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Abstract

More recently, detection of circulating tumor ce(l8TCs) has been considered as an
appealing prognostic and diagnostic approach foceapatients. CTCs as a type of tumor-
derived cells are secreted by the tumor and releage the blood circulation. Since the
migration of CTCs is an early event in cancer pesgion, patients who still have tumor-free
lymph nodes have to be well examined for the CTé&sgnce in their blood circulation.
Nowadays, there is a broad range of detection rdettavailable to identify CTCs. As
artificial RNA oligonucleotides or single-strandddNA with receptor and catalytic
characteristics, aptamers have been standing outingo to their target-induced
conformational modifications, elevated stabilitpdaarget specificity to be implemented in
biosensing techniques. To date, several sensHi&vihancement methods alongside smart
nanomaterials have been used for the creation wf aasensors to address the limit of
detection (LOD), and improve the sensitivity of renmus analyte identification methods.
The present review article supports a focused dswrvof the recent studies in the
identification and quantitative determination of ©J by aptamer-based biosensors and

nanobiosensors.

Keywords:. Circulating tumor cells (CTCs); Aptamer; Aptasenddiosensor; Nanoparticle;
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1. Introduction

Globally, cancer stays among the most widely cafiskath due to challenges arising in the
diagnosis and clinical management of cancer (Btal.€018; Siegel et al. 2018). Recently,
the effective employment of cancer diagnosis appres, for early detection and
developments of novel efficient therapeutic stregedhave significantly decreased cancer
mortality (Smith et al. 2018). However, patientdhMmnetastatic cancer remain incurable if

the diagnosis is not performed efficiently and iomet

In this regard, circulating tumor cells (CTCs) areimportant signature of tumor metastasis
(Micalizzi et al. 2017). CTCs exist as a singlecluster of tumor cells that are secreted from
the tumor tissue and released into the blood amgbtiynode circulation. Migration of CTCs
is an early event in cancer progression, thus Cd&lsction is critical in early diagnosis of
asymptomatic tumors (Sundling and Lowe 2019). Id#edtegies for the identification of
CTCs not only allow the quantification of CTCs hetblood at the time of diagnosis, but also
can be used as a tool for specific biomarker dietectf clinically validated (Schettini et al.
2019).

Given that the peripheral blood levels of CTCs ke, almost 1 cell per fOto 10
mononuclear cells, their identification is absolytdifficult (Shen et al. 2017). Currently,
several methods have been used to detect CTCstifldisaet al. 2015; Lou et al. 2018).
Basically, depending on biological or physical pdes of these methods, CTCs can be
enriched positively or negatively. While immunoaify technologies are based on use of
antibodies specifically binding to differentiallxgressed surface receptor of CTCs such as
EpCAM-based enrichment (Alix-Panabieres and Pag@d4), and capturing approaches
relying on physical properties such as size, dgnaitd electric charge of the CTCs for the
enrichment purposes (Arya et al. 2013). Due to imjgsgumor cells expressing specific cell-
surface markers (EpCAM is mostly used), immunodéifibased methods may result in a
high false-negative rate. Currently, only the Ce#i&lf platform (Veridex, Huntingdon
Valley, PA), is FDA-approved for clinical use ofieneration in the setting of certain cancer
types. However, the technique is time-consumingjuireng expensive equipment and
antibody staining which limited the broad applioatiof this technology (Kalinich et al.
2017). On the other hand, those methods recogn@i@s through their physical properties
are expected to have a higher false-positive ragetd trapping some blood cells (Li et al.
2018a). An additional limitation is the extendedg@ssing times for small sample volumes.
For example, the CTC-iChip can process only 8 mivleble blood per hour with an extra 1
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hour set-up time (Karabacak et al. 2014). In theaywhe development of selective, extremely
sensitive, rapid, cost-effective and label-freecpatures for CTCs recognition in serum/blood

is pivotal for early diagnosis of the metastatatstof cancer in the clinic.

Over the last few years, researchers have usedge & novel sensing platforms to detect
CTCs (Shen et al. 2017). Biosensors have beenfismmiy successful in detecting CTCs,
owing to sensitivity, specificity, the low-cost afav limit of detection (LOD) of the target
molecule. Biosensors, representing the technolbgaanterpart of living senses, have found
routine applications in medical diagnostics (Vignes et al. 2016). The integration of
nanoparticles (NPs) with extraordinary featuresbiosensing plan makes nano-biosensor
platforms simpler, faster, more sensitive and td/bsiith synergistic characteristics and
actions (Li et al. 2018a; Pandey et al. 2008). MPhm@exes with various biorecognition
elements such as polymers, peptide arrays, aptaoigenucleotides and antibodies provide
various adaptable strategies for enhancing theagf§i of capturing constructs (Malekzad et
al. 2017). Interestingly, aptamers are compatibleéh wnultiple platform designs in the
growing field of biosensors contributing to the \devide market for rapid medical
diagnostic (Bruno 2015). The global aptamers maiskeapidly developing and predicted to
reach US $244.93 million in 2020 (Malinee et al.12D In the current review, we
summarized the results of the most recent studigbea field of aptamer-based biosensors

(aptasensors) for CTCs identification.

2. Aptamers. The Bioreceptor Elements

Aptamers are RNA, single-stranded DNA (ssDNA), dterad nucleic acids with strong
affinity for specific target binding. Aptamers geaky exhibit defined structures due to their
intrinsic propensity to form intramolecular baséripg of complementary nucleotides. They
can fold into different types of secondary struetuincluding stem, loop, bugle, pseudoknot,
G-quadruplex and kissing hairpin (Mayer 2009). Sedally, the assembly of these
secondary structures contribute to formation ofjueithree-dimensional (3D) structures that
provide specific, high affinity binding to a wideanety of target molecules (Gelinas et al.
2016). Over the past few decades, many methods e introduced to generate aptamers
with greater efficiency and reliability. These inde the systematic evolution of ligands by
exponential Enrichment (SELEX) approach (Fig. 1d &s derivatives (Zhang et al. 2019b).
The details of various types of SELEX methods weesgnted in the published review by
Bayat and coworkers (Bayat et al. 2018). In a ®pBELEX technique, a random DNA
library containing 1014-1016 unique single-strandédonucleotide sequences is incubated



with a target molecule of interest. The target-libamd unbound sequences are separated
followed by PCR amplification of the target-bouretjsences for using as inputs in the next

round of selection. The repeated rounds of seleetie performed to create a pool of aptamer

sequences with high affinity for the target molecufhese aptamers will then be cloned and

sequenced (Bayat et al. 2018; Zhang et al. 2019b).

A wide range of great chemical modifications angravements to simplify the SELEX
procedure or to generate aptamers with the desiredification include use of multiple
targets to control specificity, changing the chaastics of the nucleic acid library, using
different substrates for presentation of targetenales and varying the separation technique
(Szeto et al. 2013). In addition to DNA librari@®\A libraries have also been efficaciously
introduced to SELEX (Zhou and Rossi 2017). The ndhiferences between RNA SELEX
compared to DNA SELEX include the factors that pcvptRNA from the action of RNases,
reverse transcription to amplifiable cDNA and supsnt transcription back to RNA.
Consequently, a T7 RNA polymerase promoter pladethe 5' end of primer is used for
RNA SELEX (Vorobyeva et al. 2018).

Aside from comparable affinity and specificity, cpaned to antibodies, the advantages of
aptamers include excellent flexibility and revelsibdenaturation of structure, easy
modification with signal-generating molecules, no care immunogenicity, easily
amplification by PCR, with no need for an vivo immunization to obtain aptamers. In
addition, due to high-throughput or automatedvitro isolation of aptamers, the overall
development procedure is low cost, without batchdtch variation, more efficient and less
time-consuming (Mokhtarzadeh et al. 2016; Scheiteal. 2014). On the basis of these great
advantages, numerous isolated aptamers have bedragsa sensing element in diagnostics
(Aliakbarinodehi et al. 2017; Cengiz Ozalp et &@12), drug delivery (Chen et al. 2017,
Mansouri et al. 2019; Yazdian-Robati et al. 201&8)d theranostic tools, (therapy and
diagnostic) (Mosafer et al. 2017; Sriramoju et28l15; Xiang et al. 2015) implementing the
production of colorimetric, electrochemical andoflescent signals (Dehghani et al. 2018).
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Fig. 1. Conventional SELEX for DNA aptamers generationpitged with permission from (Bayat et al.
2018).

3. Optical CTCsaptasensors and nano-aptasensors

Optical biosensors are a class of biosensors, ithwbptical detection is performed by
exploiting the interaction of the optical field Wwita biorecognition element e.g. antigens,
antibodies, nucleic acids, enzymes, receptors, avieells, and tissues (Damborsky et al.
2016; Du and Dong 2017). Owing to the cost-effentess and small size, in many areas,
hands-on uses of optical biosensors are increapargjcularly in health care, biomedicine,
and biopharma industry (Dey and Goswami 2011; Ywblsee 2016). Optical sensors can be
categorized based on the type of transduction imafosorption, resonance and
photoluminescence (De Acha et al. 2017). The ingivesmodels of different optical bio-
and nano- aptasensors for identification of CTGseh#een summarized in this part, based on
the techniques used for transduction. Tables Ind23Apresents a summary of the optical-
based aptasensors for CTCs detection.

