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Analysis of circulating tumor cells (CTCs) can provide significant clinical information for tumors, which
has proven to be helpful for cancer diagnosis, prognosis monitoring, treatment efficacy, and
personalized therapy. However, CTCs are an extremely rare cell population, which challenges the
isolation of CTCs from patient blood. Over the last few decades, many strategies for CTC detection have
been developed based on the physical and biological properties of CTCs. Among them, nanostructured
interfaces have been widely applied as CTC detection platforms to overcome the current limitations
associated with CTC capture. Furthermore, aptamers have attracted significant attention in the detection
of CTCs due to their advantages, including good affinity, low cost, easy modification, excellent stability,
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and low immunogenicity. In addition, effective and nondestructive release of CTCs can be achieved by
aptamer-mediated methods that are used under mild conditions. Herein, we review some progress in
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1. Introduction

Circulating tumor cells (CTCs) are a rare population of cancer
cells that are shed from solid tumors and disseminate into
circulating blood." When CTCs travel through the circulation,
they are able to remain as single cells or cluster together, and
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the detection and release of CTCs through aptamer-functionalized nanostructured interfaces.

even lodge themselves into distant tissues to form new tumor
sites, thereby causing tumor metastasis.” Metastases, the
spread of cells from primary tumor sites to distant organs,
and relentless growth are the most fearsome aspects of cancer,
and they are the main reasons involved in the death of cancer
patients.® Traditional tumor diagnosis principally depends on
the biopsy of tumor tissue; however, there are some inherent
limitations, including patients who are not suitable for operation,
inconvenient location of the tumor, clinical risk of tissue biopsy,
and tumor heterogeneity.” In the clinic, CTCs have been consi-
dered useful as a biomarker for early cancer diagnosis,”” thereby
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predicting overall survival,®® drug susceptibility,'"® and prognosis
monitoring.""* In addition, the detection of CTCs will also further
enhance diagnostic accuracy and improve the survival rate of
patients.” In previous studies, it has been shown that the presence
of 5 or more CTCs in 7.5 mL of patient blood may indicate a
shorter progression-free period and overall survival.>'* Therefore,
detection and characterization of CTCs are of great importance to
provide critical information for cancer diagnosis, progression, and
metastasis.

However, due to the scarcity and heterogeneity of CTCs, the
analysis of them is not widely used in tumor management."’
It should be noted that in the bloodstream of patients, the
concentration of CTCs is extremely low and they are mixed with
large amounts of red blood cells, white blood cells, blood
platelets, etc.’® One milliliter of whole blood may contain only
several CTCs, while the same amount of blood has 10°-10*° red
blood cells and 10°-107 white blood cells."”” This makes it
extremely difficult to examine and capture CTCs with high
efficiency and purity. Furthermore, another significant technical
problem is the heterogeneity of tumor cells."® The histologically
genetic differentiation of different tumor types leads to diverse
protein expression on the cell surface, causing the heterogeneity of
tumor cells.” Simultaneously, the same type of tumor in different
patients may lead to different levels of protein expression on the
surface of the cancer cell. Furthermore, during the metastatic
process, several CTCs may undergo the process of epithelial-
mesenchymal transformation, which will lead to the loss some
of the epithelial characteristics and the increase of some features
of a mesenchymal phenotype.”>®" Due to the heterogeneity of
tumor cells, the capture and detection of CTCs may be highly
dependent on the targeting molecule used in the method, which
may also be a challenge for the technology that is applied in
the clinic.

To overcome the above problems, over recent decades, various
methods have been proposed to enrich and detect CTCs
from whole blood.*>® These strategies have been developed
prevailingly based on the differences between CTCs and hemato-
logic cells, including physical properties (size, density, electric
charges, and deformability) and biological properties (cell surface
protein expression and viability).>>” Immunocapture based on
the interaction between cancer cell surface proteins and antibody
functional materials is a prevalent technique for the enrichment
of CTCs. Currently, the CellSearch system is the only system
validated by the US Food and Drug Administration for the
detection of CTCs in patients in the clinic, which mainly utilizes
anti-EpCAM antibody-functionalized magnetic particles to detect
CTCs in blood of patients with metastatic breast, prostate,
colorectal, pancreatic, gastrointestinal, and lung cancers.**™°
Importantly, with the development of nanotechnology, nano-
structured materials have been successfully introduced into
CTC-detecting platforms, which was inspired through the sur-
face nanostructures of cancer cells.>**> The nanostructure of
materials can greatly enhance the interaction between cells and
substrates for CTC detection, and increase the capture sensi-
tivity and efficiency, such as nanopillars/nanowires,*' ™
nanofibers,***> nanoparticles,*®**” nanotubes,***° graphene
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oxide (GO),*® fractal nanostructures,*" and nanorough-featured
surfaces.”> Moreover, in addition to antibodies, several other
bioactive molecules including aptamers,**** polypeptides,*>*®
E-selectin,*”*° phenylboronic acid,*® folic acid,>* hyaluronic
acid,”> and tannic acid®® have been used to improve the
efficiency of CTC detection.

Aptamers are synthetic oligonucleotide ligands with high
affinity and specificity for targets comparable to that of an
antibody/antigen interaction.>® They can be screened out
through the SELEX (systematic evolution of ligands by expo-
nential enrichment) technique.’>*® Aptamers recognize
specifically a variety of targets, including proteins,>>° small
molecules,®°® tissues,®” and cells.®®*7° Over the past few decades,
many aptamers against biomarkers on cancer cells have been
developed, including PSMA,”* HER2,””> CEA,*® MUC1,”* and
EpCAM.”*7> When compared to antibodies, an aptamer can
easily be synthesized in large quantities and modified with
different chemical groups.”® An aptamer is small in size, and
allows for more accurate quantification of cell membrane
markers, and enhances the distinguishing capacity in identifying
distinct subpopulations.”” In addition, captured cells can be gently
released using nucleases or a complementary strand of aptamers,
whereas the release of antibody-based captured CTCs requires a
harsh proteolytic digestion, which can damage the extracellular
domains of membrane antigens and subsequently disturb the
biochemistry of the cell.*>”® In a microfluidic chip-based system,
aptamers have more advantages over antibodies; for example,
it is easier to label them and they are more stable for longer
periods under various conditions (pH, urea, organic solvents,
and detergents).>* Herein, we summarize the methods by which
aptamers are integrated with nanoparticles, nanosubstrates,
and microfluidics for the isolation and detection of CTCs.

