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Up to 90% of cancer-related deaths are caused by metastatic cancer. Circulating tumor cells (CTCs), a type
of cancer cell that spreads through the blood after detaching from a solid tumor, are essential for the
establishment of distant metastasis for a given cancer. As a new type of liquid biopsy, analysis of CTCs

offers the possibility to avoid invasive tissue biopsy procedures with practical implications for diagnostics.

The fundamental challenges of analyzing and profiling CTCs are the extremely low abundances of CTCs

in the blood and the intrinsic heterogeneity of CTCs. Various technologies have been proposed for the
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enrichment and single-cell analysis of CTCs. This review aims to provide in-depth insights into CTC

analysis, including various techniques for isolation of CTCs with capture methods based on physical and
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1 Introduction

The leading cause of cancer-related mortality is tumor metas-
tasis. Circulating tumor cells (CTCs), defined as the small
number of tumor cells spreading through the blood after
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biochemical principles, and single-cell analysis of CTCs at the genomic, proteomic and phenotypic level,
as well as current developmental trends and promising research directions.

detaching from the primary tumor, are considered to be
responsible for the establishment of distant metastasis for
a given cancer.'” Numerous recent studies have indicated that
CTCs may act as a real-time biomarker to better understand
disease progression and therapy assessment, complementary to
traditional biopsy sampling.** As a new type of liquid biopsy,
CTC analysis offers the possibility to avoid invasive tissue
biopsy with practical implications for cancer diagnostics.
Despite this great potential, until now CTC analysis has
barely entered the clinical arena, largely because of the daunt-
ing technical challenge in isolating these rare cancer cells with
ultrahigh sensitivity and selectivity. The main technical chal-
lenge lies in the fact that CTCs are very rare in the bloodstream,
with concentrations generally estimated to be several CTCs
among billions of red blood cells (RBCs) and millions of
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leukocytes per milliliter of whole blood.® Thus, highly efficient
and selective capture is the first critical step in CTC-based
analysis.

Another challenge is the heterogeneity observed extensively
in cancer cells.” For example, individual blood cancers exhibit
significant intra-clonal heterogeneity, indicating the need for
single cell analysis.® Like most tumor tissues, CTCs show
distinct morphological and phenotypic features, including
potential morphological, genetic, metabolomic, proteomic and
metastatic variations (Fig. 1).>*® For instance, to intrude blood
vessels, some of the cancer cells may undergo an epithelial to
mesenchymal transition (EMT), resulting in progressive loss of
the expression of epithelial markers."* This heterogeneity poses
the greatest challenge for enrichment, as there is no unique
common biomarker for identification. More importantly,
heterogeneity of CTCs highlights the importance of analyzing
CTCs at the single-cell level, because bulk analysis may lose
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important information on individual CTCs."** Thus, beyond
CTC enumeration, the profiling of the phenotype and genotype
of single CTCs may provide deeper insights into CTCs, which
are important for the identification, origin, evolution and
elucidation of cancer metastasis.

This perspective provides a broad picture of CTC analysis,
including advanced techniques for enrichment and single-cell
analysis of CTCs, as well as current developmental trends and
promising research directions (Fig. 1). To date, various tech-
niques have led to exciting opportunities for CTC study. We first
summarize the significant progress in CTC enrichment with
satisfactory efficiency and purity, with special attention to
emerging methods based on microfluidic technologies. We
also discuss a number of key platforms for single-cell CTC
characterization at the molecular level, including genomic,
proteomic and phenotypic profiling and drug screening, which
will lead to a comprehensive understanding of CTCs. Finally
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Fig.1 Schematic of current methods for enrichment and single-cell analysis of CTCs. Modified with permission (adapted from ref. 21, 27, 51 and

70, and modified from ref. 25).

potential promising research directions regarding CTCs are also
discussed.

2 Methods for CTC enrichment

The key technical challenge in CTC research is isolation and
detection. Detecting a few CTCs among the vast numbers of
other cells and differentiating the CTCs from epithelial non-
tumor cells and leukocytes represent daunting technical chal-
lenges. Many CTC detection platforms utilize physical and
morphological features of cancer cells, such as size, deform-
ability, electrical charge or density."** In addition, numerous
strategies based on specific biological properties, for instance,
tumor specific markers, have also been developed for CTC
isolation.'>*®

2.1 Traditional methods

Immunomagnetic separation has been the most widely used
approach to isolate CTCs from patient samples. Among all the
platforms, the CellSearch® system is the first and only clinically
validated and FDA (US Food and Drug Administration) cleared
test for capturing and enumerating CTCs of metastatic breast,
prostate or colorectal cancer. CellSearch® is intended for the
enumeration of CTCs of epithelial origin and uses anti-EpCAM-
coated magnetic beads. After capture, the enriched cells are
treated with a nuclear stain (DAPI'), fluorescent antibody
conjugates against epithelial markers (EpCAM") and cytoker-
atins (CK"), and a leukocyte marker (CD45 ") for distinguishing
CTCs from white blood cells. CellSearch® has been widely used
as an objective indicator of CTC counting for evaluating other
new approaches. However, the standard immunomagnetic
separation methods based on the recognition of epithelial
markers are not usually able to isolate the subpopulation of

1738 | Chem. Sci., 2017, 8, 1736-1751

CTCs undergoing the EMT process, because of their lower or
absent epithelial marker expression.” Consequently, poten-
tially more aggressive metastatic cells may actually be less likely
to be captured using this principle.'®

2.2 Microfluidic tools

By virtue of its small physical dimensions, enhanced capture
efficiency, improved cell viability, and detailed molecular and
phenotypical characterization, microfluidic technology has
served as a promising platform for the enrichment of CTCs.
Recently, researchers have explored many approaches to enrich
or separate cells using microfluidic devices based on size,
electrophoretic mobility or surface markers of cells.

2.2.1 Physical principles. Physical principles for CTC
separation are mainly dependent on differences in physical
properties, including size, density, electrical polarizability, or
phenotype, between CTCs and leukocytes. These methods can
avoid the epithelial antigen bias of immunocapture methods.

Microfiltration. Microfiltration, which is based on the
assumption that CTCs are larger than leukocytes, has huge
potential for achieving high throughput analysis of a large
number of samples. CTCs are generally considered to originate
from epithelial cells with diameters of 10-20 um. A pore or slit
with a size of around 6 to 10 pm has been proven to be effective
for CTC isolation. Zheng and colleagues developed a 2D par-
ylene membrane microfilter device,” achieving 89% CTC
identification of 57 cancer patient samples with only 46%
identification by CellSearch®.”® In another study, Hosokawa
et al. reported a series of miniaturized devices based on
a circular or rectangular microcavity array for highly efficient
enrichment of CTCs (Fig. 2A).2* Their microcavity array can also
be integrated for further analysis, such as on-chip FISH and
immunostaining. However, the concentrated tension stress and

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Working principle of microfiltration-based devices for CTC
isolation. (A) Size-selective microcavity array (adapted from ref. 21). (B)
Separable bilayer microfiltration device (adapted from ref. 23).

mechanical trauma at the pore edges of the 2D microfilter
device could influence the viability and integrity of cells,
making them incompatible for further biological analysis. To
prevent cell damage, Zheng et al. developed a double-layered 3D
microfilter,”” in which the bottom pores are shifted from the top
pores, resulting in direct support of the trapped cells by the
bottom layer to reduce stress concentration on the cell plasma
membrane. They also designed a new kind of separable bilayer
(SB) microfilter with a special architecture of pore alignment
and a specific gap between the two layers (Fig. 2B).>* The pores
on the top layer are 40 um in diameter, avoiding entrapment of
CTCs inside the top pores. Instead, the CTCs are captured in the
gaps at the edges of the large top pores and the bottom layer.
This intelligent design can reduce the mechanical stress on
captured cells and give greater freedom for migration, prolif-
eration and functional characterization of the captured cells.
Hydrodynamics. Hydrodynamic-based separation of CTCs
involves laminar flow in microchannels, in which particles in
the fluid move in straight lines parallel to the tube walls.
Deterministic lateral displacement (DLD), a type of hydrody-
namic-based separation first proposed by Huang et al,* is
frequently used for high-resolution separation of particles in
continuous flow based on size. In microfabricated array devices,
particles travel in two types of paths distinguished by a critical
diameter (D). Particles larger than D, collide with the array of
microfabricated posts and shift to the adjacent streamline,
while small particles stay within the original streamline
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Fig. 3 Device design and working principle of hydrodynamics (A and
B) and dielectrophoresis (C) for CTC enrichment. (A) DLD array
(modified from ref. 25). (B) Spiral channel with a trapezoidal cross-
section (adapted from ref. 27). (C) Dielectrophoresis in a stepping
electric field (adapted from ref. 35).
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(Fig. 3A). Because CTCs are on average larger than leukocytes,
DLD is an excellent way to isolate CTCs. In 2012, Loutherback
et al. designed a DLD chip with a 10 mL min~" flow rate for
isolating 10° cancer cells per mL from blood with an efficiency
greater than 85%.” Furthermore, Liu and his colleagues inte-
grated DLD parallel multichannels with antibody-based
immunocapture to achieve a 1500-fold enrichment at a rate of
9.6 mL min~".>* The results indicated that a combination of
immunocapture and cell size differentiation is better than cell
size differentiation alone for practical CTC separation.