3.1. Luminescence-based CT Cs aptasensor s and nano-aptasensors

Photoluminescence consists of emission of lightabynaterial as a consequence of its
previous excitation. The quencheing or enhancmérthe intensity (or life-time) of this
emission by the various target is a basis of lusteace-based biosensors (De Acha et al.
2017). In luminsense-based biosensor apparatusugaiypes of luminescent materials such
as NPs, quantum dots (QDs), porphyrins, fluoropessmand dyes (Roda et al. 2016) are

usually entrapped or encapsulated into differerttioes or shells, which must be designed to



facilitate the interaction of the target with thensing materials (Guan et al. 2015).
Luminescence-based methods have been extensiwagtigated for biological assessments
due to their great sensitivity, simple configuratiowide range of detection and low
background noise (Iranifam 2014; Roda et al. 20A8xordingly, some CTCs aptasensors

based on luminescence have been fabricated e#gctiVable 1).

3.1.1. Enhanced Chemiluminescence

In 2010, Biet al. (Bi et al. 2010a) applied a biobarcode dendritikerDNA (bbc-DL-DNA)

as a tag for selective cancer cell detection aldegsiminol-HO,-Ru** chemiluminescence
(CL) system. In this platform, a fourth era of n@uoolecule structures of bbc-DL-DNA (G
bbc-DL-DNA) was conjugated to complex aptamer-mégndeads (MBs), through
hybridizing linker DNA to the aptamer, followed ke RuNPs assembly on amine-
functionalized beads. Upon addition of the targgt samples, the construction of a complex
among target cells and aptamer, initiated the detant of RUNPbbc-DL-DNA labels, which
was oxidatively dissolved afterwards. Eventuallye tCL system was used to assess the
released RU cations. The CL intensity had a direct ratio te ttoncentration of the target
cell receptor. The use of DL-DNA for signal intefication decreased the LOD of the method
by 50 times, in comparison to the technique thatlumly one RuNP as a label. In addition to
the simple magnetic isolation of immobilized aptasnéhe suggested technique for analyzing
cancer cells had higher sensitivity in comparisati wther optical methods (Bi et al. 2010a;
Chen et al. 2009; Nam et al. 2002).

In another project reported by Bi and co-workers, maulticomponent nanoprobe
(CuS/DNA/AU/DNA/MNP) was used in a synergistic enbed CL (SECL) approach fon
vitro andin vivo determination of Ramos cells (B-cell human Buikitymphoma). The
detection level of this luminol-based SECL techeigobtained by a multi-element NP probe,
was 56 cells mt (Bi et al. 2010b). Another luminol-based CL assathvixed aptamers on
microfluidic channels was established to selecyividlentify and detach CTCs in blood
samples. By capturing the CTCs with aptamer-fumetized AuNPs, the luminol-4®,-
AuNP measurable CL reaction was triggered. Thebiaion curve showed an acceptable
linearity between the number of target cells ared @b intensity in 3 pL of the cell mixture
with an LOD of 30 target cells. For validation, theiked whole blood samples were also
applied, using the real samples. Fabricated tedenps inexpensive and requires less than
30 minutes to capture and detect target cells étial. 2011). In 2015, We al. presented a
paper-based microfluidic ECL origami cyto-devigeRECLOC), wherein aptamer-modified
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3D macroporous Au-paper electrodes were used aduthional electrodes and well-
organized scaffold for the precise identificatioh tamor cells. As a consequence of
efficacious imbalance of 0, and unique identification of mannose on the eateof the
cell, NPs of AuPd alloy-conjugated concanavalin-&rev included into thigi-PECLOC
complex as the catalytically known nano labels fmroxydisulfate ECL system. A
logarithmic relation was found between the ECL msiey and the concentration of MCF-7
cells, in the range of 450 to 1.0¥1¢ells mL* and LOD of 250 cells mt The suggesteg-
PECLOC demonstrated outstanding analytical preentaith good repeatability, stability,
and reliability, for sensing of tumor cells (Wuatt 2015a).

A dual-potential ECL ratiometric mechanism was deped for CTCs detection and
simultaneous assessment of cell surface glycaresgion, in which two types of ECL nano-
emitters, including luminol-reduced AuNPs and carbdride nanosheets (CNNS), as anodic
and cathodic nano-emitters, respectively were implged to achieve the dual-potential
ECL. The CNNS were covered by means of AuNPs tal lhon aptamer for the specific
identification of CTCs, and the anodic nanoemitigese utilized with lectin to specifically
detect surface glycans (Fig. 2). The proposed medtac ECL sensor revealed good
analytical performance with a linear range of diédecand an LOD of up to 20 cells, using
MCF-7 CTCs as the sample target (Feng et al. 20R6ently, Kunet al. introduced a
“signal-on” switch ECL biosensor working based omanoacomposite and molecular
recognition for identification of MEAR cells (a BA.cJ mice liver cancer cell line) as CTCs
in real samples. In the sensing platform, the glassbon electrode (GCE) surface was
altered by the complex of Ru(bp§yp-cyclodextrin-AuNPs [-CD-AuNPs)/graphene,
pursued by the immobilization of ferrocene-labed@timers (TLS1c and TLS11a) as probes.
The presence of CTCs as a target, led to the geerEk) leave from the electrode surface,
following conjugation of targets to aptamers thgramproving the ECL signal, i.e.,
recovering the “signal-on”. This lately establisne@L aptasensor revealed to be selective,
supersensitive and rapidly detecting with an LODIOfCTCs mL>. The biosensor was also
reusable with minimum 6 cycles to recover the ahgignal (Kun et al. 2018).
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Fig. 2. Graphical representation of the construction shtometric ECL strategy for detection of CTCs and
evaluation of cell-surface glycan based on lumiealuced AuNPs and carbon nitride nanosheets (CNNS).
Reproduced with permission from (Feng et al. 2016).

3.1.2. Quantum dots (QDs)-based L uminescent

Luminescent semiconductor QDs with specific chamstics, including size-dependent
emission (Costa-Fernandez et al. 2006), NP surflacegersatile bio-conjugation, adaptable
photo-physical characteristics for multiplexed capi and higher stability for extended
examination periods have a great potential for C$&ssing. A dendrimer/CdSe-ZnS-QDs
nanocluster (NC) was firstly used by Jie group gzabe for electro-chemiluminescence
(ECL), to early and precisely detect cancer céfisthis system, numerous CdSe-ZnS-QDs
were decorated on the NC surfaces that could magméf QD’s ECL signal. Capture DNA
was specifically created for the target cell agghaffinity aptamer. In addition, MBs used
to immobilize aptamers, were joined with the demém/QD NCs probe for ECL signal
testing of cancer cells. This combination with tid of a cycle-amplifying technique, not
only simplified the separation procedures, but gisatly improved sensitivity (Fig. 3a). The
results showed an LOD of 68 cells thfor cell concentration (Jie et al. 2011). Recently,
MNP-QD-based aptasensor copolymers (MQAPs) wasbledtad for fast magnetic
separation of CTCs. These MQAPs were fabricatethégns of hybridization chain reaction
to attain amplified magnetic response, remarkabidibg affinity to target cells, providing
ultra-bright cooperative QD PL for single cell ddten. MQAPs are free of non-specific

bindings, which would otherwise affect the puretoap of target cells. In this regard, the
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easy separation and counting of rare CTCs in blsaahples with high sensitivity and
precision could be achieved in 20 minutes (Li et2018b). In using of QDs in CTCs
aptasensors, it is important to note the toxicdlyemical instability, photo-bleaching and
multi-exponential decay of QDs (Hotzer et al. 2012)

3.1.3. Rolling circle amplification

As a simple, well-organized and isothermal nuckga amplification mechanism, Rolling
circle amplification (RCA) is becoming a versatieethod toward CTCs bioassays and
biosensing method development (Ali et al. 2014etal. 2012; Medley et al. 2008; Wang et
al. 2019). Particularly, RCA integration with aptar® and NPs offers new opportunities for
ultra-sensitive identification of biomolecules (Bi al. 2013; Chen et al. 2014b; Lin et al.
2019), which can be further utilized as scaffolds building nanostructures into one-
dimensional superstructures (Gu et al. 2018). Adiogly, Li et al. established an RCA-
based duplex probe, consisting of Ramos cells Bpeaptamers and complementary
oligonucleotides. The Ramos cells implementatiosulted in the separation of the
complementary oligonucleotides, leading to circiddA assembly and construction of the
polycatenated DNA platform. When the circular DNémiplates were recognized by a
nicking endonuclease, they were dissociated ineoDNA platform and initiated the RCA
reaction to create a linear sequence of DNAzymelsseqquently accelerating the luminol-
H,O, CL (Fig. 3b). This proposed signal amplificatialo@ess presented an LOD of 137 cells
mL™. Nevertheless, the cancer-cell assessment is dimsuaming and is performed at
different temperatures (Li et al. 2012).
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Fig. 3. (A) Fabrication steps of the dendrimer NCs/QDsDNAkg and ECL biosensor for signal-off detection
of cells; (B) Schematic representation of cascagigas amplification strategy for the CL detectioitloe cancer
cell. Reproduced with permission from (Jie et @lLP) and (Li et al. 2012).

