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Abstract

Circulating tumor cells (CTCs) are cancer cells that shed from a primary tumor and circulate in the
bloodstream. As a form of “tumor liquid biopsy”, CTCs provide important information for the
mechanistic investigation of cancer metastasis and the measurement of tumor genotype evolution
during treatment and disease progression. However, the extremely low abundance of CTCs in the
peripheral blood and the heterogeneity of CTCs make their isolation and characterization major
technological challenges. Recently, nanotechnologies have been developed for sensitive CTC
detection; such technologies will enable better cell and molecular characterization and open up a
wide range of clinical applications, including early disease detection and evaluation of treatment
response and disease progression. In this review, we summarize the nanotechnology-based
strategies for CTC isolation, including representative nanomaterials (such as magnetic
nanoparticles, gold nanoparticles, silicon nanopillars, nanowires, nanopillars, carbon nanotubes,
dendrimers, quantum dots, and graphene oxide) and microfluidic chip technologies that
incorporate nanoroughened surfaces and discuss their key challenges and perspectives in CTC
downstream analyses, such as protein expression and genetic mutations that may reflect tumor

aggressiveness and patient outcome.
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Introduction

Cancer is one of the leading causes of death in
the developed world, primarily due to the lack of
effective early detection methods and the prevention
of metastasis [1]. Moreover, approximately 90% of
cancer-related deaths are due to metastasis [2].
Metastasis occurs when cancer cells detach from the
primary tumor or metastatic sites and circulate in the
peripheral blood [3-5]. These circulating tumor cells
(CTCs) may ultimately invade and colonize
surrounding tissue to form a secondary tumor [6].
Since the discovery of CTCs in 1869, researchers have
utilized CTCs for the early detection of aggressive

cancer and the treatment of advanced disease [7-9].
CTCs are considered a noninvasive “liquid biopsy” of
a tumor and are expected to replace surgical tumor
biopsy in the monitoring of treatment response and
determining the prognosis of patients [10, 11]. Studies
have shown that the quantity of CTCs is closely
related to disease severity, and CTC count is currently
used as a prognostic tool to indicate whether a
treatment is effective [12, 13]. Researchers have also
analyzed CTCs for certain gene or protein variants
that indicate whether the patient’'s tumor is
susceptible to a particular drug [14].
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Early diagnosis enables timelier treatment,
significantly improves patient outcomes, and is
essential for successful therapy [15-17]. The detection
of CTCs with high purity and recovery rates has a
huge effect on the accurate early diagnosis of cancer
and consequently successful cancer treatment.
However, CTCs are extremely rare (approximately
one CTC is mixed with millions of leukocytes and
billions of erythrocytes) in circulating blood,
especially, at the early stage of a tumor, making CTC
capture a technical challenge [18-20]. Another
tremendous challenge is the heterogeneous nature of
CTCs, such as differences in their morphology and
gene expression, especially during epithelial to
mesenchymal transition (EMT)[21]. The rarity and
heterogeneity of CTCs in the blood of cancer patients
require the development of techniques with high
specificity and high sensitivity to find rare tumor cells
and to distinguish them from epithelial non-tumor
cells and leukocytes. Once detected, CTC
enumeration and molecular characterization can be
applied to prognosticate cancer classification and
predict drug therapy [22, 23]. However, the limited
sensitivity of commercially available methods, as well
as the complexity and heterogeneity of the disease,
limits the widespread acceptance and dissemination
of CTC-based diagnostics.

Nanotechnology may be the most promising
strategy for achieving an ideal CTC capture device to
replace traditional tools. Due to their unique
physicochemical properties arising from their high
surface area, size, shape, unique optical properties
and surface chemistry, nanomaterials (1-100 nm in
size, in at least one dimension) are very attractive for
cancer diagnosis and therapeutics [24-27]. For CTC
enrichment and detection, a key advantage of the use
of nanomaterials in cancer detection is their large
surface-to-volume ratio compared to that of bulk
materials [28]. In particular, this property enables
binding of highly efficient targeting ligands that
recognize molecules indicative of cancer, allowing for
the high recovery and specificity of CTC isolation,
detection and characterization. Furthermore, the
presentation of multiple binding ligands to a cancer
cell, for example, is very important to solve the
problem of CTC heterogeneity and enhance an assay’s
sensitivity. In addition, it has been reported that
nanoroughened surfaces have an increased surface
area that facilitates cell adhesion, binding, and
reactions [29]. Compared with that of normal blood
cells, the adhesion preference of tumor cells to
nanostructured surfaces makes nanoroughened
surfaces an alternative technique for CTC capture. In
short, the use of nanomaterials for CTC detection with
high sensitivity, high purity, high throughput, and
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low cost will facilitate the advancement of biological
and clinical cancer research.

In this review, we present and discuss the
emerging approaches in CTC enrichment and
detection using versatile nanoplatforms with the aim
of highlighting the role of nanotechnology in
advancing basic and clinical CTC research. Various
types of nanostructured substrates have been
developed for CTC detection, including gold
nanoparticles, magnetic nanoparticles, graphene,
carbon nanotubes, quantum dots, upconversion
particles, poly(lactic-co-glycolic acid) and dendrimers
[30-35]. These nanoplatforms often provide chemical
stability, biocompatibility and control of surface
chemistry properties for CTC isolation. In this review,
we also present another widely used technological
development, microfluidics platforms, which were
developed for capturing rare cells, including CTCs.
Microfluidics mainly rely on their small scale,
high-throughput capability and large surface area,
which could create numerous new opportunities for
in vitro cell sorting and detection [36, 37]. For rare cell
detection using microfluidics, this microsystem can
precisely control the flow behavior, transportation,
and biological interactions in the microchannel
environment [38-41]. Inspired by the outstanding
properties of nanomaterials for CTC separation,
researchers have also developed
nanostructure-embedded substrates by incorporating
nanotechnologies into microfluidics devices to
improve CTC separation efficiency and purity [42]. In
this review, we only present representative
nanotechnologies used for CTC isolation and
highlight the aspects of these technologies that enable
downstream analyses of CTCs beyond enumeration.

Currently available CTC isolation
technologies

Certainly, CTCs are an exciting potential
strategy for cancer diagnosis and treatment.
Therefore, researchers have focused on new methods
for the detection of CTCs to explore the biology of
metastases and predict tumor recurrence [43].
Currently, numerous technologies have been
developed to isolate CTCs from highly abundant
leukocytes and erythrocytes based on their biological
and/or  physical  properties. = Physical-based
separations are dependent on size [44], deformability
[45], density [46], or the dielectric properties of CTCs
that are distinct from those of normal blood cells [47].
The physical properties that allow for separation
without labeling are summarized as follows: (1)
Isolation of CTCs by Ficoll density gradient
centrifugation [46]. (2) Selection of CTCs by using the
unique differences between cancer cells and blood
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cells in terms of size (larger) and/or deformability
(harder) [48]. Filtration methods generally achieve
high-throughput cell isolation. For example, a
microfabricated parylene membrane filter (8-pm pore
size) could process 7.5 ml of blood within 2 min [49].
The challenges with filtration are low CTC recovery
and purity because they are similar in size to
leukocytes; thus, the pores of the filters will retain
large blood cells while failing to collect small CTCs.
(3) Separation of CTCs using hydrodynamic forces
based on size and deformability and without the use
of any physical structures [50]. This strategy can
reduce the risk of device clogging and improve
purity. (4) Dielectrophoretic (DEP) cell separation
techniques, which can be performed based on
differences in cell size and membrane properties [51],
allowing the separation of CTCs based on different
responses to DEP. The key advantage of
physical-based separation platforms is the ability to
separate CTCs quickly and economically. However,
the overlap in the size/density of leukocytes and
CTCs limits the application of these techniques
because there is no absolute difference in the physical
properties between tumor and non-tumor cells. Thus,
such techniques have inherent recovery/purification
trade-offs. The biological properties used for CTC
isolation primarily rely on the expression of proteins
or genes that are not expressed in other blood
components. Epithelial cell adhesion molecule
(EpCAM) is frequently used as a target for CTC
enrichment because it is widely expressed on the cell
surface of cancer-derived CTCs and is not detected on
normal blood «cells [52]. Anti-EpCAM-based
immune-identification remains the most commonly
used CTC capture platform for the majority of
epithelial origin solid tumors.

