP force generated on a cell could be fine tuned if
microparticles with a negative ODEP force nature (e.g., magnetic
microbeads) are bound to it. This phenomenon is valuable for the
combination of immunomagnetic microbead-based techniques
and ODEP for cell separation and isolation. Moreover, it was
also observed that the binding of cells with smaller magnetic
microbeads might easily downregulate the ODEP manipulation
force on cells (Supplementary Figure 2). This finding could
be due to the steric barrier effect, by which the quantity of
larger magnetic microbeads binding on a cell is less than that
of the smaller counterpart (Chen and Park, 2018). Based on
the evaluations mentioned above, the operating conditions that
lead to a significant difference in the ODEP manipulation force
between the magnetic microbead-bound Jurkat cells and SW620
cancer cells were then selected for the following tests.

In the subsequent evaluations, the magnetic microbeads
with the selected operating conditions (i.e., 1 µm magnetic
microbeads with concentration of 0.4 mg ml−1 and 50 nm
magnetic microbeads with concentrations of 0.1, 0.2, and
0.4 mg ml−1) were further tested by a real application [i.e.,
the negative selection-based cancer cell isolation process using
the standard immunomagnetic microbeads-based cell isolation
technique (Chiu et al., 2016; Liao et al., 2017, 2018; Kang et al.,
2019)]. In the tests, the magnetic microbead-bound Jurkat cells
remaining in the sample obtained after a negative selection-based
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FIGURE 3 | (A) comparison of the maximum velocity of a moving light bar that can manipulate SW620 cancer cells and Jurkat cells, (B) the microscopic images
showing the (I) Jurkat cell and (II) SW620 cancer cell were attracted within the light image, and the (III) 2 µm, (IV) 1 µm, and (V) 50 nm magnetic microbead (MB) were
repulsed and thus located outside of the light image, (C) comparison of the maximum velocity of a moving light bar that can manipulate the SW620 cancer cells and
the MB-bound Jurkat cells with different conditions as indicated [Data were presented as mean ± standard deviation (n > 3). One-way ANOVA and the Tukey
honestly significant difference (HSD) post hoc test were used for the statistical analysis. NS, No Significant difference (p>0.05), ∗Significant difference (p<0.05)].

cancer cell isolation process were harvested. The maximum
velocities of a moving light bar that can manipulate these
magnetic microbead-bound Jurkat cells were then measured and
compared to those of SW620 cancer cells. The key purpose
of this test was to examine whether the ODEP manipulation
force acting on these magnetic microbead-bound Jurkat cells
was similar to the results described earlier (Supplementary
Figure 2). The results (Figure 3C) showed that the maximum
velocities of a moving light bar that can manipulate the
magnetic microbead-bound Jurkat cells remaining in the samples
obtained from the negative selection-based cancer cell isolation
process (using 50 nm magnetic microbeads at concentrations
of 0.2 and 0.4 mg ml−1) were significantly lower (p< 0.05)
than those of SW620 cancer cells. This result was in line
with that in the preliminary test (Supplementary Figure 2).
Nevertheless, the other two operating conditions (i.e., 1 µm
microbeads at 0.4 mg ml−1 and 50 nm microbeads at 0.1 mg
ml−1) demonstrated no significant difference (p > 0.05) in the

maximum velocities of a moving light bar that can manipulate the
magnetic microbead-bound Jurkat cells and SW620 cancer cells.
The inconsistency between the result found here (Figure 3C)
and that in the preliminary test (Supplementary Figure 2)
could be due to the selection effect of the magnetic field
exerted during the negative selection-based cancer cell isolation
process. Through this effect, most of the Jurkat cells with more
magnetic microbead binding were attracted by the magnetic
field and then removed in the subsequent process, leaving the
Jurkat cells with less magnetic microbead binding remaining
in the sample. Therefore, these Jurkat cells with less magnetic
microbead binding showed no significant difference in ODEP
manipulation force in comparison with SW620 cancer cells
(Figure 3C). Based on the evaluations described above, overall,
50 nm magnetic microbeads at a concentration of 0.2 mg ml−1

were determined for the following works. Under the chosen
condition, the maximum velocities of a moving light bar that
can manipulate the magnetic microbead-bound Jurkat cells and
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SW620 cancer cells were 67.2 ± 19.9 and 93.3 ± 34.1 µm s−1,
respectively (Figure 3C).

The Optimal Operating Conditions for
Isolating SW620 Cancer Cells From
Magnetic Microbead-Bound Jurkat Cells
Based on the Proposed Method
As discussed earlier, a static rectangular light bar with a
particular angle to the flow direction of the cell suspension
was designed in this study (Figure 2AI). As described in
Figure 2C, the angle (between the light bar image and the
direction of the sample flow), as well as the flow rate of
the cell sample flow (thus the hydrodynamic force on cells;
Eq. 2), play roles in the cell sorting and separation performance.