In another RCA-based CTCs detection study, a cooplaptamers with a capability of

specific attachment to Ramos cells was applied. fiise aptamer, TD05, was fixed as a
reconnaissance probe on the AuNPs, and the secandl&02, was attached to the 96-well
microplate covered with streptavidin as a captur@b@. By introducing the bio-barcode
AuNP probes, AuNP TDO5 aptamers attached to thedfiRamos cells to fabricate the
AuNP-TDO05-Ramos cell-TEO2 complex (Fig. 4a). TheARWas then started on the AuNPs
by introducing the Klenow DNA polymerase to generat long ssDNA for building an

enormous amount of biotinylated recognition probekich then were tightly attached to
streptavidin-conjugated horseradish peroxidase (HBRreate the biobarcode AuNP probes
with HRP label. Following elimination of the fre¢reptavidin-HRP, the CL reaction was
used to detect probes. Although the technique app®abe comparatively complex, the

experimental procedure is fast, simple and inexper(8i et al. 2013).

Furthermore, Chenet al. designed a different ECL-RCA-based aptasensor tha
identification of CTCs. Briefly, biobarcode toehagtamer/DNA primer/Au-FO,
(TA/DP/Au-Fg04) nanoconjugates were made-up and then fixed to stiiestratevia
annealing aptamer to capture probe. The TA/DP/AdBFeomplex acts as the magnification
spot to launch RCA, using strand displacement il@a¢EDR). The result showed that a huge
amount of Ru(bpyfdcbpy) NHS-labeled probes were hybridized to RGAdpcts, which
were simply caught by the magnetic electrode toycant the magnetic particle-based ECL
scaffold (Fig. 4b). The suggested approach alldlvesRamos cells identification as low as 16

cells, and shows great potential in clinical apgien (Chen et al. 2014b).
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(Bi et al. 2013) and (Chen et al. 2014b).

Despite numerous benefits, some challenges of ®& &/stem remain to be overcome for
practical applications including making high-purttiycular templates in high amounts and
low efficiency of the enzymatic ligation step fareating small DNA circles (<30 nt). These
issues can be addressed by using small amountilAfiDthe ligation mixture and chemical

cyclization of DNA oligonucleotides capable of geateng circular DNA molecules with a

fairly acceptable outcome (up to 85%), respectidlging et al. 2012; Zhao et al. 2008).
Moreover, nonspecific inter- and intra-moleculanssiinking may cause problems in use of
RCA for cell targeting, which can be diminished dgjustment of an RCA product extent,
rigidity, composition, and sequence. In the caseCdiCs, it has been reported that
incorporation of a polyT spacer between aptameradagin the RCA product, can decrease

the nonspecific communications between the aptameércancer cells (Tang et al. 2012). In
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conclusion, in order to minimize the aforementiongadvanted nonspecific interactions,
computational methods, such as cadnano, can beogetplto make predictable DNA

nanostructures, using a good design RCA sequerntstaple strands.

3.1.4. Upconversion Nanoparticles

Recently, upconversion nanoparticles (UCNPs) hasmahstrated numerous benefits as
fluorescence probes, owing to their high chemical photochemical stability, high signal-
to-noise ratio, low toxicity, large stokes shifésd resistance to photo-bleaching (Chen et al.
2014a; Yang 2014). UCNPs are a type of lumineshitg which can convert near-infrared
(NIR) excitation light into visible and ultravioleimission light. The critical aspect of UCNPs
is that thay have a low signal to noise ratio, Ipghetration depth into biological sample and
diminish the autofluorescence background (WilhePi?). These unique optical properties
make them ideal for many applications, includingsseg, imaging, diagnosis and therapy
(Wen et al. 2018).

In this aspect, the UCNPs were used for biologieaéction, imaging and even treatment of
cancer (Cheng et al. 2010; Idris et al. 2012; Wah@l. 2011). For the CTCs detection
purposes, Fang al. used aptamer-conjugated UCNPs as nanoprobesnifydeimor cells.

In this strategy, firstly CTCs were recogniaed the UCNPs-aptamer-biotin complex, which
is then identified by avidin-conjugated magneticnayarticles (MNPs) (Fig. 5). After
magnetic isolation, upconversion luminescence (Ui@lgging was carried out to identify the
CTCs. In this approach, without significant damag@eability~83%), the purities of
identifying cells were reported up to 89% in blaamples containing 1000 tumor cells. The
results also showed a reduced background signalamgsonably good linear correlation
between the number of captured cells and UCL inite(Sang et al. 2014).

Despite the attractive properties of UCNPs for émssng applications, a number of
limitations such as synthesis and surface modifioabf UCNPs, enhancement of the
brightness and emission efficiency of UCNPs andrévesion of quality of UCNPs still need

to be addressed for the commercial applicationg@RfPs (Wilhelm 2017).
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Fig. 5. Schematic representation of CTCs detection, udi@ilPs-aptamer-biotin and MNP-avidin nanoprobes.
Positive tumor cells are specifically recognizedW@NPs-aptamer-biotin nanoprobes, which are thechaed
by MNPs-avidin NPs for magnetic separation. The Usignals from UCNPs could be used for tumor cell

detection. Reproduced with permission from (Fang.e2014).

Table 1: Comparison of the analytical performance of regabttiminescence CTCs aptasensors.

Limit of

Linear

Strategy Cell Sample Aptamer sequence detection range Re(f:;en
(LOD) (LR)
GTGGCCCTCC?(-ZTGGGACTTGTC 62cells 190 (gietal
Ramos cells GGTGGCTTGATAGGAGGGCCAC — ml* 10%?_39"5 2010a)
AAGACAT-NH2-3'
5-NH2-TACAGAACACCGGGA )
Ramos cells GGATAGTTCGGTGGCTGTTCA o6 cells 80100 (%%S)"
GGGTCTCCTCCCGGTG-2’
Ramos cells/ 5" -AACACCGGGAGGATAG 10 cells 60 - 1500 (Liu et
CCRF-CEM cell TTCGGTGGCTGTTCAGGGTCTCE  1OFEY  cells 3yl (M%)
line TCCCGGTG-3 ¥ . '
5-GCAGTTGATCCTTTG
MCF-7 cells GATACCCTGGTTTTTTTTTTT-HS-
3'
5_HS-TTTTTTTTTATCCAGAG
: HL-60 cells TGACGCAGCATGCCCTAGTTACT
L”,';nr']rr']‘;'niiSdEd ACTACTCTTTTTAGCAAAC-3' o0 450-  (Wuet
Chemiluminescenc Buffer 5-HS-TTT TTT TTT TACAGC - 1016 al
ph (562 cols AGATCAGTCTATCTTCTCCTGAT cellsml®  2015a)
GGGTTCCTATTTATAGGTGAAG
CTGT-3
5-ATCTAACTGCTGCGCCGC
CCRF-CEM cells CGGGAAAATACTGTACGGTTAGA
TTTTTTTTT-HS-3
MCF-7 and HEK- B O oSy 20cels  10410°  (Feng et
293 cells ml? celsmL* al. 2016)
TGGCCTG-3
TLSIc: B-ACAGGAGTGATGGTT
GTTATCTGGCCTCAGAGGTTCTC
GGGTGTGGTCACTCCTGARe 0 oy 200 (o
MEAR cells TLS1la: 5ACAGCATCCCCATG i 1000 cells TR
TGAACAATCGCATTGTGATTGTT mL* :
ACGGTTTCCGCCTCATGGACGTG
CTG-3-Fc
5 - SHTACAGAACACCGGGA oo™ 100- o
Ramos cells Buffer GGATAG TTCGGTGGCTGT mLL 4000 cells al. 2011)
Quantum dots TCAGGGT CTCCTC CCGGTG-3' mL* '
(QDs)-based (SC2): 5 ATCTAACTGCT
Luminescent Lo oo Buffer/Bloo  GCGCCGCCGGGAAAATACTGTAC  Not Not  (Lietal
d GGTTAGA(A)6CTGCACGTCCGAC- reported*  reported 2018b)

3
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(SH2): 8- CAGCCTGCACGT
C(A)BATCTAACTGCTGCGCCGCC
GGGAAAATACTGTACGGTTAGA-

3!