Besides DLD, other kinds of hydrodynamics-based CTC
separation have also been reported. A spiral microfluidic device
is an emerging tool to separate CTCs from peripheral blood.
Warkiani et al. reported a slanted spiral for CTC isolation
(Fig. 3B),”” and successfully isolated spiked cancer cells with
more than 80% efficiency in a 7.5 mL sample within 8 min. Kim
et al. performed a parametric study and numerical simulation
of inertial focusing effects and utilized the results to separate
CTCs from white blood cells (WBCs) with high purity.>® Tanaka
and his colleagues designed a multistage microfluidic device to
create inertial force instead of a spiral device. The collection
efficiency of CTCs was about 85% with 120-fold enrichment.**
To achieve a better separation, some researchers combined
different separation principles. Bhagat et al. combined pinched
flow with shear-modulated inertial microfluidics for CTC
capture, with more than 80% cell recovery.” Also, a similar
study by Jiang's group combined inertial microfluidics with
a membrane filter for label-free and size-based enrichment of
lung cancer cells.*

Dielectrophoresis. For contactless and harmless control of cell
motion in suspension, dielectrophoresis is the method of
choice, in which directional manipulation of polarizable parti-
cles is based on their distinct dielectric properties. The signif-
icant difference in dielectric properties between CTCs and
blood cells offers a platform for CTC isolation. In 1995, Beck-
erand his colleagues separated MDA-MB-231 breast cancer cells
from normal blood.** Gascoyne et al. applied dielectrophoretic
field-flow fractionation to capture three types of cultured tumor
cells spiked in peripheral blood.**

However, traditional dielectrophoresis devices are limited by
large electrodes, which are not suitable for most microfluidic
devices with small physical dimensions. With the development of
microfabrication technology, microelectrode patterns have been
prepared for electrophoresis.®** Jen et al. designed a curvy elec-
trode pattern to enrich CTCs by forming stepping electric fields,
leading to the possibility of using a dielectrophoresis-based
microfluidic chip to enrich CTCs in an efficient and flexible
manner.** Subsequently, Jen's group utilized circular microelec-
trodes to generate a stepping electric field (Fig. 3C).** The die-
lectrophoretic force on HeLa cells is 7-fold larger than that on red
blood cells, allowing HeLa cells to be enriched onto the central
microelectrode and captured from blood. Alshareef et al. reported
separation of a mixture of MCF-7 and HCT-116 cells by a micro-
fluidic dielectrophoresis sorter with optically transparent elec-
trodes,* demonstrating that even different types of CTCs could be
distinguished based on their dielectric properties. More practi-
cally, Fabbri and his co-workers fabricated a dielectrophoresis
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array in a microchannel to isolate pure CTCs.*” They utilized the
device to analyze peripheral blood samples from metastatic colon
cancer patients with 100% pure cell recovery. To isolate CTCs with
higher purity and recovery rate, the dielectrophoresis method was
also combined with other separation mechanisms, such as
immunocapture® or multi-orifice flow fractionation (MOFF).*

Most of the above examples are based on just one physical
character difference between cancer cells and blood cells. In
addition, some methods that rely on the combination of several
physical properties have also been developed. Li et al. demon-
strated an acoustic-based microfluidic device that was able to
isolate CTCs from patient samples, due to the differences in
size, density and compressibility causing different amplitudes
of the primary acoustic radiation force.*

In general, physical CTC separation methods are label-free
and high-throughput, and avoid the bias of surface markers.
Among them, hydrodynamics has the highest throughput, fol-
lowed by microfiltration and dielectrophoresis.”® The enrich-
ment yields are similar for these three methods.

2.2.2 Immunocapture of CTCs. CTC isolation based on
physical principles usually achieves high-throughput without
bias regarding the properties of membrane markers, but the
purity problem cannot be overlooked. Immunocapture of CTCs
takes advantage of the highly specific interaction between
capture ligands and antigens specifically present on the surface
of CTCs. In most approaches, positive binding ligands are
immobilized in microchannels, or on pillars or other nano-
structures with enhanced surface-to-volume ratio to achieve
high capture efficiency and purity. Most immunoaffinity
methods make use of the EpCAM protein for immune interac-
tion, which is a transmembrane glycoprotein overexpressed in
most solid cancers, such as liver, breast, pancreatic, stomach,
prostate, and colon cancers.*" Alternatively, some methods use
a tissue specific membrane protein, for example, prostate-
specific membrane antigen (PSMA) for prostate carcinoma or
epidermal growth factor receptor 2 (HER2) for breast cancer.

Antibodies. Antibodies are the most common molecular
recognition ligands. The combination of antibodies and micro-
fluidics has been demonstrated as an effective strategy for CTC
capture. Toner's group designed a unique microfluidic platform
(CTC-chip) capable of effective capture of viable CTCs with high
purity in a single step from non-pretreated blood samples
(Fig. 4A).*> The CTC-chip contained an array of more than 70 000
anti-EpCAM coated microposts to enhance the cell-antibody
interaction, resulting in successful identification of CTCs with
99% efficiency from different kinds of cancer samples. However,
the large number and complex structure of the microposts posed
a challenge for large-scale production and clinical research.
Therefore, Toner's group further developed a herringbone-chip
(HB-chip) that did not require complex micropost geometry.*
The high-throughput microvortex HB-chip relied on transverse
flows within microchannels to realize maximized collisions
between cancer cells and the antibody-coated chip surface. The
low shear design of the HB-chip successfully isolated CTC clusters
from a subset of prostate cancer specimens. Furthermore, Sheng
and co-workers optimized herringbone mixers by increasing the
groove width to reduce trapping of non-target cells (Fig. 4B).**
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Gleghorn and colleagues developed the geometrically
enhanced differential immunocapture (GEDI) technique, which
takes advantage of size-dependent collision frequency and
antibody-coated 3D posts.** Using GEDI, smaller blood cells are
displaced onto streamlines while larger tumor cells are
impinged by the posts multiple times, achieving high capture
efficiency and purity. Since simply isolating and counting CTCs
is insufficient for further studies on the heterogeneity of CTCs,
Kelley et al. developed a new device that allowed the trapping of
CTC subpopulations based on different numbers of magnetic
nanoparticles labelled on cells, with the amount depending on
the expression level of the surface EpCAM target.*® By control-
ling the linear velocity, high EpCAM-expressing cells with
numerous magnetic nanoparticles were captured in the high
linear velocity region, while low EpCAM-expression cells
with fewer magnetic nanoparticles were captured in the low
linear velocity area. By spatially sorting the discrete CTC
subpopulations, this approach shed light on the study of EMT
in patient CTCs, with higher sensitivity than the gold standard
CellSearch® system.

For more comprehensive CTC enrichment, much attention
has been focused on the choice of antibodies. By combining the
anti-EpCAM and anti-MUC1 (mucin 1) antibodies in a single
GEDI microdevice, effective capture of circulating pancreatic
cells and pancreatic circulating tumor cells was achieved with
a higher efficiency than that achieved by single marker immu-
nocapture (Fig. 4C).*” Johnson et al. also demonstrated the
capture of high and low antigen-expressing breast cancer
cells based on an antibody cocktail scheme.*® The cocktail of
CTC-specific primary antibodies contained antibodies against
the epithelial markers EpCAM and EGFR, breast cancer antigen
HER2, and mesenchymal marker N-cadherin. By virtue of the
combination of the cocktail labelling scheme and high-
throughput (3 mL h™') in the ensemble-decision aliquot
ranking (eDAR) technique,” the approach reliably demon-
strated 6-fold increased recovery of breast CTCs compared to
single-step EpCAM staining (Fig. 4D).

Although most research has focused on positive selection for
CTC isolation, positive isolation suffers from several limita-
tions, such as lack of heterogeneous information on the target
cells and a decrease of cell viability during the detachment
process. In order to overcome these problems, Jung's group
proposed a negative capture chip that was designed using
a geometrically activated surface interaction (GASI) with an
asymmetric HB-chip to increase the surface interaction between
the non-target cells and the anti-CD45 immobilized channel
surface (Fig. 4F).*° This novel approach enabled capture of CTCs
from peripheral blood from a vast variety of sources. In addi-
tion, Toner and co-workers combined negative immuno-
magnetic separation with physical isolation to develop the
CTC-iChip.** This chip was composed of two parts, where chip 1
used DLD to separate nucleated cells from whole blood, and
chip 2 used internal focusing to line up cells obtained from chip
1, followed by the immunomagnetic separation of bead-labelled
WBCs and unlabeled CTCs (Fig. 4E). Combining the merits of
positive and negative isolation, they achieved high purification
and a 97% yield of CTCs with large sample volumes.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Device design and working principle of antibody-based immunocapture for CTC enrichment. (A) CTC-chip (adapted from ref. 42).
(B) HB-chip (adapted from ref. 44). (C) Silicon surface modified with primary antibodies and a secondary antibody linker (adapted from ref. 47);
(D) eDAR modified with an antibody cocktail (adapted from ref. 48 and 49); (E) CTC-iChip (adapted from ref. 51); (F) GASI-chip (adapted from ref. 50).

Although antibodies have been used widely as the identi-
fying molecule in immunocapture of CTCs, there are still some
problems which cannot be ignored, such as the batch differ-
ence, high cost, thermal stability and release process, which
pose challenges for promoting CTC detection in clinical
applications.

Peptides. Compared with antibodies, peptides are small,
stable, and easy to synthesize in large amounts. A peptide which
recognizes a specific cell surface receptor or biomarker can be
easily obtained through widely used techniques, such as phage
display, mRNA display and ribosome display. Wang's group
identified a CTC recognition peptide by cell-based selection,
called Pep10, which can specifically recognize EpCAM with
a binding affinity (Kq 1.98 x 10~° mol L") comparable to that
of EpCAM antibody (K 2.69 x 10~ "° mol L™').°® By attaching
Pep10 to magnetic nanoparticles (MNPs) via biotin-avidin
interactions, Wang's group demonstrated that Pep10@MNPs
(200 nm) had high capture efficiency (above 90% with a purity of
93%) for breast, prostate and liver cancer cells from spiked
blood samples.

Peptides are promising identifying molecules for CTC
detection. Although peptides have been applied in cancer tar-
geting and as drug molecules, as well as gene carrier vehicles,
the clinical use of peptides still faces some challenges. For
example, their conformational flexibility and small structures
sometimes lead to reversible and weak interactions with limited
selectivity.