To determine the optimal operating conditions, an experimental
evaluation was carried out. In this work, the percentage (%)
of SW620 cancer cells and the magnetic microbead-bound
Jurkat cells trapped at the rectangular light bar area were
experimentally evaluated under different angles (15◦, 30◦, 45◦,
60◦, 75◦, and 90◦) and flow rates (0.5, 1.0, and 1.5 µl min−1).
Except for the angle condition of 15◦, the results (Figure 4A)
showed that the cell trapping percentage (%) of SW620 cancer
cells decreased significantly with an increase in flow rate
from 0.5 to 1.5 µl min−1. For a given flow rate condition,
moreover, the increase of angle might lead to a dramatic
downregulation in the cell trapping percentage (%) of cancer
cells particularly when the flow rate was higher than 1.0 µl
min−1. This finding could be explained by the fact that an
increase in angle or flow rate (and thus FHD; Eq. 2) might

FIGURE 4 | (A) the cell trapping percentage (%) of SW620 cancer cells trapped at the rectangular light bar area under different flow rates (0.5, 1.0, and 1.5 µl
min−1) and angles (i.e., the angle between the light bar image and the flow direction of the sample flow) (15◦, 30◦, 45◦, 60◦, 75◦, and 90◦), and (B) comparison of
cell trapping percentage (%) between SW620 cancer cells and 50 nm magnetic microbead (MB)-bound Jurkat cells (concentration: 0.2 mg ml−1) under the selected
flow rates (i.e., 0.5 and 1.0 µl min−1, set angle: 15◦) [Data were presented as mean ± standard deviation (n > 3). One-way ANOVA and the Tukey honestly
significant difference (HSD) post hoc test were used for the statistical analysis. NS, No Significant difference (p>0.05), ∗∗Significant difference (p<0.01), ∗∗∗Significant
difference (p<0.001)].
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accordingly lead to an increase in the hydrodynamic force
component (i.e., FHD

∗sin2) (Figure 2C). When the FHD
∗sin2

was greater than the FODEP acting on a cell, the cell flowing
through the light image area might not be trapped by the
light image (Figure 2CII). Based on the above evaluation, the
optimal angle was determined to be 15◦, for which the cell
trapping percentages (%) of cancer cells were 92.8 ± 11.0,
83.3 ± 2.2, and 59.6 ± 8.2% under flow rate conditions
of 0.5, 1.0, and 1.5 µl min−1, respectively. Because the cell
trapping percentages (%) of cancer cells (i.e., 92.8 ± 11.0 and
83.3 ± 2.2%) showed no significant difference (p>0.05) under
the flow rate conditions of 0.5 and 1.0 µl min−1 (set angle:
15◦), the two operating conditions were selected for the following
experimental evaluation.

Moreover, in this work, the comparison of the cell trapping
percentage between SW620 cancer cells and magnetic
microbead-bound Jurkat cells under the selected flow rate
conditions (i.e., 0.5 and 1.0 µl min−1, set angle: 15◦) was
performed to determine the optimal flow rate condition under
which the two cell species could be adequately separated by
the proposed method. The results (Figure 4B) revealed that
the cell trapping percentages of the two cells tested showed
no significant difference (p>0.05) when the flow rate was set
at 0.5 µl min−1. Conversely, the cell trapping percentages
(i.e., 83.3 ± 2.2 and 38.0 ± 11.0%; the SW620 cancer cells
and magnetic microbead-bound Jurkat cells, respectively) of
the two cell species explored exhibited to have significant
difference (p < 0.05) when the higher flow rate condition
(i.e., 1.0 µl min−1) was adopted. These findings are explained
herein. As described in Figure 3C, the maximum velocities of
a moving light bar that can manipulate the 50 nm magnetic
microbead-bound Jurkat cells (concentration: 0.2 mg ml−1) and
SW620 cancer cells (and thus the FODEP generated on them;
Eq. 2) were significantly different. However, due to the use
of a lower flow rate of 0.5 µl min−1, the hydrodynamic force
components (i.e., FHD

∗sin2) of the two cells tested could all
be lower than their FODEP values (Figure 2CI). This outcome
in turn led to the phenomenon that most of the cells flowing
through the light image area were trapped by the designed
light image. Therefore, the two cell species tested might not be
adequately sorted and separated by the set operating conditions.
Conversely, this phenomenon was improved greatly when
the flow rate was increased to 1.0 µl min−1, by which the
FHD

∗sin2 of the magnetic microbead-bound Jurkat cells and
SW620 cancer cells could be higher (Figure 2CII) and lower
(Figure 2CI) than their FODEP values, respectively. In this
situation, the two cell species explored could be adequately
sorted and separated by the proposed method. Based on the
evaluations (Figure 4), overall, the angle (between the light bar
image and the flow direction of sample flow) and the flow rate
of the cell sample were set at 15◦ and 1.0 µl min−1, respectively.
For the latter, particularly, the flow rate (1.0 µl min−1) used in
this work was significantly higher than that [e.g., 0.1 (Huang
et al., 2013) and 0.4 µl min−1 (Chou et al., 2017)] in the other
ODEP-based microfluidic system for cell sorting, separation,
or isolation. This outcome might, to some extent, address the
technical problem of the low working throughput for ODEP

microfluidic systems for similar applications (Huang et al., 2013;
Chou et al., 2017).

