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ARTICLE INFO ABSTRACT

Keywords: Mucin 1 protein (MUC1) is a membrane-associated glycoprotein overexpressed in the majority of human ma-
MUC1 lignancies and considered as a predominant protein biomarker in cancers. Owing to the crucial role of MUC1 in
Mucin cancer dissemination and metastasis, detection and quantification of this biomarker is of great importance in
Aptamer clinical diagnostics. Today, there exist a wide variety of strategies for the determination of various types of
i;iizzzr disease biomarkers, especially MUCI1. In this regard, aptamers, as artificial single-stranded DNA or RNA oli-

gonucleotides with catalytic and receptor properties, have drawn lots of attention for the development of bio-
sensing platforms. So far, various sensitivity-enhancement techniques in combination with a broad range of
smart nanomaterials have integrated into the design of novel aptamer-based biosensors (aptasensors) to improve
detection limit and sensitivity of analyte determination. This review article provides a brief classification and
description of the research progresses of aptamer-based biosensors and nanobiosensors for the detection and
quantitative determination of MUC1 based on optical and electrochemical platforms.

Cancer biomarker

1. Introduction

Rapid detection and quantification of biomarkers is of paramount
importance for diagnosis and clinical management of the human dis-
eases (Florea et al., 2013). For instance, detection of cancer-specific
biomarkers in various samples, e.g. peripheral blood and serum, has
resulted in substantial improvements in early diagnosis of human
cancers, as well as monitoring the outcome of the disease during and
after the course of treatment (Li et al., 2015; Siegel et al., 2015).

Mucins are a family of high molecular weight, heavily glycosylated
proteins produced by epithelial tissues and are classified into two

subfamilies: membrane-bound and secreted (gel-forming) mucins;
therefore they are an important component in most gel-like secretions,
serving functions from lubrication to cell signaling and forming che-
mical barriers (Marin et al., 2007). Mucin 1 protein (MUC1), as the
most studied mucin, is a membrane-associated glycoprotein expressed
on the apical surface of most normal epithelial cells (Ma et al., 2013).
MUCI1 is abnormally overexpressed in the majority of adenocarcinomas
and, in particular, in 96.7% of invasive lung cancers (Lakshmanan
et al., 2015), 90% of pancreatic, prostate and epithelial ovarian cancers
(Roy et al., 2011) and 70% of breast cancers (Rahn et al., 2001), and
therefore, has been suggested to be a useful biomarker for the diagnosis
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of human cancers, in the early stages (Liu et al., 2015; Yan et al., 2013).

MUCL1 consists of a hydrophobic membrane-spanning domain, an
extracellular domain at its N-terminal (MUC1-N) and a cytoplasmic
domain at its C-terminal (MUC1-C) that are associated with each other
via hydrogen bonds (Hu et al., 2014). MUC1-N consists of a proline,
threonine, and serine (PTS)-rich domain, which is called the variable
number tandem repeat (VNTR) region. This region usually contains
12-125 repeats of a 20-amino acids sequence, GSTAPPAHGVTSAPDT-
RPAP, which is a target for O-glycosylation (Jonckheere and Van
Seuningen, 2010). A type of MUC1 which is expressed by cancer cells is
usually referred to as tumor-associated MUC1 (TA-MUC1). This protein
differs from its normal counterpart in various characteristics. For in-
stance, TA-MUC1 harbors abnormal hypoglycosylation due to de-
creased activity of b1-6 N-acetyl glucosamine transferase in cancer
cells, making novel carbohydrate-peptide antigens such as Thomp-
son-Friedenreich (TF) antigen (bGal(1-3)aGalNAc-O-serine/threonine),
Tn antigen (aGalNAcO-serine) and sialyn-Tn (S-Tn a2-6 sialyl GalNAc-
O-serine/threonine) (Nath and Mukherjee, 2014; Singh and
Bandyopadhyay, 2007). These structural differences have made it
possible to design various tests for specific detection of MUC1 and its
tumoral counterpart.

A low level of MUC1 expression (generally < 31 U/mL) could be
found in healthy human serum (Moreno et al., 2007). However, the
normal level of MUC1 in serum may be quite different, depending on
the type of assay employed. In cancer antigens detection tests, Cancer
Antigen 27-29 (CA 27-29) levels under 40 U/mL (Frenette et al., 1994)
and CA 15-3 levels under 25-30 U/mL are usually considered as the
levels of MUC1 in normal serum (Rughetti et al., 2008). Thus levels
higher than these quantities may usually suggest the presence of ma-
lignancies. A 100-fold increase in the amount of MUCL is indicative of
greater likelihood of cancer (Gheybi et al., 2014).

The traditional techniques (including enzyme-linked im-
munosorbent assay (ELISA), dot blotting, Western blotting, im-
munohistochemistry, and immunofluorescence) have been applied for
the detection of MUC1. Most of these methods are time-consuming,
labor-intensive and require expensive instrumentations, limiting their
use in real-time clinical diagnostics (Wang et al., 2014; Zhang et al.,
2016). Hence, it will be crucial to develop novel methods for sensitive
and specific detection of MUC1 in the blood/serum of various human
cancers (Yan et al., 2013; Zhao et al., 2015). Among the new and state-
of-the-art approaches introduced for the detection of MUC1, biosensor-
based methods are becoming consolidated approaches due to their
rapid, direct, real-time, efficient and labor-free entity (Ding et al., 2015;
Wilson and Gifford, 2005).

Biosensors are compact analytical devices combining a biological
recognition element with a transducer which are capable of providing
selective quantitative or semi-quantitative sensing of analytes (Turner,
2013). The use of nanomaterials (NMs)/nanoparticles (NPs) in the
structure of biosensors can address more sensitive and versatile nano-
biosensing platforms with a synergistic performance for the detection of
biomarkers (Kong et al., 2011; Mokhtarzadeh et al., 2016). Aptamers
have recently been considered as the well-known biorecognition ele-
ments for the detection of various analyts including bacteria
(Golichenari et al., 2018), natural and chemical material (Eivazzadeh-
Keihan et al.,, 2017; Nosrati et al., 2018) and cancer biomarkers
(Dehghani et al., 2018; Eivazzadeh-Keihan et al., 2018; Hasanzadeh
et al., 2018), to mention a few. Biosensors which take advantage of
these sensitive and selective aptamers are referred to as aptamer-based
biosensors, or more concisely, aptasensors.