CellSearch is the only system approved by the
US Food and Drug Administration (FDA) for the
detection and enumeration of CTCs for clinical use.
The system can detect a single CTC in 7.5 ml of blood
and has been successfully used to predict patient
survival after treatment in a multicenter study [53].
This  system  uses magnetic nanoparticles
functionalized with antibodies that are specific to cell
surface antigens such as EpCAM to pull CTCs out
from peripheral blood. Isolated cells are subsequently
immunostained with fluorescently labeled antibodies
and then counted using automated cell image capture
and analysis. The CellSearch system has been utilized
as a diagnostic and prognostic test and is used to
monitor CTCs in patients with various types of
cancer, such as prostate, breast, colorectal, pancreatic,
gastrointestinal and small lung cancer [54-56].
However, the CTC detection sensitivity of this
approach is highly dependent on epithelial markers
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and is therefore limited by the lack of EpCAM
expression in various cancer cells. In addition, CTCs
are thought to undergo EMT, in which cells lose
epithelial marker expression [57]. Due to the poor
stability and heterogeneity of EpCAM expression in
cancer cells, particularly with respect to EMT,
anti-EpCAM-based CTC capture strategies can be
constrained,  especially in a  low-resource
environment. This limitation can be solved by
replacing anti-EpCAM with other capture agents such
as aptamers, which are generated by a process termed
SELEX (Systematic Evolution of Ligands by
EXponential Enrichment) [58]. Aptamers are screened
oligonucleotide ligands (single-stranded DNA or
RNA molecules) with specific affinity for their target,
comparable to antibody-antigen interactions, and
have demonstrated potential as an alternative capture
agent [59]. Aptamers also show properties of high
stability, negligible toxicity and immunogenicity,
reversible denaturation, and resistance to harsh
conditions (detergents, chaotropic salts, organic
solvents and pH) [60]. Notably, aptamers can directly
target the binding sites, ranging from small
compounds to large cell membrane proteins, without
requiring prior knowledge of these target molecules.

CTC isolation is particularly challenging due to
the issues of CTC loss and low purity. However, none
of the abovementioned CTC isolation methods are
ideal platforms to meet the application requirements.
Most of these isolation strategies include complex
processes such as centrifugation, erythrocyte lysis,
and washing, which can result in adequate CTC
separation. In general, CTC detection and counting is
still not part of routine tumor staging in clinical
practice because CTCs are extremely rare, less
sensitive and specific. As CTC count corresponds to
the patient’s prognosis, CTC detection techniques
should be urgently developed with high efficiency
and sensitivity in order to contribute to downstream
CTC characterization [61]. At present,
nanotechnology has made excellent contributions to
the field of biomedical applications, and many
researchers take advantage of nanotechnology to
improve the selectivity and sensitivity of CTC
isolation and to speed up the detection rate [2]. The
uniquely  appealing  physical properties of
nanomaterials facilitate their application in CTC
isolation and can be used to overcome the limitations
of traditional CTC detection methods.

Nanomaterial-based biological CTC
detection

Currently, nanotechnology is extensively
applied in biomedicine, and numerous researchers
have made use of the superiority of nanotechnology
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to improve the efficiency and sensitivity of CTC
detection for the early diagnosis of cancer [62].
Nanostructured substrates have been reported to
enhance local topographical interactions between
substrates and targeted cell surfaces compared with
flat substrates, which enhances cell capture affinity
[63]. In addition, CTCs prefer nanostructured surfaces
due to the similarity of the cell surface structure [28].
Different types of nanomaterials, such as
nanostructured surfaces, quantum dots (QDs),
magnetic nanoparticles (MNPs), gold nanoparticles
(AuNPs), and polymers, which facilitate cellular
attachment, have been reported for CTC detection.
These nanomaterials have been demonstrated to
improve the specificity and sensitivity of CTC capture
devices and are expected to have a potential impact
on cancer diagnosis and prognosis.

Nanostructured surfaces for CTC separation

An enormous number of studies have reported
that cell pseudopodia can form on nanostructured
surfaces, allowing enhanced local topographical
interactions between nanostructured substrates and
cancer cells compared with unstructured substrates
[64, 65]. Wang et al. (Figure 2A) created a 3D
nanostructured silicon nanopillar (SiNP) substrate by
using a silver and hydrofluoric acid etching process
[66]. After being coupled with anti-EpCAM antibody,
the modified SiNP substrate provided a higher
capture yield (45-65%) than the flat Si substrate
(4-14%). The optimized length (longer than 6 pm) and
diameter (ranging from 100-200 nm) of SiNPs
corresponded to the dimensions of extracellular
structures (e.g., microvilli and filopodia). In contrast
to the vertical oriented nanopillars described above,
Zhang et al. (Figure 2B) fabricated horizontally
oriented titanium nanofibers (TiNFs) for CTC
detection [67]. The TiNF substrate was simply
fabricated by electrospinning the titanium n-butoxide
(TBT)/polyvinyl pyrrolidone (PVP) components onto
silicon substrates. The device exhibited a capture
efficiency of 40-70% when applied to separate tumor
cells from a whole blood sample. Due to the
advantages, such as precisely controllable dimensions
and packing density, biocompatibility, and feasibility
of exploring the use of new materials, the electrospun
TiNF-deposited substrate was expected to have
potential applications for isolation of rare cells, early
diagnosis of cancer and molecular biological analysis.
These results demonstrated that the synergy benefits
between the capture agent (e.g., anti-EpCAM) and
nanostructured surfaces resulted in enhanced cancer
cell capture. Instead of using anti-EpCAM antibody
for CTC capture, Zheng et al. (Figure 2C) developed
an aptamer-functionalized barcode-particle
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technology for the capture and release of different
types of CTCs [68]. This device utilized the different
characteristic reflection peaks of barcode particles,
which could be modified with different types of
aptamers, realizing the fluorescence identification of
different CTC types. The surface of barcode particles
was etched into a nanopatterned topography and
decorated with highly branched dendrimer-amplified
aptamers, resulting in significantly increased CTC
isolation efficiency. Moreover, Chen et al. (Figure 2D)
reported a simple and effective platform to capture
CTCs by utilizing only the differential adhesion
preference to nanorough surfaces of cancer cells and
normal blood cells, regardless of their biological and
physical properties [29]. The reactive ion etching
(RIE)-generated nanorough glass surface that they
constructed successfully captured multiple types of
tumor cells in the absence of capture antibodies. The
rougher the substrate, the more cells were captured.

Immunomagnetic separation of CTCs

In the rapidly developing nanobiotechnology
field, magnetic nanoparticles (MNPs) are one of the
most well-established nanomaterials utilized to bind
to cells for in vitro separation under an external
magnetic field [69]. Iron oxide MNPs, such as
magnetite (Fe3Os), due to chemically stable and
biocompatible properties, have been most frequently
applied in biomedical applications. Immunomagnetic
technologies are often performed using anti-EpCAM
antibody-functionalized MNPs to specifically target
EpCAM-expressing cells. MNP-bound cells are then
isolated under an external magnetic field with good
sensitivity. Numerous types of immunomagnetic
technologies for CTC isolation have been rapidly
developed due to their ease of operation and
demonstration of high capture specificity and
efficiency. Conventional magnetic-activated cell
sorting (MACS) systems are employed by loading
MNP-treated blood samples into centrifuge tubes [70].
Then, MNP-labeled cells are attracted to the tube wall
under an external magnetic field, and unlabeled cells
are eluted. These conventional MACS systems have
the advantages of simplicity, low cost, convenience,
and power function, and they are also capable of
separating a large number of cells. Separating rare
cells with conventional MACS systems is usually
limited by the low sensitivity and capture efficiency
because the system is operated manually, and the
magnetic field is erratic. MagSweeper is a novel
magnetic cell sorting system developed by Powell et
al. (Figure 3A) that uses sheath-covered magnetic rods
to sweep through the capture wells and magnetically
attract magnetic particle-labeled target cells [71]. The
device successfully purified CTCs from 70% of
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primary and metastatic breast cancer patients. The
MagSweeper can gently extract high-purity CTCs
from normal blood and facilitated robust analysis of
single CTCs, providing early insight into CTC
heterogeneity. The conventional MACS systems used
for cell capture only depend on antigen-antibody
interactions. Huang et al. (Figure 3B) developed a
“live template” strategy that employed living
organisms (e.g., macrophages) incubated with MNPs

for magnetic CTC separation [72]. These
multifunctional  particles have intact cellular
topographical features and exhibit enhanced

interactions with cell filopodia, resulting in enhanced
cell capture efficiency compared with conventional
MACS systems.