Performance Evaluation of SW620
Cancer Cell Isolation Using the Proposed
Method
In this study, the performance of using the proposed method
(Figure 2) for refining the cell purity of cancer cells obtained after
a conventional negative selection-based CTC isolation scheme
(Chiu et al., 2016; Liao et al., 2017, 2018; Kang et al., 2019)
was experimentally evaluated. Because the CTC purity in the cell
samples obtained from a conventional negative selection-based
CTC isolation scheme is normally in the range of 5˜10% (Liao
et al., 2017; Kang et al., 2019), the cell samples containing 5
and 10% SW620 cancer cells were then prepared to mimic the
cell samples obtained after the first-step CTC isolation process
in this work. The prepared cell sample was then loaded into
the proposed ODEP microfluidic chip (Figure 1A), followed by
the two-step ODEP cell manipulation process (Figures 2A,B)
(flow rate: 1.0 µl min−1, angle: 15◦) to separate and then isolate
SW620 cancer cells from the 50 nm magnetic microbead-bound
Jurkat cells. Figure 5A shows the microscopic observations
of the first-step ODEP cell manipulation process (Figure 2A),
in which the SW620 cancer cells (indicated by arrows) were
sorted, separated, and then guided along the rectangular light
bar image to the side microchannel for collection (a video clip
is provided as Supplementary Videos 1, 2). In this work, the
purities of cancer cells collected in the side microchannel were
evaluated to be 17.2 ± 4.6 and 26.4 ± 2.9%, respectively, for the
prepared cell samples originally containing 5 and 10% SW620
cancer cells (Figure 5B). After the first step of the ODEP cell
manipulation process, overall, the cell purity of cancer cells might
be improved by approximate 2.6˜3.4-folds increase (Figure 5B).
After the initial continuous cell isolation and purification process
(Figure 5A), the second step of the ODEP cell manipulation
was carried out in the side microchannel to further refine the
cell purity of cancer cells by removing the 50 nm magnetic
microbead-bound Jurkat cells existing in the cell sample, as
shown in (Figure 5C) (a video clip is provided as Supplementary
Video 3). Through this process, it was found that most of
the magnetic microbead-bound Jurkat cells were successfully
removed, leaving the isolated cancer cells with the cell purity
as high as 81.6 ± 8.8 and 86.1 ± 6.0%, respectively, for the
prepared cell samples originally containing 5 and 10% SW620
cancer cells (Figure 5B). Microscopy-observed results were
shown in Figure 5D. When a viability dye (CellTraceTM Calcein
Red-Orange) was used to stain the SW620 cancer cells, it can be
observed that almost all of the isolated cancer cells were viable
(Figure 5D). Furthermore, the number of SW620 cancer cells that
could be isolated at a given amount of time was experimentally
evaluated to be 7.3 ± 1.5 cells per 10 min and 20.3 ± 4.3 cells
per 10 min for mixed samples containing 5 and 10% SW620
cancer cells, respectively. Overall, the experimental evaluation
has demonstrated the feasibility of using the immunomagnetic
bead-based cell isolation and ODEP cell manipulation for the
negative selection-based isolation of cancer cells.
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FIGURE 5 | (A) microscopic observations of the first-step ODEP cell manipulation process; (I) a static rectangular light bar (L: 3.9 mm, W: 100 µm) with a particular
angle (e.g., 15◦) to the flow direction of the cell suspension was designed in the main microchannel, (II–VI) the SW620 cancer cells (indicated by arrows) were sorted,
separated, and then guided along the rectangular light bar image to the side microchannel for collection (a video clip is provided as Supplementary Videos 1, 2),
(B) the purity (%) of SW620 cancer cells obtained after the first and second step ODEP cell manipulation processes for the prepared cell samples originally
containing 5 and 10% SW620 cancer cells, respectively, (C) microscopic observations of the second-step ODEP cell manipulation process; (I) a certain amount of
the cancer cells were collected in the side microchannel, (II) the liquid flow in the side microchannel was driven to flux the cells collected so that they were evenly
spread within the side microchannel, (III) fluorescence microscopy observation was carried out to identify the species of the cells [i.e., fluorescence stained SW620
cancer cells (the red dots) and immunofluorescence stained magnetic microbead-bound Jurkat cells (the green dots)] collected in the side microchannel for
positioning the SW620 cancer cells, (IV) static circular light images were illuminated on each SW620 cancer cell. Meanwhile, the side microchannel was illuminated
with a rectangular light bar to manipulate the magnetic microbead-bound Jurkat cells into the side microchannel, in which O-ring-like non-illuminated patterns were
designed as partitions to separate the light-illuminated SW620 cancer cells and the other cells, (V–VII) the rectangular light bar on the side microchannel was then
moved to manipulate the magnetic microbead-bound Jurkat cells to remove them from the side microchannel, and this process was repeated for 5 times, (VII–IX)
through the previous process, the cell purity of the SW620 cancer cells in the side microchannel was greatly improved (a video clip is provided as Supplementary
Video 3), (D) microscopy observation of the cells collected in the side microchannel after two-step ODEP manipulation processes for the prepared cell samples
originally containing 5 and 10% SW620 cancer cells, respectively (Bright field: the upper row, Fluorescence observation: the lower row, SW620 cancer cells: the red
dots; 50 nm magnetic microbead-bound Jurkat cells: the green dots).