(SH2): 8- CAGCCTGCACGT 200 -
C(A)6ATCTAACTGCTGCGCCGCC 137 cells 1000 cells (Li et al.
GGGAAAATACTGTACGGTTAGA- mL? mL 2012)

37
biotin-
TAGGCAGTGGTTTGACGTCCGCA
TGTTGGGAATAGCCACGCCT
Ramos cells Buffer SH-
AACACCGGGAGGATAGTTCGGT
GGCTGTTCAGGGTCTCCTCCCGG
TG
5 -SH-
TAGGCAGTGGTTTGACGTCCGCA 16 cells 20 - 500
TGTTGGGAATAGCCACGCCTATC Bo) cells
TATCC

Ramos cells

Rolling circle
amplification

163 cells 0-2000 (Bietal.
Bo) cells 2013)

(Chen et
al.
2014b)

Ramos cells

5 -
Upconversion CCRF-CEM and Buffer thiolTTTTTTTTTTATCTAACTGCT 20 cells Not (Fang et
luminescence K562 cells GCGCGCCGGGAAAATACTGTAC reported  al. 2014)
GGTTAGA

* ~80% capture efficiency and purity

3.2. Fluorescence-based CTCs aptasensor s and nano-aptasensor s

As a highly sensitive, reproducible, rapid, and “destructiveness process, fluorescence
analysis has been widely used in both bioanalytoatemistry and developing biosensor
technologies. Fluorescence detection often consfista source of excitation light, a
fluorophore, wavelength filters to separate phaonissions from excitable molecules, and a
detector that picks up the intensity of the fluomxe (Pires et al. 2014).There are several
conventional fluorescent or quencher molecules,civtprovide very sensitive detection.
These different dye molecules can be easily pawigd nucleic acid aptamers and can be
identified in actual time detection (Dickey and @jeande 2016). In this regard, numerous
fluorescent aptasensors have been developed fectaet of CTCs based on various
mechanisms, including graphene oxide (GO), Forst®onance energy transfer (FRET), and
Magnetic fluorescent, etc.

3.2.1. Graphene oxide-based aptasensors

Recently, GO as a fluorophore has been receivingexareme amount of attraction in

aptasensors design, because of their great quengroperty, well stability, excellent

conductivity, tunable optical properties for optic@ad-outs such as fluorescence and
plasmonics and simple surface alteration ability Bwo-conjugation (Loh et al. 2010;

Szunerits and Boukherroub 2018; Wang et al. 20&®)ich make it favorable sensing

composite (Dong et al. 2010). In 2015, Viraka Nellet al. developed an aptamer-modified
porous GO membrane for identification of differetypes of CTCs with multicolor

fluorescence imaging. In their study, three digtkinds of aptamers were covalently bound
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to a 2D GO membrane through amide bonds betwedyoxgrgroups of GO and amine
groups of functionalized aptameResults showed that dye-altered aptamers S6, A%and

1 bound to porous GO membranes are able to sedgcibapture numerous kinds of tumor
cells (SW-948 colon cancer cells, LNCaP prostateceg and SKBR3 breast cancer) with
efficiency about 95%. Aptamer-attached membranestioreed here, are capable of early
detection of CTCs that are presently being idesdifby cell-capture based sciences (Viraka
Nellore et al. 2015).

Various factors including the intrinsic fluorescenaf some serum proteins, the background
noise, temperature and pH can alter the sensitvityhe GO-based platforms for CTCs
detection (Ping et al. 2015). Thus utilizing fluphmres with time-resolved fluorescence
characteristics (HoOtzer et al. 2012), the optimaratof spectra, and chemical-surface
modification should be noted (Costa-Fernandez.20f16). GO-based aptasensors for CTCs
detection are still in their infancy. For commelization of these aptasensors, the non-
specific interactions, the large-scale reproduitibind toxicity and biocompatibility issues
still need to be addressed (Szunerits and Bouktler2018).

3.2.2. FRET-based aptasensors

FRET method is another interesting sensing teclyyplhich has been increasingly utilized
to develop quick, selective and practical bioanedytassays. In FRET process, overlap
between donor photoluminescence and acceptor almsogause relaxation of the donor to a
nonfluorescent ground state, which excites fluaase in the acceptor (Zhang et al. 2019a).
In many FRET-based tests, the specific photophlysasad optical characteristics of
fluorescent NPs have been stated to be effectivephors and/or donors for the substitution

of fluorescent organic dye molecules (Das et al.820

In this regard, Mohammadi al. proposed a FRET-based aptasensor with an extyemel
biospecific association between carcinoma antigér3 (CA 15-3) and the associated
antibody. In the proposed method, AuNPs labeled RAMMdendrimer/aptamer and anti-CA
15-3 antibody-conjugated carbon dots were utiliasdacceptor/donor, respectively. As CA
15-3 antigen was introduced into the reaction, thieust interaction between CA 15-3-
aptamer and anti-CA 15-3 antibody held carbon ddt A&UNPs complex pair closer thereby
reducing the fluorescence signal. The LOD of th&eEFRmmunoassay measured to be 0.9
nU mL% This method showed acceptable specificity andsiteity for MDA-MB-231
breast cancer cell counts from 1000 to 40000 gells', with an LOD of 300 cells mit
(Mohammadi et al. 2018).
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The cost of FRET reagents, enhancment of fluorésesnolution, improvement of specificity
of the reaction and increasing the signal-to-no&® and real-time dynamic monitoring of
physiological conditions are probable main barfier the development of FERT-based
aptasensors for CTCs detection (Zhang et al. 2019a)

3.2.3. Magnetic fluorescent-based aptasensors

Inclusion of scaffold materials such as magnetiadsein the fabrication of aptasensors can
improve the performance of aptasensor (Zhou e2GR20). Magnetic poropertise of MNPs
can help to manage the sensing systems by imprdkangeparations and loading processes
in aptasensing device (Hayat et al. 2013). Moreavés simple to functionalize the surface
of MNPs with divers type of chemical functional gps (e.g. polymers, silica and noble
metals) (Modh et al. 2018).

Recently, MNPs are employed for the specific capand detection of CTCs. For example,
“turn-on” magnetic fluorescent biosensor was depetbby Cuiet al. which was consisted of
Fe;04, molybdenum disulfide (Mo nanosheets, and graphene quantum dots (GQDs). In
this system, aptamer/§@,/GQD complex and MoSnhanosheets, as a fluorescence quencher,
were assembled to build “turn-on” biosensing maigriorescent nanocomposites (MFNSs)
(Fig. 6). With an average capture effectivenesgd8h, an LOD of 10 CTCs mt, and quick
identification and labeling CTCs within 15 min, MENave the potential to be used for
fluorescence-guided tumor cell enrichment and biaging (Cui et al. 2019). A novel near-
infrared probe depending on /Aynanoassembly has been created for sensitivetidetand
extremely effective capture of CTCs in bloodstredny, mixing it with anti-EpCAM
(epithelial cell adhesion molecule)-MNs. The metha@s successfully used for the
fabrication of near-infrared fluorescent Agnanoprobeia hybridization chain reactions by
means of aptamer-modified Ag) nanodots, which can greatly reduce the backgrsigrls

and increase the imaging sensitivity. Moreover, ahe-EpCAM antibody-labeled magnetic
nanospheres were applied for extremely unusual GB@ture in whole blood samples. The
near-infrared nanoprobe with signal amplificatiomd ammune-magnetic spheres (IMNSs)
scaffold showed an outstanding presentation fogcéiffe capture and detection of CTCs,
with an LOD of 6 cells mL in mimicking whole blood (Ding et al. 2018).

Another remarkable system consisted of an anti-BdG#ptamer assembled pseudo-DNA
nanocatenane (PDN) and HER2-coated MBs was utiligedouble targeting and isolating
CTCs. In this system, signal amplification for CT@=tection was based on the conjunction
of RCA and MBs. The HER2-coated MBs isolated CT@sf blood, following their elution
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from a magnetic column. The specific PDN, whichtagdor-made self-assembly of three
circular DNAs, bound to CTCs through EpCAM. Thetsys collectively created improved
fluorescent signals for extremely sensitive rectgniof CTCs in the existence of MB, phi29
DNA polymerase and RCA primers. By means of thistey, an LOD of 10 CTCs rilwas
achieved. This system is practical, highly-sensjtand adequately suitable for the identify of
breast CTCs in the laboratory (Wang et al. 2018).
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Fig. 6. The sensing mechanism of the aptamef@ggraphene quantum dot (GQD)/MpRased nanosurface
energy transfer biosensor for the detection of CTEI3C: 1-ethyl-3-(3-dimethylaminopropyl) carbodiuhei,
NHS: N-hydroxysuccinimide, TsONa: sodium ptoluerfemate. Reprinted with permission from (Cui et al.
2019).

3.2.4. Other mechanisms

Additionally, other mechanisms introduced some hdueengineering techniques, which
have been applied to develop fluorescent aptaserispiICTCs detection. The information
and their details have been listed in Table 2. ¢Seiral. 2013; Zamay et al. 2015; Zeng et al.
2014; Zheng et al. 2014). Table 2 presents a sugnofahe fluorescence-based aptasensors
for CTCs detection.