Electrodeposited nanowires have been used in
efficient magnetic cell separation due to their
advantages of tunable morphology and composition
and their large magnetic moments. Hultgren et al.
developed nickel nanowires (35 pm in length, 350 nm
in diameter) for cell separation; these nanowires were
fabricated by electrochemical deposition into
nanoporous templates [73]. The authors showed that
nanowires had a higher purity (90%) and yield (49%)
than commercially available beads, which might be
due to their large surface area and larger magnetic
moments. In other studies, they examined the effect of
wire length on cell separation efficiency [74, 75],
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observing that the nanowires in the large size range
(5-35 pm in length) achieved high-purity cell
separation. They also found that the separation yield
increased when the length of the nanowires matched
the average diameter of the cells. Compared with
commercially available magnetic beads, the Ni
nanowires showed a 4-fold increase in cell separation
with a purity of 80% and a yield of 85%. Similarly,
Hong et al. developed a new method for the
ultrasensitive separation and detection of CTC by
using multifunctional magnetic nanowires (NWs) for
different types of cancer [76]. The electrochemically
deposited polypyrrole NWs (16 pm in length) were
doped with a high density of 10-nm magnetic
nanoparticles and five different types of antibodies
(EpCAM, EGFR, N-cadherin, TROP-2 and vimentin)
for immune-magnetic selection of CTCs. The
elongated structure of the NWs can enhance the
cell-NW attachment and increase the number of
multivalent binding sites for efficient CTC isolation.
The NWs could capture and recognize CTCs from the
blood of breast cancer patients, especially from 29
cases of non-metastatic early cancers. This
multifunctional magnetic NW-based CTC capture
method may provide an effective tool for cancer
prognosis, early cancer diagnosis and treatment
response assessment.

Nanostrugtuted
sy rfacer

(Ms

5 pm

Figure 1. Metastatic CTC as a liquid biopsy for early cancer diagnosis. Nanotechnologies developed for sensitive CTC isolation. SEM images of CTCs
captured on nanorough substrates with different morphologies. Images of Nanowires: Copyright IOPscience, 2012. Reproduced with permission from reference
[166]. Images of Nanosheet: Copyright Nature, 2013. Reproduced with permission from reference [31]. Images of Nanofibers and Nanostructured surface: Copyright
Wiley, 2012 and 2015. Reproduced with permission from references [67] and [72]. Images of Nanotubes: Copyright Elsevier 2006. Reproduced with permission from
reference [167]. Images of Nanoparticles: Copyright American Chemical Society, 2012. Reproduced with permission from reference [29].
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Figure 2. Nanostructured surfaces for CTC enrichment. (A) 3D silicon nanopillar (SiNP) substrates showing significantly enhanced cell binding affinity in
contrast to flat substrates. (B) Horizontally packed TiO nanofibers (TiNFs) for improved CTC capture by combining anti-EpCAM antibody and cancer cell-preferred
nanoscale topography. SEM image of a target cell captured on TiNF substrate (right), with fully outspread pseudopod attached to the surface of the TiNF. (C)
Aptamer-functionalized barcode particles for CTC isolation. Dendrimer is decorated on the surface of the barcode particles for enhanced CTC capture. (D) Cancer
cells prefer to adhere to ion-etched glass surfaces. Insets are zoom-in (left) and SEM (right) images of cancer cells captured on nanorough glass surfaces. (A) Copyright
Wiley, 2009. Reproduced with permission from reference [66]; (B) Copyright Wiley, 2012. Reproduced with permission from reference [67]; (C) Copyright Wiley,
2014. Reproduced with permission from reference [68]; (D) Copyright American Chemical Society, 2012. Reproduced with permission from reference [29].

Quantum dots for CTC capture and
fluorescent detection

Quantum dots (QDs) are inherently fluorescent
nanoparticles with high quantum yields and tunable
emission wavelengths that are desirable for biological
imaging applications and for the development of
novel cancer diagnostics [77]. QDs exhibit longer
fluorescence lifetimes compared with organic
fluorophores [78]. This property is especially
significant in the application of QDs for enhancing the
sensitivity of surface marker-dependent CTC capture
and sorting, particularly when CTCs may be in low
abundance at the early stages of the disease. The size
dependence of the absorption and emission
wavelengths of QDs enables the tunable design of
QDs for a range of imaging applications, especially in
multicolor labeling for the simultaneous detection of
multiple targets [79]. In addition, size-tuned QDs with
different emission wavelengths corresponding to the
same excitation wavelength can be applied to capture

and sort heterogeneous CTCs [80]. To develop a
specific and sensitive diagnostic platform, Xie et al.
constructed a novel multifunctional nanobioprobe for
CTC detection and release [81]. After assembling
alginate onto the surface of QDs with Ca2* activation,
they immobilized biotinylated anti-EpCAM to
fabricate a multifunctional nanoprobe that had the
advantage of specific cell capture and EDTA-assisted
cell release with 86% and 65% efficiency, respectively.
Similarly, Min et al. (Figure 3C) employed primary
anti-EpCAM-modified QDs to target and enumerate
CTCs and secondary anti-IgG-magnetic beads (MBs)
to isolate the attached cells [33]. They demonstrated
that the fluorescence intensity of QDs was consistent
with the number of cells captured. Compared to
previous work based on the use of only QDs or MBs,
this platform shows prominent synergy benefits
between nanoparticles and MBs with high capture
efficiency and a simple CTC quantification method.
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external magnetic field. (C) CTC capture using QDs and MNPs. Quantification of captured CTCs as a function of the fluorescence intensity of the anti-EpCAM-QDs
(right). (D) Electrochemical immunosensor based on a hydrazine-AuNP-aptamer for the detection of the HER2 protein and HER2-overexpressing SK-BR-3 cells. The
silver-stained target cells were visualized under microscopy and quantitatively analyzed using stripping voltammetry. (E) Inmunomagnetic separation of Jurkat T cells
with MBs. The captured cell was then bound to AuNPs for inductively coupled plasma mass spectrometry (ICP-MS) measurement. (A) Copyright Public Library of
Science (PLoS), 2012. Reproduced with permission from reference [71]; (B) Copyright Wiley, 2015. Reproduced with permission from reference [72]; (C) Copyright

Wiley, 2015. Reproduced with permission from reference [33]; (D) Copyright American Chemical Society, 2012. Reproduced with permission from reference [85];
(E) Copyright American Chemical Society, 2014. Reproduced with permission from reference [87].

] 83]. The thiolated aptamer can be self-assembled to
GOI.d nanoparf:lcles for CTC capture and the AuNP surface through S-AuNP bonds [30]. The
optical detection ease of assembly of AuNPs with multiple aptamers
provides a versatile platform for efficient cell capture.
The tunable optical properties of AuNPs have been
used to detect CTCs because the binding between
gold nanoparticles and CTCs can be measured

Gold nanoparticles (AuNPs) have emerged as a
unique nanoplatform for CTC detection owing to
their advantages of simple synthesis, unique spectral
properties, and multiple surface functionalities [82,
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quantitatively using a surface plasmon resonance shift
or a photoacoustic signal [84]. To improve the
detection sensitivity at low target concentrations, a
signal amplification method was developed by
employing self-assembled AuNPs for electrochemical
diagnosis of breast cancer (Figure 3D) [85].
HER2-overexpressing cells were initially captured by
anti-HER2-conjugated AuNPs, and the number of
cells was determined by the silver metal deposited on
AuNPs through square wave stripping voltammetry.
This method exhibited highly sensitive detection of
SK-BR-3 breast cancer cells from human blood
samples with a detection limit of 26 cells/ml. In a
similar study, Yi et al. provided an electrochemical
method for the sensitive detection of tumor cells [86].
Briefly, cancer cell capture was first accomplished
using aptamer-conjugated-AuNPs. As a detection
probe, silver was deposited onto the AuNPs, allowing
for simple amplification of sensitive electrochemical
detection and achieving cell detection with high
sensitivity (as few as 10 cells). By combining magnetic
immunoassay with AuNP immunoprobes, Zhang et
al. (Figure 3E) designed a novel immunoassay for the
efficient and fast separation of tumor cells [87].
Magnetic nanobead probes were used for the capture
of targeted cells, and AuNPs were used as detection
probes for the sensitive and precise detection of cells
via inductively coupled plasma mass spectrometry
(ICP-MS).