Technical Features of Using the
Presented Method for the High Purity
Isolation of Cancer Cells After a Negative
Selection-Based CTC Isolation Process
CTC isolation based on a negative selection-based strategy is
believed to be able to harvest all possible cancer cells in the blood
samples of cancer patients (Chiu et al., 2016; Gabriel et al., 2016;

Peters et al., 2016; Liao et al., 2017, 2018; Kang et al., 2019).
The viable, label-free, and particularly physiologically meaningful
cancer cells harvested via the method are valuable clinically (Chiu
et al., 2016; Gabriel et al., 2016; Liao et al., 2017, 2018; Kang et al.,
2019). However, its main technical shortcoming is its inability to
isolate high-purity cancer cells, making the subsequent analytical
work complicated and technically demanding. To tackle this
technical hurdle, the utilization of ODEP-based cell manipulation
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in a simple microfluidic system was presented to process the cell
samples obtained from a negative selection-based CTC isolation
process to refine the cell purity of cancer cells. In the cell sample
obtained from a negative selection-based CTC isolation process,
the predominant cells in the sample are leukocytes and few (e.g.,
5˜10%; Liao et al., 2017; Kang et al., 2019) of them are the cell
population containing conventionally defined EpCAM+ CTCs or
EMT-transformed cancer cells (Chiu et al., 2016; Gabriel et al.,
2016; Liao et al., 2017, 2018; Kang et al., 2019). Because the two
cell populations (i.e., leukocytes and cancer cells) in the sample
have similar cellular sizes (Chen et al., 2014; Hyun and Jung, 2014;
Hao et al., 2018), it makes them technically difficult to separate by
the size-based cell separation methods (Chen et al., 2014; Hyun
and Jung, 2014; Hao et al., 2018), including the ODEP-based
approach (Chen et al., 2014). To address this issue, one of the
characteristic features of the proposed method is the combination
of immunomagnetic microbead-based techniques and ODEP for
cell separation and isolation. In the negative selection-based
CTC isolation process, the immunomagnetic microbead-based
technique allows the leukocytes to be labeled with magnetic
microbeads. Because the nature of the ODEP force generated
on a microparticle is dependent on the dielectric property
of the microparticle (Chiou et al., 2005; Valley et al., 2008;
Hwang and Park, 2011; Chen and Yuan, 2019), the binding of
magnetic microbeads on the leukocytes could alter their dielectric
properties. In this situation, ODEP cell manipulation could be
used to separate the magnetic microbead-bound leukocytes from
the cell population containing cancer cells.

For efficient and high-purity cancer cell isolation, the other
technical feature of the proposed method was the design
of a two-step ODEP cell manipulation process, schematically
illustrated in Figures 2A,B. In the process, ODEP virtual cell
filter and track were first used to initially sort and separate
cancer cells and then isolate them from the surrounding magnetic
microbead-bound leukocytes in a continuous flow manner.
This step was followed by immunofluorescence microscopic
observation and ODEP cell manipulation to refine the cell purity
of the harvested cancer cells. Through the two-step ODEP
cell manipulation process, the presented method could largely
improve the efficiency and cell purity of a CTC isolation process
compared with other ODEP-based CTC isolation schemes
(Huang et al., 2013).

Furthermore, other technical advantage of the proposed
method is the design of a static rectangular light bar with a
particular angle to the flow direction of the cell suspension
at the defined cell isolation zone of the main microchannel
(Figure 2AI). The designed light bar functioned both as a
virtual cell filter and as a virtual cell track that simultaneously
sorted, separated, and guided the cells to be isolated to the
side microchannel for collection. This design not only largely
simplifies the design of light images for cell manipulation but
also contributes to a higher working throughput in comparison
with the other ODEP-based continuous CTC isolation schemes
(Huang et al., 2013; Chou et al., 2017). In the ODEP microfluidic
system for cell sorting and separation (Chou et al., 2017),
for example, static light images are normally designed to be
perpendicular to the direction of a cell sample flow. For the

