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Abstract: Circulating tumor cells (CTCs) are a popular topic in cancer research because they can
be obtained by liquid biopsy, a minimally invasive procedure with more sample accessibility than
tissue biopsy, to monitor a patient’s condition. Over the past decades, CTC research has covered a
wide variety of topics such as enumeration, profiling, and correlation between CTC number and
patient overall survival. It is important to isolate and enrich CTCs before performing CTC analysis
because CTCs in the blood stream are very rare (0-10 CTCs/mL of blood). Among the various
approaches to separating CTCs, here, we review the research trends in the isolation and analysis
of CTCs using microfluidics. Microfluidics provides many attractive advantages for CTC studies
such as continuous sample processing to reduce target cell loss and easy integration of various
functions into a chip, making “do-everything-on-a-chip” possible. However, tumor cells obtained
from different sites within a tumor exhibit heterogenetic features. Thus, heterogeneous CTC profiling
should be conducted at a single-cell level after isolation to guide the optimal therapeutic path.
We describe the studies on single-CTC analysis based on microfluidic devices. Additionally, as a
critical concern in CTC studies, we explain the use of CTCs in cancer research, despite their rarity and
heterogeneity, compared with other currently emerging circulating biomarkers, including exosomes
and cell-free DNA (cfDNA). Finally, the commercialization of products for CTC separation and
analysis is discussed.
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1. Introduction

Tumor cells form a three-dimensional shape and send signals to the nearby blood vessel network
to form new blood networks near themselves in a process known as angiogenesis. Because of
angiogenesis, the blood vessel network near a tumor is extremely developed, and high levels of
nutrient delivery and gas/waste exchange occur. Despite the well-developed blood network in the
tumor microenvironment, the tumor cells experience starvation and suffocation because of their fast
metabolic activity, very high cell packing density, and infinite proliferation. The tumor cells begin to
experience stress and separate as individual cells from the main tumor body. These individualized
tumor cells move toward the blood cell network and digest the extracellular matrix using a collagenase
such as matrix metalloproteinase. The individualized tumor cells reach the pericyte and make a small
hole for intravasation. A tumor cell floating in the blood vessel network is known as a circulating
tumor cell (CTC) [1].
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CTCs in human blood vessels represent one of the main causes of recurrent or metastatic
cancer. However, a very small number of CTCs (1-1000/mL) are found in human blood, which
also contains large numbers of erythrocytes (~5 x 10°/mL), leukocytes (~4 x 10°/mL), and platelets
(~3 x 108 /mL). Moreover, not all the CTCs are in a ready state for recurrence or metastasis. The tumor
cells are continuously changing their characteristics through epithelial-mesenchymal transition (EMT)
or mesenchymal-epithelial transition (MET) [2]. Because of the rarity and heterogeneity of CTCs,
the detection of CTCs is not easy and remains a formidable challenge for clinical use.

Currently, the CellSearch® system (Menarini Silicon Biosystems, Inc., Bologna, Italy) is the only
US Food and Drug Administration (FDA) approved CTC detecting system, and it is an epithelial cell
adhesion molecule-based detecting system. The CellSearch® system can be used for patients with
metastatic breast, prostate, or colorectal cancer to make a prognosis of tumor recurrence or metastasis.
Since the introduction of the CellSearch system in 2004, many researchers have studied the relationship
between the number of CTCs and the survival rate [3]. This is a powerful system for clinical application,
but it has a comparably low detecting accuracy and is not able to distinguish between heterogenic
tumor cell types.

The microfluidic approaches are usually more cost-effective than batch approaches. This is because
they can handle a very low volume of reagent (such as an antibody and magnetic nanoparticles) and
because they can deal with the considerable volume of samples obtained in a continuous manner as
needed [4]. In addition, because of the ease of multi-disciplinary and intelligent integration, which is
one of the advantages of microfluidics, many experimental steps performed on a laboratory scale can
be implemented using a single chip. This not only avoids the loss of rare CTCs caused by replacing
tubes or tips during multiple experimental steps but also makes the process of the experiment more
convenient to the user through automation. Thus, many researchers have tried to develop microfluidic
system-based CTC-detecting methods using the unique properties of CTCs such as density [5], size [6],
deformability [7], and differences in membrane protein expression [8] in the past decades.

In this paper, we review the trends in CTC research focused on microfluidic approaches.
We classify CTC enrichment methods into four types and compare these methods with five performance
categories. In addition, the results of CTC analysis for the next steps in cancer research after
CTC isolation are investigated. The critical concerns regarding CTCs are discussed in terms of the
importance of studying CTCs compared to other circulating biomarkers and the commercialization of
CTC separation and analysis equipment.