Other nanomaterials for CTC detection

Carbon nanotubes (CNT) have outstanding
electronic properties and have been used in the
electronic detection of tumor cells from whole blood
samples [32]. Liu et al. developed a sensitive
CNT-based biosensor for cancer cell detection by
taking advantage of the good conductivity of
multi-walled CNTs (MWCNTs) [88]. The biosensing
mechanism relies on the binding of anti-EpCAM
antibodies to tumor cells, which results in increased
electron transfer resistance. The authors showed that
the electrical response was linear with the logarithm
of the concentration of tumor cells, with a detection
limit of 5 cells per ml of blood. Upconversion NPs
(UCNPs) exhibit an anti-Stokes shift and show strong
emission under NIR excitation. UCNPs capacitate
ultrasensitive imaging in biological samples due to
the minimization of spontaneous fluorescence from
cells and tissues. Fang et al. developed for the first
time the use of UCNPs as nanoprobes for
fluorescence-based CTC detection in combination
with immunomagnetic enrichment [34]. They used
aptamer-coated NaYF4 (Yb:Er) UCNPs that targeted
cancer cells and demonstrated that the fluorescence
intensity was linearly correlated with the
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concentration of captured cancer cells, with a
detection limit of 10 cancer cells in 10 ml of blood.

Microchip-based biological CTC
detection

Compared with conventional methods requiring
multiple steps to sort, enumerate, and analyze CTCs,
which potentially lead to CTC loss, microchip-based
technologies provide excellent platforms to perform
the isolation, transport, and analysis of rare cells in
one chip [89]. Microfluidic platforms have become the
mainstream of CTC isolation and detection methods
due to their numerous advantages, including low
cost, small sample-volume requirements and the
ability to integrate with other techniques to improve
the efficiency of the device [90]. To improve the
isolation efficiency, enhancing the surface interactions
between the cells and the surface of the channels is
important. However, the laminar flow that causes the
cell to move along a straight line parallel to the fluid
channels is more dominant in microfluidic channels.

Due to the large surface-to-volume ratio,
integrated nanostructures can be linked with ligands
(e.g., nucleic acid aptamers or antibodies) with much
higher densities, facilitating surface-dependent
applications, such as cell capture based on affinity.
For example, most of the efforts to increase the
sensitivity of cell capture have relied on integrating
complicated structures inside the microfluidic
devices, such as silicon nanopillars, sinusoidal
channels, and microposts [42, 91, 92], to enhance
cell-ligand  interactions. In addition, when
nanostructures are integrated into microfluidic
devices, they reduce the rate of cells rolling in the
channels, thereby further enhancing cell affinity. For
example, microfluidic combination systems, such as
chaotic mixers, can greatly improve the capture
efficiency and purity of CTCs [91]. In brief, the
integration of nanostructures into microfluidic
devices can be a strategic method for CTC isolation
due to the synergistic effects of combining
nanotechnology and microfluidic technology. For
example, in 2007, Nagrath et al. developed a
microfluidic cell capture platform called the “CTC
Chip” with sensitivity superior to that of the
FDA-approved CellSearch platform [93]. The CTC
Chip was fabricated with 78,000 antibody
(EpCAM)-functionalized microposts (100 pm tall, 100
pm in diameter and 50 pm gaps between microposts)
to enhance cell-antibody interactions compared to
simple flat microfluidic channels. With optimized
shear force and flow velocity, this device successfully
identified CTCs in 115 of 116 samples from colon,
prostate, lung, breast, and pancreatic cancer patients
with approximately 50% purity.
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Figure 4. Nanostructure-embedded microchips for CTC detection. (A) Enhanced cell capture using multiple aptamer-modified AuNPs for multivalent
interactions. (B) A chaotic mixing chip induces enhanced interactions between anti-EpCAM-modified SiNP substrates and flowing cells. (C) A graphene oxide (GO)
chip for sensitive CTC capture. GO nanosheets are adsorbed onto the gold pattern. PEG-functionalized GO nanosheets modified with anti-EpCAM antibodies for
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permission from reference [91]; (C) Copyright Nature, 2013. Reproduced with permission from reference [31].

Nanostructure-embedded microchips for CTC
detection

Numerous microchip-based CTC detection
technologies have been optimized by incorporating
nanomaterials into microfluidics to facilitate CTC
isolation and characterization [42]. Finely patterned
(deposited or etched into nanowires, nanoparticles, or
nanopillars) Au or silicon, for example, can be
incorporated into a microfluidic chip to increase the
surface contact with extracellular structures. Sheng et
al. (Figure 4A) designed an efficient CTC isolation
platform by depositing AuNPs onto a microfluidic
channel and assembling a number of aptamers [94].
Increased cellular binding (39-fold) was achieved
compared with that obtained using aptamer-coated
flat surfaces, and the capture yield increased from 49
to 92%, indicating great potential for sensitive CTC
isolation. Stott et al. introduced a herringbone chip
(HB-chip), a second generation CTC Chip, using
herringbone microstructures to disrupt the laminar
flow streamlines, thereby improving the cell-antibody
interactions and achieving a higher cell recovery yield
(26.3% improvement under a flow rate of 1 ml/h)

than the CTC Chip[95]. Whereas the HB-chip simply
increased the likelihood of cell-antibody interactions,
Wang et al. (Figure 4B) patterned an HB-chip with
nanostructured silicon substrates to enhance the
interactions between the nanoscale components of the
cellular surface (e.g., microvilli and filopodia) and the
anti-EpCAM-conjugated SiNP array [91]. The
resulting synergistic effects led to a high CTC capture
performance, and the recovery rate of cancer cells in
artificial samples was as high as 95%. However,
although the herringbone-structured devices have
been widely used for CTC isolation, it is still uncertain
whether enhanced flow mixing is necessary to
increase cell surface interactions. Liu’s group
investigated the geometric effects of herringbone
structures on the CTC isolate performance by
applying a computational model incorporated with
adhesion probability [96]. This developed model can
be used to optimize the parameters of microfluidics
for cell capture. For example, they demonstrated that
increased channel width resulted in decreased
capture efficiency and that the number of grooves did
not significantly affect the capture efficiency. To
extend the herringbone-structured devices, Liu’s
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group developed a wavy-herringbone (wavy-HB)-
structured microfluidic device for efficient and
selective isolation and release of CTCs from whole
blood samples [97]. The cells captured on
anti-EpCAM-coated magnetic particles (MPs) were
simply and efficiently trapped in the HB structured
microfluidic device by an external magnetic field and
then released from the device after removal of the
magnetic field. The authors demonstrated that a
higher yield was obtained using the wavy-HB
structured device (92%) than using a groove-HB
patterned device (48%) and a flat device (21%).

The unique optical properties and ease of surface
modification make graphene oxide an attractive
material for CTC binding and detection applications.
For example, Yoon et al. (Figure 4C) developed a
sensitive CTC capture method using
anti-EpCAM-coated graphene oxide (GO) nanosheets
that were prepared on a silicon substrate with
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flower-shaped gold patterns [31]. The recovery rates
reached 73% when samples were spiked with a low
concentration (3-5 cells per ml blood) of breast cancer
cells. Without the GO sheet, the chip only isolated
13.3% of spiked cells. The GO chip was able to isolate
CTCs from metastatic cancer patients and early-stage
cancer patients. Both HER2+ and HER2- cells were
isolated from breast cancer cells, enabling
downstream analysis of the heterogeneity of cancer
cells. By combining the high sensitivity of GO for CTC
detection with the high efficiency of MNPs for CTC
magnetic separation, Yu et al. (Figure 5A) developed a
nickel micropillar device assembled with GO-coated
MNPs for the capture and controllable release of
cancer cells induced by an external magnetic field
[92]. When the magnetic field was removed, 92.9% of
the captured cancer cells were released, 78% of which
were viable. Other nanomaterials, such as halloysite
nanotubes, have also been employed for CTC
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Figure 5. Microchip-based immunomagnetic CTC enrichment. (A) A micropillar device with modified GO-coated Fe304 MNPs (GO-F). Image of a cancer cell captured
on a nickel micropillar (upper). (B) A magnetic sifter device used for CTC capture from whole blood samples. Magnetic tag-labeled CTCs were captured at the pore edges and
unlabeled cells passed through the pores under fluid flow. (C) Microchip design for immunomagnetic detection of Fe3O4 magnetic nanoparticle-labeled cancer cells. (D)
CTC-iChip showing the positive selection mode. Whole blood is premixed with immunomagnetic beads, and magnetically labeled CTCs are preferentially forced into a separate
outlet. (E) A multizone velocity valley device for isolating magnetically labeled CTCs in four different regions of varying linear velocities. Cells with high EpCAM expression were
trapped in zone |, and cells with medium-to-low EpCAM levels were trapped in later zones. (F) The MagRC approach for separating and in-line profiling of heterogeneous CTCs.
The chip contains 100 distinct zones with varied magnetic field strengths. X-shaped structures generate local regions of low velocity and circular nickel micromagnets enhance
the externally applied magnetic field. Cells with high surface marker expression levels are captured in the earliest zones, and those with low surface marker expression are
captured in the later zone of the chip. (A) Copyright Wiley, 2011. Reproduced with permission from reference [92]; (B) Copyright Royal Society of Chemistry, 2013.
Reproduced with permission from reference [99]; (C) Copyright Royal Society of Chemistry, 2011. Reproduced with permission from reference [100]; (D) Copyright The
American Association for the Advancement of Science, 2013. Reproduced with permission from reference [102]; (E) Copyright Wiley, 2015. Reproduced with permission from
reference [103]; (F) Copyright Nature, 2017. Reproduced with permission from reference [104].
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detection. Halloysite nanotubes are typically 500 nm
to 1.2 pm in length and 40-200 nm in diameter, which
are uncharacteristically large dimensions for
nanoparticles. The average rolling velocity of cells
with the nanotube-coated device was demonstrated to
be greatly reduced compared to the control device,
resulting in enhanced call adhesion. The halloysite
nanoparticle coating was also found to increase the
surface area, binding more target molecules and thus
achieving significantly enhanced target cells capture.