Aptamers. Recently, advances in combinatorial chemistry
have enabled widespread research into chemical antibodies
known as aptamers, single stranded DNA/RNA molecules that
can specifically bind to targets of many types (small molecules
and ions, macromolecules, and even whole cells).”* Aptamers
exhibit many superior qualities, including high thermal
stability, small size, high affinity, low cost, simple modification,
little to no batch variation, and release mechanisms without
damage, making them superior to antibodies as identifying

This journal is © The Royal Society of Chemistry 2017

molecules for CTC enrichment. Aptamers for CTC identification
can be evolved against cell membrane targets, such as those
against EpCAM,** EGFR,*>*® and PSMA.>” Aptamers can also be
selected against whole cancer cells without prior knowledge of
the target molecule on the cell surface.>®*°

Tan's group reported an aptamer-functionalized micropillar
array in accordance with DLD-based particle separation to
enhance the probability of target cell-micropillar interactions.*
The biotinylated aptamers were modified onto avidin-adsorbed
channels via the biotin-avidin interaction (Fig. 5A). This device
isolated as few as 10 tumor cells from 1 mL of whole blood,
yielding greater than 95% capture efficiency with 81% purity
within 28 min. Additionally, about 93% of the isolated cells
were viable, meeting the requirement for further molecular and
genetic analysis. To further demonstrate the practicality of
aptamer functionalized devices, Tan's group extended their
previous design to provide multiplexed detection (Fig. 5B).*
This method had the capability to simultaneously capture
multiple cell types, distinguishing three different target cells
into their corresponding regions. Similarly, Wan and colleagues
designed a Hele-Shaw microfluidic chip with anti-EGFR
aptamer-modified glass beads (GBs) (Fig. 5D).** The curved
hemispherical surfaces altered the flow in the channel by
changing the shear stress around the GBs. The special geometry
allowed the linear reduction of fluidic shear stress along the
longitudinal axis. Consequently, various regions with varying
overall shear stress helped cancer cells with different levels of
EGFR over-expression find the right sweet spots, providing
multiple levels of binding opportunities.

One of the most attractive benefits of employing aptamers is
that the cancer cells captured by aptamer probes can be
released gently using nucleases or the corresponding antisense
oligonucleotides, thereby effectively maintaining cell viability
for downstream analysis. For example, an aptamer and anti-
sense-mediated method that provided two-dimensional (2D)
isolation of cancer cell subpopulations was reported by Kelley's
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Fig. 5 Device designs and working principles of aptamer-based immunocapture (A—D) or 3D surfaces (E-G) for CTC enrichment. (A) DNA
aptamer-modified micropillar-based microfluidic device (adapted from ref. 60). (B) Multiplexed detection microfluidic device (adapted from ref.
58). (C) Aptamer-mediated 2D sorting chip (adapted from ref. 62). (D) Hele-Shaw microfluidic chip with anti-EGFR aptamer-modified glass beads
(adapted from ref. 61). (E) AuNP aptamer-modified surface (adapted from ref. 65). (F) Aptamer-modified silicon nanowire arrays (SINWAs)
(adapted from ref. 68). (G) Chitosan nanoparticle substrate (adapted from ref. 74).

group (Fig. 5C).*> Cells were first identified by MNPs modified
with an EpCAM aptamer to sort the isolated cells into four
subpopulations according to their level of epithelial marker
expression. The four subpopulations were then released using
a complementary oligonucleotide and subsequently tagged
with HER2 aptamer functionalized MNPs to divide them into
16 subpopulations. Using this antisense-triggered release, this
new technique can be used to separate phenotypic subsets of
CTCs according to the expression level of two different markers
in a 2D format.

Overall, CTC isolation using aptamers shows enormous
potential, but several issues limit translation to clinical appli-
cations, including the diversity and stability of aptamers. Future
work will involve the selection of a wide variety of aptamers
against target CTC biomarkers, cancer cells or marker-specific
subtypes of CTCs. On the other hand, stable probes in whole
blood are in urgent need for the improvement of the present
methods.

3-Dimensional surfaces. The ongoing development of nano-
technology provides exciting opportunities for improving
CTC enrichment in microfluidic devices. 3D nano-surfaces
offer the opportunity for assembling multiple ligands and
providing larger surface areas that substantially enhance the
capture efficacy of target cells. In one attempt, Hong's group
reported a strategy using nanoscale poly(amidoamine)
(PAMAM) dendrimers and anti-EpCAM to significantly
increase binding ability.®*** In a parallel-plate flow chamber,
the surface with dendrimers significantly enhanced capture
efficiency (1.7-3.7-fold compared to epoxy-functionalized
surfaces) for different kinds of breast cancer cells. Alterna-
tively, Tan's group chose gold nanoparticles (AuNPs) as effi-
cient high-affinity vehicles to assemble multiple aptamers
(DNA nanospheres) (Fig. 5E).®* The easy synthesis of AuNPs

1742 | Chem. Sci., 2017, 8, 1736-1751

and mature DNA conjugation methodology enabled up to
95 aptamers to be attached to each AuNP. With a laminar flow
flat channel microfluidic chip, the capture efficiency of
spiked cell mixtures increased from 49% (by aptamer alone)
to 92% (by aptamer AuNPs). Furthermore, aptamers can be
easily amplified by enzymatic reaction. Zhao and coworkers
engineered a platform with 3D DNA networks containing
repeating aptamer units by rolling circle amplification.®® The
3D aptamer networks bound to target cells in a cooperative
manner to increase affinity, and the special 3D arrangement
enhanced the possibility of interactions to allow cell isolation
under high flow rates.

Biomimetic nanostructured substrates direct the local topo-
graphic interactions between the substrates and nanoscale
cellular surface components (microvilli, filopodia), offering
a compatible environment for cancer cell attachment. So far, the
following 3D nano-surfaces have been used as ultrasensitive
platforms in CTC detection: silicon-nanopillars,* silicon-nano-
wires (Fig. 5F),°® graphene oxide,*” carbon nanotubes,” and
polymer nanofibers.”” As one of the representative examples,
Tseng's group developed a new CTC-capture platform, which
integrated an antibody modified nanostructured silicon substrate
with an overlaid chaotic micromixer.” In particular, “soft”
materials have better cellular compatibility because they match
the soft nature of cells to ensure their maximum viability. In Sun's
work, aptamer and PEG-modified chitosan nanoparticles were
capable of enriching cancer cells from 1 mL WBC solutions with
a subsequent in situ culture, which removed the non-target cells
while proliferating and purifying rare CTCs (Fig. 5G).”™

These examples demonstrate the potential of biomimetic
nano-surfaces as new tools to alleviate the current CTC isolation
bottleneck. Nevertheless, up to now, the preferred nanostructure
local topographic interaction mechanism is still unclear. Another
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limitation is the as-yet uncharacterized morphology of isolated
cancer cells on nano-surfaces. In addition, non-specific capture is
another obstacle for further clinical trials. More thorough studies
are expected in the future.

3 Release of captured CTCs

Most studies so far have emphasized the enumeration of CTCs,
while more attention should be paid to the downstream analysis
of the cancer cells, such as proliferation, genotyping and drug
sensitivity tests. Controlled cell release without damage is
significant for subsequent cell analysis. In order to extract useful
information from CTCs, release technologies have been devel-
oped based on the requirement of high release efficiency and
nondestructive recovery of captured CTCs. When using anti-
bodies as capture agents, most CTC recovery methods depend on
the harsh proteolytic digestion of the extracellular domains of
membrane antigens. The most common reagents are trypsin or
EDTA. Unfortunately, this type of release process influences cell
viability to some extent. Thus it is necessary to precisely control
the reaction time and reagent concentration. In contrast, when
aptamers are designed as capture ligands, the release process is
gentle and involves changing the secondary structure of aptamers
via nuclease-degradation or complementary sequence displace-
ment. Igbal's group applied an EGFR aptamer with a toehold
to isolate human glioblastoma cells and achieved 92% release
efficiency by a combination of soft shaking and addition of the
complementary RNA strand.®* The anti-RNA sequence was
complementary not only to the aptamer but also to the toehold
part, thus ensuring that the recovered cells remained in their native
state. Furthermore, by taking advantage of this low-impact release
feature, the purity of CTCs can be gradually improved by using two
rounds of the cell capture/release process. Shen et al. demonstrated
that the capture purity can be improved from 15 + 5% to greater
than 95% via two rounds of capture/release, and the recovered
cancer cells exhibited 78-83% viability (Fig. 6A).”

Furthermore, other attempts have been tried. Stott's group
developed a dual-mode gelatin-based nanostructured coating
formed by layer-by-layer deposition of streptavidin and bio-
tinylated gelatin. Recovery was enabled by temperature change
or mechanosensitive response (Fig. 6B).” For bulk-population
recovery, increasing the device temperature to 37 °C solubilizes
the surface nano-coating as a result of the formation of inter-
molecular alpha-helical structures between the gelatin mole-
cules and surrounding water. For single-cell release, the
localized region can be disrupted by applying mechanical stress
through a frequency-controlled micro tip. The newly developed
material responds to both thermal and shear stress, making it
suitable for different biomedical applications.

Recently, photochemistry has drawn much attention in the
field of targeted delivery and photo-switched cell motility. Song
et al. constructed an antibody-photoresponsive system (Fig. 6C).
Under UV and NIR light irradiation, about 73% and 52% release
efficiencies were obtained with cell viabilities of 90% and 97%,
respectively.”® Besides modification of affinity agents, use of
a photoresponsive substrate is another choice. Zhao et al
combined NanoVelcro Chip and ArcturusXT laser capture

This journal is © The Royal Society of Chemistry 2017
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microdissection (LCM) technology to capture and recover CTCs.
The LCM film meant that 355 nm UV laser cutting could be used
to recover the captured cells from the substrate surface for
whole exome sequencing.”” Electrochemical technology is also
applicable to CTC recovery (Fig. 6D). Fractal gold nano-
structured (FAuNS) interfaces were functionalized with thiol-
PEG-biotin molecules for the introduction of streptavidin, and
biotinylated anti-EpCAM was then modified onto the FAuNS
surfaces. After CTC capture, 98% release of captured cells with
95% viability could be achieved from the anti-EpCAM coated
substrates through electrochemical breaking of the Au-S bonds
due to the dissociation of thiol-PEG-biotin molecules from
FAuNS interfaces.” This new type of bio-interface can achieve
efficient recovery of isolated cancer cells with high viability via
an electrochemical process and is promising for the develop-
ment of a new type of bio-nanomaterial.

The above examples have achieved highly efficient CTC
release, and the recovered cells exhibit high cell viability.
Among the various methods, aptamers may be promising
candidates owing to their high capture efficiency, as well as
their high release efficiency and nondestructive recovery.
However, some drawbacks, such as long processing times and
the need for the sophisticated design of aptamer sequences,
have limited their application. Innovative release methods still
need to be the focus of major research efforts.