2. Trends in Circulating Tumor Cell (CTC) Research

Since cancer cells were initially found in 1869 in the blood of patients who died from breast
cancer [9], studies have been conducted to isolate these cancer cells from blood and to analyze them
to understand cancer metastasis. There have been a large number of studies reporting on CTC
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research (Keywords: “circulating tumor cell”, “isolation”, “separation”, “enrichment”, “purification”,
“analysis”, “characterization”, and “detection”; http:/ /www.scopus.com). We plotted the trend of CTC
research based on the number of papers over time (Figure 1). And we classified the CTC separation
based on batch processing like gradient methods and CellSearch® system as a first generation,
and classified based on microfluidics as a second generation. As a third generation, we carefully
speculate that isolated single CTC analysis, cancer prognosis, and personalized medicine will lead
the field of CTC research. The epithelial cell adhesion molecule (EpCAM), which is involved in
intercellular adhesion of epithelial cells and signal transduction, is frequently overexpressed in primary
and metastatic cancer. Thus, CTCs were presumed to express EpCAM on their surface because of their
epithelial origin. In 2004, CellSearch, a technology for CTC separation using magnetic nanoparticles
coated with antibodies that specifically bind to EpCAM, was approved by the FDA. This has provided
an opportunity for many researchers to work with separated CTCs, and CTC analyses based on
this system have greatly increased in popularity. The results from clinical studies have indicated
that the overall and progression-free-survival (OS, PFS) rates of cancer patients are related to the
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number of CTCs in the blood [10]. Over the past decade, numerous papers have been published
on methods for EpCAM-based CTC separation in microfluidic devices. The EpCAM antibody is
immobilized on the surface of a microfluidic channel to capture the CTCs as blood passes through
the microfluidic device. This method results in a high purity, but the throughput is limited to a low
shear force compared to the net reaction force between antigens on CTCs and antibodies immobilized
on the channel surface. A separation method using magnetic particles with an EpCAM antibody was
proposed as an alternative method to solve the throughput issue, but it has a problem involving the
contamination of magnetic particles. Moreover, it has been reported that CTCs with down-regulated
levels of EpCAM expression are present due to the EMT [11]. EpCAM-independent CTC isolation has
been studied using the fact that epithelial-originated cancer cells are usually larger than hematological
cells [12]. Depending on whether external force is used except for fluid delivery, there are passive
separation methods such as filtration and inertial force-based separation and active separation methods
such as acoustophoresis and dielectrophoresis [13]. Although size-based separation can separate CTCs
with varying levels of surface protein expression, the presence of small CTCs, equal to or smaller than
leukocytes, presents as a hurdle for high-purity separation [14]. Some studies have suggested that
small CTCs may play an important role in metastatic cancer [15]. Therefore, a negative enrichment
technique that separates intact CTCs by specifically removing the blood cells has been developed [16].
The method of separating heterogeneous CTCs using magnetic particles coated with leukocyte-specific
antibodies can solve both of the above-mentioned throughput and magnetic particle contamination
problems. Studies have also been carried out to isolate high-purity CTCs through the combination
of leukocyte-specific antibodies [17]. In addition to these mainstream studies, studies are underway
to improve separation efficiency using various materials or to release CTCs bound to antibodies [18].
Recently, studies on the isolation of CTC clusters, which are composed of two or several aggregated
CTCs, and platelet-covered CTCs have emerged [19,20]. There is growing evidence to indicate that
CTC clusters promote mutual survival in the bloodstream and, consequently, improve metastatic
ability. The CTCs associate with platelets to escape from the innate immune system and oxidative stress.
In addition to enrichment studies on CTCs, application studies such as the analysis of isolated CTCs at
the single-cell level have been carried out [21]. One of the research topics related to single-cell analysis
is to identify determinants of metastasis by profiling individual CTCs because only a few cells among
the enriched CTCs have tumor-initiating properties. After the maturation of the above-mentioned
technologies, it is expected that research on customized medical therapies will be conducted using
pure, high-concentration CTCs in the future. Figure 2 shows the performance evaluation of the
above-mentioned methods for CTC isolation according to five categories: (1) heterogeneity of CTCs,
(2) intactness of isolated cells, (3) purity, (4) recovery of target cells, and (5) throughput of sample.
The heterogeneity such as different cell sizes and various protein expression levels on the surface is the
inherent characteristic of cancer cells. The intactness of isolated cells refers to the intact state of cells
that have not undergone any treatment, such as conjugation of antibodies for separation. Purity and
recovery are defined as the number of isolated CTCs divided by the total number of isolated cells and
the number of isolated cells relative to the initial number of cells, respectively. Throughput means the
maximum rate (volume per time or number per time) for the whole process to be complete. Below,
we discuss the detailed principles and performance of microfluidic devices based on recent studies.
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Figure 1. Schematic sketch of research trends in circulating tumor cells (CTC) isolation. The solid line
shows the number of papers according to the time (http://www.scopus.com), and the dashed line is a
prediction of the number of articles published in the future.
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Figure 2. Schematic sketch of the comparison of different methods for CTC isolation. Five performance
categories are used for the comparison: (1) heterogeneity of isolated CTCs, (2) intactness of isolated
CTCs, (3) purity, (4) target cell recovery, and (5) throughput. A scale of 1 to 3 was used to rank each
category, where 3 represents the highest score.
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2.1. Positive Enrichment of CTCs Using Antigen-Antibody Reaction