Microchip-based immunomagnetic assay

Similar to the conventional MACS system,
microchip-based immunomagnetic assays are also
commonly used devices for CTC isolation due to the
combined benefits of the microfluidic device and
immunomagnetic separation [98]. In microchip-based
immunomagnetic assays, CTCs are either fixed and
captured on the substrate or magnetically driven to
different streamlines and collected at designated
outlets. For example, Earhart et al. (Figure 5B)
recently developed a magnetic sifter for CTC capture
and release with high-throughput [99]. In the
presence of magnets, MNP-labeled cells were trapped
at the edge of the 40 pm pores in a silicon nitride
membrane, while unlabeled cells were removed by
the flow. Release occurred by removing the external
magnet followed by a buffer wash, and an average of
92.7% release efficiency was achieved. In addition to
enumeration, this device was also capable of detecting
gene mutations in lung cancer patients by using
mutation-specific antibodies, which is important for
selection of appropriate therapy approaches. In
another study, researchers (Figure 5C) developed a
high-throughput (optimal flow rate of 10 ml/h)
microchip-based CTC immunomagnetic separation
method [100]. The device was simply fabricated by
laying permanent magnets under the chip, and cancer
cells labeled with anti-EpCAM-coated MNPs were
deposited at the bottom wall of the glass coverslip by
the magnetic field. Due to the risk of CTC loss using
positive selection methods, Chen et al. described a
negative enrichment approach, using a disk-based
microchip for the immunomagnetic negative
separation of rare cells [101]. By utilizing multiple
concentric-circular magnets, they were able to capture
magnetically labeled non-target cells and achieve a
cell capture yield of 60%.

Conventional MACS platforms have had great
success in CTC isolation and cancer diagnosis. Due to
the cell heterogeneity, new technology is required to
obtain controllable hydrodynamic forces and
magnetic fields acting on targeted cells to improve
separation. The CTC-iChip, developed by Ozkumur
et al,, (Figure 5D) is an automatable CTC sorting
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technology that combines the strengths of
microfluidics and the benefits of magnetic-based cell
isolation [102]. CTCs were labeled with
anti-EpCAM-coated MBs, and leukocytes were
labeled with CD45 and the granulocyte marker CD15.
Then, the device utilized a hydrodynamic size-based
sorting method to remove smaller cells, and the
remaining cells (large leukocytes and cancer cells)
were aligned into a single line via inertial focusing.
Finally, labeled cancer cells were separated from
non-labeled cells under a magnetic field. Isolating
CTCs dependent or independent of tumor surface
markers would make it possible to diagnose all types
of cancers. To separate CTCs with different
phenotypes, Mohamadi et al. (Figure 5E) developed a
multiscale immunomagnetic approach to trap CTC
subpopulations in different compartments of a fluidic
chip based on the differential expression of surface
markers [103]. CTCs with a higher level of EpCAM
expression might be labeled with higher density of
MNPs, which require a higher drag force to overcome
the low magnetic force, whereas CTCs labeled with
fewer MNPs would continue moving and be trapped
only when they entered a zone with lower drag force
at a lower flow rate. The sensitivity of this device
made it capable of sorting heterogeneous CTCs and
investigating EMT in patient CTCs. Poudineh et al.
(Figure 5F) reported a magnetic ranking cytometry
(MagRC) approach to separate and in-line profile
heterogeneous CTC phenotypes based on the
longitudinal profile of magnetic field gradients [104].
CTCs with high EpCAM expression were captured in
the earliest zones of the MagRC Chip, while low
EpCAM-expressing cells were captured in the later
zones of the chip. They demonstrated that this system
was able to profile CTCs accurately, with a detection
limit of 10 cells/ml in unprocessed blood, and
monitor changes in CTC levels and phenotypes.

Nanotechnology-based CTC release assay

Although the detection and enumeration of
CTCs provides significant diagnostic information,
CTC-derived downstream molecular characterization
may provide more valuable insights into the
mechanism of cancer metastasis, accurate diagnosis,
and therapeutic choices [105, 106]. To carry out CTC
molecular and functional analyses, technologies must
be able to not only isolate CTCs with high efficiency
and purity but also release CTCs without disrupting
CTC viability or function. Immunomagnetic
technologies for CTC isolation have the advantage of
releasing captured cells simply by removing the
magnetic field. However, a drawback of these
methods is that the MBs attached onto cells cannot be
released, which will affect the cell viability and
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post-release cell cultures. Accordingly, most cell
capture platforms have demonstrated challenging
captured cell release or poor cell viability after release.
Hou et al. (Figure 6A) pioneered a “NanoVelcro” CTC
assay fabricated with chemically etched silicon
nanowire (SINW) substrates, which were covalently
grafted with anti-EpCAM-functionalized thermally
responsive polymer brushes, poly(N-isopropyla-
crylamide) (PIPAAm), for CTC capture and release
[107]. Due to the thermally responsive PIPAAm
switch, the biocompatible polymer can reversibly
bind and release CTCs. At 37 °C, the cells are captured
on hydrophobic domains through biotin-streptavidin
interaction. When the temperature is reduced to 4 °C,
the backbone of the polymers exhibit a
hydrophobic-to-hydrophilic  switch, resulting in
detachment of the captured cells from the substrates.
This platform demonstrated cancer cell capture at 37
°C with high efficiency (>70%) and the subsequent
release of these cells at 4 °C with high efficiency (90%)
and viability (90%). Although the polymer
nanostructure (e.g., PIPAAm) was reported to release
immobilized cells with high viability, more feasible
and economical releasing techniques are desired for
practical release of captured CTCs. To achieve this
goal, Huang et al. reported a self-sacrifiable nanofilm
substrate for CTC capture and release [108]. The
platform was simply fabricated via in situ
self-assembly of MnO, hollow nanoparticles onto a
glass substrate to form a monolayer thin film. The
MnO; thin film was able to be dissolved by low
concentrations of oxalic acid, offering the feasibility of
releasing the captured cells. The high transparency of
the thin film also made it convenient for direct
observation and tracking of the captured cells and the
subsequent release. Although the self-sacrifiable
platform has the advantages of simple fabrication,
convenience, and cost-efficiency, it is limited by low
cell purity, similar to most static cell capture devices,
and low viability (50%) of released cells due to the
cytotoxicity of the oxalic acid solution. To achieve
high specificity, purity, and especially high viability
of the released cells, Huang et al. later used
biodegradable gelatin nanomaterial-coated silica
beads for facile CTC capture and release [109]. Gelatin
is a natural protein extract from animal collagen, with
excellent biocompatible properties and
biodegradability. The gelatin coating can be degraded
by matrix metalloproteinase-9 (MMP-9), which is a
type of protease expressed in tumor tissues, making
the noninvasive (with a cell viability of more than
90%) release of CTCs more feasible compared with
some enzyme-induced cell release strategies.
Considering the heterogeneity of EpCAM expression
in cancer cells and the difficulty in releasing captured
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cells from antigen-antibody affinity-based binding,
Shen et al. (Figure 6B) developed a next-generation
aptamer-coated NanoVelcro chip for efficient CTC
capture and release [110]. A surface-grafted aptamer
on a SiINW substrate can be specifically cleaved via
enzymatic treatment, resulting in specific CTC release
and negligible viability (~80%) disruption and
allowing the desired molecular and functional
analyses of CTCs. In another enzyme-induced CTC
release assay, three different types of hybrid
nanoparticles (HNPs) consisting of different QDs
(Qdot (525), Qdot (565) or Qdot (625)), antibodies
(EpCAM, EGFR or HER2) and double-stranded DNA
(dsDNA) were utilized for the specific isolation and
release of different breast cancer cell subtypes [111].
Qdots that emit different fluorescent signals reflect
the different expression of cell surface proteins. The
antibodies were used for targeting different types of
cancer cells, and the capture yields of MCF-7, SK-BR-3
and MDA-MB-231 were 81.3%, 91.2% and 90.0%,
respectively. The dsDNA allowed the capture and
release of cells after restriction enzyme treatment, and
the average release efficiency of the captured cancer
cells was 86.1%. This strategy has the potential to
detect multiple types of CTCs and selectively recover
the desired cells, which would greatly increase the
application of CTCs in mechanistic studies and
clinical management.