Table 2. Comparison of the analytical performance of repbftgorescence CTCs aptasensors.

Limit of Linear Referenc
Strategy Cdl Sample Aptamer sequence detection range s
(LOD) (LR)
S6: .
cOobased  SK.BR3. PEMC 5GCGTGCGGAGCCAGGATGGGCGT (raka
! ! Blood GCGGAGCCAG ~95% capture efficiency
aptasensors and HaCaT cells A9 et al.
5GGGAGGACGAUGCGGACCGAAA 2015)
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AAGACCUGACUUCUAUACUAAGU

CUACGUUCCCAGACGACUCGCCCG

AGAAUUAAAUGCCCGCCAUGACC
AG

YJ-1:
5GCGGAAGCGUGCUGGGCUAGAA
UAAUAAUAAGAAAACCAGUACUU

UCGU

Forster
resonance
energy transfer

(FRET)

MDA-MB-231

cells Buffer

5GAAGTGAATATGACAGATCACAA
CT

1x1C -
4x10¢
cells mL
1

300 cells
mi?t

(Moham
madi et
al. 2018)

Buffer/BlI

MCF-7 cells 0od

5'CAGCCTGCACTCTAACGCAGTTG
ATCCTTTGGATAGCCTGGGTTAGA

Not

-1
6 cells mL reported

(Ding et
al. 2018)

Magnetic
fluorescent-
based

BT474, and HELF

cells Blood

5CACTACAGAGGTTGCGTCTGTCC
CACGTTGTCATGGGGG

up to
50000
cells

10 cells mL
1

(Wang et
al. 2018)

aptasensors

HepG2, A549, and

HEK293 cells EONE

5'-/5carboxyl/-CAC TACAGAGGTTGC
GTCTGTCCCACG
TTGTCATGGGGG GTTGGCCTG*3

2-64
nM of
EpCAM

1.19 nM of
EpCAM

(Cui et
al. 2019)

Using of anti-
EpCAM

aptamer and

flow cytometry
imaging

Kato Ill, MDA-
MB-231, T47D,
HT-29, SW480,
U11B-MG, Ramos
HEK-293T cells

Buffer

SYL3C:5 -CACTAC
AGAGGTTGCGTC TGTCCCACGTTG
TCATGGGGGGTT GGCCTG-3

~63% capture efficiency
for positive cells with
80% purity

(Song et
al. 2013)

RNA aptamer
conjugated to
fluorochrome-
quencher pairs

Karpas 299,
SUDHL-1,
HDLM2, KMH2,
Mino, Maver-1
U937 cells

Blood

5-GAUUCGUAUGGGUGGGAUCG
GGAAGGGCUACGAACACCG-3

Not reported

(Zeng et
al.
2014)*

Silica NPs
covered by
highly branched
dendrimer-
amplified
aptamer probes

Ramos cells and

CCRF-CEM cells  Buffer

TDO05: 5-AACACC GGGAGGATAGTT
CGGTGGCTGTTC AGGGTCTCCTCC
CGGTGTTTTTTT TTT-3-NH2

Sgc8 SATCTAA CTGCTGCGCCGC
CGGGAAAATACT GTACGGTTAGAT
TTTTTTTTT-3-NH2

Sgd5 SATACCA GCTTATTCAATT
ATCGTGGGTCAC AGCAGCGGTTGT
GAGGAAGAAAGG
CGGATAACAGAT
AATAAGATAGTA AGTGCAATCT-3 -
NH2

~90% capture efficiency

(Zheng et
al. 2014)

DNA aptamers
labeled with
Cy5 dye

Lung cancer

h Blood
specimens

LC-183:
CTCCTCTGACTGTAACCACGATTTC
GATCGCTCTGAGACT
GCCAACGTCC
CACCATTCGCGCATAGGTAG
TCCAGAAGCC

LC-17: CTCCTCTGAC
TGTAACCACGCTTTTGTCTTTAGCC
GAATTTTACTAAGCC
GGGCTGATCA
GCATAGGTAGTCCAGAAGCC

LC-18: CTCCTCTGAC
TGTAACCACGTGCCCGAACGCGAG
TTGAGTTCCGAGAGCTCCGACTTCT

TGCATAGGTAGTCCAGAAGCC

LC-110:
CTCCTCTGACTGTAACCACGTTAG
GCGAGAACATGTCAGTACGTCGAC
GTTCTACTTGCTGCATAGGTAGTCC
AGAAGCC

lessthen 2 1-22 cells
cellsper3  per3 ml
ml of blood  of blood

(Zzamay
etal.
2015)

* RNA aptamer

3.3. Colorimetric-based CTCs aptasensor s and nano-aptasensors

Several sensitive, non-apparatus detection metthed® been described to convert the
binding events of the aptamer-target into relateéectable color changes (Song et al. 2012,
Wang et al. 2015). Due to robustness under varmusditions and cost-effectiveness,

colorimetric assays are one of the most frequarggd methods in cancer cells detection (Du
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and Dong 2017). The colorimetric-based assaysasg ® use, which simply depend on the
existence of the target molecules with no requirgmfer an expensive quantification
apparatus (Hutter and Maysinger 2013). In 2008esearch team proposed a method in
which aptamer-conjugated AuNPs were used to integtiae affinity and selectivity of
aptamer, and the spectroscopic benefits of AuUNREetelop a sensitive detection of cancer
cells. Non-target samples did not produce any chamgolor, but samples containing target
cells showed a significant color change. The LODheftarget cells was calculated to be 90
cells (Table 3) (Medley et al. 2008).

Some research groups offer colorimetric assaysdbaseG-quadruplex DNAzymes with
peroxidase activity as signal-amplifying componefus ultrasensitive detection of CTCs
(Table 3). Norouziet al. developed a functional nano-assembly of DNA fttet identify
cancer cells (Norouzi et al. 2018). DNA nano-asdershwvere built by the self-association of
a DNA concatemer to namerous sticky-ended threejwagtions. While the nano-assembly
was directed to the target cell by an aptamer moibe peroxidase inserted in the nano-
assemblies was employed to produce colorimetrinadsgas a sensing element. The result
showed that the LOD was about 175 cells, which ala®st ~5 folds smaller than the split
DNAzyme technique with no amplification (Shi et 2014a). To ameliorate the sensitivity of
G-quadruplex DNAzyme based colorimetric sensorgerous systems such as RCA (Jiang
et al. 2014), PCR (Bhadra et al. 2014), autononiaNg machine (Zheng et al. 2014) and
strand displacement amplification (Du et al. 20b@ve been employed. In this line, a
pragmatic colorimetric strategy was conducted byeXal. for the detection of CTCs based
on aptamer-induced RCA on the surface of the ¢elthis method, an EpCAM-targeted
aptamer was chosen as a recognition element andfarse situ aptamer-induced RCA with
great G-quadruplex sequences on the exterior otélig(Fig. 7). The G-quadruplex/hemin
DNAzyme complex was then created which acceleratemlorimetric response for CTCs
detection. The designed colorimetric assay with.@® of 10 cancer cells in 10000 times of
benign cells, showed very high selectivity and gesity (Xu et al. 2018). Table 3 presents a
summary of the colorimetric-based aptasensors i@ detection.
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Fig. 7. Schematic representation of the colorimetric asgaymor cells by aptamer-induced RCA on the cell
surface. Reprinted with permission of (Xu et all2pD

Besides the many benefits of colorimetric aptasendiere are some disadvantages e.g.
pH/temperature impressible, tedious measuremeatiragtances, difficult sample handling
and preparation as well as sensitivity to changdabe experimental geometry (Mehmood et
al. 2019).

3.4. SERS-based CTCs aptasensor s and nano-aptasensors

Surface-enhanced Raman spectroscopy (SERS) isvanaetl vibrational spectroscopy that
has turned into a common detection and optical intadevice, owing to its powerful signal
intensity, biocompatibility, outstanding photostap and particularly the multiplexing
capability (Cialla et al. 2014). In this kind ofesgiroscopy, the excitation of localized surface
plasmon resonances (LSPR) at the surface of nactsted metals with light leads to
induction of the massive intensification of the Ramnscattering from the molecules located
near the metal surface. This effect results in dtrasensitive plasmon-enhanced
spectroscopic method that enhances the inheremttwtal specificity and experimental
flexibility of Raman spectroscopy (Guerrini and Afez-Puebla 2019). SERS is one of the
highly sensitive methods to detect and identify GRima et al. 2014; Ranc et al. 2013; Sha
et al. 2008; Shi et al. 2014b; Sun et al. 2015; gvanal. 2013; Zhang et al. 2014). The
earliest record of CTCs detection using SERS wikcHic aptamers was succeeded by Sun
et al. with the help of aptamer-conjugated MBs, in wh8BRS image was obtained and
CTCs were enriched and separated. The captureeeffic was 55% and 73% in the blood

sample and buffer, respectively. In comparison withventional approaches, this aptamer-
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based SERS method can find the source of tumorstasia and the particular tumor (Sun et
al. 2015). A recently proposed on-chip strategy loimes SERS analysis with size-based
microfluidic cell isolation forin situ profiling of CTCs. In this study, the gap sizethé
microfluidic filter was corrected to achieve a dgrparity and capture rates of CTCs (Fig. 8a).
Based on their composite spectral signatures, Hengiypic data of captured CTCs was
easily achieved by the revised classic least scalgogithm, using spectrally orthogonal SER
probes. In this systensglls from various subtypes of breast cancer caoabegorized with
high specificity and sensitivity (Zhang et al. 2p18