4 Single CTC profiling

Because of the considerable heterogeneity of CTCs, it is essen-
tial to analyze the molecular and genetic properties of single
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CTCs, because bulk analysis may result in a information loss
and misconceptions (Fig. 7).'>"* Besides CTC enumeration, the
profiling of CTCs at the single-cell level according to phenotype
and gene expression can help better understand CTCs, as well
as the origin, function, evolution and mechanism of cancer
metastasis. However, most of the genetic analysis of CTCs has
been performed on nucleic acids extracted from captured CTC
populations with limited sensitivity due to leukocyte contami-
nation.” Such bulk analysis cannot determine the degree of
heterogeneity across these partially purified cells. For example,
in only one out of eight non-small-cell lung cancer (NSCLC)
patients who were confirmed to have an EGFR mutation could
the mutation be detected in the bulk CTC population.*® Single
CTC profiling can overcome the restriction proposed by blood
cell contamination, enabling the study of CTC heterogeneity.**
Recent research has shown a growing trend in CTC capture and
single-CTC analysis in sequence or simultaneously. Many single
CTC profiling platforms have been established utilizing
genomic, proteomic and phenotypic profiling.

4.1 Whole genome profiling

Compared with simple enumeration of CTCs, sequencing-based
analysis can provide more pertinent information about tumor
origin and development. Genomic analysis of CTCs as a nonin-
vasive means of diagnosis provides a valuable aid to clinicians,
because it is impractical to undertake repeated biopsies during
treatment. The evolution of next-generation sequencing (NGS)
technology has promoted the development of genomic and
transcriptomic CTC characterization.**** However, it is difficult
to amplify the whole genome at the single-cell level from a very
limited number of captured CTCs. To meet this challenge,
several whole genome amplification (WGA) techniques have
been expanded to raise the amplification uniformity across the
entire genome for NGS. To date, multiple displacement ampli-
fication (MDA), a WGA method using the Phi29 polymerase, has
been widely applied to obtain high physical coverage (>90%)
from a single-cell exome or genome.*** Heitzer et al.*® isolated
CTCs from colorectal carcinoma patients by CellSearch® and
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Fig. 7 Advantages of single-cell analysis. Comparison of single-cell
versus bulk analysis results. The number of cells indicates the cellular
heterogeneity within a cell population. The bulk analysis shows an
average result, losing the real features of the cells, while analysing cell
ensembles individually leads to the accurate representation of cell-to-
cell variations.
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then used MDA to amplify the whole genome for comparative
genomic hybridization array analysis and next-generation
sequencing. They found that some important driver gene
mutations of the primary tumor and metastases were also
discovered in the corresponding CTCs. Similarly, mutations
originally found in CTCs also existed at the subclonal level in
the primary tumors and metastases from the same sample.
Nevertheless, MDA generates amplification bias, which causes
non-uniform coverage and distortions in reading depth.
Another single cell DNA amplification method is multiple
annealing- and looping-based amplification cycles (MALBAC)
proposed by Xie's group in 2012.°%°> This method reduces the
amplification bias, making it more suitable for single-nucleo-
tide variations (SNVs) and copy number profiling. Later, they
applied MALBAC for genomic analyses of single CTCs from 11
patients with lung cancer. They compared the exome profiles of
individual CTCs, and found that SNVs were heterogeneous from
cell to cell. In contrast, the copy number variations (CNVs) were
specific to cancer types, and individual CTCs from the same
patient exhibited reproducible CNV patterns. Based on these
findings, they proposed that CNVs at certain genomic loci were
selective for metastasis.

The application of MALBAC as a WGA technique has proven
to be superior to other approaches. However, the genome
coverage and anti-interference of pollutants need to be
improved further by developing new WGA methods. Based on
the limits of MDA and MALBAC, Huang's group reported
emulsion whole-genome amplification (eWGA), which enabled
amplification of single-cell genomic DNA fragments in
numerous picoliter aqueous-in-oil droplets with good unifor-
mity (Fig. 8).* In addition to suppressing the amplification bias,
this approach also offered high coverage of the whole genome
and enabled accurate simultaneous detection of CNVs and
SNVs. Besides the development of WGA techniques, the advance
of more efficient and less invasive cell lysis systems is another
crucial area that needs further research effort.

4.2 RNA profiling

In addition to whole genome sequencing, single-cell tran-
scriptome sequencing methods have led to significant advances
over the past 5 years. In 2012, Sandberg's group established
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Fig. 8 (a) A single cell is lysed and reacted in a tube. The sample is
either directly used for conventional MDA, generating amplification
bias, or used for eWGA, which occurs in aqueous-in-oil droplets with
better amplification uniformity. (b) Aqueous-in-oil droplet generation.
Scale bar: 300 pm. (c) Aqueous-in-oil droplets are stable during the
MDA reaction. Scale bar: 100 pm (adapted from ref. 93).
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a robust mRNA-Seq method (Smart-Seq) for full-length tran-
scriptome analysis, which has improved the transcriptome
coverage.” They applied this method for melanoma CTCs and
discovered distinct gene expression patterns, including poten-
tial biomarkers and the genes associated with avoiding immune
surveillance. This study served as a valuable demonstration to
highlight the power and utility of RNA-Seq for single CTC cell
study. Similar works were also conducted on breast cancer.
Powell and colleagues transcriptionally profiled single CTCs
enriched by an immunomagnetic isolation device (Mags-
weeper).' Their results indicated significant heterogeneity of
cancer-associated genes among individual CTCs.

Recently, Maheswaran and Haber conducted single-cell tran-
scriptome profiling of 77 intact prostate CTCs isolated by
CTC-iChip and applied the Pathway Interaction Database (PID) to
identify key signaling pathways up-regulated in prostate CTCs
versus primary tumors (Fig. 9A).* They also found expression
heterogeneity of the androgen receptor (AR) gene and splicing
variants among individual CTCs. Compared to the untreated
group, the patients treated with an AR inhibitor showed activa-
tion of noncanonical Wnt signaling, which modulated enzalu-
tamide treatment sensitivity. Thus, the striking heterogeneity of
AR signaling revealed by single-cell transcriptome sequencing
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could identify potential clinically related principles of acquired
drug resistance. Similar works were also completed by Ting et al.
for fully defining the composition of pancreatic CTCs (Fig. 9C).*®
They performed single-cell RNA sequencing of pancreatic CTCs
enriched by CTC-iChip, revealing three distinct populations and
suggesting multiple routes in the metastatic cascade. Extracel-
lular matrix genes are highly expressed in CTCs, contributing to
distal spread of pancreatic cancer.

The above examples have enabled important progress in
single-cell RNA profiling, particularly in transcriptome
sequencing. However, most of the known single cell RNA
sequencing technologies are limited to profiling mRNAs with
poly(A) tails, resulting in a certain number of non-polyadenylated
RNAs in CTCs being neglected. In particular, many types of
microRNA are referred to as “oncomirs”, associated with impor-
tant cellular functions.”” Furthermore, a new kind of non-coding
RNA, circular RNA (circRNA)*® without poly(A) tails, may play an
important role in many biological activities. Therefore, universal
transcriptome analysis is urgently needed for all RNA species.

4.3 Proteomic profiling

Although proteins are always in higher abundance than nucleic
acids, they are more difficult to quantify for CTCs at the single-
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Fig. 9 The profiling of CTCs at the single-cell level in terms of gene (A and B) and protein expression (C and D). (A) PID up-regulated molecular
pathways enriched in prostate CTCs (adapted from ref. 95). (B) Mass cytometry profiling of immune cell membrane proteins (adapted from ref.
100). (C) Expression of extracellular matrix genes of single CTCs determined by RNA sequencing (adapted from ref. 96). (D) Scheme of single-cell
co-detection of glucose uptake, intracellular functional proteins, and genetic mutations using a nanowell array and barcode slide (adapted from

ref. 102).
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cell level because of the inefficient molecular amplification of
target proteins and the transient nature of certain functional
proteins. Nonetheless, as proteins are the final executors of life
functions, a comprehensive description of proteins is crucial
for fully understanding the behavior and mechanism of CTCs.
The classical protein analysis of captured cells is immunofluo-
rescence imaging of surface markers, and this method also
enables CTC identification by antibody staining (DAPI'/EpCAM"/
CK'/CD457).”

Although immunofluorescence imaging is readily available,
the simultaneous analysis of multiple protein types is usually
limited in terms of quantity. One solution to this issue relies on
single-cell “mass cytometry”, which utilizes transition element
isotopes as chelated antibody tags for measuring 34 parameters
simultaneously in each single cell by atomic mass spectrometric
analysis (Fig. 9B)."* With the merits of high resolution, little
interference from spectral overlap and nebulization into single-
cell droplets by the inductively coupled argon plasma, mass
cytometry can reasonably be expected to provide system-wide
views of protein profiling and precise drug responses at the
single-cell level. In another development, Fan's group combined
spatial (spots) and spectral (colors) encoding for simultaneous
measurement of 42 secreted proteins from single cells, reaching
the highest multiplexing record level so far. The subnanoliter
microchamber array design guaranteed isolation of individual
cells to maintain sufficient protein concentrations.'” The
antibody barcode array slide contained 15 independent lines,
and each line was coated with three types of antibodies with
different fluorescent dyes to establish the co-detection of 42
targeted proteins and 3 controls. These single-cell barcode
chips were versatile, flexible and information-rich tools to
enable different applications, such as immunoassays of
membrane, intracellular or secreted proteins. Zhang and his
colleagues modified the coating process of the antibody bar-
code array slide by coating additional poly-t-lysine (PLL) before
patterning the antibody barcode (Fig. 9D).'* The fresh PLL
surface enabled the immobilization of more antibodies on the
layer, thereby maximizing the effective limit of low abundance
protein detection. They captured CTCs from non-small cell lung
cancer peripheral blood using a HB-chip, followed by release of
the cells into nanowells using external magnets. As a result,
more than 80% of the released CTCs trapped in individual
chambers were simultaneously analyzed for 8 intracellular
proteins.