The positive enrichment method refers to a method for specifically separating a target cell using
the characteristics of the target cell, such as surface biomarker expression and size. A size-dictated
immunocapture chip (SDI-chip) based on deterministic lateral displacement (DLD) was developed by
Ahmed et al. to selectively enrich and detect CTCs (Figure 3a) [22]. Triangular microarray structures
are situated in the middle of the SDI-chip. Hydrodynamic gradient shear forces are generated around
the rotated triangular micro-pillars. In order to selectively capture the CTCs the surface inside the
chip was immobilized by an antibody. CTCs are captured at different positions on the micro-pillars
according to the EpCAM expression levels. CTCs with high EpCAM expression levels are captured in
regions with relatively high shear stress, and CTCs with low EpCAM expression levels are captured in
low shear stress regions. The capture efficiency and purity of CTCs were reported to be approximately
92.2% and 82.3%. With this SDI-Chip, the different distribution of CTCs around the micro-pillars due
to the differences in EpCAM expression levels enabled a high capture efficiency and purity. However,
the throughput is low for methods in which antibodies are coated on the surface. The binding force
between antibody and CTCs should be higher than the CTC migration force in the fluid in order to
capture CTCs. Antibody-coated magnetic particles have been used to solve these problems. Chang et al.
developed a parallel flow micro-aperture chip system [23]. Antibody-coated magnetic particles were
conjugated with CTCs before the injection of the blood sample. Magnetic particles with CTCs and free
magnetic particles are captured by a magnet. The capture yield of CTCs was reported to be about 95%.
Many free magnetic particles remain after capturing CTCs. A second magnet and aperture structure
are used to remove the free magnetic particles. The aperture structure and swinging the second magnet
on top of the chamber move the free magnetic particles down through the apertures and increase
the purity of the CTCs. Then, the captured CTCs are analyzed using immunofluorescence. There are
many differences between metastatic and non-metastatic cancer cells, and one of them is the EpCAM
expression level [24]. The parallel flow micro-aperture chip cannot separate heterogenic CTCs with
different protein expression levels. Thus, Kwak et al. developed a microfluidic device with a spiral
shape to selectively isolate heterogenic CTCs according to EpCAM expression levels (Figure 3b) [25].
Two different breast cancer cell lines (MCF-7 and MDA-MB-231 cells) were used to confirm the
selective isolation of CTCs. EpCAM antibody-conjugated magnetic nanoparticles were mixed with
CTCs. CTCs with a high EpCAM expression level conjugated more with the magnetic nanoparticles
and were captured first in the channel by the high magnetic force than CTCs with a low EpCAM
level. The average selectivity and the purity of EpCAM-positive (MCF-7) and EpCAM-negative CTCs
(MDA-MB-231) were reported as 6.1:4.8 and 96.3% and 81.2%, respectively. The heterogenic CTCs were
selectively and simultaneously isolated with a high capturing efficiency. These positive enrichments
specifically capture CTCs using their surface protein expression. These positive enrichments specifically
can be used to capture CTCs using their surface protein expression, but most positive enrichment
methods cannot completely isolate heterogenic CTCs because some CTCs have no EpCAM expression.
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Figure 3. Positive enrichment of CTCs. (a) Antibody-coated triangular microarray structures of the
SDI-Chip. The surface of triangular microarray structures is coated by epithelial cell adhesion molecule
(EpCAM) antibodies. CTCs are selectively captured depending on EpCAM expression level since the
rotated triangular micro-pillars makes different hydrodynamic gradient shear forces; (b) The spiral
shape of the microfluidic device for the selective isolation of CTCs depending on the EpCAM expression
level. EpCAM positive CTCs bind more magnetic particles than EpCAM negative CTCs. EpCAM
positive CTCs are captured far away from the magnet due to the magnetic force different; (¢) CTCs
and non-target cells move into the flow channel and CTCs are captured in the pockets by moving the
diaphragm upwards. CTCs are released by moving the diaphragm downward after passing through
non-target cells; (d) The p-MOFF device for label-free separation of CTCs from blood cells. CTCs and
white blood cells (WBC) pass through the multi orifice channels. Larger CTCs than WBC are separated
by hydrodynamic force. Reproduced from ref. [22,25-27] with permission from 2017 John Wiley & Sons,
Inc. (Hoboken, NJ, USA), 2015 Royal Society of Chemistry, 2018 ELSEVIER, and 2016 Impact Journals.

2.2. Positive Enrichment of CTCs Based on Size

CTCs are tumor-derived epithelial cells that are the origin of metastatic disease, and CTCs are
usually larger than blood cells [17,28]. A size-based microfluidic device that consists of a triangular
pillar (the bulk filtration area) and filter channel array (single cell filtration area) was designed by
Gao et al. [29]. Blood cells pass through the bulk filtration area. CTCs remain in the main channels,
and other cells (White blood cell, WBC; Red blood cell, RBC) pass through the main channels to the
side channels via the filter in the single cell filtration area. The sensitivity, specificity, and capture
efficiency of these microfluidic devices are 82.7%, 100%, and 94%, respectively. This chip design as a
single chip makes it easy to process blood samples, from blood cell elimination to single CTC capture,
in one step. However, this filtration method has a problem with channel clogging, which means that
this device cannot handle a large volume of samples. Another filtration device is the resettable cell
trap, which is a two-layer polydimethylsiloxane (PDMS) structure comprising a resettable cell trap
channel (a sample-carrying upper flow channel) and a diaphragm control channel (a lower fluid-filled
control channel) (Figure 3c) [26]. CTCs and other cells move into the resettable cell trap channel,
and then, CTCs are captured in pockets and other cells pass through when the diaphragm moves
up the resettable cell trap channel. In order to prevent clogging problems, the resettable cell trap
chip uses a diaphragm controlled by pressure. CTCs can be released when the diaphragm moves
down to the diaphragm control channel. CTCs are captured with an average 183-fold enrichment and
93.8% yield. CTC clusters, which are two or several CTCs attached to each other, are correlated with
worse survival rates in patients with cancer, such as prostate, breast, colorectal, and lung cancer [30].
Thus, CTC clusters play a vital role in the metastatic process. Another filtration chip for capturing
two-cell clusters (CTC clusters) was developed by Sarioglu et al. [31]. CTC clusters are captured at the
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edge of the triangular-shaped structure positioned inside the microfluidic channels. Captured CTC
clusters are fixed in the structure by a dynamic force balance. CTCs are released by the reverse flow
direction. The release efficiency of captured CTC clusters was reported as 37% at room temperature;
however, the efficiency was 80% at 4 °C because lower temperatures reduce nonspecific cell adhesion.
The triangular-shaped structures and the dynamic force balance prevent passing cells, while individual
cells in normal filter structures can pass because of cell deformability.