cells to be isolated, the hydrodynamic force acting on the cells
is normally set to be lower than the ODEP manipulation force
of desirable cells to trap them within the light images. In this
situation, the set hydrodynamic force on cells and thus the
working flow rate of the cell suspension in a microfluidic system
is limited (Eq. 2) because the ODEP manipulation force of cells
is generally weak. Compared to the conventional design, a static
rectangular light bar with a particular angle (2) to the flow
direction of the cell suspension was designed in this work. For
the cells to be isolated (e.g., SW620 cancer cells), the component
of hydrodynamic force (i.e., hydrodynamic force∗sin2) was
designed to be lower than the ODEP manipulation force
of desirable cells to trap the cells within the light images
(Figure 2CI). In this situation, the set hydrodynamic force on
cells (and thus the working flow rate of the cell suspension; Eq. 2)
could be higher than that of the conventional case (Huang et al.,
2013; Chou et al., 2017). In other words, the working flow rate
of sample flow in the presented design can be higher than that
in the conventional case, which could accordingly contribute to a
higher working throughput. This design might, to some extent,
address the technical problem of the low working throughput
of ODEP-based microfluidic systems for cell sorting, separation,
or isolation. Due to the technical limitation (i.e., experimental
setup), moreover, the minimum angle of the rectangular light bar
to the flow direction was set at 15◦ in this study. In future work, it
might be worthy investigating if the cell trapping percentage (%)
could be improved when the angle is lower than 15◦.

CONCLUSION

The negative selection-based CTC isolation scheme features
the capability to harvest viable, label-free CTCs, particularly
all possible CTCs, including conventionally defined EpCAM+
CTCs and EMT-transformed cancer cells, from the blood samples
of cancer patients. The physiologically meaningful cancer cells
harvested via this method are valuable clinically. Nevertheless,
its key technical shortcoming is its inability to isolate CTCs in
a high purity manner, which could limit the subsequent use of
the obtained CTCs for analytical work. To address this issue, this
study proposed a two-step ODEP cell manipulation to process
the cell sample harvested from a negative selection-based CTC
isolation process. In operations, an ODEP-based virtual cell
filter and track were first used to initially sort, separate, and
then isolate the cancer cells from the surrounding magnetic
microbead-bound cells in a continuous manner. This step was
followed by immunofluorescence microscopic observation and
ODEP cell manipulation to refine the purity of the harvested
cancer cells. Through the two-step ODEP cell manipulation
process, the presented method could improve the working
throughput and cell purity of a CTC isolation process compared
with other ODEP-based CTC isolation schemes. In this study,
an ODEP microfluidic system was designed and fabricated. The
optimum ODEP operating conditions [e.g., size (50 nm) and
concentration (0.2 mg ml−1) of magnetic microbeads, the angle
between the rectangular light bar and sample flow direction
(15◦), and the sample flow rate (1.0 µl min−1)] for effective
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cell separation and isolation were determined experimentally.
The results revealed that the presented two-step ODEP cell
manipulation process was able to further refine the cancer cell
purity of the sample obtained after a negative selection-based
CTC isolation process with high cell purity (81.6˜86.1%). In this
proof-of-concept study, we have used cell lines as a model to
develop the technique. In our future work, we will expand our
studies into clinical samples (i.e., the isolation and purification of
CTCs from patient samples of different cancer types) to justify its
clinical validity. Although the combination of immunomagnetic
bead-based cell isolation and ODEP cell manipulation for the
negative selection-based isolation of CTCs has been successfully
demonstrated, the technique developed in this study is still
in its early stage of development. Further system integration,
including automation, would greatly enhance the utilization of
this technique to perform isolate and purify large number of
label-free and pure rare cells in biological samples.

DATA AVAILABILITY STATEMENT

All datasets presented in this study are included in the
article/Supplementary Material.

AUTHOR CONTRIBUTIONS

P-YC, C-HH, and M-HW conceived and designed the
experiments and drafted the manuscript. P-YC and C-HH
conducted experiments and conducted data analysis. All
authors contributed to the article and approved the
submitted version.

FUNDING

This work was sponsored by the Ministry of Science
and Technology, R.O.C. (MOST 107-2221-E-182-
033-MY3) and Chang Gung Memorial Hospital (CM
RPD2G0061-62, CMRPD2H0121-23, and CMRPD2J0
031-32).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fbioe.
2020.00921/full#supplementary-material

REFERENCES
Allan, A. L., and Keeney, M. (2010). Circulating tumor cell analysis: technical and

statistical considerations for application to the clinic. J. Oncol. 2010:426218.
doi: 10.1155/2010/426218

Banko, P., Lee, S. Y., Nagygyorgy, V., Zrinyi, M., Chae, C. H., Cho, D. H., et al.
(2019). Technologies for circulating tumor cell separation from whole blood.
J. Hematol. Oncol. 12:48. doi: 10.1186/s13045-019-0735-4

Chen, J., and Park, B. (2018). Effect of immunomagnetic bead size on recovery of
foodborne pathogenic bacteria. Int. J. Food Microbiol. 267, 1–8. doi: 10.1016/j.
ijfoodmicro.2017.11.022