2. Aptamer-functionalized
nanoparticles for CTC detection
2.1. Single-functional system

Nanoparticles have many advantages, including a small size,
easily modifiable with different ligands, and high surface-to-
volume ratio, which make them widely used in the detection of
CTCs. In addition, the contact between nanoparticles and CTCs
can greatly improve enrichment efficiency and detection sensi-
tivity. Aptamer-functionalized nanoparticles, such as magnetic
particles (MPs),** Si0,,”” and gold nanoparticles (AuNPs),””°
have been proven to be of great advantage in CTC enrichment.
To achieve ultrahigh sensitivity and specificity for the capture
of CTCs, and to facilitate downstream cellular and molecular
analysis, a device called “NanoOctopus” was developed as
shown in Fig. 1.** The NanoOctopus device was designed to
imitate the structure of an octopus, and MPs mimicked the
octopus head, whereas DNA sequences were anchored on the
surface of MPs to mimic the tentacles. Each DNA sequence
contained >500 repeating “suckers” of DNA aptamer sequences
that could specifically be combined with biomarker proteins on
the surface of target cells. The sensitivity and specificity were
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Fig. 1 The workflow of the NanoOctopus device. Aptamer-functionalized magnetic microparticles simulated the octopus head, and DNA sequences
imitated the tentacles. Reprinted with permission from ref. 43. Copyright 2019, American Chemical Society.

enhanced through multivalent binding of the DNA aptamer
to cell receptors without causing steric hindrance. Moreover,
captured cells could be released by DNase I, which would allow
for downstream cellular and molecular analysis. In a previous
study, Wang et al. presented a virus-mimicking capture platform,
which used magnetic DNA nanoclaws (MDNCs) with an octopus
arm morphology to capture multiple epitopes for the enhanced
capture of cancer cells."* The octopus arm morphology of
MDNCs was generated by rolling circle amplification (RCA)
and hybridized with a specific part of the tandem DNA strand
of the RCA product. The structure of the DNA nanoclaws with
high rigidity and flexibility could load multiple antibodies (Abs)
and thereby greatly improve capture efficiency and specificity of
CTCs. The capture efficiency and purity were around 95 and
85%, respectively. When antibody cocktails containing anti-
EpCAM, anti-HER-2, and anti-EGFR Abs were equally conjugated
on MDNCs, the capture yield of SK-BR-3 and MDA-MB-231 cells
increased from 82.24 + 2.13 to 87.74 + 1.77%, and from 34.35 +
1.70 to 82.3 £+ 7.10%, respectively. These results strongly sug-
gested that the synergy generated from the combined use of
multiple Abs was conducive to boost the capture efficacy and
specificity, thereby greatly enhancing the capture performance of
triple-negative breast cancer cells. These studies showed that a
DNA aptamer combined with nanoparticles could isolate the
target cancer cells with high specificity and efficiency, which will
open the door for the exploration of different aptamers when
detecting CTCs with various types of nanoparticles.

3410 | J Mater. Chem. B, 2020, 8, 3408-3422

2.2. Multifunctional system

In addition to their efficient enrichment, the identification of
CTCs is also very important. Human whole blood is a complex
fluid consisting of red blood cells (RBCs), white blood cells
(WBCs), platelets, and other components, and especially WBCs
disturb CTC identification. Some WBCs are unavoidably doped
in the captured CTCs, making it essential to further identify the
obtained cells for CTC detection and analysis.**"®* In general,
the captured cells are identified by immunocytochemistry,
which requires the processes of cell fixation and permeabiliza-
tion that can damage cell viability and cellular functions, which
may also lead to CTC loss.?®** Therefore, a rapid and simple
method for efficient capture and accurate discrimination of
CTCs is highly warranted.

Two types of nanoparticles with modified aptamers were
designed, with one as the capture agent to isolate CTCs, and
the other as the label probe for their detection. The two-
nanoparticle method was reported to rapidly isolate and detect
leukemia cells using aptamers as affinity molecules.®>%°
Aptamer-functionalized magnetic nanoparticles (MNPs) were
used as the capture agent, whereas other nanoparticles were
simultaneously added for target cell identification. In a study
by Sun et al., aptamer-conjugated magnetic beads were used
and surface-enhanced Raman scattering (SERS) imaging was
performed to efficiently capture and accurately identify CTCs.®”
Aptamer-conjugated magnetic beads yielded a capture effi-
ciency of 73% and 55% from buffer and whole blood samples,

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (A) The isolation and detection of MCF-7 cells by employing aptamer-functionalized magnetic beads and quantum dots. Reprinted with

permission from ref. 88. Copyright 2013, Elsevier BV. (B) The modification of dual aptamer-functionalized dye-SiNPs and selective detection for cancer
cells. Reprinted with permission from ref. 77. Copyright 2015, Elsevier BV. (C) The fabrication and workflow of proposed electrochemical cytosensor.
Reprinted with permission from ref. 79. Copyright 2019, American Chemical Society. (D) Scheme showing aptamer-functionalized barcode particles for
the capture and detection of multiple types of CTCs. Reprinted with permission from ref. 95. Copyright 2014, Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim.