Hydrodynamic microfluidic devices use inertial forces that force particles or cells to migrate across
flow stream lines to equilibrium positions. In general, inertial forces emerge from boundary effects of
fluid flow adjacent to the walls of a microfluidic channel [32]. Particle behavior in microfluidic devices
is related to the particle and channel Reynolds number, a dimensionless number that measures the
ratio of inertial forces to viscous forces. CTCs can be separated and concentrated from blood cells
using the difference in inertial force, which is different for each particle, by adjusting the shape and
dimensions of the channel and the flow rate [33]. Moreover, the hydrodynamic microfluidic devices
can overcome obstacles associated with filtration methods such as clogging problems, low throughput,
and limitation of sample volume. One inertial effect enables the inertial migration of particles.
Hyun et al. developed a parallel multi-orifice flow fractionation (p-MOFF) device that consists of an
alternating series of contraction channels and expansion chambers (Figure 3d) [27]. Their p-MOFF
device was able to separate CTCs, which have various surface protein expression levels, from blood
cells by size. Moreover, they optimized their experimental conditions for the separation of small CTCs.
EMT-induced spherical cancer cells are smaller than adherent cancer cells. Separation of adherent
and spherical MCF-7 cells was demonstrated by using p-MOFF, and 90.78 £ 2.21 and 80.81 + 5.49%
of adherent and spherical MCEF-7 cells, respectively, were separated. CTCs from 24 metastatic breast
cancer patients were isolated according to differences in EpCAM-positive and EpCAM-negative
CTCs; 33.3% of patients had EpCAM-negative CTCs, and 16.7% of patients had EpCAM-positive
CTCs. Another inertial effect is the secondary flow in curved channels. Larger particles in flow
interrupt different secondary flow velocity fields than smaller particles [34]. The inertial fluid in spiral
microfluidic channels creates secondary cross-sectional flows (Dean Flows) and causes Dean drag
force, which reinforces the lateral migration of particles in the cross-section of the channel. This enables
differential particle movement and results in particles in different positions according to size. In general,
a spiral microfluidic channel has a rectangular cross-section. However, Shen et al. developed a
dimension-confined spiral channel (D-channel) that combined a spiral microchannel and ordered
micro-obstacles (bars) [35]. The D-channel assists particle focusing in order and makes streamline and
main flow velocity more changeable without the need of a parallelization design or the assistance
of sheath fluid. It produces more equilibrium positions for particles and increases the distances
among the equilibrium positions of particles in the D-channel compared to that with a conventional
spiral channel. This makes it possible to separate particles with high resolution. The separation
efficiencies of particles for 15.5, 9.9, and 7.3 pm were reported as 98.7%, 97.8%, and 85.8%, respectively,
with respective purities of 97.5%, 86.1%, and 98.4%. This combined microfluidic device makes a
single-layer, sheathless, and ultra-low-aspect ratio microchannel system possible. However, it is hard
to completely separate CTCs and WBCs because they have overlapping sizes.

2.3. Negative Enrichment of CTCs

Positive enrichment methods cannot isolate CTCs depending on heterogeneous properties,
but negative enrichment methods can isolate heterogeneous and intact CTCs by specifically eliminating
blood cells [36]. Bu et al. developed an anti-CD45 antibody-coated dual-patterned immunofiltration
(DIF) device for negative enrichment of CTCs [37]. The DIF device was designed to have a dual
pattern layer to increase the coating efficiency of the CD45 antibody, allowing it to improve the chance
of binding leukocytes. A human non-small cell lung (NSCL) cancer cell line was used to test the
performance of the DIF device. CTCs were also collected from the blood of 11 patients with cancer using
the DIF device. The DIF device eliminated more than 97% of leukocytes, and fewer than 10% of CTCs
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were bound on the surface of the DIF device by a non-specific binding. However, as mentioned above,
the method of using the binding of a cell to an antibody coated on the channel wall has a disadvantage
in that the throughput is low because of the shear force. Hyun et al. combined a micro-mixer
and magnetic activated cell sorter (MACS) to improve the throughput of negative enrichment
(Figure 4a) [17]. The WBC-specific anti-CD45 antibody-coated magnetic particles and cells are injected
into the microfluidic device. The WBCs and magnetic particles are antigen-antibody bound by the
Dean drag force and expansion flow in the micromixer. The WBCs coated with magnetic particles move
to the MACS channel and are captured by the magnet in the channel while the CTCs exit the channel.
Regarding the performance of the micro-MixMACS, the recovery and purity of CTCs were reported
as 90.67% and 0.35% in one-step. The micro-MixMACS reduced CTC loss because the magnetic
particles are attached to the WBC and the separation of the CTC is performed in one step. Generally,
there are ~107-108 WBCs per 1 mL of blood, so there is a limitation that when the WBC-coated
magnetic particles are collected in the channels using magnetic force, the channels can become clogged.
In particular, because CTCs are very rare, it is necessary to separate large volumes of blood to
collect a sufficient number of CTCs for analysis. Therefore, the clogging issue is a major problem
regarding chip continuity for high-capacity isolation. Cushing et al. developed a cancer cell separation
system using negative acoustic contrast elastomeric particles (EPs) activated with CD45-antibodies
(Figure 4b) [38]. They solved the clogging issue by using acoustophoresis in a continuous manner.
Activated EPs and WBCs are mixed in a ratio of 1 to 30 to make EP/WBC complexes. Samples
containing CTCs, Eps, and EP/WBC complexes are injected into an acoustophoresis chip (sample
flow input: 100 mL/min, sheath flow input: 400 mL/min, center outlet flow: 100 mL/min, side
outlet flow: 400 mL/min, frequency: 1.991 MHz with 20 Vyeak to-peak, and scan rate: 200 kHz/m:s).
The performance of the acoustophoresis chip was tested at three different cell mixture conditions
(1 x 10° WBCs and 1 x 103 MCF-7 cells in 1 mL): a mixture without EPs denoted Mixture as a control,
cell mixture with non-CD45 activated EPs denoted —CD45, and cell mixture with CD45 activated EPs
denoted +CD45. The separation efficiency of MCF-7 cells was reported as 98.1% for Mixture, 97.6% for
—CD45, and 100% for +CD45. The recovery of MCE-7 cells was reported as 89.5% for Mixture, 93.2%
for —CD45, and 86.8% for +CD45. The separation efficiency of DU145 cells was reported as 99.1% for
mixture, 100% for —CD45, and 100% for +CD45. Recovery of DU145 cells was reported as 84.8% for
mixture, 86.0% for —CD45, and 84.0% for +CD45. The recoveries of two different cancer cell lines are
not different and are high. However, approximately 1% of sample volume still remains in the channel
after isolation of CTCs. Experimental setup is complicated because experiment equipment such as a
pressure driven unit and a function generator are required.
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Figure 4. Negative enrichment of CTCs. (a) The micro-MixMACS chip for one-step negative enrichment
of CTCs. Anti-CD45 coated magnetic nanoparticles (MNP) and WBC are bound by expansion and
Dean vortices in a Micro-mixer. WBCs conjugated with MNP are captured in the enrichment channel by
magnets and pure CTCs are collected in the outlet; (b) Separation process of the acoustophoresis
chip for CTC enrichment using frequency modulation. CTCs, WBCs, and elastomeric particles
(EP)/WBC-complex are injected in the acoustophoresis chip. CTCs move in the middle of the chip and
others separated to the sidewall by acoustic forces. Reproduced from ref. [17,38] with permission from
2017 ELSEVIER and 2018 ELSEVIER.