Chen, Q. Y., and Yuan, Y. J. (2019). A review of polystyrene bead manipulation by
dielectrophoresis. RSC Adv. 9, 4963–4981. doi: 10.1039/c8ra09017c

Chen, Y. C., Li, P., Huang, P. H., Xie, Y. L., Mai, J. D., Wang, L., et al.
(2014). Rare cell isolation and analysis in microfluidics. Lab Chip. 14, 626–645.
doi: 10.1039/c3lc90136j

Chiou, P. Y., Ohta, A. T., and Wu, M. C. (2005). Massively parallel manipulation
of single cells and microparticles using optical images. Nature 436, 370–372.
doi: 10.1038/nature03831

Chiu, T. K., Chou, W. P., Huang, S. B., Wang, H. M., Lin, Y. C., Hsieh,
C. H., et al. (2016). Application of optically-induced-dielectrophoresis in
microfluidic system for purification of circulating tumour cells for gene
expression analysis-Cancer cell line model. Sci. Rep. 6:32851. doi: 10.1038/srep
32851

Cho, H., Kim, J., Song, H., Sohn, K. Y., Jeon, M., and Han, K. H. (2018).
Microfluidic technologies for circulating tumor cell isolation. Analyst 143,
2936–2970. doi: 10.1039/c7an01979c

Chou, W. P., Wang, H. M., Chang, J. H., Chiu, T. K., Hsieh, C. H., Liao, C. J.,
et al. (2017). The utilization of optically-induced-dielectrophoresis (ODEP)-
based virtual cell filters in a microfluidic system for continuous isolation
and purification of circulating tumour cells (CTCs) based on their size
characteristics. Sens. Actuators B 241, 245–254. doi: 10.1016/j.snb.2016.10.075

Chu, P. Y., Liao, C. J., Hsieh, C. H., Wang, H. M., Chou, W. P., Chen, P. H.,
et al. (2019a). Utilization of optically induced dielectrophoresis in a microfluidic
system for sorting and isolation of cells with varied degree of viability:
demonstration of the sorting and isolation of drug-treated cancer cells with
various degrees of anti-cancer drug resistance gene expression. Sens. Actuators
B 283, 621–631. doi: 10.1016/j.snb.2018.12.047

Chu, P. Y., Liao, C. J., Wang, H. M., and Wu, M. H. (2019b). The influence of
electric parameters on the manipulation of biological cells in a microfluidic
system using optically induced dielectrophoresis. Int. J. Electrochem. Sci. 14,
905–918. doi: 10.20964/2019.01.77

Gabriel, M. T., Calleja, L. R., Chalopin, A., Ory, B., and Heymann, D. (2016).
Circulating tumor cells: a review of non-EpCAM-based approaches for cell
enrichment and isolation.Clin. Chem. 62, 571–581. doi: 10.1373/clinchem.2015.
249706

Hao, S. J., Wan, Y., Xia, Y. Q., Zou, X., and Zheng, S. Y. (2018). Size-based
separation methods of circulating tumor cells. Adv. Drug Deliv. Rev. 125, 3–20.
doi: 10.1016/j.addr.2018.01.002

Hosokawa, M., Hayata, T., Fukuda, Y., Arakaki, A., Yoshino, T., Tanaka, T., et al.
(2010). Size-selective microcavity array for rapid and efficient detection of
circulating tumor cells. Anal. Chem. 82, 6629–6635. doi: 10.1021/ac101222x

Hou, H. W., Warkiani, M. E., Khoo, B. L., Li, Z. R., Soo, R. A., Tan, D. S. W., et al.
(2013). Isolation and retrieval of circulating tumor cells using centrifugal forces.
Sci. Rep. 3:1259. doi: 10.1038/srep01259

Hu, X., Bessette, P. H., Qian, J., Meinhart, C. D., Daugherty, P. S., and Soh, H. T.
(2005). Marker-specific sorting of rare cells using dielectrophoresis. PNAS 102,
15757–15761. doi: 10.1073/pnas.0507719102

Huang, S. B., Wu, M. H., Lin, Y. H., Hsieh, C. H., Yang, C. L., Lin, H. C., et al.
(2013). High-purity and label-free isolation of circulating tumor cells (CTCs) in
a microfluidic platform by using optically-induced-dielectrophoretic (ODEP)
force. Lab Chip 13, 1371–1383. doi: 10.1039/c3lc41256c

Hwang, H., and Park, J. K. (2011). Optoelectrofluidic platforms for chemistry and
biology. Lab Chip 11, 33–47. doi: 10.1039/c0lc00117a

Hyun, K. A., and Jung, H. I. (2014). Advances and critical concerns with the
microfluidic enrichments of circulating tumor cells. Lab Chip 14, 45–56.
doi: 10.1039/c3lc50582k

Joosse, S. A., Gorges, T. M., and Pantel, K. (2015). Biology, detection, and clinical
implications of circulating tumor cells. EMBOMol. Med. 7, 1–11. doi: 10.15252/
emmm.201303698