There are still some obvious flaws about SERS-bdse¢ektion techniques for CTCs, which
lead to unsatisfactory results in detection or ab@rization of the target (Zhang et al. 2017).
Firstly, these techniques require an initial ermelnt step for capturing CTCs in whole
blood, which makes the process of detection monepticated. The process of enrichment is
completely dependent on the unique communicatitwden specific receptors expressed on
the surface of cancer cells and recognition agentstly antibodies. Since antibodies are
usually expensive, the high expenses of the tedengignificantly limits the use of SERS-
based detection of CTCs in routine clinical diagarosSecondly, accurate and
multidimensional characterization of the analyterza be achieved by vibration information
from the SERS spectrum alone (Ukaegbu et al. 20Réently, there has been extensive
research regarding the development of SERS in aumatibn with various technologies for
high-performance CTCs detection and characterizgtioet al. 2015; Wu et al. 2015b; Yao
et al. 2013).

3.5. SPR-based CTCs aptasensor s and nano-aptasensor s

One of the most powerful tools for the study ofetio properties of biomolecular interactions
is surface plasmon resonance (SPR)-based bioseffsaker et al. 2008; Kabashin et al.
2009; Sipova and Homola 2013). SPR biosensors gsetain mode of the metal-dielectric
waveguide (a surface plasmon) to evaluate changdisei refractive index induced by the
biomolecular interaction taking place at the swfad the SPR biosensor (Wijaya et al.
2011).

NPs are able to improve the sensitivity of SPR-dsesensors, as used on nearby to the
SPR substrate leading to considerable change ir5BiR-related peak position. Presently,
SPR-based biosensors have achieved significantrgg®gn many areas, particularly in
cancer marker detection. In this regard, Hehgl. described amn vitro biomarker sensor,
using localized SPR (LSPR) based on immunosilveromarblies (iISNMs) and a nano-
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scattering spectrum imaging analysis (NSSIA) systé&specially, highly monodisperse
SNMs with high-quality images were prepared and #emsing substrates were also
constructed using the NP adsorption technique pFexise sensitive and selective identify of
EpCAMs expressed on CTCs, the exterior of the SNa% wovered with an anti-EpCAM
aptamer (Fig. 8b). Collectively, they have estdidds a biomarker-detectable LSPR sensor
dependent on iISNMs, with an LOD of 67 fM for the@®M protein (Hong et al. 2016).
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Fig. 8. (A) Schematic description of CTCs capture and tifieation, using Apt-MBs and SERS imaging; (B)
Schematics for precise analysis of cancer biomati&sed on anti-EpCAM aptamer-conjugated silver
nanomarble (iISNMs) and the nano-scattering specirnaging analysis (NSSIA) system. (i) The extracted
EpCAM proteins from target cancer cells are treatitth iISNMs for LSPR-based protein sensing. (i)eEgy
grading of representing specific color from the ESfignal, using NSSIA to analyze biomarker expm@ssi
Reprinted with permission from (Sun et al. 2015]J @dong et al. 2016).

SPR-based detection methods of CTCs do not nesakatb detect the event, thus avoiding a
separation step to remove the label (Costa et(dl42 However, elevation of background
refractive index mainly due to cross-reactivity dan challenging in both real and complex
samples (Nguyen et al. 2015). This concern canvegcome by optimizing the accurate
binding of the CTCs aptamers to a specific targetthermore, existing SPR instruments
remain large and expensive, and this is still aidarfor marketing SPR technology. To
achieve this goal, additional studies on the estaflent of innovative chip chemistry,
combined with miniaturization and amplification sahes, will be required to prepare SPR as

a routine point-of-care (POC) diagnostic tool (Ngnet al. 2015).
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3.5. Other optical-based CTCs aptasensors and nano-aptasensors

Currently there are other reported opical-basedsapisors have been fabricated based on
various strategies (Table 3), for example Kvebal., presented a highly sensitive and label-
free detection methods for carcinoembryonic an8g@DEAS), expressed on CTCs using
scanning probe microscopy (SPM) imaging, pairechvetcarbon nanotube (CNT)-based
patterned surface. In this approach, for the canstm of a CNT-patterned surface, straight
CNTs were chemically formed on a silicon substrate modified with pyrenyl molecules,
leading to the chemical activation of CNTs withapers for the unique detection of CEAs.
For the sake of label-free identification of CEAg heans of a CNT-patterned surface, the
SPM imaging method was used to display CEAs pdatt linked to a CNT-based
patterned surface (Fig. 9a). Their sensing metledelotied not only a single isolated CTC, but
also CEAs expressed on a few CTCs with a concémratf less than 1 cell mt
Specifically, their sensing technique enabled tteniification of CEA proteins even at the

isolated molecule determination (Kwon et al. 2013).

Chiu et al. demonstrated the utilization of the pulsed lasesodption/ionization mass
spectrometry (LDI-MS) to identify CTCs by analyzirgpld cluster ions [Ag)" from
aptamer-modified gold nanofilms (AuNFs) (Fig. 9bhey found that AuNFs functionalized
with  mucinl (MUC1)-binding aptamer (Apjci—AuNFs) could fortify MCF-7 cells
selectively from blood samples, and in combinatiath LDI-MS assessment could permit
the specific identification of MCF-7 cells. Theyutd identify as few as 10 MCF-7 cells in
samples, using the mentioned Apt;—AUNF/LDI-MS platform. Notably, this Apfuci-Au
NF/LDI-MS complex operated with no requirement fmmplex elements (dyes, NPs, or

electro-active organic molecules) for tagging aedton cell{Chiu et al. 2015).
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Fig. 9. (A) The fabrication of a patterned surface basedadCNT functionalized with an aptamer. (i) SPM-
based detection of CEACAM5 captured by ACNT. (iEACAM5 molecules expressed on CTCs were
obtained from the whole lysate of colon cancer L&1¢ells; (B) AuNFs for the enrichment of targetsad
detection of tumor cells coupled with LDI-MS. Reydd with permission from (Kwon et al. 2013) andhi{Cet

al. 2015).

Table 3. Comparison of the analytical performance of regbrtolorimetric, SERS, SPR and the other optical

CTCs aptasensors.

. Limit of Linear
D’\;elt ;}t:)%n Strategy Cell Sample Aptamer sequence detection range Refersence
(LOD) (LR)
5'-
TTTAAAATACCAGCTTATT
CAATTAGTCACACTTAGA
GTTCTAGCTGCTGCGCCG
Aptamer- Ramos cells CCGGGAAAATACTGTACG 1-5x1d (Medley
conjugated gold and CCRF-  Buffer GATAGATAGTAAGTGCA 90 cells cells etal
NPs CEM cells ATC T-3 2008)
5-
Colorimetric AACACCGGGAGGATAGTT
CGGTGGCTGTTCAGGGTC
TCCTCCCGGTG-3
Self-assembly of
a DNA CCRF-CEM, 5'- 175 - (Norouzi
concatemer to Jurkat, Ramos, Buffer TTTATCTAACTGCTGCGCC 175cells (3 15x10 et al
namerous sticky- U937, and GCCGGGAAAATACTGTAC o) .cells 2018.)
ended three-way HepG2 cells GGTTAGA
junctions
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VEGF6s5 binding aptamer:'s
GGGCCCGTCCGTATGGTG
Aptamer-induced GGTGTGCTGGCTTTTAAA
RCAonthecell MCF-7cells Serum AAAAAAA -3’ 10cellsmet 19° 3;|0000 (\I|Va2r(1)g:1L5et
surface MUC1 binding aptamer:'5 cels a )
GCAGTTGATCCTTTGGAT
ACCCTGGTTTTTAAAA
Biotin-labeled and amino-
labeled KDED2a-
Aptamer DLD-1 and 3 aptamer (5
conjugated MBs CCRF-CEM Buffer/bl TGCCCGCGAAAACTGCTA aslowas20 20-1000 (Sunetal,
and SERS cells ood TTACGTGTGAGAGGAAAG  cells mL? cells mL* 2015)
imaging ATCACGCGGGTTCGTGGA
CACGGT TTTTTTTTTT-3-
biotin/amino)
EGFR:5 HS-C6-
(T10)TACCAGTGCGATGCT
CAGTGCCGTTTCTTCTCTT
TCGCTTTTTTTGCTTTTGA
SERS GCATGCTGACGCATTCGG
On-chip strate TTGAC
combi?\es sizg—y SKBR3 HER2:5 HS-C6-
based MCE7 MD’A_ (T10)AACCGCCCAAATCCC 10-20 cells (zhang et
microfluidic cell  MB-231, and 21294 TAAGAGTCTGCACTTGTC foreach 7, %51g)
isolation with Jurkat (Y:ells ATTTTGTATATGTATTTGG cell type
SERS analysis TTTTTGGCTCTCACAGACA
CACTACACACGCACA
EpCAM: 5 HS-C6-
(T10)TGAAGGTTCGTTGTT
TCGGTGGGTGTAGACTCT
TTAGAAGAGATACAGATT
TTGGGAATG
5-AGCGTC
oczeosen Yerrmmn - SATACCACTACAGASET, & st o
A ' e Ep ong e
SPR (Lspig\lﬁssed on gg&"ag‘zg;“;f Buffer - ATGGGGGGTTGGCCTGC protein per . al. 2016)
cells TAATGGAGCTCGTGGTCA one cell
G-NH2-3
;Zglémﬁtlﬂga 5GCGGAAGCGUGCUGGG . (Kwon et
CNT-based LS174T cells  Buffer CUAGAAUAAUAAUAAGA <1 cellmL - al. 2013)
AAACCAGUACUUUCGU
patterned surface
Other Au NFs
- > Blood Samples AptMUC1: 57 -thiol-TTTTTT R ’
functionalzed Spiked with  Buffer  TTTTTTTTT GCAGTTGAT  10cels O 109 ;fg'(‘)‘fg)
binding aptamer MCF-7 Cells CCTTTGGAT ACCCTGG-3