2.4. Integration of Enrichment Methods

Integration of positive and negative enrichment methods is a recently emerging technology.
Integrated enrichment methods refer to the use of the various CTC separation methods described
above in accordance with the purpose of the study. Moreover, by combining various separation
methods, the limitations of each separation method can be alleviated. Hyun et al. developed a
two-stage enrichment chip that consists of a microfluidic magnetic-activated cell sorter (u-MACS) and
an inertial focusing channel combined with a focusing-geometrically activated surface interaction
(F-GASI) chip (Figure 5a) [36]. WBCs coated with CD45 antibody-conjugated magnetic nanoparticles
are captured by the magnet in the ui-MACS. All the isolated cells from the u-MACS chip pass
through the inertial focusing channel before moving into the GASI to reduce sample volume. In their
study, EpCAM-positive cells (MCF-7) or the HER2-positive cells (SK-BR-3) were captured on the
surface of the GASI. The EpCAM- and HER2-negative cells (MDA-MB-231) moved out and were
collected. The capture efficiencies in the Anti-EpCAM-coated F-GASI were 98.81% of MCEF-7 cells
(EpCAM positive) and 93.12% of MDA-MB-231 cells (EpCAM negative). The capture efficiencies
in the Anti-HER2-coated F-GASI were 86.51% of SK-BR-3 cells (HER2 positive) and 66.54% of
MDA-MB-231 (HER2 negative). CTCs were selectively separated depending on differences in EpCAM
and HER?2 expression levels. However, operation of the chip for CTC enrichment does not work
continuously because each stage microfluidic chip has a different flow rate. It creates sample loss
during the experiment.
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Figure 5. Integration of CTC enrichment methods. (a) Two-stage microfluidic chip consisting of a
focusing region, geometrically activated surface interaction (GASI) region, and magnetic-activated
cell sorter (MACS) to selectively separate CTCs depending on EpCAM expression level. Magnets in
the first stage chip separate CTCs and WBCs bound with CD-45 antibody-coated magnetic particles.
CTCs pass through the focusing region and move into EpCAM antibody-coated GASI region. EpCAM
(+) CTCs are captured in the surface of the GASI region and EpCAM (—) CTCs are separated; (b) The
monolithic chip integrates with deterministic lateral displacement (DLD), inertial focusing, and MACS
to split purified CTCs from blood cells. Blood cells injected the monolithic chip and red blood cell (RBC)
and platelets are removed in DLD region. CTCs and WBCs are aligned in the inertial focusing channel
and two cells are separated in the MACS channel. Pure CTCs are collected after passing through the
2nd inertial focusing and MACS channel. Reproduced from ref. [36,39] with permission from 2015
ELSEVIER and 2017 Nature Publishing Group.

A monolithic microfluidic device that consists of DLD, inertial focusing, and MACS channels was
developed by Karabacak et al. (Figure 5b) [39]. The DLD is a particle separation mechanism that uses
the laminar flow characteristics of microfluidic flow in a micro-pillar array. Small particles follow the
fluid flow, while large particles follow the tilted micro-pillar array at an angle to the fluid flow. In their
study, whole blood that was pre-labeled with magnetic particles targeting WBCs via CD45, CD16,
and CD66b surface antigens was injected to the chip. RBCs and platelets were eliminated in the DLD
region. Other cells (CTCs and WBCs with few magnetic particles) moved into the inertial focusing and
MACS channels. In order to increase the purity of CTCs, CTCs and WBCs were aligned in the center
of the channel in the inertial focusing region to effectively remove the WBCs in the MACS channel.
The percentage of CTCs after isolation from patients with cancer was 84.0% for patients with breast
cancer, 68.5% for patients with lung cancer, 96.4% for patients with prostate cancer, and 63.6% for
patients with melanoma. This microfluidic device enabled the depletion of blood cells at 15-20 million
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cells per second while isolating highly purified CTCs. The monolithic microfluidic device achieved the
high-throughput negative selection of CTCs controlled by on-chip fluidic resistors.

Jiang et al. developed an integrated microfluidic device that consists of a DLD chip for isolating
CTCs, an automatic purifying device with CD45-labeled immunomagnetic beads, and a capturing
platform coated with rat tail collagen [40]. Rat tail collagen was used for binding CTCs tightly to
the surface. Almost 100% of RBCs and platelets and over 90% of WBCs were depleted in the DLD
chip. The remaining WBCs were removed by the automatic purifying device to enhance the purity of
CTCs. CTCs were captured on the capturing platform. The capture rate, purity, and viability of CTCs
were reported as 90%, about 50%, and more than 90%, respectively. The device is sterile, automatic,
and convenient for clinical applications.

3. Single CTC Analysis Using Microfluidic Devices

Cancer is not a simple disease for which the outcome of treatment can be predicted or confirmed
for each patient, because it is a collection of various diseases and is heterogenic in terms of genetic
abnormalities and protein expression. Identifying the CTC phenotype is important in designing
customized treatments for patients with cancer. However, the molecular analysis of each CTC is limited
because of the heterogeneity of CTCs. In order to overcome these limitations, single cell analysis has
been studied in a variety of ways such as microscopic imaging, patch clamp, flow cytometry, tweezing,
patterned substrates, and microfluidic devices. Among them, the advantage of a microfluidic-based
single-cell analysis system is that it can reduce experimental steps by integrating all processes from
isolation to analysis continuously.