Kang, H., Kim, J., Cho, H., and Han, K. H. (2019). Evaluation of positive
and negative methods for isolation of circulating tumor cells by lateral
magnetophoresis. Micromachines 10:386. doi: 10.3390/mi10060386

Liao, C. J., Hsieh, C. H., Chiu, T. K., Zhu, Y. X., Wang, H. M., Hung, F. C.,
et al. (2018). An optically induced dielectrophoresis (ODEP)-based microfluidic
system for the isolation of high-purity CD45(neg)/EpCAM(neg) cells from

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 14 August 2020 | Volume 8 | Article 921

https://www.frontiersin.org/articles/10.3389/fbioe.2020.00921/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2020.00921/full#supplementary-material
https://doi.org/10.1155/2010/426218
https://doi.org/10.1186/s13045-019-0735-4
https://doi.org/10.1016/j.ijfoodmicro.2017.11.022
https://doi.org/10.1016/j.ijfoodmicro.2017.11.022
https://doi.org/10.1039/c8ra09017c
https://doi.org/10.1039/c3lc90136j
https://doi.org/10.1038/nature03831
https://doi.org/10.1038/srep32851
https://doi.org/10.1038/srep32851
https://doi.org/10.1039/c7an01979c
https://doi.org/10.1016/j.snb.2016.10.075
https://doi.org/10.1016/j.snb.2018.12.047
https://doi.org/10.20964/2019.01.77
https://doi.org/10.1373/clinchem.2015.249706
https://doi.org/10.1373/clinchem.2015.249706
https://doi.org/10.1016/j.addr.2018.01.002
https://doi.org/10.1021/ac101222x
https://doi.org/10.1038/srep01259
https://doi.org/10.1073/pnas.0507719102
https://doi.org/10.1039/c3lc41256c
https://doi.org/10.1039/c0lc00117a
https://doi.org/10.1039/c3lc50582k
https://doi.org/10.15252/emmm.201303698
https://doi.org/10.15252/emmm.201303698
https://doi.org/10.3390/mi10060386
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00921 August 4, 2020 Time: 15:43 # 15

Chu et al. Two-Step Rare Cell Isolation Technique

the blood samples of cancer patients-demonstration and initial exploration
of the clinical significance of these cells. Micromachines 9:563. doi: 10.3390/
mi9110563

Liao, C. J., Hsieh, C. H., Wang, H. M., Chou, W. P., Chiu, T. K., Chang, J. H., et al.
(2017). Isolation of label-free and viable circulating tumour cells (CTCs) from
blood samples of cancer patients through a two-step process: negative selection-
type immunomagnetic beads and spheroid cell culture-based cell isolation. RSC
Adv. 7, 29339–29349. doi: 10.1039/c7ra03663a

Lustberg, M. B., Balasubramanian, P., Miller, B., Garcia-Villa, A., Deighan, C., Wu,
Y., et al. (2014). Heterogeneous atypical cell populations are present in blood
of metastatic breast cancer patients. Breast Cancer Res. 16:R23. doi: 10.1186/
bcr3622

Mehlen, P., and Puisieux, A. (2006). Metastasis: a question of life or death. Nat. Rev.
Cancer 6, 449–458. doi: 10.1038/nrc1886

Mikolajczyk, S. D., Millar, L. S., Tsinberg, P., Coutts, S. M., Zomorrodi, M.,
Pham, T., et al. (2011). Detection of EpCAM-negative and cytokeratin-negative
circulating tumor cells in peripheral blood. J. Oncol. 2011:252361. doi: 10.1155/
2011/252361

Nicolazzo, C., Gradilone, A., Loreni, F., Raimondi, C., and Gazzaniga, P.
(2019). EpCAM(low) circulating tumor cells: gold in the waste. Dis. Markers
2019:1718920. doi: 10.1155/2019/1718920

Ohta, A. T., Garcia, M., Valley, J. K., Banie, L., Hsu, H. Y., Jamshidi, A., et al. (2010).
Motile and non-motile sperm diagnostic manipulation using optoelectronic
tweezers. Lab Chip 10, 3213–3217. doi: 10.1039/c0lc00072h

Otsuka, K., Imai, H., Soeda, H., Komine, K., Ishioka, C., and Shibata, H.
(2013). Practical utility of circulating tumour cells as biomarkers in cancer
chemotherapy for advanced colorectal cancer. Anticancer Res. 33, 625–629.