Aptamers are single-stranded nucleic acids isolated from repeated
rounds of an in vitro selection called SELEX (systematic evolution of
ligands by exponential enrichment) (Bayat et al., 2018; Phillips et al.,
2008). Aptamers pose unique characteristics for bioanalytical applica-
tions e.g. high sensitivity and specificity, target versatility, resistance to
degradation and denaturation, cost-effectiveness, ease of synthesis, and
stability in non-physiological conditions (Darmostuk et al., 2015; Song
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et al., 2008). In particular, when interacting with their targets, apta-
mers undergo a conformational change which abrogates the need for
additional labeling alterations for monitoring the binding process
(Ogasawara et al., 2009). These unique characteristics suggest aptamers
as interesting alternatives to antibodies (Gopinath et al., 2016; Radom
et al.,, 2013). Several MUC1 aptamers have been isolated, including
S1.1, S2.2, 5TR1, 5TRG2, MA3, and GalNAc3 (Nabavinia et al., 2017),
which have resulted in the development of several types of aptasensors
for the detection of MUCI. In this review, we articulate an overview of
the recent important achievements in various optical and electro-
chemical aptasensing platforms for the determination of MUCI, as a
main cancer biomarker. Furthermore, we especially emphasize on na-
nostructured-based aptasensors for the development of highly sensitive
and selective MUC1 detection.

2. Optical MUC1 aptasensors and nano-aptasensors

Optical biosensors are becoming increasingly popular with inter-
esting applications in many fields, including healthcare, biomedicine
and pharmaceutics and have promising potentials for portable biosen-
sing systems and personalized medicine (Damborsky et al., 2016; Fan
et al., 2008; Vigneshvar et al., 2016). Optical biosensors recognize the
desired analyte with an optical transducer system and take advantage of
a biorecognition sensing element which produces a signal proportional
to the concentration of the analyte (Damborsky et al., 2016). These
biosensors have great potentials for real-time and label-free detection of
a wide range of substances and benefit from high sensitivity, specificity
and cost-effectiveness (Dey and Goswami, 2011; Vigneshvar et al.,
2016). In this section, the most prominent examples of optical bio-
sensors and nano-biosensors are described for the detection of MUC1.
Tables 1 and 3 show a list of the literatures published for optical MUC1
aptasensors.

2.1. Luminescence-based MUC]1 aptasensors and nano-aptasensors

Luminescence is a phenomenon in which light emission does not
result from heat (Kulmala and Suomi, 2003). According to the source of
energy, various types of luminescence methods are usually classified
into a variety of light-emitting processes. For instance, in chemilumi-
nescence (CL), the emission of light is provided by a chemical reaction,
whereas electrochemiluminescence (ECL) is the result of an electro-
chemical reaction in solutions. Luminescence-based methods benefit
from high sensitivity and selectivity and large linear quantitative range,
and consequently, have become increasingly popular for the develop-
ment of state-of-the-art analytical techniques (Kulmala and Suomi,
2003; Roda et al., 2016). In this context, several luminescence-based
aptasensors for MUC1 detection have been successfully developed
(Table 1). Among the chemicals that exhibit CL, ruthenium (Ru) com-
plex and luminol/isoluminol compounds, especially N-(4-aminobutyl)-
N-ethylisoluminol (ABEI), have emerged as potent luminophores for the
remarkable progress in developing ECL-based MUC1 detection.

The first sensitive strategy for the detection of MUC1 biomarker in
breast cancer MCF-7 cells was proposed based on ECL resonance energy
transfer (ERET) from ruthenium(II) (Rul) to graphene oxide (GO) (Wei
et al., 2012). RET depends on the energy transfer between two fluor-
escent molecules - donor and acceptor. ERET systems have shown an
excellent potential in analysis and detection fields due to their super-
sensitivity, high level of controllability, and amplified signal (Z. Li
et al., 2017). In this study, Rul-labeled MUC1 aptamer (Aptyyci) was
used as a probe (Rul-aptamer complex). In the absence of MUCI,
strong noncovalent interactions between Rul-aptamer and GO, quen-
ched the ECL of Rul because of ERET reaction between GO and Rul.
Conversely, upon adding MUCI1, the interaction between Rul-aptamer
and GO was disturbed, resulting in the release of Rul-aptamer from GO
and consequently, the restoration of Rul ECL (Fig. 1A). This method
was shown to detect MUC1 protein in a linear range (LR) from 64.9 nM
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Fig. 1. Schematic illustration of Ruthenium (Ru)-based ECL aptasensors for MUC1 detection. (A) Based on ERET from Rul to graphene oxide, reprinted from (Wei
et al., 2012) with permission from the Royal Society of Chemistry; (B) A hybrid bipolar electrode (BPE)-ECL biosensor using ferrocene (Fc)-labeled Aptyyci, reprinted
with permission from (Wu et al., 2013), Copyright (2013) American Chemical Society; (C) The hollow porous polymeric nanospheres of a ruthenium complex (Ru-
HPNSs) for MUC1 detection. Reproduced with permission from (Chen et al., 2017), Copyright (2017) American Chemical Society.