Droplet microfluidics is one of the most widely used methods for single cell isolation.
These microfluidic devices can produce femto-liter- and pico-liter-sized aqueous droplets with high
throughput on immiscible substrates such as oil. It is also one of the most promising methods to
capture and analyze thousands of individual cells for whole transcriptome or genomic analysis. Cells
are isolated by forming droplets in a single cell unit through microfluidic devices, and droplets
containing individual cells can be used for investigating the properties of each cell, assessing cell
viability, and so on. In addition, the ability to extract each target cell with high throughput can be
a great advantage for single-cell screening applications, such as mutant library screening. Ben et al.
generated 35 pL droplets (water in oil) using microfluidic technology, and a mixture of tumor cells from
a cancer cell line (lung A549 cells) and WBCs were encapsulated according to a Poisson distribution in
the presence of culture medium and a lactic acid assay mixture. Because of the differences in lactate
secretion rates, there were intensity differences between droplets with a cancer cell, with a WBC,
and that were empty. Each droplet can be analyzed and sorted using a laser induced fluorescence and
inverted microscope with ratiometric dye (Snarf-5F). When A549 tumor cells were mixed with WBCs
in ratios ranging from as few as 10:200,000 to 130:200,000 (A549 cells:WBCs), the average detection
rate of A549 cells was around 60%. This system not only provides initial evidence of cancer cell
metabolism but also allows the counting of CTCs in blood [41]. Ng et al. developed a droplet-based
microfluidics platform to measure multiple specific protease activities from water-in-oil droplets that
contained single cells (Figure 6a). By integrating the microfluidic platform with a computational
analytical method, they successfully characterized six essential protease activities (MMP-2, MMP-3,
MMP-9, ADAM-8, ADAM-10, and ADAM-17) in a high-throughput manner. Moreover, protease
activity profiles were analyzed at single-cell level with three types of cancer cells (PC-9 lung cancer
cell line, MDA-MB-231 breast cancer cell line, and K-562 leukemia cell line) [42]. The continuous
isolation and identification of single CTCs from blood using droplet microfluidics have been successful,
but gene analysis of individual CTCs and customized treatment through drug screening are still
being developed.

On the other hand, several groups have developed novel microfluidic devices without droplets to
isolate and analyze each CTC to determine the appropriate treatment for cancers. Yeo et al. developed a
circular-shaped microfluidic device capable of separating a single CTC from a large population of other



Micromachines 2018, 9, 353 12 of 21

cells through fluid-mechanical focusing with the help of a viscous sheath flow buffer (Figure 6b).
Because the cell chambers are located along the outer curvature of the circular channel, single
cells are captured in each chamber due to the inherent differential pressure and centrifugal force.
They successfully separated target cells using selection mechanisms such as tagging antibody markers
by immunofluorescence staining, and positive pressure was exerted through a particular chamber
for cell recovery. After isolating pure tumor cells from mixed populations, they tracked T790M
mutations before and after drug treatment using PC9 cell lines. They enriched CTCs from 5.9 mL
to 7.5 mL of blood, and 26 potential single cells were isolated from patients with late stage NSCLC
(non-small cell lung cancer), and multiplex polymerase chain reaction (PCR) was performed to enrich
for two sites within the EGFR gene, namely T790M and L858R [43]. Using a pancreatic cancer mouse
model, Ting et al. compared the genomic expression profiles of individual CTCs isolated using an
epitope-independent microfluidic device system and performed single-cell RNA sequencing. Isolation
of mouse pancreatic CTCs was performed using hydrodynamic sorting and inertial focusing with
magnetic separation. They obtained high-quality transcriptomes for 93 single mouse pancreatic CTCs
and presented a detailed analysis of CTC composition and diversity in pancreatic cancer [44].
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Figure 6. Single CTC isolation using microfluidic chip. (a) Generation of water-in-oil droplets in a high
throughput manner (~100 cells/experimental run) that contain a single cell with Multi-color Forster
Resonance Energy Transfer (FRET)-based enzymatic substrates to measure multiple protease activities
specifically; (b) Selective picking and isolation of single CTC in each chamber could be performed by
hydrodynamic focusing, thereby tracking variation after drug treatment using a model PC9 cell line.
The scale bar represents 100 um. Reproduced from ref. [42,43] with permission from 2016 ELSEVIER
and 2016 Nature Publishing Group.

4. Critical Concerns

4.1. Advantages of CTC Research Compared with That Using Various Circulating Biomarkers

Circulating biomarkers obtained through liquid biopsy are an important research topic that will
lead to changes in the paradigm of disease diagnosis and prognosis because of the ability to obtain
patient information in real time in a less-invasive manner [45]. In addition to CTCs, as mentioned in
the above sections, various circulating biomarkers have been studied regarding cancer. In particular,
exosomes and cell-free DNA (cfDNA) have attracted attention as potential circulating biomarkers and
are able to complement the technical hurdles in CTC studies such as rarity and heterogeneity.

Exosomes are small extracellular vesicles (30-150 nm in diameter) of endocytic origin [46].
They contain not only genetic material (double-stranded DNA (dsDNA), single-stranded DNA
(ssDNA), functional messenger RNA (mRNA), microRNA (miRNA), and other small noncoding
RNA molecules) and proteins (enzymes, signal transduction proteins, and cytoskeletal proteins)
from their origin cell but also various proteins (tetraspanins, membrane proteins, cytokines, and cell
adhesion molecules) that are present in their encapsulated lipid bilayer. With this cargo, exosomes act
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as intercellular communicators [47]. Currently, exosomes are also known to play an important role in
the communication of cancer cells in the tumor microenvironment [48]. In this regard, exosomes can
be a powerful tool for cancer diagnosis, prognosis, and personalized medicine research by analyzing
the exosome cargo as well as the level of exosomes in the blood. Over the last several years, numerous
studies have been published that used microfluidic technology to isolate, detect, quantify, and analyze
exosomes [49]. However, the microfluidic technology has limits in dealing with exosomes because
of their nanometer size. For example, inertial microfluidics, a representative microfluidic technology,
is not suitable for application in studies on exosomes because the physical characteristics of particles
such as size and density are of prevailing importance. In addition, whole cells in the body release
exosomes during their normal metabolism. The level of exosomes in patients with cancer is known
to be higher than normal because the abnormal metabolism of cancer cells. However, in order to
identify the correlation between exosomes and cancer characteristics, it is necessary to determine
whether exosomes are derived from cancer cells or normal cells. It has been reported that only a small
fraction of exosomes out of the total exosomes per mL of blood from patients with cancer are released
from cancer cells [50]. Even if the exosomes are successfully isolated from blood, the information
obtained from exosome cargo is more limited than the information obtained from CTCs by the nature
of their formation.