Peters, C. E., Maestre-Battle, D., Woodside, S. M., Thomas, T. E., and Eaves, A. C.
(2016). Unbiased enrichment of circulating tumor cells directly from whole
blood. Cancer Res. 76:511. doi: 10.1158/1538-7445.Am2016-511

Plaks, V., Koopman, C. D., and Werb, Z. (2013). Circulating tumor cells. Science
341, 1186–1188. doi: 10.1126/science.1235226

Swennenhuis, J. F., van Dalum, G., Zeune, L. L., and Terstappen, L. W. M. M.
(2016). Improving the CellSearch (R) system. Expert Rev. Mol. Diagn. 16,
1291–1305. doi: 10.1080/14737159.2016.1255144

Talasaz, A. H., Powell, A. A., Huber, D. E., Berbee, J. G., Roh, K. H., Yu, W.,
et al. (2009). Isolating highly enriched populations of circulating epithelial cells
and other rare cells from blood using a magnetic sweeper device. PNAS 106,
3970–3975. doi: 10.1073/pnas.0813188106

Tsai, W. S., Chen, J. S., Shao, H. J., Wu, J. C., Lai, J. M., Lu, S. H., et al. (2016).
Circulating tumor cell count correlates with colorectal neoplasm progression
and is a prognostic marker for distant metastasis in non-metastatic patients.
Sci. Rep. 6:24517. doi: 10.1038/srep24517

Valley, J. K., Jamshidi, A., Ohta, A. T., Hsu, H. Y., and Wu, M. C.
(2008). Operational regimes and physics present in optoelectronic tweezers.
J. Microelectromech. S 17, 342–350. doi: 10.1109/Jmems.2008.916335

Wang, H. Y., Chen, C. Y., Chu, P. Y., Zhu, Y. X., Hsieh, C. H., Lu,
J. J., et al. (2020). Application of an optically induced dielectrophoresis
(ODEP)-based microfluidic system for the detection and isolation of bacteria
with heterogeneity of antibiotic susceptibility. Sens. Actuators B 307:127540.
doi: 10.1016/j.snb.2019.127540

Wu, S. Y., Liu, Z. M., Liu, S. Y., Lin, L., Yang, W. W., and Xu, J. S. (2014).
Enrichment and enumeration of circulating tumor cells by efficient depletion
of leukocyte fractions. Clin. Chem. Lab. Med. 52, 243–251. doi: 10.1515/cclm-
2013-0558

Yue, C., Jiang, Y., Li, P., Wang, Y., Xue, J., Li, N., et al. (2018). Dynamic change of
PD-L1 expression on circulating tumor cells in advanced solid tumor patients
undergoing PD-1 blockade therapy. Oncoimmunology 7:e1438111. doi: 10.
1080/2162402X.2018.1438111

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Chu, Hsieh and Wu. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 15 August 2020 | Volume 8 | Article 921

https://doi.org/10.3390/mi9110563
https://doi.org/10.3390/mi9110563
https://doi.org/10.1039/c7ra03663a
https://doi.org/10.1186/bcr3622
https://doi.org/10.1186/bcr3622
https://doi.org/10.1038/nrc1886
https://doi.org/10.1155/2011/252361
https://doi.org/10.1155/2011/252361
https://doi.org/10.1155/2019/1718920
https://doi.org/10.1039/c0lc00072h
https://doi.org/10.1158/1538-7445.Am2016-511
https://doi.org/10.1126/science.1235226
https://doi.org/10.1080/14737159.2016.1255144
https://doi.org/10.1073/pnas.0813188106
https://doi.org/10.1038/srep24517
https://doi.org/10.1109/Jmems.2008.916335
https://doi.org/10.1016/j.snb.2019.127540
https://doi.org/10.1515/cclm-2013-0558
https://doi.org/10.1515/cclm-2013-0558
https://doi.org/10.1080/2162402X.2018.1438111
https://doi.org/10.1080/2162402X.2018.1438111
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	The Combination of Immunomagnetic Bead-Based Cell Isolation and Optically Induced Dielectrophoresis (ODEP)-Based Microfluidic Device for the Negative Selection-Based Isolation of Circulating Tumor Cells (CTCs)
	Introduction
	Materials and Methods
	The ODEP Microfluidic Chip and Operating Setup
	The Working Mechanism for the Separation of Cancer Cells From the Surrounding Magnetic Microbead-Bound Cells via ODEP Cell Manipulation
	The Working Mechanism of Using the ODEP Microfluidic System to Isolate and Purify Cancer Cells From Magnetic Microbead-Bound Jurkat Cells
	The Optimum ODEP Operating Conditions for the Isolation of SW620 Cancer Cells From Magnetic Microbead-Bound Jurkat Cells

	Performance Evaluation of Cancer Cell Isolation Using Two-Step Odep Cell Manipulation After a Negative Selection/Immunomagnetic Microbead-Based Cancer Cell Isolation Process
	Results and Discussion
	The Optimal Operating Conditions for the Separation of SW620 Cancer Cells and Magnetic Microbead-Bound Jurkat Cells via ODEP
	The Optimal Operating Conditions for Isolating SW620 Cancer Cells From Magnetic Microbead-Bound Jurkat Cells Based on the Proposed Method
	Performance Evaluation of SW620 Cancer Cell Isolation Using the Proposed Method
	Technical Features of Using the Presented Method for the High Purity Isolation of Cancer Cells After a Negative Selection-Based CTC Isolation Process

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