4. Electrochemical CTCs aptasensors and nano-aptasensors
Electrochemical aptasensors are types of biosensbish apply an immobilized aptamer on
the surface of an electrode for selective attachirteethe analyte. This attachment is sensed
by an alteration in voltages and/or currents atldwalized surface (Ravalli et al. 2016).
Electrochemical biosensors are one of the top w&lebiosensors due to their valuable
multiphexi

(simultaneous analysis of multi-analytes), rapidgessing, working with high sensitivity

features including economical operation, capabilities

turbid samples, and readily miniaturization captied (Golichenari et al. 2019).

Electrochemical biosensors are usually made ofdwthree electrodes: a chemically stable
working (indicator) electrode; a silver-coated refece electrode and an additional platinum

wire electrode (Hammond et al. 2016). Various lmogmnition elements can be immobilized
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on an electrode surface in most conventional elebgmical biosensing strategies in order to
establish a precise interaction between the bigm®ition element and the target components.
The electrical signal from this biointeraction i®portional to the concentration of the target
analyte (Ronkainen et al. 2010). Electrochemicabsémnsors are categorized as
voltammetric/amperometric, potentiometric, impedinee and conductometric, based on
parameters such as electrical current calculatipotential or charge accumulation,

impedance, and altered medium conductance, resplctGolichenari et al. 2019).

Table 4 provides an overview of the LOD and linemmge of described electrochemical

CTCs nano-aptasensors in the literature.

4.1. Voltammetric/amperometric

Wang group developed an RNA aptamer biochip foh B&TCs capture and detection. This
polydimethylsiloxane (PDMS) chip included a covemmprising a channel for the
introduction, and maintenance of cells and micrietele matrix on a silicon dioxide
coating. The anti-epidermal growth factor recepBGFR) aptamer uniquely binds the
cancer cells, enabling the revealing of a singleleincreasing the resistance of ion current
between electrodes. This new aptasensor-baseégtratas suggested for CTCs isolation
from cell counting, peripheral blood, or may be tamed with other lab-on-a-chip platforms
for follow-up protein and gene analysis (Wang et 2012). Quet al. designed an
electrochemical biosensor by simultaneously corjongatwo different anti-MEAR cell
aptamers, TLS1c and TLS11a, to the surface of a G&ESDNA and dsDNA, respectively.
This biosensor could make it possible for the GE&stg surface to recognize tumor cells
more effectively (Fig. 10a). Experimental resulésifred the sensitivity improvement of the
dual-aptamer modification approach, compared tosthgle-aptamer modification strategy.
In addition, it is possible to exploit other sopiuated signal probes. With a linear range of 1
to 14 cells, the LOD of the method was one isol&#8AR cell in 1¢ whole blood cells.
This work demonstrated a well-designed and ultrsitga identification technique,
introducing an encouraging possibility for furth&@mical applications, pertaining to CTCs
(Qu et al. 2014).

In another study, an electrochemical-based DNAsmptsor was developed for lung cancer
identification. The highly specific aptamer was efik on a gold microelectrode and
electrochemical assessments were carried out ioluia harboring the redox indicator
ferrocyanide/ferricyanide. The aptamer/protein ¢gsgwere collected from the blood of
patientsvia streptavidin para-MBs, followed by square wavetaroimetry (SWV). In a
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sandwich detection approach, silica-coated irord@X¥Bs with hydrophobic groups were
used to improve the sensitivity of the aptasen3tre beads with hydrophobic groups
increased the LOD of the aptasensor by 100 time8.@83 ng mL, in the crude blood
plasma of subjects with lung cancer (Zamay et @ll62. Another electrochemical-based
strategy is to use an array nanochannel-ionchdmyield combined with an electrochemical
identification method. In this method, the specdjgtamer probe was tied to the surface of
ion-channel to specifically capture CTCs. The teap@TCs effectively cover the entry of the
ion channel, which completely blocks the ionic fleia the channels, leading to an altered
characteristic of the nanochannel-ion channel coatlmin mass transfer property. The
captured CTCs can be sensitively identified, by mseaf an electrochemical linear sweep
voltammeter (LSV) method, based on the changed mnassfer properties. Compared to a
single channel, the sensitivity of detection can extremely improved, because of the
intensified reaction of array channels. The resshswed that the concentration of acute
leukemia CCRF-CEM as small as 100 cellsrdan be captured and detected successfully
(Cao et al. 2017).

4.2. Impedance Spectroscopy

In 2016, Shert al. constructed a label-free electrochemical aptasemih efficient surface
identification of EpCAM for CTCs detection based iompedance spectroscopy. In order to
achieve the highest sensitivity, after binding efmércapto-1-hexanol (MCH) on the gold
electrode, the capture probe was directly pushel@H interspaces. The LOD of the
aptasensor was 10 cells thiwith a linear range between 30 to 1Xidells mL*. The
synthesized aptasensor can be reused for 8 tince®miched CTCs can be degraded by
Uracil-DNA Excision Mix for further studies (Shena. 2016).

Considering the unique properties of the DNA natnatedron (NTH)-based aptamer probe
andin situ layer-by-layer combination of dendritic structf2S) nanoprobes, the proposed
technique by Sun group significantly improved sewisi and selective electrochemical
presentation for examining tumor cells. The talg€Cs existing in the sample can challenge
DS nanoprobes for binding to NTH-based aptamer graltich results in the liberation of
the DS nanoprobes from the screen-printed goldirelde (SPGE). This method displayed
extremely high sensitivity and selectivity towarep2 cells with a LOD of five cells miL

In addition, their strategy allows the capturedscébd be easily detached from the SPGE
without negotiating the activity of the cells thghuan electrochemical breakdown of the Au-
S bonds (Sun et al. 2018).
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Recently, for the first time, Tian group made anragdensitive electrochemical-based
aptasensor for the identification of MCF-7 CTCsthis method, immuno-MBs (E@4NPs)
were used to both separate and enrich CTCs, aad aszyme mocks rGO/MeSynergistic
catalysis for signal intensification. This aptasensan simply be regenerated by removing
the magnet. The suggested electrochemical aptasetestdified MCF-7 with an LOD of 6
cells mL* and linearity from 15 to 45 cells it (Tian et al. 2018). In another study, an
electrochemical immunosensor for the detection GiCE€ was made, using a signal
enhancement system based on tyramide signal aoapiiin (TSA). In this method, Pt
NPs@HRP complexes and tyramine-functionalized it&finoordination polymers were used
to build the TSA-based signal intensification syst@ig. 10b). An improvement was found
in the identification of CTCs with a direct concetion, ranging from 2 to 2xf@ells mL*
and an acceptable LOD of 2 cells th(Zhou et al. 2019).

4.3. Field-effect transistors (FETS)

Specific sensing with field-effect transistors (BHJiosensor involves integration of bio-
recognition elements (e.g. aptamer) with FETs, wlibe selective interaction between bio-
analytes and bio-receptors could lead to biophysacabiochemical changes that can be
transduced and amplifieda field-effect towards external signal readouts.the case of
CTCs detection, recently an incorporated microftuichip enriched with FETs sensor arrays
coupled with CTC-specific aptamers was developdd¢chvcould not only trap CTCs by the
chambers narrow necks but also count them throptgmreer-based FET sensing. The FET
output signal intensity was determined to increasle the growing number of trapped CTCs.
In this system, cells could be detached and celtetr subsequent applications. This quick
identification technique needs just 5-minute samptaibation time, which is quicker, in

comparison with time-consuming optical imaging t@gnes (Chen et al. 2019).
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Table 4. Electrochemical aptasensors and nano-aptasemsafstection of CTCs.