to 1036.8 nM with a limit of detection (LOD) of 40 nM and MCF-7 cells
at concentrations as low as 30 cells mL™'. Another Ru-based ECL for
MUC1 detection was a hybrid bipolar electrode (BPE)-ECL biosensor
using ferrocene (Fc)-labeled Aptyyc; (Fig. 1B). The BPE-ECL is a mi-
crofluidic chip-based ECL system in which an electrode is embedded in
a microchannel offering the advantages of low reagent consumption,
portability, and disposability. In hybrid BPE, gold nanoparticles
(AuNPs) were used as cathode which is able to decrease the over-po-
tential of O, reduction while indium tin oxide (ITO) glass was used as
the anode to increase the oxidation current of Ru(bpy)s?™* /tripropyla-
mine (TPA) on the anode. Without a target, the presence of Fc inhibited
the oxidation of Ru(bpy)32+ and its oxidation form (Fc*) quenched the
ECL of Ru(bpy)s>*/TPA by energy-transfer from the excited-state Ru
(bpy)s2** to Fc*. In the presence of MCF-7 cells, Fc-aptamer could
interact with MUC1 expressed on the cell surface, resulting in a de-
creased number of Fc-aptamer hybridized with capture DNA at the
anode. This approach allowed detection of Aptyyc; at a concentration
down to 0.5 fM and was capable of detecting a minimum of 20 MCF-7
cells mL . Besides, the amount of MUC1 on MCEF-7 cells was calculated
to be 9041 * 388 molecules/cell (Wu et al., 2013). Recently, an

ultrasensitive ECL aptasensor was constructed based on hollow porous
polymeric nanospheres of a ruthenium complex (Ru-HPNSs), which is
applied as efficient ECL tag, and target-catalyzed hairpin hybridization
as signal enhancement strategy for the detection of MUC1 (Fig. 1C).
This sensing platform showed a linear response to concentration var-
iations from 1.0 fg mL™ to 100 pg mL~" with the detection limit down to
0.31 fg mL™ (Chen et al., 2017).

Several studies have been carried out based on the quenching effect
of ECL emission in ABEI approach. For example; Zhang et al. (2016)
reported the development of an ECL aptasensor for the detection of
MUC1 using specific binding of this protein to an specific aptamer
immobilized on the surface of multi-functionalized magnetic GO na-
nocomposite (nanoFe304/GO), produced by ABEIL In this system, the
role of NanoFe;0,/GO was to attract the GO nanocomposite on the
surface of the magnetic glass carbon electrode (GCE) and thereby en-
ables the ABEI to be immobilized through an increase in conductivity
and thus, facilitated the sensitive detection of MUC1. In this study, the
authors demonstrated that in the range of 0.005ngmL ™' to 1000 ng
mL~?, the ECL intensity diminished linearly relative to the logarithmic
concentrations of MUCL. In another study, a multiplex cytosensor was
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fabricated based on a dual ECL signal system to detect MCF-7 cells using
Au/luminol and CdS QDs as potential-resolved ECL nanoprobes. Human
MUC1 aptamer was immobilized onto AuNPs-polyaniline (PANI) on
ITO electrodes for capturing MUC1-positive MCF-7 cells. Au/luminol
and CdS QDs as ECL nanoprobes were covalently bound to con-
canavalin A (ConA) and epidermal growth factor (EGF) to label MCF-7
cells on both sides of the sensor, separately. The quantification of MCF-
7 cells on two spatially resolved areas was achieved over the linear
range from 102 to 1.0 X 10° cells mL™ with a detection limit of 20 cells
mL™ (Zhou et al., 2017).

In respect to ABEI approach, Ruo Yuan's research group reported
numerous studies. In a study, based on quenching effect of mercury ion
(Hg?*) on ECL of ABEI, an aptamer-based ECL sensor was fabricated for
ultrasensitive determination of Hg>* and MUC1. Concretely, the ECL
intensity of GO-AgNPs-ABEI was initially enhanced by ferrocene-la-
beled single-stranded DNA (ssDNA) (Fc-S1) (first signal switch “on”
state) in the presence of H,O,. With the aid of aptamer, assistant ssDNA
(S2) and full thymine (T) bases ssDNA (S3) modified AuNPs (AuNPs-S2-
S3) were immobilized on the sensing surface through the hybridization
reaction. Then, an abundance of Hg?>* was successfully captured on the
AuNPs-S2-S3 via strong and stable T-Hg?*-T interaction which effec-
tively inhibited the ECL reaction of ABEI (signal switch “off” state).
Finally, the signal switch “on” state was executed by utilizing MUC1 to
bind aptamer, leading to a large decrease of the captured Hg>* on
AuNPs-S2-S3 (Jiang et al., 2016). In another study conducted by the
same group, a significant ECL signal appeared in the presence of MUC1
(1ng mL7) based on catalyzed hairpin assembly (CHA) and lumino-
phore ABEI immobilized on a CoFe,O,4 surface (a three-dimensional
DNA nanomachine signal probe composed of CoFe;O,/Au-S2-HP1-
ABEI-HP2) (Jiang et al., 2017). The advantage of this platform was the
use of CoFe,04 which is more stable than Fe;0, in air, and exhibited
superior peroxidase-like activity and improved the ECL intensity of
ABEI-H,0, system by catalyzing the decomposition of H,O, to generate
reactive hydroxyl radical OH". In addition, due to its large surface area,
abundant ABEI was immobilized around the CoFe,O, surface with
amplified ECL signal output due to the CHA reaction (Jiang et al.,
2017). This aptasensor showed a relatively low detection limit (0.62 fg
mL™). In a similar study, an ECL aptasensor was proposed for the de-
tection of MUC1 using V,05 nanospheres as peroxidase mimics (F. Yang
et al., 2018). In this study, MUC1-aptamer binding triggered CHA for
signal amplification (Fig. 2). In this approach, V,05 nanospheres were
capable to immobilize a large quantity of ABEI-functionalized AgNPs to
form Ag-ABEI/V,0s signal probe. Moreover, V,0s nanospheres not only
overcame the intrinsic limitations of natural enzymes, but also could
well catalyze H,O, decomposition to generate superoxide anion (O5)
for significant enhancement in the ECL intensity of ABEIL The developed
system displayed desirable dynamic range from 10 fgmL~! to 10ng
mL ™! and the LOD was down to 3.33 fg mL ™' (F. Yang et al., 2018).
Recently, a sensitive ECL assay of MUC1 detection was developed with
the help of target recycling amplification strategy and effective MoS,
nanoflower (MoS, NF)-based signal probe. In this platform, MoS, NFs
acted as a co-reaction accelerator, which possessed catalytic perfor-
mance for H,O, decomposition to enhance the luminous intensity of
ABEI-H,0, ECL system. The experimental results showed LR of 1 fg mL’
! to 10 ng mL* while the LOD was 0.58 fg mL™" for MUC1 detection (Li
et al., 2018).