These CTC release assays have been developed
for the noninvasive recovery of isolated CTCs to
conduct CTC culture and characterization.
Degradable coatings, mainly polymer coatings, have
been widely used for CTC capture and release, which
is due to their ease of degradation by external
operations, such as enzymatic degradation, UV
exposure or replacement temperatures. However,
these methods are limited by the impact of the release
process on cell viability. In addition, these CTC
release methods are also hindered by their low purity
because the majority of the captured cells that they
can release are contaminated by normal blood cells.
Nucleic acid aptamers offer several advantages over
antibodies in CTC isolation, such as low cost, ease of
synthesis, high chemical stability, highly specific
molecular recognition and ease of digestion by
exonucleases. However, the disadvantages of the
aptamer-based CTC isolation methods cannot be
overlooked, such as their susceptibility to nuclease
degradation when processing blood samples. The
greatest drawback of the aptamers might be their
specificity for CTCs because the aptamers are usually
selected from a large random sequence pool based on
cancer cell lines that may differ significantly from
CTCs. Microchip-based hydrodynamic separation
and in situ culture of CTCs might provide alternative
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strategies for CTC capture and analysis that do not
require an additional release process. However, most
CTC release platforms have a certain influence on
CTC viability. The development of a novel platform
that increases CTC capture efficiency and sensitivity
and enables downstream CTC analysis would
significantly enhance the application of CTCs in
cancer prognostics and diagnostics.

Single-cell isolation and analysis

Most cell capture methods isolate and analyze
the bulk of CTCs, neglecting the intercellular
heterogeneity between individual CTCs, such as cell
heterogeneity in protein and gene expression levels
and the response to environmental and
chemotherapeutic stimuli [112]. Molecular and gene
analysis methods have the advantage of being more
sensitive than immunocytochemistry but the
disadvantage of low specificity induced by even
minor contamination [113]. To avoid the probability
of obtaining false positive results due to illegitimate
gene amplification in non-tumor cells, a high quality
nucleic acid template is required. Currently,
single-cell analysis has greatly improved in CTC
analysis and has become a significant tool for
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revealing the biological functions of individual cells
[114]. The measurement of molecular signatures
within a single cell facilitates the full understanding of
the cellular heterogeneity under complex tissue
microenvironments.  Single-cell analyses have
demonstrated that individual cells show marked
diversity and heterogeneity, even those within
homogeneous tissues [115]. There are several factors
that may affect the accuracy of single-cell analyses.
The most important factor might be the choice of the
CTC isolation platform, which requires the ability to
isolate the “real” CTCs before molecular profiling.
Single-cell technologies developed for the precise
analysis of cancer heterogeneity and subpopulations
would allow drug sensitivity testing and better
personalized treatment decisions for cancer patients
[115]. For example, it has been reported that HER2
overexpression in CTCs from breast cancer patients is
a significant determinant of therapy [116].
Furthermore, technological improvements resulting
in purer single-CTC isolates would facilitate the early
detection of disease and the discovery of biomarkers
to monitor disease progress during anticancer
therapy.
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Figure 6. Strategies for CTC release and single-cell analysis. (A) NanoVelcro CTC release assay based on thermal responsive polymer brushes (PIPAAm), which are
covalently modified onto a silicon nanowire substrate (SINWS). (B) Aptamer-coated NanoVelcro Chip for capturing and releasing non-small cell lung cancer (NSCLC) CTCs
from blood samples. Exonuclease digestion of DNA aptamers to release CTCs from the aptamer-functionalized SINWS. (C) Laser microdissection (LMD) technique for single
circulating melanoma cell (CMC) isolation. Sanger sequencing of the individually isolated cells. One CMC showed the BRAFV600E mutation and the negative control showed no
BRAFV60E mutation. (D) Layer-by-layer gelatin nanocoating for bulk CTC release by raising the temperature to 37 °C or single-cell release of CTCs with a microtip to dissolve
localized regions of the nanocoating. (A) Copyright Wiley, 2012. Reproduced with permission from reference [107]; (B) Copyright Wiley, 2013. Reproduced with permission
from reference [110]; (C) Copyright Wiley, 2013. Reproduced with permission from reference [120]; (D) Copyright Wiley, 2015. Reproduced with permission from reference

[122].
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Table 1. Summary of nanotechnologies for CTC detection.

Nanomaterial Description Affinity ligand | Efficiency | Purity % | Viability % | Cancer type Ref

/Device % Metastatic (M)

Magnetic Ease of surface modification, controllable size, EpCAM >94 - 90.5 Colon/liver [159]

nanoparticles superparamagnetism and response to a magnetic field, /lung/breast

(MNPs) high stability of surface chemistry, biocompatibility. — >75 — — — [160]

EpCAM/EGFR |90 - - - [161]
JHER2

Gold nanoparticles | Simple synthesis, ease of surface modification, unique | HER2 - - - Breast [85]

(AuNPs) spectral properties, thiolated aptamers can be modified [ -1, /CD3 _ _ _ _ 187]
on AuNP surfaces through Au-S bonds.

Quantun dots Inherent fluorescence, controllable size, long EpCAM 86 - 70 - [81]

(QDs) fluorescence lifetime, tunable emission wavelengths. EpCAM 70-80 1823 _ _ 3]

Graphene oxides High surface area-to-volume ratio, ease of surface EpCAM 73 - - Breast/lung [31]

(GO) modification, controllable size of its sheets, unique /pancreatic
optical properties, biocompatibility. ~40 — 78 — [92]

Carbon nanotubes | High surface area-to-volume ratio, good conductivity. |EpCAM - - - Liver [88]

Nanoroughened The preference of cancer cells adhere to nanorough - 80 14-84 - - [29]

surfaces surfaces compared with normal blood cells. — 90 — — — 28]

Si Nanopillars, Similar size to nanoscale components of the cell surface | EpCAM >40 - 84-91 - [66]

(SINP) (e.g., filopodia and microvilli), allowing for increased [ pCAM >70 — 90 — [107]
local topographic interactions.

Aptamer >80 >95 78-83 NSCCL [110]

Nanofibers Ultralong nanofibers with controllable diameters that | EpCAM 40-70 - - Colorectal [67]
have similar dimensions with extracellular matrix / gastric
(ECM) scaffolds and cell surface components. CD146 87 — — Melanoma [120]

Herringbone- A microfluidic mixing device with patterned EpCAM 91.8 14 95 M-prostate [95]

Chip . herr.ingbones on theiF upper surface to disrupt the ' - - - M-pancreatic [139]

(HBCTC-Chip/HB | laminar flow streamlines that cells travel. The chaotic

-chip) microvortices increase the interactions between - - - Prostate [141]
antibody-modified chip surfaces and target CTCs. EpCAM/EGFR | 80-90 - - Breast [150]

/HER2 75-95.9 78-90 85-90 Breast/Lung | [122]
80 53 90 M-lung [162]
- - - Breast/prostate | [3]

CSPG4/MCAM | >90 0.3 - M-melanoma [127]

MagSweeper An immunomagnetic separation technology EpCAM >80 100 - M-breast [163]
funct.ionalized with a magne.:tic rod covered with a ~85 — — M-prostate [164]
plastic sheath. Blood cells will be washed away by the
movement of the magnetic rod and magnetic particles - - 50 Breast (71]
attached cells will be captured by a magnetic force
produced by the magnetic rod.

MagSifter A magpnetic sifter device functionalized with a section | EpCAM >91.4 - - Lung [99]
of a patterned pore array. Magnetically labeled target EpCAM _ _ _ Lung [14]
cells are captured at the pore edges and unlabeled cells
pass through the pores.

