Open Access Article. Published on 07 Mumu-pnimba 2016. Downloaded on 2026/04/21 11:53:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical
Science

CrossMark
& click for updates

Cite this: Chem. Sci., 2017, 8, 1736

tumor cells

AA"?
| ROYAL SOCIETY
OF CHEMISTRY

Enrichment and single-cell analysis of circulating

Yanling Song,®® Tian Tian,? Yuanzhi Shi,® Wenli Liu,® Yuan Zou,? Tahereh Khajvand,®
Sili Wang,? Zhi Zhu® and Chaoyong Yang*@

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


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 07 Mumu-pnimba 2016. Downloaded on 2026/04/21 11:53:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

View Article Online

Chemical Science

B C \ /4 Da b
g 7Y Narrow groove ‘ Primary antibod Aliquot

A ibody i

AW &) <] (mouse anti-human) Detection
AN - :
NAZANA v,ﬁ 2 o m - 0
ANA A Secondary antibody
A N / (goat anti-mouse)
A Wide groove
b v 50 Biotin linker P
Sopm AA
AN Immobilized NeutrAvidin®
Silicon surface
» L
e e
RBCs, platelets, other
blood components
® Circulating tumor cell & Circulating tumor cell
£+ White blood cell YY

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

This journal is © The Royal Society of Chemistry 2017
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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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Fig. 6 Schematic diagram of release mechanisms. (A) Aptamer-
coated NanoVelcro Chip that releases CTCs by enzymatic treatment
(adapted from ref. 70). (B) A dual-mode gelatin-based nanostructured
coated CTC capture substrate that can achieve temperature-
responsive release (top) or mechanosensitive release (down) (modified
from ref. 75). (C) Photo-induced cleavage of biotin-photoresponsive
molecules (modified from ref. 76). (D) Nanostructured interfaces
modified by thiol-PEG-biotin molecules, which can be cleaved by
electrical potential (modified from ref. 78).
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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 ca