respectively. At the same time, the captured cells were labeled
with SERS probes and identified by the SERS imaging technique
without the need of additional labor-intensive staining and
washing procedures. Furthermore, for cellular detection,
fluorescent imaging and flow cytometry were used to demon-
strate the feasibility of this method. Combining the two types of
nanoparticles showed rapid and sensitive detection of CTCs.
In addition, another strategy was developed through aptamer-
functionalized magnetic beads and quantum dot-based nano-
probes (Fig. 2A).%% In brief, MUC1 aptamer (Apt1) was covalently
conjugated to magnetic beads to capture MCF-7 cells, and CdTe
quantum dots (QDs) with nucleolin aptamer AS1411 (Apt2)
were coated on the surface of SiO, nanoparticles to form the
nano-bio-probes. The probes displayed a similar optical and
electrochemical performance to free CdTe QDs and high affi-
nity remained on nucleolin-overexpressing cells. As a result, the
detection limit of MCF-7 cells was 201 cells per mL by photo-
luminescence and 85 cells per mL by the square-wave voltam-
metric assay. Moreover, the selectivity was improved by using
the two aptamers together as recognition elements. In fact, the
isolation of CTCs may not be sensitive enough because of the
heterogeneity of tumor cells. To solve the problem, two or more
aptamers against cancer cells for a wide-ranging diagnosis of
cancer could be used. Jo et al. simultaneously used two apta-
mers against mucin 1 (MUC1) and human epidermal growth
factor receptor 2 (HER2) to modify silica nanoparticles (SiNPs)
and magnetic beads (MBs) for the detection of CTCs (Fig. 2B).””
The dye-doped SiNPs were used as the detection probe with
high photostability, low-cost synthesis, great fluorescent signal,
and good biocompatibility. Together, these results showed that
the dual aptamer system enabled a broad diagnosis for breast

This journal is © The Royal Society of Chemistry 2020

cancer when compared with the single aptamer system, and
displayed high selectivity and sensitivity, with a detection limit
of 1 cell/100 pL. Electrochemical detection technology plays an
important role in the development of sensors because of its
good selectivity, high sensitivity, rapidity, simplicity, and low
test cost. Liu et al. fabricated an electrochemical cytosensor,
which could detect not only CTCs but also expression dynamic
of N-glycan on CTC surfaces (Fig. 2C).”° An aminated-SYL3C
aptamer against the epithelial cell adhesion molecule (EpCAM)
was attached to the surface of Fe;O,@SiO, nanoparticles
through a cross-linked reaction via glutaraldehyde to selectively
isolate target cells. Concanavalin A that specifically recognizes
N-glycan carbohydrates expressed on the surface of the target
cell was assembled onto Pd@AuNPs, which acted as a signal
amplification probe by catalyzing the reduction of hydrogen
peroxide (H,O,) for the detection of target cells. The detection
limit is 10 cells/100 pL. In addition, Miao et al. were the first to
develop a multipedal DNA walker for ultrasensitive detection of
CTCs, in which walker strands were modified on AuNPs and an
integrated aptamer sequence would bind the CTC biomarker,
thereby resulting in the enrichment of AuNPs on the cell
surface. After low-speed centrifugation, CTC and AuNPs complex
was precipitated and the supernatant represented the decreased
UV-visible absorption response of AuNPs. On the other hand,
since multiple walker strands are modified on single AuNPs,
hybridization with several tracks on the electrode occurs
simultaneously for subsequent nicking endonuclease-catalyzed
cleaving. By comparing the variations of electrochemical and
UV-visible absorption responses, high sensitivity was achieved
for the CTC assay (the detection limit was down to 1 cell per mL).*
Fang et al. used aptamer-conjugated upconversion nanoparticles
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to recognize tumor cells, which were then enriched by MNPs.*°
Due to the autofluorescence-free nature of upconversion lumi-
nescence imaging, as well as the use of magnetic separation to
further reduce background signals, the method allowed for
highly sensitive detection and collection of rare target cells from
artificial samples.

Moreover, some nanoparticles, when assisted by modified
aptamers, have been shown to isolate and identify cells simulta-
neously. Fluorescent-magnetic nanobeads presented a good QD
fluorescent property and a strong MNP magnetic response,
which is promising for the detection of CTCs.”" Li et al
fabricated DNA-templated magnetic nanoparticle-QD-aptamer
copolymers (MQAPs) for the isolation of CTCs from human
blood samples with high capture efficiency and purity appro-
aching 80%.°> The phenotype of CTCs was simultaneously
profiled with QD photoluminescence at the single-cell level.
MQAPs were constructed through a hybridization chain reaction.
The phenotype of CTCs was simultaneously profiled with QD
photoluminescence at the single-cell level. Yang et al reported an
aptamer-based dual-functional probe for the counting and visuali-
zation of MCF-7 cells by inductively coupled plasma mass spectro-
metry (ICP-MS) and fluorescence imaging.”® The probe was
composed of three parts. The aptamer was used to specifically
capture cancer cells, a fluorescent dye (FAM) moiety was applied for
fluorescence resonance energy transfer (FRET)-based “off-on”
fluorescence imaging, and a AuNPs tag was implemented for both
ICP-MS quantification and fluorescence quenching. Due to the
signal amplification and low spectral interference of AuNPs in
ICP-MS, excellent linearity and sensitivity were achieved with a
detection limit of 81 MCF-7 cells and a dynamic linear range of
2 x 10” to 1.2 x 10" cells. Lu et al. were the first to report a
colorimetric and highly sensitive two-photon scattering assay.’*
Breast cancer cells were detected at 100 cells per mL by using
a monoclonal anti-HER2 antibody and S6 RNA aptamer-
conjugated oval-shaped AuNPs. When the multifunctional oval-
shaped AuNPs were mixed with SK-BR-3 cells, the oval-shaped
AuNPs bound to HER2 receptors that were expressed on the
cancer cells, thereby producing nanoparticle aggregates resulting
in a distinct color change (from pink to bluish) and a new broad
band appeared around 150 nm far from the plasmon absorption
band. The two-photon scattering intensity increased by about
13-fold. With the increasing demand for multiplex and high-
throughput analysis, multiplex technology has become a promising
tool for thousands of individual reactions simultaneously for large-
scale biological analysis. Among current technologies, suspension
arrays based on appropriate barcode particles have the ability of
unique encoding, and are used in multiplex bioassays in many
research fields, including clinical, medicinal, nutritional, and
environmental fields. Zheng et al developed an aptamer-
functionalized barcode platform (Fig. 2D).°> Those barcode
particles were fabricated by evaporation of droplet templates
containing monodisperse silica nanoparticles. The nanoparticles
of the barcode particles mainly formed a close-packed colloidal
crystal array structure, and the barcode particles were assembled
with different diameters of silica nanoparticles. The barcode
particles with different reflection peaks from 400 nm to 800 nm
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and their color change from blue to green to final red were
reported. However, the capture efficiency of cells on barcode
particles was limited due to the small number of chemical
groups present on the silica surface, and the effect of the
nanopatterned surface topography. To overcome these issues,
barcode particles were etched to form a cell-preferred non-close-
packed spherical array surface topography, and were decorated
with highly branched dendrimer-amplified aptamer probes to
improve capture efficiency. After interacting with aptamer-
functionalized barcode particles, the capture efficiencies of
Ramos and CCRF-CEM cells were up to 98% and 97%, respec-
tively. Unlike the single-functional nanoparticle systems, these
multifunctional nanoparticles integrated various functions into
one system, thereby greatly expanding their applications of
isolation, detection, and manipulation of target tumor cells,
and decreasing the operation time.