Tian et al. (2016) investigated a novel strategy for the construction
of MUC1 photoelectrochemical aptasensor, based on photoelectron
transfer from Cadmium Telluride (CdTe) quantum dots (QDs) to Tita-
nium dioxide nanotube arrays (TiO, NTs) via DNA chain. In this study,
a series of TiO, NTs were prepared on Titanium foil which was then
electrodeposited with AuNPs decorated with high amounts of Aptyyc:
by Au-S bond to elevate the conductivity. The synthesized cDNA/QDs
were then adsorbed on TiO, NTs through hybridization of cDNA ap-
tamer, resulting in formation of a TiO, NT/aptamer/cDNA/QD apta-
sensor. In the absence of the analyte, under the irradiation of visible

Biosensors and Bioelectronics 130 (2019) 1-19

light, the TiO, NT/aptamer/cDNA/QD aptasensor showed an excellent
photocurrent response due to photosensitivity of CdTe QDs and sig-
nificant conductivity of Au/TiO, NTs and DNA chain. It should be noted
that the photocurrent response of the synthesized aptasensor was highly
dependent on the length of the DNA chain and morphology of TiO, NTs.
Taken together, this aptasensor exhibited LOD of 0.52nM and LR of
0.002-0.2 uM which made it applicable for the detection of low quan-
tities of MUCI in serum samples. An ECL aptasensor was designed for
MUC1 in 40-fold-diluted healthy human serum samples based on cas-
cading amplification of nicking endonuclease-assisted target recycling
and rolling circle amplifications (RCA), which showed a LOD down to
0.71 fg mL™? and a LR from 10 fg mL? to 10ngmL" (Yazdian-Robati
et al., 2016). S.K. Li et al. (2017) developed a sensitive ECL aptasensor
consisting of novel ECL signal tag of DNA NFs and a highly efficient
target conversion strategy for MUC1 assay, which not only increased
the stability for luminophore loading, but also greatly improved the
detection sensitivity to 0.23 fg mL™.

2.2. Fluorescence-based MUC]1 aptasensors and nano-aptasensors

Fluorescence is generally a form of luminescence in which the en-
ergy is supplied by electromagnetic radiation (Hotzer et al., 2012).
Given the high sensitivity, reproducibility, rapid process and non-de-
structiveness, fluorescence-based detection methods are of utmost op-
tical techniques for the development of various aptasensors (Hotzer
et al., 2012; Pickup et al., 2005; Valeur and Berberan-Santos, 2012). In
this regard, there are several interesting studies, have tried to apply
fluorescence-based methods for the detection of MUCLI.

Firstly, a fluorescence resonance energy transfer (FRET)-based ap-
tasensor was reported for MUC1 detection using a 3-components DNA
hybridization system with QD-labeling. In this platform, in the presence
of MUC1, the FRET phenomenon occurred after hybridization of ap-
tamer with MUC1 because of the close proximity of the quencher and
QDs. The detection limit for MUC1 was in the nanomolar (nM) level
(Cheng et al., 2009). In another study by He et al. (2012), a highly
sensitive and selective fluorescent aptasensor was constructed utilizing
GO to quench the fluorescence signal of single stranded dye-labeled
Aptymuc- In the absence of MUC], the adsorption of the aptamer on GO
brings the dye in proximity of the surface of GO, leading to the
quenching of the fluorescent dye. However, in the presence of MUC1,
the fluorescence is recovered, and consequently, MUC1 can be detected
with a detection limit of 28 nM (wide range of 0.04-10 mM). Another
platform was developed based on FRET from conjugation of CdTe QDs
to GO. Interaction of aptamer with MUC1 weakened the interaction
between the aptamer and GO, resulting in the release of CdTe QDs from
GO and thus, the recovery of QDs fluorescence. The detection limits of
MUC1 and MCF-7 cells were 16 nM and 36 cells mL™, respectively (Wei
et al., 2012). With respect to photobleaching of dual aptamer-modified
silica nanoparticles (SiNPs), two types of breast cancer cells, the
MUC1(+) and human epidermal growth factor receptor 2 (HER2)(+)
cell lines, were simultaneously detected with a detection limit of 1 cell/
100 puL (Fig. 3A) (Jo et al., 2015).

Another FRET-based aptasensor for the detection of MUC1 was re-
ported by Zhao et al. (2015) with a LOD of ~10 = 5 MCF-7 cells mL™!
which is triggered by specific-binding-induced conformation alteration
of the designed activatable aptamer probe. The activatable aptamer
probe consists of specific Aptyyci, and an extending spacer making the
aptamer in hairpin structure to enable the close proximity of quencher
at 3’-terminus to fluorophores (FAM) at 5’-terminus of the probe. Prior
to interacting with MCF-7 cells, the fluorescence of the probe is quen-
ched due to FRET between the fluorophore and quencher. After inter-
action events, the fluorescence signal is activated through specific
binding of the probe with target protein on the cell surface (Fig. 3B)
(Zhao et al., 2015). In another work, a fluorescence “turn off/on” ap-
tasensor was fabricated by FAM-labeled MUC1 aptamer PO (PO-FAM)
adsorbed onto the surface of carbon nanospheres (CNs). Carbon
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Fig. 2. Schematic representation of an ABEI-based ECL aptasensors for the detection of MUC1. Reprinted with permission from (F. Yang et al. 2018).

nanosphere prepared by the carbonization of glucose had a high
fluorescence quenching efficiency (98.8%) while possessed negligible
cytotoxicity (in the concentration range of 0-1 mgmL™, which is 10
folds higher than that of traditional carbon nanotubes or GO
(0-100 pg mL™)). As for the detection of the mimic of the tumor antigen
MUCI, the resulting fluorescence intensity increased almost linearly in
the range of 0-6 uM with LOD of 25nM (D. Yang et al., 2018).