Powerful tools such as mass cytometry and single-cell bar-
code chips have appeared during the past few years, but new
approaches for single-cell functional proteomics are still eagerly
needed. A major bottleneck involves the degree of multiplexing
attainable by current strategies. The current methods reach
a maximum number of 45 proteins per cell, which is only
a small proportion of the proteome. This restriction is due to
the reliance on antibody recognition mechanisms. To break this
limit, a new protein detection molecule with high affinity, low
cost, and easy accessibility is needed. Moreover, an increased
emphasis on sensitive and quantitative analysis methods will
clearly push forward the development of ultra-low abundance
protein profiling.
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4.4 Phenotype profiling

While genetic and molecular profiling of CTCs may reveal
detailed information about CTC onset and progression, the
complete molecular mechanism of cell metastasis is currently
still not clear. Therefore, improved techniques for analyzing
cellular phenotypes may be effective means to gain insight
about CTCs. Comprehensive analysis of the biophysical prop-
erties of CTCs and exploration of their influence on cell motility
may provide deeper insights into CTCs and metastasis. The
strong capacity of cell invasion is thought to have a crucial role
in metastasis, as it is related to cell deformability, adhesion and
tumor microenvironment.

4.4.1 Motility. Recent exciting advances in this field
include the development of a high-throughput microdevice
with 4000 ultraminiaturized wells to perform real-time, 3D cell
invasion assays at different cell concentration gradients
(Fig. 10A)."* In this platform, single cells or cells at various
densities were trapped at the bottom of the wells by collagen
gel, while FBS-loaded collagen gel as a chemoattractant was
deposited on the top layer. Additionally, the microchip could be
extended to obtain opposing gradients of two different cell types
at the same time, as a controlled system to study the correlation
between immune cell number and cancer cell invasion. This
high-throughput microdevice can also be applied to efficiently
screen candidate drugs that inhibit migration. To establish the
microenvironment and chemotactic gradients, Agrawal's group
developed a simplified strategy to manipulate the wettability of
the desired interconnected channels, allowing introduction of
extracellular matrix to mimic in vivo systems for real-time
monitoring of individual migrating cells.’® They applied this
novel on-chip platform to collectively investigate CTCs,
including endothelial adhesion, extravasation, and migration of
MDA-MB-231 breast cancer cells, through a 3D structure under
a gradient of chemoattractant. Moreover, Qin's group designed
a biomimetic microfluidic cytometry platform (Fig. 10B) that
precisely separated cancer cells in a high-throughput manner.
They further developed the term ‘transportability’ to describe
the dynamic squeezing of cancer cells through micro-constric-
tions created by a matrix of trapping barriers comprising
microgaps ranging from 15 um to 4 um in width.'® This guar-
anteed a promising microfluidic platform for profiling trans-
portable phenotypes correlated with stiffness and cell-surface
frictional force.'® This work emphasized the significance of
biophysical properties, where cell transportability could be used
as a potential marker to investigate cell heterogeneity and
identify metastatic potential.

4.4.2 Adhesion. Besides the investigation of single cell
motility, Qin's group subsequently reported a high-throughput
cell-adhesion chip with artificial microchannels coated with
adhesive extracellular-matrix materials (Fig. 10C).**® According
to their adhesive capability, cancer stem cell-like phenotypes
with low adhesion were collected from the outlets while high-
adhesive subtypes were trapped in the functionalized micro-
device. The results suggested that cell adhesiveness could be
utilized as a biophysical marker to effectively assess the stem-
ness of CTCs.

This journal is © The Royal Society of Chemistry 2017
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(A) Design of the multiwell invasion chip for 3D cell invasion studies (adapted from ref. 103). (B) Schematic diagram of the biomimetic

microfluidic cytometry platform based on cell size and transportability (adapted from ref. 105). (C) Schematic diagram (top) and photograph
(bottom) of the high-throughput cell-adhesion chip (adapted from ref. 106). (D) Schematic diagram of the pCGA for 3D culture and single-cell
drug screening (adapted from ref. 107). (E) The microfluidic cell trap array for single-cell anticancer drug screening (adapted from ref. 108).

4.4.3 Drug response. In conventional drug response anal-
ysis, cells are treated with a new drug to test its preclinical safety
and effectiveness. However, new drugs or treatment programs
generally rely on the results of bulk analysis or large-scale
clinical trials, which neglect individual variability, resulting in
therapies that are only moderately effective, with the curative
effects varying greatly from person to person. Therefore, high-
throughput screening approaches for single CTCs would further
advance individualized or personalized drug administration.
Yang's laboratory developed a long-term single-cell analysis
platform by manufacturing a high-throughput microcollagen
gel array (LCGA), which not only provided 3D single-cell culture
conditions, but also acted as an effective tool for revealing
marked heterogeneity in drug response (Fig. 10D).**” Using the
UCGA, the influence of proliferation dynamics for a series of
drug concentrations was explored at the 3D single-cell level.
Liu's group developed a microfluidic hydrodynamic trapping
system based on bypass structures, achieving 90% efficiency for
single-cell trapping (Fig. 10E).**® They then used a digital single-
cell assay to assess the pharmacological efficacy of five
commonly-used chemotherapeutic drugs. Furthermore, they
gradually decreased the concentrations of the chemothera-
peutic reagents over time to simulate physiological conditions,
and evaluate whether cell apoptosis was promoted by the
chemotherapeutic reagents in vivo.

Nevertheless, the above designs cannot screen different drug
concentrations or different reagents on a single chip simulta-
neously, and thus they are not suitable for high-throughput or
large-scale drug response analysis. To fill this gap, Liu's group
subsequently fabricated a multifunctional gradient-custom-
izing microfluidic chip for high-throughput single-cell multi-
drug resistance assays.'” The customized gradient profile was
generated by varying the length of the distribution micro-
channels, instead of by serial dilution. The proposed single-step
confluent gradient dilution device allowed investigation of drug
cytotoxicity and chemo-sensitizing effects for as many as 64
different concentrations of drug. HepG2 cells were cultured at
the single-cell level in a constant concentration of doxorubicin

This journal is © The Royal Society of Chemistry 2017

and a linear gradient of concentrations of cyclosporine A to
investigate the chemo-sensitizing effects on doxorubicin sensi-
tivity. This platform can offer multiple types of information on
drug screening at single-cell resolution, including drug cyto-
toxicity, drug efflux kinetics and chemo-sensitizing effects. With
the properties of lower dosage, good applicability and high
throughput, this method forecasts a new promising horizon for
high-throughput drug response analysis.

Despite the various advantages of the above-described
phenotypic analyses, phenotype profiling is not yet ready for
practical patient CTCs, presumably due to issues associated
with the viability of released CTCs. A second challenge arises
with the further exploration of relationships between biophys-
ical characteristics and molecular mechanisms. The continued
advancement of molecular and phenotypic profiling may help
to gain a more profound and comprehensive understanding of
metastasis.

5 Challenges and perspectives

CTCs are currently expected to become new biomarkers for
cancer diagnostics and therapy assessment. However, single-
cell analysis of CTCs is a relatively new and continually
expanding area that may reveal multiple molecular observations
as a basis for early cancer diagnosis and therapy monitoring in
clinical trials. Nevertheless, due to the extremely low levels,
heterogeneous biology and vulnerability of CTCs, there are still
many factors affecting single CTC analysis results. For instance,
choice of an isolation platform requires development of
a method to achieve CTC enrichment with high throughput,
purity, selectivity and viability. Immunocapture platforms
usually provide higher enrichment purity, which could elimi-
nate blood cell contamination. Yet, many of these methods may
lose some of the CTCs with low expression of epithelial markers,
resulting in the most invasive tumor cells with low or no
epithelial marker expression being missed. The reality is more
complicated, and some cancer cells may be in a partial
mesenchymal state.” In addition, marker-based strategies
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suffer from unsatisfactory throughput because of the long time
required for sufficient binding between cells and capture
ligands. Although physical-principle-based separation methods
have the advantage of rapid analysis with high throughput, the
heterogeneous biology of CTCs is still an inevitable issue. For
example, the physical properties of CTCs may overlap those of
blood cells, leading to loss of metastatic tumor cells accompa-
nied by a higher proportion of blood cell contamination.
Moreover, the side effects of physical-principle-based separa-
tions on cell viability caused by stress pressure, an electric field
or conductive media must also be taken into consideration.
Besides, some CTCs circulate as clusters, and their contribution
to metastasis is still under investigation.'* Considerable
genomic and proteomic heterogeneity does exist in CTC clusters
as well as single CTCs.'*® Another major challenge for CTC
cluster research is that most existing isolation technologies are
designed for capturing single cells rather than clustered CTCs.
Therefore, platforms that integrate multiple capture principles
may provide great utility, where their respective superiorities
are combined and the major challenges of each platform may
be avoided. Therefore, the above factors must be taken into
consideration for developing methods to achieve complete CTC
enrichment with high throughput, efficiency, purity, and
viability for clinical diagnosis.

Single-cell analysis is still in need of significant further
development in order to offer a comprehensive view of any
single CTC. Single-cell analysis depends heavily on the quality
of the isolated cells and will ultimately determine the appro-
priateness of the enrichment method. For example, in culture
experiments and drug efficacy tests at the single CTC level,
viability is the most significant factor. Thus, the separation
process must maintain maximum cell viability. For genome and
protein profiling, the purity of the CTCs is particularly impor-
tant because of the need for high purity templates with minimal
blood cell contamination to provide good materials for char-
acterizing the heterogeneity of CTCs via large amounts of
single-cell data. If the enrichment purity is not satisfactory, it
will invariably introduce mysteries that complicate single cell
data analysis.