3. Aptamer-modified nanostructured
interfaces for CTC isolation
3.1. Based on a ‘“hard substrate”’

In recent decades, it has been noted that micro-/nanostructures
on the surface of capture substrates can significantly enhance
interactions between cells and substrates, including cell adhesion,
proliferation, migration, and differentiation. Many antibody-
functionalized micro-/nanostructures have been used to isolate
and enrich CTCs. However, antibody-based isolations have
certain limitations due to the antibody characteristics. Intro-
duction of aptamers has attracted much attention because of
their advantages, including ease of synthesis and modification,
high stability, small size, low immunogenicity, and high
affinity.>*"® Therefore, aptamers are modified onto the surface
of nanostructured substrates for directly capturing CTCs
without the requirement of magnetic separation. Wang et al.
developed a rough gold nanoparticle layer (GNPLSs) substrate,
which was modified with TD05 aptamers (GNPL-APT)
(Fig. 3A).°° Poly(oligo(ethylene glycol)methacrylate) (POEGMA)
was introduced between aptamer and micro-/nanostructured
surfaces as an antifouling spacer. The results showed that the
density of Ramos cells that adhered to highly rough GNPL-APT
substrates was 19-fold that of CEM cells. Sun et al. fabricated
a TiO, nanorod array using the hydrothermal synthesis
method.®” In brief, nanorods were densely packed on F-doped
SnO, substrates with a diameter of 160-300 nm, and some
nanoparticles (diameter: 30-50 nm) were formed on the top of
the nanorods, which enhanced the topographic interaction
between nanoscale structures on cell surfaces and the TiO,
nanorod array (Fig. 3B). Bovine serum albumin (BSA) was
introduced into the interfaces, as an antifouling molecule, to
inhibit nonspecific cell adhesion. Subsequently, aptamers were
modified on the BSA of the TiO, nanorod array. Finally, an
excellent capture yield was obtained of MCF-7 cells on the
TiO, substrates, which was up to 85-95%. Li et al. integrated
peptides and aptamer-S2.1 on nanowires to develop a capture
platform with a high capture efficiency for MUC1-positive

This journal is © The Royal Society of Chemistry 2020
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(A) Aptamer-modified micro-/nanostructured surfaces for the capture of Ramos cells in serum environment. Reprinted with permission from

ref. 96. Copyright 2013, American Chemical Society. (B) A uniform TiO, nanorod array to capture CTCs. Reprinted with permission from ref. 97. Copyright

2016, American Chemical Society. (C) Recognition and capture platform

based on GaN nanowires functionalized with aptamer. Reprinted with

permission from ref. 98. Copyright 2016, American Chemical Society. (D) TiO, nanorod arrays coated with MnO, nanoparticles to capture and release
CTCs. Reprinted with permission from ref. 100. Copyright 2018, American Chemical Society.

cancer cells (Fig. 3C).°® GaN nanowire surfaces were fabricated
by the chemical vapor deposition method, and the peptide
bio-P1 was connected with nanowires by affinity between GaN
and P1, then the aptamer was connected to bio-P1 through
streptavidin. The ratio of MCF-7 cells in a mixed cell suspen-
sion of MCF-7 and Ramos cells was higher than 90%. Release of
captured cells was achieved by DNase, and after incubation
with DNase, 98% of the captured MCF?7 cells were released from
the surface. The substrate surface could be regenerated by
treatment with NaCl and desorbing peptide P1. Xue et al
reported for the first time silicon nanowire arrays (SiNWAs) to
capture Ramos cells through single electron transfer living
radical polymerization and click chemistry.”® The glycopolymers
were able to interact with glucose transporters that were over-
expressed on cancer cell membranes. TD05 aptamers possess
high affinity to Ramos cells, and were coated onto the surface of
SiNWAs, thereby generating a synergistic effect for the capture of
cancer cells, and as a result, a multivalency-enhanced capture was
achieved of more than 60-fold over the SN-OH surface. Li et al.
prepared a TiO, nanorod array by using hydrothermal synthesis,
which was coated with transparent MnO, nanoparticles.’*® MnO,
nanoparticles were fabricated through in situ self-assembly on the
substrate to form a monolayer, and were etched by oxalic acid with
low concentration at room temperature (Fig. 3D). The capture yield
of target cells was 92.9%, about 89.9% of the captured cells could
be released from the platform, and the viability of MCF-7 cancer
cells exceeded 90%.