Cell-free DNA (cfDNA) is DNA that is released into the bloodstream from apoptotic, necrotic,
and viable cells. When the ¢fDNA originates from cancer cells, it is called circulating tumor DNA
(ctDNA). Up to 3.3% of tumor DNA per 100 g tumor weight is expected to enter the bloodstream
daily [51]. cfDNA has various forms such as unbound DNA fragments, nucleosomes, and virtosomes,
which are complexes of newly synthesized DNA, RNA, and lipoproteins [52]. This highly fragmented
cfDNA consists of 150-200 base pairs and is 49.5-66 nm in length [53]. In general, cfDNA is digested
by DNases in the bloodstream, but the concentration of cfDNA in patients with cancer is known to be
higher than normal because cfDNA in patients with cancer is digested less because of low DNase levels
and the presence of DNase inhibitors [54]. Moreover, when patients with cancer receive treatment
that causes tissue damage such as surgery, chemotherapy, and radiotherapy, the concentration of
cfDNA increases because of cell death and destruction. However, increased cfDNA levels are observed
in patients with inflammatory diseases, tissue injuries, and benign tumors. Thus, the cfDNA level
is not able to fully reflect the status of cancer. Genometastasis, in which ctDNA with an oncogenic
gene is able to transform the cells of distant organs, was proposed by Garia-Olmo et al. in 1999 [55].
Several studies have reported that the transfer of DNA can occur via the uptake ctDNA by host cells,
and these host cells are transformed into cancer cells. In addition, the transformation to cancer cells
does not occur in the absence of ctDNA in normal plasma/serum [56]. These studies support the
role of ctDNA in cancer metastasis. Thus, cf DNA should be genetically analyzed for use as a more
informative biomarker. In order to avoid analysis errors in DNA sequencing, purification steps or a
highly sensitive sensing system is needed because ctDNA is diluted by cfDNAs derived from normal
cells. There are many commercial kits and microfluidic devices for the purification of genomic DNA.
However, most of them focus on DNA purification rather than ¢fDNA. Because cfDNA is much shorter
than genomic DNA, the experimental set-up such as the composition of the buffer to specifically purify
cfDNA should be precisely controlled.

While exosomes and c¢fDNA can only be used in limited applications because they provide
fragmented analytical information, CTCs can be used to meet a variety of research objectives. This is
the main reason why CTC studies should be continued despite the rarity and heterogeneity of CTCs
(Table 1). In particular, recent progress in the in vivo (patient derived tumor xenograft, PDTX) and
in vitro culture of CTCs has improved the understanding of the molecular mechanisms underpinning
cancer progression, depending on the conditions of an individual patient [57].
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4.2. Commercialization of Microfluidic-Based CTC Research

The growing prevalence of cancer has raised the need for effective tools for early cancer diagnosis
and application of precision medicine. CTCs are an attractive option to satisfy these needs because of
their relevance to the primary tumor and the availability of liquid biopsy. Microfluidic-based products
for CTC isolation and analysis based on technically mature CTC isolation methods, such as size-based
filtration and immunomagnetic separation, have been commercialized (Table 2). For commercialization,
the performance of the microfluidic chip is also crucial, but it is very important to develop a machine
that automates the related product so that it can be used by non-experts. Unlike general purpose
microfluidic chip automation machines, because of the nature of CTCs, sophisticated tubing to avoid
CTC loss and complex programming to meet the needs of various users are the main factors to
consider in designing automation equipment. However, these make the cost of the equipment higher,
which increases the barrier for entry into the market. The market for CTC detection is expected to reach
an estimated value of several billion US dollars within a few years. However, indeed, the average
revenue of most microfluidic device-based companies, according to a search on D&B Hoovers (an
American business research company that provides information on companies), is just 2.76 million
US dollars. In order to increase the demand for products and enter into a larger market, a standard
operating procedure should be established for efficient acquisition of CTCs in blood and clinical
validity must be verified. Thus, extensive correlational studies and clinical trials should be conducted
with CTCs and patients with cancer.