In an interesting study, Cai et al. (2015) reported that compared to
other organic dyes and nanomaterials, the combination of terbium (III)
and ssDNA signal probe (Tb®*-SP) is a sensitive probe for the detection
of low quantities of MUC1, due to its easy synthesis, stable optical
property and suitable biocompatibility. They demonstrated the detec-
tion limit of as low as 70 cells mL™. Li et al. (2015) utilized a Cy3-
labeled ssDNA probe (P0-Cy3) via “pi stacking” on the surface of oxi-
dized mesoporous carbon nanospheres (OMCN) to achieve fluorescent
“turn-on” aptasensor for the detection of MUC1 and cancer cells. This
platform detected MUC1 at a detection limit of as low as 6.52 nmol L!
(LR of 0.1-10.6 umol L) and quantified the cancer cells in solution at
the detection limit of 8500 cells mL™?* (LR of 10%-2 x 10° cells mL™).
They also exploited this OMCN-based aptasensor to image solid tumors
such as cells, tissue sections, and ex vivo and in vivo tumors, with great
distinguishability between cancerous and normal tissues. Thus, the
multiple diagnosis of cancer in vitro and in vivo is an advantage of this
technique. Ding et al. (2015) reported the development of an ultra-
sensitive FRET-based aptasensor for the detection of MUC1 based on
Aptyuci-CDs and GO. In this system, the FRET process between CDs
and GO was easily achieved due to the efficient self-assembly via s—n
specific interaction, which resulted in efficient quenching of fluores-
cence of CDs. Addition of MUCI resulted in the release of the apta-
mer-CDs from GO, and the recovery of the fluorescence of CDs as the
association constant between aptamer-CDs and MUC1 is bigger than
that of aptamer-CDs and GO. This aptasensor was shown to be able to
detect MUCI protein specifically and sensitively in a linear range from
20.0 nM to 804.0 nM with a LOD of 17.1 nM. In another study, a novel
dual-color fluorescent aptasensing platform was developed for the de-
tection of MUC1 and visualization of MCF-7 cells via fluorescence

imaging based on specific interaction of MUC1 and its aptamer, S2.2.
This aptasensor was prepared by covalent attachment of the cyanine
(Cy5)-tagged aptamer S2.2 to fluorescent silicon nanodot (SiND). In the
absence of MUC1, the fluorescence of S2.2-Cy5 was quenched by SiND
carrier, whereas in the presence of MUC1, fluorescence was restored
due to the structure switching of S2.2. This aptasensor showed speci-
ficity for MUC1-positive MCF-7 cells rather than MUC1-negative MCF-
10A and Vero cells. The linear range of this method for MUC1 detection
was 3.33-250 nM with a LOD down to 1.52nM (Zhang et al., 2018).

2.2.1. Critical note

According to the obtained data from various developed fluores-
cence- and luminescence-based MUC1 aptasensors and nano-apta-
sensors (summarized in Table 1), the ECL-based biosensing platforms
are highly sensitive methods showing fg/mL detection limit for MUCI,
whereas FRET-based aptasensors allow detecting of MUC1 at the range
of nM. Graphene oxide (GO) and QDs have been widely used in FRET-
based MUC1 aptasensors due to their great quenching property and
other characteristics such as better stability, high spectral resolution
and acutely sharp emission bands which could amplify the sensitivity of
the platforms (Hasanzadeh et al., 2016; Robertson et al., 1990; Wang
et al., 2016). However, the intrinsic fluorescence of some proteins in
serum may affect the outcome of the platforms employing GO and QDs
and therefore, alter the sensitivity of the sensing platform (Ping et al.,
2015). In this regards, it has been reported that pre-treatment of GO
with albumin or polyethylene glycol (PEG) (Chung et al., 2013) and
using the fluorophores with time-resolved fluorescence properties
(Pickup et al., 2005) may help to overcome this limitation as well to
diminish the background noises. In addition, inhibition of the GO cat-
alysis reaction caused by transition metal ions, like Zn®** and Fe** has
been reported (Binyamin et al., 2001). The toxicity, chemical in-
stability, low fluorescence signal, multi-exponential decay and photo-
blinking are also important drawbacks of employing QDs in biosensing
methods (Hotzer et al., 2012; Li et al., 2014). However, size-dependent
emission is probably the most striking optical property of QDs (Costa-
Fernandez et al., 2006). The photophysical properties and the
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Reprinted with permission from (Jo et al. 2015; Zhao et al. 2015).

photoactivation of QDs are influenced by many factors, including sur- surface modification and conjugation of a semiconductor nanoparticle
face ligand, solvent, temperature, pH and concentration (Sun et al., with an organic molecule (Costa-Fernandez et al., 2006) should be
2006). Therefore, it should be noted that for an excellent photocurrent considered.

response in RET-based systems (ERET and FRET), the optimization of

spectra by tuning the size and minimizing the interference between the

donor and the acceptor molecules using large surface area, chemical-
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2.3. Colorimetric-based MUC1 aptasensors and nano-aptasensors

Colorimetric-based detection systems are one of the most widely
applied methods for the detection of biomolecules and analytes (S.K. Li
et al., 2017; Su et al., 2011). This detection strategy benefits from a
color change, which is easily observed in the presence of target analytes
with naked eye with no need for a measuring device (Hutter and
Maysinger, 2013; Song et al., 2011).