3.2. Based on a “soft substrate’

Most studies have focused on inorganic materials due to the
restraints of fabrication techniques for ‘“soft” nanostructures,
which better match the soft nature of cells to retain their
viability. The softness of synthetic materials greatly influences
cellular processes, including cell adhesion and spreading, stem-
cell proliferation and differentiation, and even tumor develop-
ment. Therefore, exploring the integration of soft materials with

This journal is © The Royal Society of Chemistry 2020

certain chemical and physical attributes to mimic the natural
microenvironment of the cell will be instructive for realizing
a high-quality cell-capture platform. Chitosan is the product of
the removal of some of the acetyl groups from natural poly-
saccharide chitin, which has many physiological features, such
as biodegradability, biocompatibility, non-toxicity, and bacteri-
ostasis.'® Sun et al. developed a chitosan nanoparticle surface
by electrospray.'® The surface was modified by polyethylene
glycol and a DNA aptamer for specific capture of viable rare CTCs
from artificial samples. Moreover, the captured cells were further
purified and proliferated through in situ culture. Furthermore, a
chitosan nanofiber substrate was fabricated by electrospinning
(Fig. 4A)."** Poly(carboxybetaine methacrylate) (pPCBMA) brushes
were integrated into the nanofiber interface to provide anti-
fouling capacity for reducing nonspecific cell adsorption, and
to build a flexible space for biomolecules. Then, DNA aptamers,
directed against epithelial cell adhesion molecule (EpCAM), were
incorporated into the pCBMA brushes to form a multivalent
agent to induce cell capture with high efficiency and specificity.
The capture efficiency of spiked KATO III cells reached 53.8-
66.5%, and a very small number of blood cells were observed
on the substrates. Moreover, a cell-imprinted hydrogel was
modified with aptamers to achieve specific capture of CTCs
(Fig. 4B)."* The substrate was imprinted by cells which not only
generated recognition sites that matched the conformation and
properties of the target cells, but were also used as efficient
scaffolds for the assembly of aptamers to enhance the capture
efficiency and selectivity. Due to the synergistic effect of
conformation recognition and multivalent interaction between
aptamers and target cells, the device showed a high capture
efficiency and selectivity to target cells. Li et al fabricated a
hydrogel-coated glass substrate with high resistance to non-
specific cell binding with 5-15 cells per mm?. However, under
the same conditions, the aptamer-functionalized hydrogel coating
could target cancer cells with a density over 1000 cells per mm.>"'%*
Nellore et al. fabricated a porous GO membrane that was modified
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Fig. 4 (A) Chitosan nanofiber interface for the capture and nondestructive release of CTCs. Reprinted with permission from ref. 102. Copyright 2016,
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) Schematic of cell-imprinted hydrogel with the site-directed modification of aptamers (APT-CIH) for
capture and release of SMMC-7721 cells. Reprinted with permission from ref. 103. Copyright 2019, American Chemical Society. (C) Aptamer-conjugated
3D GO membrane for capturing multiple CTCs. Reprinted with permission from ref. 105. Copyright 2015, American Chemical Society. (D) Schematic of
MA-RCA network for the capture and release of CTCs. Reproduced from ref. 107 with permission of the Royal Society of Chemistry.

with multiple aptamers (S6, A9, and Y]J-1) to highly efficiently
capture and accurately identify multiple types of CTCs from
infected blood (Fig. 4C).'” Three-dimensional (3D) GO was
fabricated in two steps: first, two-dimensional (2D) GO sheets
were obtained, and four different types of aptamers were
attached on the 2D GO using a modified Hummers’ method.
Then polyethylene glycol was used as a cross-linking agent
between 2D GO to form 3D GO. Finally, the capture efficiency
of GO membranes reached 95% for SKBR3, LNCaP, and SW-948
cancer cells and identified with dye-conjugated aptamer by
utilizing the fluorescence quenching properties of GO. In addition,
a GO-based biosensor has also been reported for in situ detection
of cancer cells.'”® FAM-Sgc8 was used as a model of the ‘signal-on’
molecular probes. In a free state, the FRET probe of GO/FAM-Sgc8
exhibited a quenched fluorescence because of p-p stacking

3414 | J Mater. Chem. B, 2020, 8, 3408-3422

interactions between FAM-Sgc8 and GO, whereas once target cells
were introduced, the interaction between FAM-Sgc8 and CCRF-
CEM cells was strong enough to release FAM-Sgc8 from GO,
thereby recovering the fluorescence. A DNA network was also
used as a highly effective CTC capture platform, which was
fabricated by dual-aptamer-tethered rolling circle amplification
(MA-RCA) based on DNA assembly (Fig. 4D)."*” The RCA strands
with dual aptamers resulted in a soft multivalent binding DNA
network for efficient cell capture with great extensibility and
flexibility. The MA-RCA network was designed by two different
aptamer interval hybrids to a long DNA scaffold with periodic
sequence units generated by RCA. The multivalent binding sites
endowed the MA-RCA network with a strong binding ability
towards CTCs. Finally, the capture efficiency was 78 + 8%, and
more than 90% of trapped CEM cells were successfully released

This journal is © The Royal Society of Chemistry 2020
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after treatment with the release DNAs. Ou et al. developed a
sandwich-type cytosensor to analyze cancer cells, which was
based on the metal organic framework PCN-224 and a DNA
tetrahedron linked aptamer.'%® For the first time, a metal organic
framework, PCN-224, was introduced as a nanocarrier. The
tetrahedral DNA nanostructures linked dual aptamers (AS1411
and MUC1), and were immobilized on a gold electrode surface as
bio-recognition elements that could capture MCF-7 cells. The
PCN-224 probe was homogeneously decorated with Pt nano-
particles, and modified with G-quadruplex’hemin DNAzyme, horse-
radish peroxidase, and a dual aptamer. Finally, this cytosensor
could detect 20-10” cell per mL, and captured cells were released
by electrochemical reductive desorption to break the Au-S bond.

4. Aptamer-modified microfluidic
platforms for CTC capture
4.1. Simple microfluidic chip

Microfluidic devices have drawn significant attention in the
isolation and detection of CTCs for their advantages, including
small sample volume, low cost, automation, and easy integra-
tion with other techniques. Over the last decade, various
microfluidic platforms have been used for microfluidic flow
cytometry,'® continuous size-based separation,”'”'"" and
chromatographic separation.''> Phillips et al firstly used an
aptamer-functionalized microfluidic channel to enrich cancer
cells.'” The sample flowed through the channel, yielding
>97% of capture purity and >80% of capture efficiency for
target cells. A biomimetic microfluidic system was developed by
combining the unique benefits of biomimetic nanoparticles and
microfluidic techniques.'® Magnetic nanoclusters were coated
with leukocyte membrane fragments and decorated with aptamer
SYL3C that was specific for EpCAM positive tumor cells, then
loaded into the microfluidic chip with the help of magnets.'**
It is known that the concentration of immobilized aptamers can
affect the cell isolation efficacy.”® In addition, the competition of
surface-grafted aptamers to bind cell membranes against the
drag force from the fluid flow is an important factor that helps to
determine the efficiency for the capture of CTCs. Wan et al
studied the effect of flow velocity in a microfluidic channel
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for isolating CTCs using an EGFR aptamer-modified device
(Fig. 5A)."*® Their work showed interdependence between the
adhesion probability, isolation efficiency, and flow rate, and
can assist in designing flow-through lab-on-chip devices that
use surface-bound probe affinities against overexpressed bio-
markers for cell isolation. They also developed an aptamer-
functionalized glass bead array in a channel. The Hele-Shaw
channel possesses many pits, with aptamer beads sited in a
polydimethylsiloxane (PDMS) channel and when a cell solution
flowed through the device, cancer cells were captured with high
selectivity. Cell-bound glass beads were then re-suspended
from the device surface, followed by the release of 92% of cells
from the glass beads using a combination of gentle shaking
and anti-sense RNA."'