Besides the challenges posed by CTC enrichment, the
bottleneck of single-cell analysis technology also needs to be
taken into consideration. The initial step in obtaining single-
cell CTC characterization is the isolation of individual cells
from a captured population. While the methods for isolating
single cells from the rare released or captured cells (about 10 to
10%) remain a formidable technical challenge, several available
isolation methods have been employed: flow-activated cell
sorting (FACS), micromanipulation, optical tweezers and
microfluidics isolation. Compared with other methods, micro-
fluidics isolation, which is currently very popular, has several
attractive features, such as high throughput, low sample and
reagent consumption, and more importantly, the integration of
enrichment and analysis systems. Microfluidic approaches
enable individual cells to be isolated into small volumes varying
from a few tens to a few hundreds of picoliters, thus providing
several benefits, including short molecular diffusion time,
a relative increase in the concentration of cellular analyte, and
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the possibility to investigate many cells in parallel. However,
single CTC isolation efficiency is the main issue. CTCs are
present in very low concentrations in the blood, and are there-
fore extremely precious materials for analysis. Of course, a lower
single cell isolation efficiency will have a correspondingly larger
loss of valuable and rare CTCs, resulting in the unavailability of
comprehensive information about the captured CTCs.

Another important direction in this area includes simulta-
neous multiplexed profiling and throughput increase in order
to achieve multiplexed analysis of thousands of CTCs in parallel
with substantially lower cost. A recent developing technology
uses cellular barcoding techniques to profile 10 000-100 000
single cells in parallel in order to reduce cost and increase
throughput.”* While most single-cell sequence analyses are still
cost prohibitive for ordinary patients, scientists are looking
forward to largely overcoming this barrier in the next few years,
as the cost of next-generation sequencing technology is showing
a remarkably steady decline due to new technical innovations
and intense industrial competition.

As development and breakthroughs occur, the realization of
integrated microfluidic devices is expected in the near future.
These will allow efficient CTC enrichment and single-CTC
profiling to ensure that genomic and proteomic information at
the single-cell level reflects the true characteristics of captured
CTCs, and that no artificial operation is introduced during
sample handling. Such dreams can be realized through the
efforts of researchers in chemistry, proteomics, genomics,
biology, bioinformatics, bioengineering, and medicine working
together and will have a significant impact on cancer cell
biology and precision medicine.

Acknowledgements

We thank the National Science Foundation of China (21325522,
21275122, 21422506, 21435004, 21521004), National Basic
Research Program of China (2013CB933703), and Program for
Changjiang Scholars and Innovative Research Team in Univer-
sity (IRT13036) for their financial support.

References

1 M. Y. Kim, T. Oskarsson, S. Acharyya, D. X. Nguyen,
X. H. F. Zhang, L. Norton and ]. Massague, Cell, 2009,
139, 1315-1326.

2 S. C. Williams, Proc. Natl. Acad. Sci. U. S. A., 2013, 110, 4861.

3 M. Cristofanilli, G. T. Budd, M. J. Ellis, A. Stopeck, J. Matera,
M. C. Miller, J. M. Reuben, G. V. Doyle, W. J. Allard,
L. W. Terstappen and D. F. Hayes, N. Engl. J. Med., 2004,
351, 781-791.

4]. S. de Bono, H. I. Scher, R. B. Montgomery, C. Parker,
M. C. Miller, H. Tissing, G. V. Doyle, L. Terstappen,
K. J. Pienta and D. Raghavan, Clin. Cancer Res., 2008, 14,
6302-6309.

58S. J. Cohen, C. J. Punt, N. Iannotti, B. H. Saidman,
K. D. Sabbath, N. Y. Gabrail, ]J. Picus, M. Morse,
E. Mitchell, M. C. Miller, G. V. Doyle, H. Tissing,

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sc04671a

Open Access Article. Published on 08 1438. Downloaded on 07/05/47 01:12:58 .

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

L. W. M. M. Terstappen and N. J. Meropol, J. Clin. Oncol.,
2008, 26, 3213-3221.

6 P. Paterlini-Brechot and N. L. Benali, Cancer Lett., 2007, 253,
180-204.

7 A. Marusyk and K. Polyak, Biochim. Biophys. Acta, Rev.
Cancer, 2010, 1805, 105-117.

8 M. P. Chu, J. Kriangkum, C. P. Venner, I. Sandhu, J. Hewitt,
A. R. Belch and L. M. Pilarski, Cell Biol. Toxicol., 2016, 1-15.

9 V. Miiller, N. Stahmann, S. Riethdorf, T. Rau, T. Zabel,
A. Goetz, F. Janicke and K. Pantel, Clin. Cancer Res., 2005,
11, 3678-3685.

10 A. A. Powell, A. H. Talasaz, H. Zhang, M. A. Coram,
A. Reddy, G. Deng, M. L. Telli R. H. Advani,
R. W. Carlson, J. A. Mollick, S. Shet, A. W. Kurian,
J. M. Ford, F. E. Stockdale, S. R. Quake, R. F. n. Pease,
M. 1. N. Mindrinos, G. Bhanot, S. H. Dairkee, R. W. Davis
and S. S. Jeffrey, PLoS One, 2012, 7, €33788.

11 M. A. Nieto, R. Y.-J. Huang, R. A. Jackson and J. P. Thiery,
Cell, 2016, 166, 21-45.

12 Q. F. Wills and A. J. Mead, Hum. Mol. Genet., 2015, 24, R74-
78.

13 W. Qian, Y. Zhang and W. Chen, Small, 2015, 11, 3850-
3872.

14 R. A. Harouaka, M. Nisic and S.-Y. Zheng, J. Lab. Autom.,
2013, 18, 455-468.

15 C. Jin, S. M. McFaul, S. P. Duffy, X. Deng, P. Tavassoli,
P. C. Black and H. Ma, Lab Chip, 2014, 14, 32-44.

16 B. J. Green, T. Saberi Safaei, A. Mepham, M. Labib,
R. M. Mohamadi and S. O. Kelley, Angew. Chem., Int. Ed.,
2016, 55, 1252-1265.

17 T. M. Gorges, L. Tinhofer, M. Drosch, L. Rose, T. M. Zollner,
T. Krahn and O. von Ahsen, BMC Cancer, 2012, 12, 178.

18 M. Yu, A. Bardia, B. S. Wittner, S. L. Stott, M. E. Smas,
D. T. Ting, S. J. Isakoff, J. C. Ciciliano, M. N. Wells,
A. M. Shah, K. F. Concannon, M. C. Donaldson,
L. V. Sequist, E. Brachtel, D. Sgroi, ]. Baselga,
S. Ramaswamy, M. Toner, D. A. Haber and
S. Maheswaran, Science, 2013, 339, 580-584.

19 S. Zheng, H. Lin, J.-Q. Liu, M. Balic, R. Datar, R. J. Cote and
Y.-C. Tai, J. Chromatogr. A, 2007, 1162, 154-161.

20 H. K. Lin, S. Zheng, A. J. Williams, M. Balic, S. Groshen,
H. I. Scher, M. Fleisher, W. Stadler, R. H. Datar, Y.-C. Tai
and R. J. Cote, Clin. Cancer Res., 2010, 16, 5011-5018.

21 M. Hosokawa, T. Hayata, Y. Fukuda, A. Arakaki, T. Yoshino,
T. Tanaka and T. Matsunaga, Anal. Chem., 2010, 82, 6629-
6635.

22 S. Zheng, H. K. Lin, B. Lu, A. Williams, R. Datar, R. J. Cote
and Y.-C. Tai, Biomed. Microdevices, 2011, 13, 203-213.

23 M.-D. Zhou, S. Hao, A. ]J. Williams, R. A. Harouaka,
B. Schrand, S. Rawal, Z. Ao, R. Brenneman, E. Gilboa and
B. Lu, Sci. Rep., 2014, 4, 7392.

24 L. R. Huang, E. C. Cox, R. H. Austin and J. C. Sturm, Science,
2004, 304, 987-990.

25 K. Loutherback, J. D'Silva, L. Liu, A. Wu, R. H. Austin and
J. C. Sturm, AIP Adv., 2012, 2, 042107.

26 Z. Liu, W. Zhang, F. Huang, H. Feng, W. Shu, X. Xu and
Y. Chen, Biosens. Bioelectron., 2013, 47, 113-119.

This journal is © The Royal Society of Chemistry 2017

View Article Online

Chemical Science

27 M. E. Warkiani, G. Guan, K. B. Luan, W. C. Lee,
A. A. S. Bhagat, P. K. Chaudhuri, D. S.-W. Tan, W. T. Lim,
S. C. Lee and P. C. Chen, Lab Chip, 2014, 14, 128-137.

28 T. H. Kim, H. J. Yoon, P. Stella and S. Nagrath,
Biomicrofluidics, 2014, 8, 064117.

29 A. A. S. Bhagat, H. W. Hou, L. D. Li, C. T. Lim and J. Han,
Lab Chip, 2011, 11, 1870-1878.

30 J. Wang, W. Lu, C. Tang, Y. Liu, J. Sun, X. Mu, L. Zhang,
B. Dai, X. Li, H. Zhuo and X. Jiang, Anal. Chem., 2015, 87,
11893-11900.

31 F. F. Becker, X.-B. Wang, Y. Huang, R. Pethig, J. Vykoukal
and P. Gascoyne, Proc. Natl. Acad. Sci. U. S. A., 1995, 92,
860-864.

32 P. R. Gascoyne, ]J. Noshari, T. J. Anderson and F. F. Becker,
Electrophoresis, 2009, 30, 1388-1398.

33 M. Li, W. Li, J. Zhang, G. Alici and W. Wen, J. Phys. D: Appl.
Phys., 2014, 47, 063001.

34 C.-P.Jen and H.-H. Chang, Biomicrofluidics, 2011, 5, 034101.

35 C.-P. Jen, H.-H. Chang, C.-T. Huang and K.-H. Chen,
Microsyst. Technol., 2012, 18, 1887-1896.

36 M. Alshareef, N. Metrakos, E. ]J. Perez, F. Azer, F. Yang,
X. Yang and G. Wang, Biomicrofluidics, 2013, 7, 011803.

37 F. Fabbri, S. Carloni, W. Zoli, P. Ulivi, G. Gallerani, P. Fici,
E. Chiadini, A. Passardi, G. L. Frassineti and A. Ragazzini,
Cancer Lett., 2013, 335, 225-231.