In a study by Huang et al. (2015), an Aptyyc: was exploited as a
targeting agent for nanoparticle-based imaging systems coupled with
laser desorption/ionization mass spectrometry (LDI-MS). In this system,
the immobilized Aptyyci-AuNPs on GO (Aptyyci-AuNPs/GO) bound
effectively to MUCI units on tumor cell membranes. Then LDI-MS was
used to monitor Au cluster ions, resulting in the detection of as few as
100 MCF-7 cells (Fig. 4A). Qi et al. (2016) developed a colorimetric
aptasensing system based on oxidase-like activity of MoS,/PtCu nano-
composites and MUC1 aptamer for the colorimetric detection of various
cancer cells with different densities of MUC1. MoS, nanosheets could
catalyze the oxidation of 3,3,5,5-tetramethylbenzidine (TMB) in the
presence of hydrogen peroxide (H;0>) to produce a blue color. Liu et al.
described the development of a novel label-free colorimetric aptasensor
for the sensitive and selective detection of MUC1, which was prepared
by coupling of trivalent peroxidase-mimic DNAzyme and magnetic
nanoparticles (MNPs) (Fig. 4B). As a trivalent peroxidase-mimic DNA-
zyme, a three G-quadruplex (G4) DNA-hemin complex was employed,
in which hemin could facilitate the G4-DNA to fold into a catalytic
conformation and acts as an enzyme. The trivalent DNAzyme catalyzed
the H,O,-mediated oxidation of ABTS. The colorless ABTS was oxidized
and converted into a blue-green product that could be clearly observed
and distinguished by the naked eye. The LOD of this system was re-
ported to be down to 5.08-5.60 nM in a LR of 50-1000 nM in a buffer
solution and 10% serum system, respectively (Liu et al., 2018).

2.3.1. Critical note

Currently, colorimetric assays are becoming the basis of the avail-
able commercial detection kits for MUC1 using antibody-based assays
such as ELISA (Table 2). In comparison with available MUC1 detection
kits, colorimetric MUC1 aptasensors are currently in the nascent phase,
though they show at least equal sensing properties to the commercial
MUCL1 detection kits. MUC1 nano-aptasensors can be promising tools
for point-of-care (POC) in the future of clinical diagnostics because

ELISA has a fairly limited detection range and sensitivity compared to
developed aptasensors. In addition, antibody-based assays have some
restrictions such as requirement of large sample volumes, sophisticated
instrumentation, expensive antibodies, long incubation times and
complicated protocols (Xu et al., 2017; Zhu et al., 2017). Metal nano-
particles, especially AuNPs can be appropriate candidates for the design
of colorimetric MUC1 assays kits owing to the their higher extinction
coefficient compared to organic dyes (Devine et al., 1994), which offers
high sensitivity for AuNPs-based colorimetric kits. It should be noted
that commercial kits have been used for the detection of targets in
complex samples like serum. In this line, an important drawback of
AuNPs-based kits will be the formation of a dynamic nanoparticle-
protein corona named "corona shield effect". The pre-coated AuNPs
with specific proteins can solve this problem (Devine et al., 1994).

2.4. SPR/SERs-based MUC1 aptasensors and nano-aptasensors

Surface plasmon resonance (SPR) is a predominant label-free tech-
nique for the evaluation of ligand-analyte interactions (Miyazaki et al.,
2017). SPR-based sensors, which have gradually become outstanding
optical biosensors, sense trivial changes in reflective index with high
sensitivity and selectivity, proportional to the mass of biological or
chemical species immobilized on the surface of the biosensor (Homola
etal., 1999; Wijaya et al., 2011). NPs can enhance the sensitivity of SPR
biosensors when applied very close to the SPR substrate and induce
significant shifts in the SPR peak position. Currently, SPR biosensors
have made great advances in numerous fields, especially in the detec-
tion of cancer markers (S.K. Li et al., 2017). Various SPR-based MUC1
aptasensors are discussed in this section and summarized in Table 3.

Sandwich-type SPR aptasensors are a type of SPR-based biosensors
utilizing a pair of receptors, which can bind to different sites of the
same target and have many advantages including high selectivity,
stable and reproducible response and enhanced sensitivity over other
platforms (Seo and Gu, 2017). Using MNPs and a two-marker re-
cognition system, a sandwich SPR-based aptasensor was developed for
the detection of MCF-7 cells based on the MUC1 detection. While the
target MCF-7 cells are captured by Aptyyci, folic acid-conjugated
monodisperse MNP is used as the second selective binding reagent to
form a sandwich SPR assay with LOD of as low as 500 cells mL~! (Chen
et al., 2014). Jia et al. (2016) described another sandwich SPR cyto-
sensor for the detection of MCF-7 cells based on a histidine (His)-tagged
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Table 2

Comparison of analytical performance of numerous commercially available MUC1 detection kits.
Commercial MUC1 kit Assay sensitivity Assay range Sample types Detection method Assay time
Invitrogen™ 4mUmL™? 4.1-1000 mU mL ™! Supernatants, Plasma, Serum Colorimetric 4h 45min
MyBioSource 0.1ngmL~* 0.625-20 ng mL ™! Serum, Plasma, Tissue Homogenate, Feces and Urine Not reported
Cusabio 0.078 mU mL~* 0.312-20 mU mL ™! Serum, plasma, tissue homogenates 1-5h
Abnova 1mU mL™?! 2.5-50 mU mL~?! Plasma (ACD- or heparinized) and Serum Not reported
Antibodies-online 0.266 ngmL ™" 0.62-40 ng mL~* Cell Culture Supernatant, Cell Lysate, Tissue Homogenate 3h
Cloud-clone 0.126 ngmL ™! 0.312-20ng mL ™! Plasma, Serum 3h

arginine-glycine-aspartic acid (RGD) peptide to link integrin to cap-
tured cancer cells. They reported amplification of the SPR signal after
binding of NiO-NPs via His-tag on the peptide. In this study, MCF-7 cells
were captured by the interaction of MUC1 with gold surface modified
with Aptyyer. The use of NiO-RGD can further enhance the SPR re-
sponse because of the larger mass and higher refractive index of the NiO
nanoparticles located in the evanescent field. Implementation of His-
tagged RGD, modified by NiO-NPs, was reported to distinguish between
MCF-7 cells and normal islet beta cells and exhibited a 20-fold en-
hancement of DPR signal, resulting in a limit of detection of 136 cells
mL?,