To improve the affinity of tumor cell capture by aptamers,
a nanotextured PDMS substrate was developed. Nanotextured
PDMS increased the surface roughness at the nanoscale and
the effective surface area. The density of the immobilized
EGFR-specific RNA aptamer was increased, which resulted in
a higher capture efficiency to isolate cancer cells from a
sample.'”” Sheng et al developed an aptamer-mediated,
micropillar-based microfluidic device to isolate tumor cells
from unprocessed whole blood (Fig. 5B).''® The micropillars
in the microchannel were fabricated by a chemical etching
method and were functionalized with aptamers. By combining
the advantages of aptamer-modified nanostructures and the
microfluidic device, the device yielded a capture efficiency of
~95% with a purity of ~81%, and at the optimum flow rate, as
few as 10 tumor cells were captured from 1 mL of whole blood.
Wang et al. developed a new-generation NanoVelcro chip.®?
Two aptamers were coated on silicon nanowire substrates
(SINWS), which were utilized to immobilize CTCs in a stationary
device setting (Fig. 6A). Then, the SINWS was integrated with a
PDMS-based chaotic mixer that enhanced the contact frequency
between flow-through cancer cells and the substrate, thereby
improving the capture efficiency of CTCs. At optimized conditions,
the capture efficiency exceeded 80% for A549 cells in artificial
blood samples, and the release efficiency was more than 85%.>>
To improve the enrichment of multiple cancer cells, aptamer
cocktails were introduced into a NanoVelcro chip by Zhao et al.'*’
The microfluidic chip was composed of an aptamer-grafted SINWS

Fig. 5 (A) The aptamer against EGFR modified device for isolating cancer cells from laminar flow of sample. Reprinted with permission from ref. 115.
Copyright 2011, American Chemical Society. (B) Aptamer-mediated, micropillar-based microfluidic device for CTC detection. Reprinted with permission

from ref. 118. Copyright 2012, American Chemical Society.
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SiINWS. Reprinted with permission from ref. 119. Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

and an overlaid PDMS chaotic mixer (Fig. 6B). When a single substrates have been integrated into microfluidic channels,*?
aptamer as capture agent was employed, the capture affinity of the which improved the capture efficiency via local topographic
device was relatively weak for the lack of synergistic binding. With  interactions between the interface and cell-surface components.
synergistic effects, the cocktail showed >50% capture performance To simplify the experimental process and improve isolation
across all five non-small-cell lung cancer cell lines. efficiency, many multi-purpose and multi-function microfluidic
devices have been developed."**"*® For the capture of cancer
cells, Song et al. fabricated a deterministic lateral displacement
Microfluidic isolation and the analysis of cells have been the (DLD) microfluidic chip, which was functionalized with
focus of studies in past decades, including CTC isolation, single-cell ~aptamer-conjugated nanospheres (AP-octopus-chip) (Fig. 7A)."*°
analysis, and stem cell separation. Furthermore, 3D nanostructured To improve the capture efficiency, a size-dictated immunocapture