Microchip- A microchip-based immunomagnetic separation that EpCAM 86 - - - [100]

Pased . co.mbine:'s an imrgunomagnetic assay with a EpCAM 66 — — Breast/ prostate | [165]

immunomagnetic | microfluidic device. /lung

CTC-iChip A microchip-based immunomagnetic device performed | EpCAM 96.7 >0.1 - Prostate/breast | [102]
by positioning cells in a near-single file line and /pancreas
targeted cell can be precisely deflected using a minimal /colorectal /lun
magnetic force. g

Magnetic ranking | A microchip-based immunomagnetic separation with | EpCAM 90 - - Prostate [104]

cytometry
(MagRC)

X-shaped structures within the microfluidic channel
that generates regions with slow flow and can be
accurate for the in-line profiles of CTCs at the single-cell
level.

Considering that individual cells isolated and
captured in the chambers of a microchip can be easily
lysed for subsequent molecular analysis [117, 118],
microfluidic technology is thought to hold great
promise for single-cell analysis of CTCs and detecting
and
purity[119]. Park et al. utilized the MagSifter system

viable CTCs

with satisfactory efficiency

for the high-throughput magnetic separation of CTCs
from lung cancer patients and established a single-cell
nanowell array for the molecular profiling of single
CTCs [14]. They performed modular multigene
panels, such as MET, telomerase reverse transcriptase
(TERT), EGFR mutation, and EGFR wild-type, for the
multigene profiling of

individual

CTCs

from
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advanced-staged lung cancer patients to monitor
therapy prediction and treatment. They detected
positive samples (27 CTCs in 2 ml of blood) in 31 of 35
(88.6%) patients to identify CTCs using single-CTC
MET and TERT expression profiling. Their
nanoplatform demonstrated higher sensitivity for
CTC identification than the CellSearch system, which
only detected 53% of patients with advanced-staged
lung cancer. They also performed EGFR mutation
detection in single CTCs from patients who had a
confirmed EGFR mutation status and observed
heterogeneous levels of EGFR expression among
CTCs. The MagSweeper system was also
demonstrated to be capable of targeting metastasizing
cells, thus offering a potential avenue to improve
cancer therapy [71]. They measured high-purity gene
expression in a single CTC without leukocyte
contamination. The commonly expressed metastasis
associated genes (e.g., S1I00A9, S100A4 and NPTN)
and EMT genes (e.g., VIM, TGF1, ZEB2, FOXC1 and
CXCR4) of CTCs showed higher expression than
tumor cell lines. Single-CTC profiling displayed a
wide spectrum of gene differentiation that would be
obscured when analyzing bulk CTCs. Therefore, they
expected that single-cell transcriptional profiling of
CTCs might facilitate the potential of ‘liquid biopsy’
for drug discovery. Other approaches such as laser
microdissection and micropipette aspiration have also
been demonstrated to be successful for single-CTC
recovery. Hou et al. (Figure 6C) reported the next
generation of NanoVelcro chips, which were prepared
by depositing electrospun poly(lactic-co-glycolic acid)
(PLGA) nanofibers onto a laser microdissection slide,
thus allowing CTC analysis at single-cell resolution
[120]. The targeted cells were first captured on
anti-CD146-coated PLGA nanofibers, and a small
piece of nanofiber was then cut using a 355-nm laser
to collect single cells for subsequent molecular
analysis. The genomic DNA (gDNA) extracted from
individual CTCs was amplified using a commercial
whole genome amplification kit to increase the
amount of DNA, and the amplified gDNA was then
subjected to Sanger sequencing to detect specific point
mutations in melanoma patients (e.g., BRAFV600E
mutation). Similarly, Zhao et al. reported a
PLGA-modified NanoVelcro chip compatible with the
same laser microdissection (LMD) technology for
single-CTC isolation from prostate cancer patients
[121]. The individually isolated CTCs from prostate
cancer enabled whole exome sequencing (Exome-Seq)
of pure CTCs, which may verify the role of CTCs as a
tumor liquid biopsy and improve personalized
medicine. The above LMD-induced cell release
methods employed UV light that may cause cell DNA
and RNA degradation. To release individual CTCs
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with high viability, Reategui et al. (Figure 6D)
demonstrated a dual-mode release mechanism that
enabled the release of viable bulk or individual CTCs,
making it successful for single-cell genotyping
analysis (e.g., PIK3CA and epidermal growth factor
receptor (EGFR) mutations) [122]. The device was
fabricated via a layer-by-layer gelatin-coated
nanostructure formation for effective CTC isolation
(93% efficiency) and viable release (88% viability),
which was achieved by temperature-responsive or
mechano-sensitive release mechanisms. To confirm
the clinical utility of the dual-mode nanoplatform,
they performed single-CTC isolation and genotyping
from two lung and three breast cancer patients who
were confirmed to have EGFR and PIK3CA
oncogenes, respectively. They demonstrated that all
lung cancer patients were positive for the hotspot
mutations of 2573T/G in the EGFR oncogene, and all
individual CTCs captured from breast cancer patients
were identified with 3140A/G mutations in the
PIK3CA oncogene.

Potential clinical application of CTCs

CTCs may play a key role in cancer metastasis
and be responsible for the lethality of most cancers. As
a real-time liquid biopsy, CTCs potentially hold
clinical utility in their ability to aid in treatment
decisions [123-125]. Given that blood samples can be
obtained conveniently, this liquid biopsy will be
beneficial for monitoring drug resistance and clinical
response. However, a CTC-based point-of-care test
remains difficult to achieve due to the inadequate
selectivity and sensitivity for CTC isolation.
Nanotechnologies are able to solve the problems of
inadequate efficiency and purity of CTCs owing to the
unique physical and chemical properties of
nanomaterials, enabling the further understanding
and processing of CTCs, including enumeration and
molecular profiling. The number of CTCs reflects
tumor aggressiveness and the ultimate cancer patient
outcome, as the detection of five or more CTCs in 7.5
ml blood samples is associated with adverse clinical
outcomes [126]. Uncovering CTC phenotypes
provides the potential for understanding the biology
of metastasis and drug resistance [127, 128]. Improved
diagnostic accuracy is important for optimal clinical
decision making in order to match the patient with an
appropriate treatment.

CTC analysis includes enumeration,
identification, and characterization. Presently, the
widely accepted identification and enumeration of
CTCs based on immunofluorescence staining, using
fluorescent antibodies to target biological markers,
involves the expression of epithelial markers such as
cytokeratins and EpCAM without the presence of the
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leukocyte marker CD45 [129]. In addition, CTCs can
also be identified and enumerated based on the
expression of mesenchymal markers (e.g., vimentin)
[130], stem cell markers (e.g., CD133) [131], or a shift
in the expression of epithelial markers (e.g.,
E-cadherin) to mesenchymal markers (e.g.,
N-cadherin)[132]. Various enumeration and detection
methods have been used to analyze cancer patient
samples and evaluate the clinical significance of
CTCs, such as the prognosis of cancer patients and
treatment response monitoring [133]. For example,
Nagrath and co-workers assessed the clinical value of
CTC enumeration for real-time monitoring of
responses to therapy [93]. They demonstrated that
CTC quantity correlates reasonably well with clinical
response after a small cohort of clinical samples were
analyzed, including patients with pancreatic,
colorectal, esophageal, and non-small cell lung cancer.
Liu et al. carried out a study with 74 breast cancer
patients confirming the value of CTC counts as an aid
to standard methods for monitoring disease
progression [134]. Serial CTC levels were obtained in
metastatic breast cancer patients undergoing
endocrine or chemotherapy therapy, and >5 CTCs per
75 ml of blood was found to predict poorer
progression-free survival. However, CTIC
enumeration alone may not provide more detailed
information for monitoring disease development and
discovering new biomarkers for CTC detection.
Moreover, CTC enumeration as a test of disease status
is completely based on sensitive CTC detection,
making it unable to monitor disease processes.
Downstream genetic analyses of CTCs have long
been explored to provide deeper insights into CTCs
[135, 136]. Technologies such as fluorescent in situ
hybridization (FISH) [137], comparative genomic
hybridization (CGH) [138], DNA whole genome
amplification (WGA) for gene sequencing [120], and
DNA transcriptional analysis (e.g., quantitative
real-time polymerase chain reaction, qRT-PCR) have
been employed in research to analyze the molecular
properties of CTCs [139]. FISH is a fluorescence-based
technology demonstrated as an effective method for
CTC genotyping by detecting specific DNA sequences
on chromosomes. FISH has been employed to
characterize the invasive potential of CTCs by
evaluating the overexpression of tumor markers on
enriched cells, such as human epidermal growth
factor receptor 2 (HER2), androgen receptor (AR) and
EGEFR [140, 141]. Among these biomarkers, HER?2 is
widely used as a clinical molecular therapeutic target
for 30% of gastric and breast cancer patients [142, 143].
The status of HER2 in CTCs is beneficial for the
determination of an appropriate treatment for cancer
patients. For example, Meng et al. evaluated the HER2
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gene expression of CTCs isolated from 24 breast
cancer patients, and showed that the primary tumor
was HER2-negative and 9 patients had HER2 gene
amplification in their CTCs [144]. They also
demonstrated that CTCs could represent a stable
real-time liquid biopsy to detect genetic changes as
cancer progresses and could reflect the status of the
recurrent tumors. An alternative method frequently
used in analyzing oncogene mutations in CTCs is
CGH, which is utilized to assess copy number
variations. Furthermore, the combination of
single-cell isolation techniques with WGA methods
has allowed the analysis of multiple mutations in
individual cells. These methods identify copy number
changes (e.g., losses and gains) in the genome of a
single CTC at high resolution, and these high-level