Recently, two-dimensional (2D) zirconium-based metal-organic
framework (also described as 521-MOF) nanosheets have been applied
for designing of MUC1 aptasensors, due to good electrochemical ac-
tivity, high surface area (on which large amounts of aptamer strands
can be immobilized) and strong affinity interaction between the MOF
and the oligonucleotides sequences. This platform, within the con-
centration range of 0.001 ngmL ™" to 0.5ngmL ™' for MUC1 detection
in the human serum, exhibited a LOD of as low as 0.12 and
0.65 pgmL~?, deduced from electrochemical impedance spectroscopy
(EIS) and SPR, respectively (He et al., 2017). Localized-SPR (LSPR)
biosensors have recently drawn much attention for the detection of
biomarkers. Compared to SPR, the LSPR systems have the advantages of
simpler and more compact set-ups. In a recent study, Aptyyc; and gold
nanorods (AuNRs) were utilized to create LSPR platforms which suc-
cessfully detected the MCF-7 cells by their unique LSPR spectra with a
detection limit of 100 cells mL ™! (Li et al., 2016).

Surface enhanced Raman spectroscopy (SERS) is a state-of-the-art
vibrational spectroscopy which makes it possible to detect low quan-
tities of analytes through the amplification of electromagnetic fields
produced during the excitation of localized surface plasmons (Sharma
et al., 2012). AuNRs core-silver nanoparticles (AgNPs) satellite assem-
blies as an ultrasensitive aptamer-based SERS sensor were established
for the detection of MUC1 with LOD of 4.3 aM and LR of 0.005-1 fM
(Feng et al., 2015). In a study by Qu et al. (2017), self-assembled AuNPs
and upconversion nanoparticle (Au-Au-UCNP) trimers were designed
based on aptamers to detect MUC1 and alpha-fetoprotein (AFP) as two
disease biomarkers. These trimmers created good optical signals with
ideal Raman enhancement and quenching effects. The SERS intensity
diminished in the presence of MUC1 while it increased in the presence
of AFP. With this SERS-encoding sensing system, a limit of detection of
4.1 aM and a wide linear range of 0.01-10 fM for the detection of MUC1
was observed. A paper-based SERS test strip for quantitative detection
of MUCI1 in whole blood was proposed. On this SERS active substrate, in
situ synthesized AuNPs stuck to paper fibers in high density, resulting in
condensed Raman hot spots. AuNPs were decorated on the paper fibers
via a CDs assistant strategy, making the strip capable of both sampling
and sensing (Fig. 5). This platform was able to detect minute con-
centrations of MUC1 ranged from 50 ng mL” to 50 ug mL™? (Hu et al.,
2018).

2.4.1. Critical note

The affinity and cross-sensitivity to either mimic or non-target
molecules, sample temperature and composition oscillation on the
background refractive index can be limited using SPR-based methods

for the detection of MUC1 in real and multiplex samples (Frenette et al.,
1994). It should be noted that when SPR-based aptasensors are used for
the detection of MUC1 in complex samples, the interaction between
coexisting biomarkers in samples should be considered. Improvements
in specific binding of the MUC1 aptamers to a particular target can
overcome this concern.

2.5. Other optical-based MUC1 aptasensors and nano-aptasensors

Aptamer-antibody hybrid sandwich ELISA (Ferreira et al., 2008b),
leaky surface acoustic wave (LSAW) aptasensors (Chang et al., 2014),
film bulk acoustic resonators (FBARs) and biotin-avidin system /apta-
mers—AuNP conjugates (Guo et al., 2015) and label-free, fluidic chip by
terahertz spectroscopy (Zhao et al., 2017) are used in optical-based
MUCI1 detection with a slight difference in LOD and linear range, as
presented in Table 3.

3. Electrochemical MUC1 aptasensors and nano-aptasensors

An electrochemical aptasensor is a compact analytical device where
the bioreceptor (aptamer) is coupled to a transducer surface to convert
a biological interaction into a measurable signal (current) that can be
easily processed, recorded and displayed (Meirinho et al., 2016).
Electrochemical aptasensors, as biosensors, are very attractive for early
diagnosis of cancer as these devices are fast, portable, extremely sen-
sitive and selective towards their targets, especially when a bio-re-
cognition element is integrated with the electrode surface (Oguzhan
Caglayan, 2017). This section presents sensitive and selective electro-
chemical aptasensors and nanoaptasensors reported in the literature for
specific detection of MUC1 using voltammetric, potentiometric, am-
perometric and impedimetric techniques (Table 4). To date, several
strategies have been used for designing of electrochemical aptasensors
for MUC1 detection. A series of platforms have been developed for si-
multaneous detection of MUC1 and other cancer biomarkers. Other
approaches include enzyme-linked sandwich-based electrochemical
aptasensors and exonuclease-assisted target recycling amplification.
Methylene blue (MB) and [Ru(NH3)6]®>" have been used as preferred
signal transducer in theses platforms.

A sensitive electrochemical immunoassay was reported for the de-
tection of MCF-7 cells according to simultaneous detection of human
MUC1 and carcinoembryonic antigen (CEA) on the surface of this
cancer cell line (Fig. 6A). The experimental results revealed that this
cytosensor can specially monitor MCF-7 cells in a wide range from 10*
to 107 cells mL™ (Li et al., 2010). In another study for the parallel and
continuous detection of MUC1 and CEA biomarkers by electrochemical
aptasensors based on MB as a signal transducer, the detection limits of
MUCI1 and CEA were 0.13nM and 2.75ng mL, respectively. The pre-
sent biosensing system, after the detection of MUC1, can be con-
tinuously used to measure CEA, with the LOD as low as of 0.5 ng mL™
(Liu et al., 2016). Recently, Ma et al. (2018) have reported the devel-
opment of a dual target electrochemical aptasensor for simultaneous
detection of MUC1 and CEA based on [Ru(NH3)g]3" electronic wires
and metal ion electrochemical labels. In the presence of MUC1 and
CEA, the interaction between these biomarkers and their relevant ap-
tamers could lead to the dissociation of double-stranded DNA (dsDNA)
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Table 3

Comparison of analytical performance of colorimetric- and SPR/SERS-based MUC1 aptasensors and nano-aptasensors with other optical-based biosensing methods.