4.2. Multifunctional microfluidic chip
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Fig. 7 (A) Working principle of the AP-octopus-chip. When a sample is passed through the channel, the CTCs interact with AUNP-SYL3C-modified
micropillar based on the DLD principle. While smaller blood cells would remain within the original flow streamline. The captured CTCs could be released
by Au@S bond disruption by excess GSH. Reprinted with permission from ref. 120. Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
(B) The workflow of the aptamer-conjugated volumetric bar chart chip readout for the visual quantifiable detection of CTCs. Reprinted with permission
from ref. 122. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (C) Multifunction device which could capture cancer cells and isolate
their gDNA for specific amplification and sequence analysis. Reprinted with permission from ref. 123. Copyright 2018, American Chemical Society.
(D) Workflow of operation on a platform for CTC capture, profiling of cell phenotype, and classification based on SERS signatures. Reprinted with
permission from ref. 125. Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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chip (SDIChip) was integrated with a multivalent aptamer nano-
interface. AuNPs as scaffolds were modified with multivalent
aptamers (SYL3C) through the Au-S bond, resulting in a 100-
fold higher binding affinity, when compared to monovalent
SYL3C, between SYL3C-AuNPs and SW480 cells. Samples flowed
through an AP-octopus-chip and interacted with an AuNP-SYL3C-
modified micropillar. WBCs, which are smaller than CTCs,
remained within the original flow streamline, and had a low
interaction probability. After capturing, the enriched CTCs could
be released through Au@S bond disruption by an excess of GSH,
which was fully compatible with downstream analysis. Recently, a
variety of aptamer sensors have been developed. Liu et al. reported
an aptamer probe, which showed strong potential for breast
cancer diagnostics and therapy.'*! Aptamers against SK-BR-3 were
evolved by Cell-SELEX. After 21 rounds of in vitro selection and
sequence truncation, an aptamer-based probe, sk6Ea, was
obtained. This probe distinguished SK-BR-3 cells from different
subtypes of breast cancer cells and normal human mammary
epithelial cells. Furthermore, using this probe, HER2-enriched
breast cancer could also be differentiated from three other breast
cancer subtypes and adjacent normal breast tissues. Abate et al.
designed a volumetric bar chart chip (V-Chip) for visual quan-
titative detection of CTCs at the single-cell level (Fig. 7B)."**
Target CTCs were labeled with aptamer-conjugated nano-
particles (ACNPs) and quantified by the catalytic reaction
between bound ACNPs and H,0, to translate the CTC number
into readily visually detectable information. Single-cell detec-
tion could be realized; however, the efficiency may be compro-
mised in the presence of a high leukocyte background. The
device with potential could be further exploited using quanti-
tative detection of any biological samples by simply integrating
any simple enrichment method, such as magnetic sorting of
target cells, from several background samples. Reinholt et al.
developed a multifunction device, which captured cancer cells
and isolated their genomic DNA (gDNA) (Fig. 7C)."** This device
consisted of two orthogonal channels, namely the cell channel
and the DNA channel. It also contained two micropillar arrays:
the cell capture array located at the intersection of the channels
and the DNA isolation array located downstream of the cell
capture array in the DNA channel. To enhance the capture
efficiency, the aptamers were modified onto the channel, the
captured cells were lysed in situ, and the gDNA was isolated by
physical entanglement and amplified using a modified version of
the multiple displacement amplification technique. Dharmasiri
et al. developed a PMMA microchip."** Anti-prostate-specific
membrane antigen aptamers were immobilized onto the surface
of the capture bed, and fabricated into a high-throughput micro-
sampling unit that was used for the selective isolation of CTCs
that were resident in a peripheral blood matrix. Prostate-specific
CTCs could be isolated from whole blood and no sample pre-
treatment was necessary. The enumeration of CTCs did not need
staining but was achieved through a Pt conductivity sensor.
Zhang et al. reported an in situ isolating and profiling CTC
microfluidic chip (Fig. 7D)."*® Tumor cells were sieved from
blood based on size discrepancy, and three types of spectrally
orthogonal SERS aptamers were designed to analyze cancer
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subpopulations. When samples containing cancer cells passed
through the microfluidic device, the larger CTCs could be
efficiently captured by the two ‘“‘shoulder” structures, while
contaminating blood cells were filtered out. Then, three
aptamer-Au@Ag nanoparticles were added to acquire a SERS
signature for each cell. Finally, the revised classic least squares
algorithm and partial least squares discriminate analysis were
used to accurately categorize cells with different subtypes. Sun
et al. proposed a size enlargement method, which utilized
aptamer-modified microbeads to increase capture efficiency
for the target cells.'*® Microbeads modified with an aptamer
would react with CTCs and enlarge in size, which entrapped
smaller CTCs on polycarbonate membranes and increased
capture efficiency. Moreover, a WBC depletion process was
introduced to decrease WBCs that were retained on the filter
membrane.'*® Apart from CTCs, exosomes have drawn signifi-
cant attention, containing a large variety of proteins, nucleic
acids, and lipids, and were recognized as promising sources of
biomarkers for early cancer diagnosis. Therefore, the develop-
ment of a sensitive and low-cost detection method for exo-
somes is highly desirable. Yu et al reported an exosome
competitive fluorescence detection method based on CD63
aptamers.'*” First, aptamers were hybridized with the Cy3-labeled
short complementary sequence, then after the sample containing
the exosomes was added, the short sequence would shed into the
supernatant for competitive binding of CD63 on the exosomes. The
content of exosomes can be indirectly estimated by detecting
the fluorescence intensity in the supernatant. The limit of detection
of this method was as low as 1.0 x 10> particles per pL, which was
much lower compared to the normal level of exosomes in serum.
A labelHree electrochemical aptasensor was also developed to
determine gastric cancer-specific exosomes.'*® The gastric cancer
exosome-specific aptamer probe was selected and linked to a
primer sequence that was complementary to a G-quadruplex
circular template. After exosomes were captured by an anti-CD-63
antibody, only gastric cancer exosomes could trigger RCA to
generate large amounts of G-quadruplex units. Finally, an electro-
chemical signal was produced by the catalysis of H,O, system.

5. Aptamer-mediated release for
captured CTCs

5.1. Complementary sequence displacement

The release of viable cells is necessary for downstream analyses,
including cell proliferation, drug sensitivity tests, and whole
genome sequencing, which are critical for understanding the
mechanism underlying tumor metastasis. To release captured
cells without damage, many strategies have been proposed,
including enzymatic hydrolysis,**"°*'**'3° temperature-controlled
release,®* shear stress-mediated elution,"*>*** photochemical
bond breaking,"**'** and chemical competitive binding.’>'*” The
methods mentioned above sometimes cause damage to the
released cells. The release process on aptamer modified plat-
forms can be gentle by changing the secondary structure of
aptamers via nuclease degradation'®®'*>® or complementary
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Fig. 8 Schematic of the 2D sorting chip. Cells were tagged with aptamer-
modified magnetic nanoparticles specific to the first surface marker and
sorted into four subpopulations using a fluidic device. The four subpopu-
lations were then released using a complementary antisense DNA strand
and subsequently tagged with magnetic nanoparticles labeled with an
aptamer specific to the second surface marker. After sorting the captured
cells into 16 subpopulations, cells were released using the complementary
DNA strand to the second aptamer. Reprinted with permission from
ref. 138. Copyright 2016, American Chemical Society.

sequence displacement.**>*3¥714% 1abib et al reported an
aptamer-mediated, 2D approach that isolated cancer cell sub-
populations using a fluidic chip (Fig. 8)."*® The chip contained
X-shaped structures that generated localized pockets of low
velocity that favored the accumulation of nanoparticle-tagged
cells. Cells that highly expressed the cell surface marker were
captured in the first zone, whereas cells with medium to low
expression levels were trapped in later zones. Using this
approach, cells were sorted into four subpopulations. The four
subpopulations were released by using a complementary DNA
strand, and were subsequently tagged with MNPs modified
with an aptamer that specifically bound the second surface
marker. After sorting the captured cells into 16 subpopulations,
cells were released by the complementary strand of the second
aptamer. Therefore, CTCs were sorted from the different
subpopulations based on the expression level of two surface
markers. The maximum level of capture was aptamer depen-
dent, with the EGFR1 aptamer producing the highest level of
capture that approached 90%. Release efficiencies approaching
80% were achieved under optimized conditions. Other methods
were also developed, and the captured cells on a hydrogel surface
could be programmed by using hybridized aptamers and trigger-
ing complementary sequences (CSs). In the absence of triggering
CSs, aptamers exhibited a stable, hybridized state in the hydrogel
for a cell-type-specific capture. In the presence of the triggering
CSs, aptamers were transformed into a new hybridized state that
resulted in rapid dissociation of the aptamers from the hydrogel.
The cell release kinetics showed that more than 95% of the cells
were released within the first 10 min."**