amplifications might become valuable future
candidates for treatment. Similarly, PCR-based
methods can be applied to qualitatively and

quantitatively determine the expression level of
specific target sequences and amplify tumor-specific
deformities present in the mRNA or DNA. AmpliGrid
(Beckman Coulter Genomics) is a PCR-based chip for
individual cell deposition and PCR analysis [145],
which allows the genetic determination of cell
heterogeneity, microRNA levels, genetic fingerprint,
or epigenetic features. The capability of RNA to reveal
the origin/mutations of tissues that are associated
with tumor development makes it an important
resource in CTC survey [146]. Thus, RNA separation
and analysis are areas of interest that can be improved
by the application of nanotechnologies. For example,
a microvortex-generating herringbone chip was
developed to detect CTCs from prostate cancer
patients and investigate the molecular
characterization of CTCs [147]. The enriched cells
were lysed on-chip to isolate a sufficient quantity of
RNA for genetic analysis. Ivanov et al. developed a
multiplexed sensor chip to analyze and classify
prostate cancer cells [148]. A nanostructured coating
of palladium was deposited on the surface of the
electrodes to increase the performance of the probes.
Following extraction of RNA from isolated CTCs, it
was able to identify the cells that originated from
prostate cancer using electrodes coated with peptide
nucleic acid probes against the TMPRSS/ERG Type
III gene fusion or prostate-specific antigen (PSA) gene.

The analysis of CTCs from molecular and genetic
perspectives provides more accurate and detailed
descriptions regarding cancer metastasis compared
with CTC enumeration. CTCs may develop mutations
during the cancer metastasis process and drug
treatment. Cancer cells undergoing EMT are
considered more malignant and drug resistant [149].
Researchers have worked on the characterization of
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these EMT-induced EpCAM-negative CTCs for
further investigation of cancer metastasis and
therapeutic resistance. To investigate the role of EMT
in cancer patients, Yu et al. used an HB-chip to
capture CTCs and analyzed EMT in CTCs from breast
cancer patients [150]. They established an RNA-in situ
hybridization assay (RNA-ISH) to examine the
dynamic changes in epithelial and mesenchymal
composition. They found that mesenchymal CTCs
occurred as both clusters and single cells, and
transforming growth factor (TGF)-B activation and
aberrant expression of Forkhead box protein Cl
(FOXC1) may contribute to EMT.

Enumeration and molecular analyses of CTCs
pave the way for improved understanding of cancer
metastasis and to provide potential treatments for
cancer. To achieve more accurate information,
nanotechnologies involved in CTC capture and
detection must be optimized. An ideal CTC capture
platform should be able to isolate rare and
heterogeneous CTCs to prevent potential false
negative signals, which is a technical challenge.
Nanomaterials and microchip-based technologies
have the potential to accelerate the bio-analysis of
CTCs.

Conclusions and perspectives

In this review, we categorize and discuss types
of nanotechniques used to isolate and analyze CTCs
as well as their clinical applications. To date,
technologies for CTC isolation suffer from one or
more limitations, such as low sensitivity, low purity,
low throughput, inability to release fixed cells, and
dependence on expensive instruments for enrichment
or subsequent characterization. Because of their high
area-to-volume ratio and similar scales to cellular
pseudopodia,  nanomaterials  (e.g,  magnetic
nanoparticles, nanowires, nanopillars, carbon
nanotubes and GO) have been applied to solve the
challenges of the low capture efficiency and
insufficient purity of CTCs. Nanomaterials are ideal
platforms for multiplexed targeting because they can
be modified with different targeting ligands to
capture and analyze CTC subpopulations.
Nanomaterials can also be embedded into
microfluidic devices to facilitate CTC isolation. Due to
the advantages of parameter manipulation and
accurate flow control and the benefit of synergistic
effects when nanomaterials are incorporated,
microfluidics are versatile devices for achieving high
specificity, yield and purity in CTC isolation.

CTC isolation technologies are primarily based
on the characteristics of CTCs that distinguish them
from the surrounding normal blood cells, including
physical and biological properties. Physical CTC
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isolation platforms are generally simpler to produce
but typically exhibit low CTC purity. Biological CTC
isolation platforms are capable of higher CTC
selection purity, making these strategies suitable for
molecular analyses, such as FISH, CGH, WGA and
mRNA expression profiling. However, biological CTC
assays are also limited by requiring robust capture
agent immobilization chemistries and release
strategies. In addition, the present assays based on
epithelial antigens (e.g., cytokeratins or EpCAM) may
miss the most invasive CTC subpopulations, such as
CTCs that lose epithelial antigen expression when
cancer cells undergo EMT. In fact, because EMT is a
necessary part of metastasis, the subpopulation of
CTCs that have decreased expression of epithelial
markers are actually the most important prognostic
factors for disease. Thus, there is an urgent need to
develop a better strategy for isolating and identifying
EMT-like subsets of tumor cells.

The detection and characterization of CTCs will
provide new insights into the mechanism of cancer
metastasis and into the clinical management of
cancers. However, because of the low quantity of
CTCs detected by the currently available methods,
their value as a “liquid biopsy” is limited, particularly
in early-stage cancer patients. Specificity and
sensitivity remain the key issues that future
technologies need to address. For CTC enumeration,
the key parameter is yield, which must be as high as
possible to accurately define the concentration of
these cells in the blood of patients. Invasion may
occur early in tumor development, thereby raising the
issue of the application of highly specific and sensitive
methods for the detection of CTCs in cancer patients.
For the molecular characterization of CTCs, such as
using genome sequencing and gene expression
analysis, yield is not the only metric of significance.
Instead, sample purity is extremely important due to
the need for a high-purity template with minimal
contamination. Molecular profiling of CTCs using
clinically relevant genetic markers (e.g., HER2, KRAS,
and EGFR) will require technologies that can generate
high-purity CTC isolates [142, 151-153], whereas
single-cell assays can relax the need for high purity to
accommodate follow-up molecular assays to adapt
treatment regimens.

Studies regarding the predictive and prognostic
value of CTCs are still under active investigation.
Thus far, the CellSearch system is the only
FDA-approved cell capture platform, and it only
detects a few types of cancer. More technologies
should be translated for clinical use to achieve clinical
validity and utility. In addition to high efficiency,
high throughput and high purity, improvements in
cell integrity and post-isolation cell cultures are also
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urgently needed for future devices focused on CTC
isolation. In addition, a cascaded isolation system may
allow for cancer research and drug screening. CTCs
could originate from the primary tumor or from any
metastatic sites, which might result in heterogeneity
of cells. To determine the relationships between the
heterogeneous populations of CTCs, a tumor-specific
CTC platform is an urgent need in place of one
technology for CTC detection in all types of cancer. In
addition, due to the intrinsic heterogeneity of tumors
and the cells undergoing EMT, the use of a single
capture agent assay cannot provide sufficient clinical
sensitivity. Aptamers, for example, could offer the
best specificity for a variety of target CTCs and can be
further explored as effective new markers for
exploring the invasive potential of CTCs and guiding
anticancer treatments. The integration of CTC
analyses with emerging diagnostics that rely on
circulating cell-free nucleic acids (microRNA, mRNA
and DNA) and exosomes will also be explored to
provide complementary information for cancer
screening and prognosis and the monitoring of
anticancer therapy efficacy [154-158].
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