In addition, as the CTC studies continue, there are limitations due to the various features of CTCs,
such as MET, in most commercialized techniques. The products based on cutting-edge technologies
such as nanomaterials and multifunctional antibody are expected to overcome this issue. However,
there remains realistic problems like reliability and stability to reach mass production. Also, most of
the products are optimized with their own experimental conditions like working buffer for antibody
conjugation and for CTC separation device. So, companies are asked to launch the related products
to run their techniques. Although selling consumptive experimental materials seems to be good for
profit, it takes a lot of time and money to build a manufacturing facility. Therefore, it is necessary to
start the research with the aim of commercialization from the development stage. As a promising
business model, some companies offer down-stream analysis after CTC enrichment and corporate
with hospitals to provide clinical finding to the patients. Certifications from proven institutions may
be challenging, but they will be very attractive in smaller laboratories or hospitals where it is difficult
to purchase expensive devices and equipment for CTC research.
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Table 1. Comparison of circulating tumor cells (CTCs) and other circulating biomarkers.
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g:;::;:;::g Features Isolation Techniques Applications Reference
e Multiple chromosome abnormalities
(translocation, deletion, inversion,
e  Cancer cells derived from tumor tissue duplication, numerical aberration)
e  1-100 CTCs/mL of blood Immuno-affinity-based methods e  RNA profiling
CTC . Size: 5-20 um Size/density-based methods . Protein expression _
. Heterogeneity Microfluidic-based methods e  Cellular communication
. Live information e  Invitro culture
e  Invivo study (Patient Derived Tumor
Xenograft (PDTX))
° Extracellular vesicles derived from cells * Chromosome abnormalities (translocation,
. 105 exosomes/mL of blood . Differential ultracentrifugation deletiqn, inversior}, duplication,
e  Polymer-based isolation methods numerical aberration)
Exosome . 190 cancer-related exosomes/mL of blood e  Immuno-affinity-based methods e RNA profiling [46-49]
* S%Ze: 3.0_150 m e Microfluidic-based methods e  Protein expression
° Fixed information e  Cellular communication
. Fragmented DNA derived from cells
e  10-30 ng/mL of healthy blood . .
. .. . Chromosome abnormalities (translocation,
cfDNA . éOO nglg é én;()gf bcancer Panent blood e Affinity-based methods deletion, inversion, duplication) [51-53]
. ize: 150- ase pair
. Fixed information
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Table 2. List of companies working on microfluidic-based CTC analysis.
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Company (Country) Product (Chip) Highlights Revenue * Year Founded Reference

e  Size-based separation: Cell trapping
Angel plc (UK) Parsortix™ system e  Possible to harvest cells or stain CTCs in cassette $0.64 million 2003 http://www.angleplc.com

. 100 uL to 30 mL blood sample
. Dielectrophoresis (DEP)-based separation

ApoCell, Inc. (USA) ApoStreamTM ° 50 pL to 10 mL blood sample $6.27 million 2004 http:/ /www.apocell.com
e Sample suspension collection volume: ~1.5 mL
e Support user prompts for step-by-step operation

T™ . . . g .
Biocept, Inc. (US) Target Se.lector . Platff)rm ° Immunocapture in microfluidic chip (post) $3.22 million 1997 https:/ /biocept.com
(CEE microfluidic chip) o Support CTC separation (5-7 days)
e Immunocapture in microfluidic cartridge
Biofluidica, Inc. (USA)  BioFluidica’s CTC System (sinusoidal shaped) $0.29 million 2012 http:/ /www.biofluidica.com
e Processes 10 mL of blood in less than 30 min
e  Size-based separation: Cell trapping
Celsee diagnostics Celsee PREP 400, Celsee o >56,000 cell trapping well (4~8 mL of blood)
/ — 2011 https:/ /www.celsee.com
(USA) ANALYZER «  ~8micron pore P
e 16 samples in an 8 h shift
i ® : . . .
Clearbridge ClearCell * FX1 system d Size-based separation: Dean Flow Fractionation (DFF) $0.57 million 2009 http:/ /www.clearbridgebiomedics.com

Biomedics (Singapore)

(CTChip® FR)

Processes 8 mL of blood in less than an hour

Cynvenio Biosystems,

LiquidBiopsy® Platform

Immunomagnetic separation within a microfluidic chip

e, (Vo) (ClearTD® Clinical e  Staining and ce,'l'l 1solat10'n in less than 3 h R _ https:/ /www.cynvenio.com
: Testing) e  Support genomic analysis of cells prepped by CleareID
(10-14 days)
o Immunomagnetic separation within a
microfluidic cartridge
Fluxion Bioscience, IsoFlux CTC system, e  Up to 4 cartridges can be loaded into the instrument at

Inc. (USA)

IsoFlux Cytation Imager

one time
Processes 7-10 mL of blood in less than 2 and a half hours
Supports custom assays

https:/ /liquidbiopsy.fluxionbio.com/
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Table 2. Cont.

Company (Country) Product (Chip) Highlights Revenue * Year Founded Reference
e  DEP-based fluorescently labelled cell trapping in cages
Menarini Silicon e 300,000 DEP cages in each cartridge o B )
Biosystem (USA) DEPArray™ o Image-based cell selection (single cell resolution) $5.58 million 1976 http:/ /www.siliconbiosystems.com
e  Enrichment and labeling steps are required before using
DEPArray™
e  Size and deformability-based separation:
microscale vortices
Vortex Bioscience VTX-1 e  Processes ~8 mL of blood in less than 1 h - 2010 https:/ /vortexbiosciences.com

Collects CTCs into an Eppendorf™ tube, a Petri dish, a
slide chamber, or a microwell strip

* Search in D&B Hoovers (www.hoovers.com).
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5. Conclusions

In this review, we described the trends in CTC research and have divided the CTC study into three
generations. Before using microfluidics, the CTC isolations were processed with batch systems, but it
was difficult to access a sufficient number of purified CTCs for analysis (1st generation). The various
advantages of microfluidics make isolation and analysis of CTCs very efficient (2nd generation).
Microfluidic based CTC isolation approaches are classified as four types: (1) Positive enrichment using
antigen-antibody reaction, (2) Positive enrichment based on size, (3) Negative enrichment, and (4)
Integration of enrichment methods. One of these four types of isolation methods cannot be said to
be superior, but can be selected or appropriately integrated according to the purpose of each study.
Also, we summarized the microfluidic based single CTC analysis after isolation. Of the various single
CTC analysis approaches, the droplet based approach seems to be a very promising approach to
be implemented on a one chip, from single CTC separation to analysis such as digital PCR. As the
third generation of CTC research, using a microfluidic technique, it is anticipated that research on an
integrated chip that isolate CTC by high-purity from the blood and then analyzes it by a single cell is
expected to be active in the future. Separated CTCs can be used to study mechanisms of cancer and
metastasis or to influence drug development by acquiring genetic information through CTC analysis,
such as next generation sequencing (NGS). Also, the development of CTC-based PDTX with individual
patient information can be an effective alternative clinical trial. These future studies on CTC will be
useful for cancer prognosis and personalized medicines.
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