5.2. Nuclease cleavage

Compared with protease-treated mediated CTC release,
nucleases degraded aptamers, which did not destroy the sur-
face proteins of cell membranes, and had little effect on cell
viability. Zhao et al. developed a CTC capture platform using 3D
DNA networks, which consisted of repeating aptamer domains
(Fig. 9)."*° The DNA network was synthesized by RCA, and after
integration with a herringbone microfluidic device, the capture
efficiency was significantly improved. After DNase I was
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introduced to the device for 10 min at 37 °C, 68 + 6% of the
captured cells were released and about 66 + 6% of cells
retained a high viability.">® Furthermore, Li et al. developed
a hydrogel-coating device to specifically capture and non-
destructively release CTCs.'°® The capture density was over
1000 cells per mm? using an aptamer-functionalized hydrogel
coating, and only 5-15 cells per mm?” of nonspecific binding
was observed on the hydrogel surface. To release the captured
cells from the hydrogel surface, restriction endonucleases were
added to hydrolyze the aptamer sequences. The release effi-
ciency reached 99%, and 98% of the released cells maintained a
high viability."*®

The above-mentioned methods exhibited excellent release
efficiency for the captured CTCs with a high cell viability.
However, some challenges still remain, such as the selection
of optimal experimental conditions for the different aptamer
sequences, and a long processing time, which have limited
further applications. Therefore, cell release methods with high
cell viability and easy operation remain a focus of attention.

6. Outlook

CTCs play a critical role in metastatic development and clinical
diagnostics.®™* Therefore, it has become increasingly crucial to
develop an efficient and reliable system for the enumeration
and detection of CTCs. However, efficient isolation and accurate
identification of CTCs remain challenging. The biggest difficulty is
that CTCs are extraordinarily rare among a large population
of hematological cells. Their heterogeneity makes it more
difficult to isolate all CTCs. In addition, captured CTCs should
remain viable and should be easily detached for downstream
characterization and analysis. The integration of antibodies
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with nanostructures, such as nanopillars/nanowires,
fibers, 4> nanoparticles,%’37 nanotubes,*®*° GO,* fractal nano-
structures,*’ and nanorough-featured surfaces,*® has been widely
used in CTC capture. However, antibody-functionalized platforms
have some disadvantages, including the need of a multistep
fabrication process, high costs of the antibodies, and damage to
recovered cells.

Aptamers have great application potential in the detection
of CTCs since they are easily synthesized and modified, and
possess high affinity and selectivity for various targets. Their
affinity is comparable with an antibody/antigen interaction.
Over the past decade, plenty of aptamers have been developed
against cancer cell biomarkers through the SELEX technology.
Aptamer-functionalized nanomaterials have been used for
the isolation and detection of CTCs. Nanoparticles are small
in size, can easily be modified with ligands, and have a high
surface-to-volume ratio. Aptamer-functionalized nanoparticles
play an important role in the isolation of CTCs.**"** Aptamer-
conjugated multifunctional nanoparticles show great value in
cell separation, detection, and imaging.””””**”*> Nanostructures
can enhance the interaction between cancer cells and the
substrate to increase the capture efficiency of CTCs. Micro-
fluidics devices have several advantages, including a low foot-
print, small sample volume, low reagent usage, and automati-
zation, which make them suitable for the isolation of CTCs.
However, the capture efficiency is limited for laminar flow,
which may reduce the contact probability between cells and
channels. Therefore, aptamer-modified nanostructure sub-
strates have drawn increased attention.’®°*'°° Over the last
decade, various microfluidic platforms have been developed.
Phillips et al. reported an aptamer-functional microfluidic
channel for the enrichment of cancer cells."** Aptamer cocktails
and multiple aptamer combination systems were developed to
efficiently isolate cancer cells with different phenotypes.*?
In addition, multifunctional chips have been proposed to realize
the capture and analysis of CTCs."*® Furthermore, captured cells
can be released without damage under gentle conditions, which
involved a change in secondary structure of the aptamers
via nuclease degradation'®'*® or complementary sequence
displacement.**>*387140 The application of aptamers is still lim-
ited; for example, they are highly sensitive to nucleases in vivo
and can be easily degraded. In addition, the conformation of
aptamers is easily changed in different environments, and the
small size and molecular mass of aptamers allow them to be
rapidly eliminated via the kidneys. To address these issues, most
aptamers in clinical studies can be chemically modified by
replacing the 2’ position with either a fluoro (F), amino (NH,),
or O-methyl (OCH3;) group, and by capping the 3’ end with an
inverted thymidine to increase the nuclease resistance, while
also enhancing binding affinity."*" Moreover, in previous
studies, spiegelmers (i-aptamers), which are the enantiomers
of wild-type RNA aptamers (p-aptamers), have been reported to
be intrinsically insensitive to nucleases and thus possess better
physiological in vivo stability."*> In addition, aptameric structural
modulation has recently been reported to improve the physio-
logical stability of aptamers for in vivo applications. Tan et al.
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developed a circular bivalent aptamer for cancer cell recognition
and in vivo tumor imaging. Subsequently, a supramolecular
method was used to modulate the interaction between the circular
bivalent aptamer and molecular therapeutics.**'*

The combination of multiple functional components is very
promising. Taking advantage of both the aptamer and the
nanostructure has shown great potential in the detection of
CTCs. However, there are still some challenges that remain,
including the interaction between CTCs and the nanostructure,
the heterogeneity of CTCs, development of multifunctional
devices, and the recovery of viable cells. To solve these
problems, additional future studies are warranted.
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