38 C. Huang, J. P. Smith, T. N. Saha, A. D. Rhim and B. J. Kirby,
Biomicrofluidics, 2014, 8, 044107.

39 H. S. Moon, K. Kwon, S. I. Kim, H. Han, J. Sohn, S. Lee and
H. 1. Jung, Lab Chip, 2011, 11, 1118-1125.

40 P. Li, Z. Mao, Z. Peng, L. Zhou, Y. Chen, P.-H. Huang,
C. I Truica, J. J. Drabick, W. S. El-Deiry and M. Dao, Proc.
Natl. Acad. Sci. U. S. A., 2015, 112, 4970-4975.

41 P. T. Went, A. Lugli, S. Meier, M. Bundi, M. Mirlacher,
G. Sauter and S. Dirnhofer, Hum. Pathol., 2004, 35, 122-128.

42 S. Nagrath, L. V. Sequist, S. Maheswaran, D. W. Bell,
D. Irimia, L. Ulkus, M. R. Smith, E. L. Kwak, S. Digumarthy,
A. Muzikansky, P. Ryan, U. J. Balis, R. G. Tompkins,
D. A. Haber and M. Toner, Nature, 2007, 450, 1235-1239.

43 S. L. Stott, C.-H. Hsu, D. L. Tsukrov, M. Yu, D. T. Miyamoto,
B. A. Waltman, S. M. Rothenberg, A. M. Shah, M. E. Smas,
G. K. Korir, F. P. Floyd Jr, A. J. Gilmand, J. B. Lordd,
D. Winokurd, S. Springerd, D. 1. Irimia, S. Nagrath,
L. V. Sequistd, R. ]J. Leed, K. J. Isselbacherd,
S. Maheswaran, D. A. Haberd and M. Toner, Proc. Natl
Acad. Sci. U. S. A., 2010, 107, 18392-18397.

44 W. Sheng, O. O. Ogunwobi, T. Chen, J. Zhang, T. J. George,
C. Liu and Z. H. Fan, Lab Chip, 2014, 14, 89-98.

45 J. P. Gleghorn, E. D. Pratt, D. Denning, H. Liu, N. H. Bander,
S. T. Tagawa, D. M. Nanus, P. A. Giannakakou and
B. J. Kirby, Lab Chip, 2010, 10, 27-29.

46 R. M. Mohamadi, J. D. Besant, A. Mepham, B. Green,
L. Mahmoudian, T. Gibbs, I. Ivanov, A. Malvea, ]J. Stojcic,
A. L. Allan, L. E. Lowes, E. H. Sargent, R. t. K. Nam and
S. O. Kelley, Angew. Chem., Int. Ed., 2015, 54, 139-143.

47 F. 1. Thege, T. B. Lannin, T. N. Saha, S. Tsai, M. L. Kochman,
M. A. Hollingsworth, A. D. Rhim and B. J. Kirby, Lab Chip,
2014, 14, 1775-1784.

Chem. Sci., 2017, 8, 1736-1751 | 1749


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sc04671a

Open Access Article. Published on 08 1438. Downloaded on 07/05/47 01:12:58 .

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

48 E. S. Johnson, R. K. Anand and D. T. Chiu, Anal. Chem.,
2015, 87, 9389-9395.

49 P. G. Schiro, M. Zhao, J. S. Kuo, K. M. Koehler, D. E. Sabath
and D. T. Chiu, Angew. Chem., Int. Ed., 2012, 51, 4618-4622.

50 K.-A. Hyun, T. Y. Lee and H.-I. Jung, Anal. Chem., 2013, 85,
4439-4445.

51 E. Ozkumur, A. M. Shah, ]J. C. Ciciliano, B. L. Emmink,
D. T. Miyamoto, E. Brachtel, M. Yu, P.-i. Chen, B. Morgan,
J. Trautwein, A. Kimura, S. Sengupta, S. L. Stott,
N. M. Karabacak, T. A. Barber, J. R. Walsh, K. Smith,
P. S. Spuhler, J. P. Sullivan, R. J. Lee, D. T. Ting, X. Luo,
A. T. Shaw, A. Bardia, L. V. Sequist, D. N. Louis,
S. Maheswaran, R. Kapur, D. A. Haber and M. Toner, Sci.
Transl. Med., 2013, 5, 179ra47.

52 L. Bai, Y. Du, J. Peng, Y. Liu, Y. Wang, Y. Yang and C. Wang,
J. Mater. Chem. B, 2014, 2, 4080-4088.

53 H.Sun, X. Zhu, P. Y. Lu, R. R. Rosato, W. Tan and Y. Zu, Mol
Ther.-Nucleic Acids, 2014, 3, e182.

54 Y. Song, Z. Zhu, Y. An, W. Zhang, H. Zhang, D. Liu, C. Yu,
W. Duan and C. J. Yang, Anal. Chem., 2013, 85, 4141-4149.

55 Y. Wan, Y.-t. Kim, N. Li, S. K. Cho, R. Bachoo, A. D. Ellington
and S. M. Igbal, Cancer Res., 2010, 70, 9371-9380.

56 D. L. Wang, Y. L. Song, Z. Zhu, X. L. Li, Y. Zou, H. T. Yang,
J. J. Wang, P. S. Yao, R.-J. Pan and C. ]J. Yang, Biochem.
Biophys. Res. Commun., 2014, 453, 681-685.

57 U. Dharmasiri, S. Balamurugan, A. A. Adams,
P. 1. Okagbare, A. Obubuafo and S. A. Soper,
Electrophoresis, 2009, 30, 3289-3300.

58 Y. Xu,]. A. Phillips, J. Yan, Q. Li, Z. H. Fan and W. Tan, Anal.
Chem., 2009, 81, 7436-7442.

59 J. Zhang, S. Li, F. Liu, L. Zhou, N. Shao and X. Zhao, PLoS
One, 2015, 10, €0121920.

60 W. Sheng, T. Chen, R. Kamath, X. Xiong, W. Tan and
Z. H. Fan, Anal. Chem., 2012, 84, 4199-4206.

61 Y. Wan, Y. Liu, P. B. Allen, W. Asghar, M. A. I. Mahmood,
J. Tan, H. Duhon, Y.t. Kim, A. D. Ellington and
S. M. Igbal, Lab Chip, 2012, 12, 4693-4701.

62 M. Labib, B. Green, R. M. Mohamadi, A. Mepham,
S. U. Ahmed, L. Mahmoudian, I.-H. Chang, E. H. Sargent
and S. O. Kelley, J. Am. Chem. Soc., 2016, 138, 2476-2479.

63 J. H. Myung, K. A. Gajjar, J. Saric, D. T. Eddington and
S. Hong, Angew. Chem., Int. Ed., 2011, 50, 11769-11772.

64 J. H. Myung, M. Roengvoraphoj, K. A. Tam, T. Ma,
V. A. Memoli, E. Dmitrovsky, S. J. Freemantle and
S. Hong, Anal. Chem., 2015, 87, 10096-10102.

65 W. Sheng, T. Chen, W. Tan and Z. H. Fan, ACS Nano, 2013,
7, 7067-7076.

66 W. Zhao, C. H. Cui, S. Bose, D. Guo, C. Shen, W. P. Wong,
K. Halvorsen, O. C. Farokhzad, G. S. L. Teo and
J. A. Phillips, Proc. Natl. Acad. Sci. U. S. A., 2012, 109,
19626-19631.

67 S. Wang, H. Wang, J. Jiao, K. J. Chen, G. E. Owens,
K. i. Kamei, J. Sun, D. J. Sherman, C. P. Behrenbruch,
H. Wu and H. R. Tseng, Angew. Chem., 2009, 121, 9132-
9135.

68 L.Zhao, Y.-T. Lu, F. Li, K. Wu, S. Hou, J. Yu, Q. Shen, D. Wu,
M. Song, W.-H. OuYang, Z. Luo, T. Lee, X. H. Fang, C. Shao,

1750 | Chem. Sci., 2017, 8, 1736-1751

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

View Article Online

Perspective

X. Xu, M. A. Garcia, L. W. K. Chung, M. Rettig, H.-R. Tseng
and E. M. Posadas, Adv. Mater., 2011, 23, 4376-4380.

H. J. Yoon, T. H. Kim, Z. Zhang, E. Azizi, T. M. Pham,
C. Paoletti, J. Lin, N. Ramnath, M. S. Wicha and
D. F. Hayes, Nat. Nanotechnol., 2013, 8, 735-741.

Q. L. Shen, L. Xu, L. B. Zhao, D. X. Wy, Y. S. Fan, Y. L. Zhou,
W. H. OuYang, X. C. Xu, Z. Zhang, M. Song, T. Lee,
M. A. Garcia, B. Xiong, S. Hou, H.-R. Tseng and X. Fang,
Adv. Mater., 2013, 25, 2368-2373.

M. Abdolahad, M. Taghinejad, H. Taghinejad, M. Janmaleki
and S. Mohajerzadeh, Lab Chip, 2012, 12, 1183-1190.

L. Zhao, Y. T. Ly, F. Li, K. Wy, S. Hou, J. Yu, Q. Shen, D. Wu,
M. Song, W. H. L. OuYang, T. Lee, X. Fang, C. Shao, X. Xu,
M. A. Garcia, L. W. K. Chung, M. Rettig, H.-R. Tseng and
E. M. Posadas, Adv. Mater., 2013, 25, 2897-2902.

S. Wang, K. Liu, J. Liu, Z. T.-F. Yu, L. Z. X. Xu, T. Lee,
E. K. Lee, ]J. Reiss, Y.-K. Lee, L. W. K. Chung, J. Huang,
M. Rettig, D. Seligson, K. N. Duraiswamy, C. K.-F. Shen
and H.-R. Tseng, Angew. Chem., Int. Ed., 2011, 50, 3084—
3088.

N. Sun, J. Wang, L. Ji, S. Hong, J. Dong, Y. Guo, K. Zhang
and R. Pei, Small, 2015, 11, 5444-5451.

E. Reategui, N. Aceto, E. J. Lim, J. P. Sullivan, A. E. Jensen,
M. Zeinali, J. M. Martel, A. J. Aranyosi, W. Li,
S. Castleberry, A. Bardia, L. V. Sequist, D. A. Haber,
S. Maheswaran, P. T. Hammond, M. t. Toner and
S. L. Stott, Adv. Mater., 2015, 27, 1593-1599.