Limit of  Linear Referen
Strategy Cell Sample Aptamer sequence detection  range ces
(LOD) (LR)
(5-
PDMS chip consisted Rat- GGCGCUCCGACCUUAGUCUC
of a cover and derived UGUGCCGCUAUAUGCACGGA 1-26 (Wang
microelectrode matrix  primary Buffer UUUAAUCGCCGUAGAAAAGC 1 cell cells etal.
on a silicon dioxide  meningeal AUGUCAAAGCCGGAACCGUG 2012)*
layer fibroblasts UAGCACAGCAGAGAAUUAAA
UGCCCGCCAUGACCAG-3)
K88: 5-
T15GGCGACCCCCGGGCTACC
AGACAATGTACGC-3)
TBA: 5-
. . T15GGTTGGTGTGGTTGG-3
Conjugating dual - (Qu et
aptamers to the surface ME'ﬁ‘R Blood TLSic: 3- 1 cell 1-}|4 al.
of a GCE cells T15ACAGGAGTGATGGTTGTTA cells 2014)

TCTGGCCTCAGAGGTTCTCGG
GTGTGGTCACTCCTG-3
TLS1lla: &
T15ACAGCATCCCCATGTGAAC
AATCGCATTGTGATTGTTACG
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GTTTCCGCCTCATGGACGTGC

TG-3
Crude
Formation of aptamer- blood LC-18: 5-
protein-bead sandwich plasma CTCCTCTGACTGTAACCACGT 0.023 ng 230 - (Zamay
on the surface of samples Serum GCCCGAACGCGAGTTGAGTTC .mL'l 0.023 et al.
electrode from lung CGAGAGCTCCGACTTCTTGCA ng mL?! 2016)
cancer TAGGTAGTCCAGAAGCC
patients
A label-free 5'- 30 -
electrochemical MCE7 and AACAGAGGGACAAACGGGGG 10 cells 1x10 (Shen et
impedance Hela cells Buffer AAGATTTGACGTCGACGACAT mL cells al.
spectroscopy CCGCUGAUUUGAAUCCUAAC mLt 2016)
aptasensor G-3
Array nanochannel- CCRF- ,
ion():/hannel hybrid CEM sgc8e: S-ATCTAACTG 100~ (Cao et
combined with k562 a’md Buffer CTGCGCCGCCGGGAA 100 (?f”s 1000 al.
electrochemical Rarﬁos AATACTGTACGGTTA mi cells 2017)
d . : GATTTTTTTTTT-3-(CH2)6—NH2 mL?
etection technique cells

Aptamer probe anih

s TLS11la: 5ACAGCATCCCCATG
situ layer-by-layer

37.6 - (Sun et

assembly of dendritic HepG2 Blood I SRR AT IO TEATTE 5 cells 5.6 cells al
struct)(J re (DS) cells TTACGGTTTCCGCCTCATGGA mL? .mL'l 2018)
CGTGCTG-3
nanoprobes
Immune-MBs are used
for both separation and MCF-7
) ' TLS1la: 5
af]gr:g;”ﬁ;trggﬂﬁcs thl—)gl TI5ACAGCATCCCCATGTGAAC . . 15-45 (Tianet
with 1G oy IMOS, SK-BR-é Buffer AATCGCATTGTGATTGTTACG mL-L cells al.
e . ’ GTTTCCGCCTCATGGACGTGC mL? 2018)
synergistic catalysis A549, and ,
. TG-3
for signal H460 cells
amplification
S eanceren scols 2y @t
tyramide sianal Hela cells  Buffer TTGGTGGTGGTGGTTGTGGTG mLt cells al.
yramide sig GTGGTGG-3' NH2 S 2019)
amplification mL
5-

Integrated microfluidic HCT-8 TACAGCACCACAGACCATGGT Not (Chen et
chip equipped with cells Blood TGTGTTTTTTTTTGTGTGGCTT 42 cells reported al.
FETs sensor arrays CGTATGTTGTTGCGTGTTTGTC P 2019)

TTCCTGCC-3

*RNA aptamer

However, electrochemical biosensing platforms femeeral limitations that have been briefly
discussed here. Obtained results from electroctraj@tasensors and nanosensors indicate
that they are able to detect concentration as sasafivo cells mtt of CTCs. It is important

to note that CTCs can be identified in trace numibéhe blood, when cancer is not present,
as their level rises in the process of tumor growitection of small CTCs levels is vital for
early cancer prognosis screening, and diagnosiselsas for anticipating the outcome of a
particular treatment. Recent techniques do not @eptk-concentration stage, compared to
traditional methods and can measure CTCs in vew d¢oncentration ranges. Another
challenge for the detection of CTCs is the accuraicgell recognition, as the variety of
extended protein structure of the cell membranesages the complexity of the recognition.

The existence of non-target cells in the model al®upts the communication of the
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identification component with the target cells. Aamtingly, electrochemical identification of
CTCs in human blood with high-sensitivity and hmgtecificity is a serious concern for non-
invasive POC cell identification. Considering thésue, the nanostructured electrode was
revealed to elevate the capture efficiency. By gisiultiplexed cell surface protein profiling,
the specificity of the target is enhanced. Likewise elevate the specificity of cell
identification, the electrochemical assessmeninafue metabolic action marker was used on
the captured cell. Generally, developing highlycsfpeelectrochemical strategies would lead
to more accurate cell detection methods implemgriR@C system.

5. Conclusions and future per spectives

Nowadays, for precise and quick detection of CTapdamer-based biosensors have gained
huge attention. With special characteristics inglgdsimple synthesis, great diagnostic
sensitivity and specificity, and high stabilitydiverse circumstances, aptamers are one of the
most exciting candidates for the construction afsggg platforms. Nevertheless, in spite of
several efforts carried out to approve the efficieof CTCs aptamers in many sensing
processes, there is still a long way to propose £aftasensors as a practical technique,

regarding the POC diagnostics (Sun et al. 2019).

Most of the platforms reviewed above have only beenfirmed, using spiked cells in a
diluted buffer or blood sample, which does not espnt the exact complexity of real clinical
samples. Furthermore, because of the low concenmtratf these cancer cells in blood,
aptasensors detection requires pre-concentratiotheofclinical specimen. Hence, several
milliliters of blood must be processed before ditec and most of the aptasensors-based
detection methods have been used for tumor cedictlen in PBS or serum solutioBome
reviewed platforms are capable of recovering CTiGmfa real blood sample, and therefore
allow further analysis of the molecular profilingtbe captured CTCs at the single cell level.
While in some of these platforms, antibodies angdtides were used to target ligands to
capture CTCs, the sensitivity, selectivity, andosiiy of these platforms could be increased

by aptamers, leading to an improved chance of ssdoethe clinical applications.

Moreover, in the case of in vitro application otapers, some practical hurdles, still hinder
the development of aptasensors. For instance, -lrgle aptamers production is an
expensive procedure and aptamers also do not susuifficiently in blood due to the fast
degradation by nucleases. The latter can be addtrdsg the addition of some functional

groups to mimic amino acid side chains in DNA/RNRvery crucial requirement for the
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application of almost all above aptamer-based CH@€tction methods is a validation
method for distinctions between real samples catedrom patients and those prepared in
buffer. Additionally, most aptasensors use aptametis known target proteins, which are
not cancer-specific but are existing on the surfaicdiverse tumor cells. In this regard, the
development and evaluation of aptamers for diffetarget cells as well as separate binding
sites is needed. In particular, multi-target aptabesed cytosensors have shown fascinating
performance. Consequently, it is very critical &dest aptamers with appropriate properties
for the target proteins on the surface of tumolscdfor example, MCF-7 cells can be
captured more efficiently by using the combinataindifferent aptamers (AS1411, MUC1
and SYL3C) for different biomarkers (EGF, MUC1 dfpiCAM).

The integration of NPs with aptasensors in recesdry led to reasonable progress in
sensitivity and specificity. NPs display uniquegtreal features that often cannot be obtained
from either distinct molecules or large size maiesriFor example, with a large surface-to-
volume ratio, NPs can be utilized for greater &fi¢ target communications. This
characteristic makes NPs capable of improving thieiency of the traditional methods
and/or to develop novel platforms with enhancediteds. Nevertheless, for then vivo
detection of CTCs, a general concern regardindpitheafety of NPs should be considered. In
conclusion, establishing simple, fast, stable, gine, low-cost, and high-performance
aptasensors and nano-aptasensors for clinical astiga applications of CTCs remains a
research trend.
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Highlights

Detection of circulating tumor cells (CTCs) has been considered as an appealing
prognostic and diagnostic approach for cancer patients

This review mainly focuses on recently developed optical and electrochemical aptasensors for

CTCs detection.
Thisreview covers the prominent roles of nanomaterials in the development of CTCs aptasensors.

Future perspectives and challenges of CTCs aptasensors are discussed briefly.
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