S.-W. Lv, J. Wang, M. Xie, N.-N. Lu, Z. Li, X.-W. Yan,
S.-L. Cai, P.-A. Zhang, W.-G. Dong and W.-H. Huang,
Chem. Sci., 2015, 6, 6432-6438.

L. Zhao, Y. T. Lu, F. Li, K. Wu, S. Hou, J. Yu, Q. Shen, D. Wu,
M. Song, W. H. OuYang, Z. Luo, T. Lee, X. H. Fang, C. Shao,
X. Xu, M. A. Garcia, L. W. K. Chung, M. Rettig, H.-R. Tseng
and E. M. Posadas, Adv. Mater., 2013, 25, 2897-2902.

P. Zhang, L. Chen, T. Xu, H. Liu, X. Liu, J. Meng, G. Yang,
L. Jiang and S. Wang, Adv. Mater., 2013, 25, 3566-3570.
M. G. Krebs, R. L. Metcalf, L. Carter, G. Brady,
F. H. Blackhall and C. Dive, Nat. Rev. Clin. Oncol., 2014,
11, 129-144.

E. A. Punnoose, S. Atwal, W. Liu, R. Raja, B. M. Fine,
B. G. Hughes, R. J. Hicks, G. M. Hampton, L. C. Amler
and A. Pirzkall, Clin. Cancer Res., 2012, 18, 2391-2401.

D. T. Ting, B. S. Wittner, M. Ligorio, N. V. Jordan,
A. M. Shah, D. T. Miyamoto, N. Aceto, F. Bersani,
B. W. Brannigan and K. Xega, Cell Rep., 2014, 8, 1905-1918.
J. Shendure and H. Ji, Nat. Biotechnol., 2008, 26, 1135-1145.
J. S. Ross and M. Cronin, Am. J. Clin. Pathol., 2011, 136, 527-
539.

R. R. Singh, K. P. Patel, M. J. Routbort, N. G. Reddy,
B. A. Barkoh, B. Handal, R. Kanagal-Shamanna,
W. O. Greaves, L. ]J. Medeiros and K. D. Aldape, J. Mol
Diagn., 2013, 15, 607-622.

F. B. Dean, J. R. Nelson, T. L. Giesler and R. S. Lasken,
Genome Res., 2001, 11, 1095-1099.

K. Zhang, A. C. Martiny, N. B. Reppas, K. W. Barry, J. Malek,
S. W. Chisholm and G. M. Church, Nat. Biotechnol., 2006,
24, 680-686.

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sc04671a

Open Access Article. Published on 08 1438. Downloaded on 07/05/47 01:12:58 .

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

87 T. Kalisky and S. R. Quake, Nat. Methods, 2011, 8, 311-314.

88 J. Wang, H. C. Fan, B. Behr and S. R. Quake, Cell, 2012, 150,
402-412.

89 B. A. Peters, B. G. Kermani, A. B. Sparks, O. Alferov, P. Hong,
A. Alexeev, Y. Jiang, F. Dahl, Y. T. Tang, J. Haas, K. Robasky,
A. W. Zaranek, J.-H. Lee, M. P. Ball, J. E. Peterson,
H. Perazich, G. Yeung, J. Liu, L. Chen, M. 1. Kennemer,
K. Pothuraju, K. Konvicka, M. T. Sitnikov, K. P. Pant,
J. C. Ebert, G. B. Nilsen, J. Baccash, A. L. Halpern,
G. M. Church and R. Drmanac, Nature, 2012, 487, 190-195.

90 E. Heitzer, M. Auer, C. Gasch, M. Pichler, P. Ulz,
E. M. Hoffmann, S. Lax, J. Waldispuehl-Geigl,
O. Mauermann and C. Lackner, Cancer Res., 2013, 73,
2965-2975.

91 C. Zong, S. Lu, A. R. Chapman and X. S. Xie, Science, 2012,
338, 1622-1626.

92 R. s. Lasken, Nat. Biotechnol., 2013, 31, 211.

93 Y. Fu, C. Li, S. Lu, W. Zhou, F. Tang, X. S. Xie and Y. Huang,
Proc. Natl. Acad. Sci. U. S. A., 2015, 112, 11923-11928.

94 D. Ramskdld, S. Luo, Y.-C. Wang, R. Li, Q. Deng,
O. R. Faridani, G. A. Daniels, I. Khrebtukova, J. F. Loring,
L. C. L. G. P. Schroth and R. Sandberg, Nat. Biotechnol.,
2012, 30, 777-782.

95 D. T. Miyamoto, Y. Zheng, B. S. Wittner, R. J. Lee, H. Zhu,
K. T. Broderick, R. Desai, D. B. Fox, B. W. Brannigan,
J. Trautwein, K. Arora, N. Desai, D. M. Dahl, L. V. Sequist,
M. R. Smith, R. Kapur, C. L. Wu, T. Shioda,
S. Ramaswamy, D. T. Ting, M. Toner, S. Maheswaran and
D. A. Haber, Science, 2015, 349, 1351-1356.

96 D. T. Ting, B. S. Wittner, M. Ligorio, N. V. Jordan,
A. M. Shah, D. T. Miyamoto, N. Aceto, F. Bersani,
B. W. Brannigan, K. Xega, J. C. Ciciliano, H. Zhu,
0. C. MacKenzie, J. Trautwein, K. S. Arora, M. Shahid,
H. L. Ellis, N. Qu, N. Bardeesy, M. N. Rivera,
V. Deshpande, C. R. Ferrone, R. Kapur, S. Ramaswamy
and T. Shioda, Cell Rep., 2014, 8, 1905-1918.

97 A. Esquela-Kerscher and F. J. Slack, Nat. Rev. Cancer, 2006,
6, 259-269.

This journal is © The Royal Society of Chemistry 2017

View Article Online

Chemical Science

98 S. Memczak, M. Jens, A. Elefsinioti, F. Torti, J. Krueger,
A. Rybak, L. Maier, S. D. Mackowiak, L. H. Gregersen and
M. Munschauer, Nature, 2013, 495, 333-338.

99 L. S. Lim, M. Hu, M. C. Huang, W. C. Cheong, A. T. L. Gan,
X. L. Looi, S. M. Leong, E. S.-C. Koay and M.-H. Li, Lab Chip,
2012, 12, 4388-4396.

100 S. C. Bendall, E. F. Simonds, P. Qiu, D. A. El-ad,
P. O. Krutzik, R. Finck, R. V. Bruggner, R. Melamed,
A. Trejo, O. 1. Ornatsky, R. S. Balderas, S. K. Plevritis,
K. Sachs, D. Pe'er, S. D. Tanner and G. P. Nolan, Science,
2011, 332, 687-696.

101 Y. Lu, Q. Xue, M. R. Eisele, E. S. Sulistijo, K. Brower, L. Han,
E.-a. D. Amir, D. Pe'er, K. Miller-Jensen and R. Fan, Proc.
Natl. Acad. Sci. U. S. A., 2015, 112, E607-E615.

102 Y. Zhang, Y. Tang, S. Sun, Z. Wang, W. Wu, X. Zhao,
D. M. Czajkowsky, Y. Li, J. Tian and L. Xu, Anal. Chem.,
2015, 87, 9761-9768.

103 Y. Zhang, L. Zhou and L. Qin, J. Am. Chem. Soc., 2014, 136,
15257-15262.

104 S. A. Roberts, A. E. Waziri and N. Agrawal, Anal. Chem.,
2016, 88, 2770-2776.

105 Z. Liu, Y. Lee, J. Hee Jang, Y. Li, X. Han, K. Yokoi, M. Ferrari,
L. Zhou and L. Qin, Sci. Rep., 2015, 5, 14272.

106 Y. Zhang, M. Wu, X. Han, P. Wang and L. Qin, Angew.
Chem., Int. Ed., 2015, 54, 10838-10842.

107 Z. Guan, S. Jia, Z. Zhu, M. Zhang and C. ]J. Yang, Anal.
Chem., 2014, 86, 2789-2797.

108 Y. Wang, X. Tang, X. Feng, C. Liu, P. Chen, D. Chen and
B.-F. Liu, Anal. Bioanal. Chem., 2015, 407, 1139-1148.

109 Y. Li, D. Chen, Y. Zhang, C. Liu, P. Chen, Y. Wang, X. Feng,
W. Du and B.-F. Liu, Sens. Actuators, B, 2016, 225, 563-571.

110 B. L. Khoo, S. C. Lee, P. Kumar, T. Z. Tan, M. E. Warkiani,
S. G. Ow, S. Nandi, C. T. Lim and J. P. Thiery, Oncotarget,
2015, 6, 15578.

111 J. R. Heath, A. Ribas and P. S. Mischel, Nat. Rev. Drug
Discovery, 2015, 15, 204-216.

Chem. Sci, 2017, 8, 1736-1751 | 1751


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sc04671a

	Enrichment and single-cell analysis of circulating tumor cells
	Enrichment and single-cell analysis of circulating tumor cells
	Enrichment and single-cell analysis of circulating tumor cells
	Enrichment and single-cell analysis of circulating tumor cells
	Enrichment and single-cell analysis of circulating tumor cells
	Enrichment and single-cell analysis of circulating tumor cells
	Enrichment and single-cell analysis of circulating tumor cells
	Enrichment and single-cell analysis of circulating tumor cells
	Enrichment and single-cell analysis of circulating tumor cells
	Enrichment and single-cell analysis of circulating tumor cells
	Enrichment and single-cell analysis of circulating tumor cells
	Enrichment and single-cell analysis of circulating tumor cells
	Enrichment and single-cell analysis of circulating tumor cells

	Enrichment and single-cell analysis of circulating tumor cells
	Enrichment and single-cell analysis of circulating tumor cells
	Enrichment and single-cell analysis of circulating tumor cells
	Enrichment and single-cell analysis of circulating tumor cells
	Enrichment and single-cell analysis of circulating tumor cells
	Enrichment and single-cell analysis of circulating tumor cells
	Enrichment and single-cell analysis of circulating tumor cells
	Enrichment and single-cell analysis of circulating tumor cells
	Enrichment and single-cell analysis of circulating tumor cells

	Enrichment and single-cell analysis of circulating tumor cells
	Enrichment and single-cell analysis of circulating tumor cells