Ref.

Linear range

LOD

Recognition motif Cell/sample

Detection method Strategy/nanomaterial

100 cells (Huang et al.,
2015)

MCEF-7

DNA aptamer

Multivalent aptamer/gold nanoparticle-modified graphene oxide coupled with

laser desorption/ionization mass spectrometry (LDI-MS)

Aptamer conjugated MoS,/PtCu nanocomposites

Colorimetric

(Qi et al., 2016)

MCEF-7

DNA aptamer

50 —1000 nM (Liu et al., 2018)

5.08 (buffer solution) 5.60

(10% serum)

Buffer solution, 10%

Serum

MCEF-7

DNA aptamer

Trivalent peroxidase-mimic DNAzyme and magnetic nanoparticles

(Chen et al., 2014)
(Jia et al., 2016)
(He et al., 2017)

500 -1 x 10* cells mL~!

500 cells mL ™!

Label-free/nano-conjugation of monodisperse magnetic nanoparticle and folic acid DNA aptamer

NiO nanoparticle-enhanced surface plasmon resonance

SPR/SERS

136 cells mL~*
0.65 pgmL ™1

MCEF-7

DNA aptamer
DNA aptamer

0.001-0.5ngmL~?

Serum

Two-dimensional zirconium-based metal-organic framework (521-MOF)

nanosheets

100 cells mL~* 102-10° cells mL ™! (Li et al., 2016)

MCEF-7

DNA aptamer

Aptamer-functionalized gold nanorods (GNRs)/ localized surface plasmon

resonance (LSPR)

0.005-1 fM (Feng et al., 2015)

4.3aM

Serum

DNA aptamer

Active bimetallic gold nanorods (Au NRs) core-silver nanoparticles (Ag NPs)

satellite assemblies

(Qu et al., 2017)
(Hu et al., 2018)

(Ferreira et al.,

2008b)

0.01-10 fM

4.1 aM

Serum

DNA aptamer
DNA aptamer

Self-assembled AuNPs and upconversion nanoparticle (Au-Au-UCNP)

Paper-based SERS test strip

Human blood

Serum

8-100 ugmL~*

1ugmL~!

DNA aptamer

Aptamer-antibody hybrid sandwich ELISA

Other methods

(Chang et al., 2014)
(Guo et al., 2015)

10%-107 cells mL~?

30-500 nM

32 cells mL~!
500 nM

MCEF-7
PBS

DNA aptamer

Label-free/leaky surface acoustic wave (LSAW)

DNA aptamer

Film bulk acoustic resonators (FBARs) and biotin-avidin system/aptamers—AuNP

conjugates

(Zhao et al., 2017)

1-100 pmol mL ™!

1 pmol mL ™!

PBS and Dulbecco's -PBS

solutions

DNA aptamer

Label-free/fluidic chip by terahertz spectroscopy

10
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Fig. 5. Scheme of a paper-based SERS test strip for the detection of MUCI.
Reprinted with permission from (Hu et al. 2018).

and the analyses of these two targets were realized by DPV peaks
produced by metal ion electrochemical labels. To load a large number
of metal ions efficiently, Au/bovine serum albumin (Au/BSA) nano-
spheres were utilized as carriers to prepare Au/BSA-metal ions (Pb?*
and Cd**) which were conjugated with two auxiliary sequences. After
embedding of [Ru(NH5)e13™ complexes into dsDNA and formation of
electronic wires, the electron transfer and electrical conductivity were
improved. Consequently, the detection limit of this aptasensing system
was calculated as 3.33 fM, ranging from 0.01 pM to 100 nM for MUCL1.

Zhao et al. (2012) reported an electrochemical aptasensor, using a
ferrocene-labeled aptamer-cDNA as a probe, for the simultaneous de-
tection of MUCI and vascular endothelial growth factor (VEGF). In this
“signal-on” electrochemical biosensing assay, the cDNA immobilized on
an electrode surface can be hybridized with both MUC1-specific and
VEGF-specific aptamers to form a double strand with ferrocene far away
from the electrode surface; hence, electrochemical signal would not be
released. However, in the presence of the two protein markers, hy-
bridization of cDNA with aptamers was inhibited and subsequently, the
distance between the electrode surface and the ferrocene changed, re-
sulting in an electrochemical signal. This electrochemical signal in-
creased proportional to the addition of either protein markers, but the
highest signal was achieved only when both markers were present. In
2013, Ma et al. developed an electrochemical aptasensor for the
quantitative detection of MUC1 based on conformational change of
electrode-bound Aptyyc; (Ma et al., 2013). The modified electrode was
prepared through thiolated MUC1-specific ssDNA aptamers on gold,
which were also tethered from the distal end to MB for electrochemical
measurements. In the absence of MUCI, the ssDNA aptamers fold into
their inherent hairpin conformation, enabling direct electron transfer
between MB and gold electrode. Upon addition of MUCI, this protein
binds to the ssDNA aptamer, and therefore, the aptamer no longer re-
tains its secondary structure, relocating the redox center (MB) away
from the electrode surface. The surface density of DNA aptamer on gold
was evaluated by the MB voltammetric response. This response was
consistent with that of electrostatically bound [Ru(NH5)6]3", demon-
strating that each single MB molecule is electroactive at low scan rates
and upon binding of MUCI, the electoactivity of MB diminished. The
LOD and dynamic response range of this assay were 50 nM and 1.5 pM,
respectively, highlighting that this assay is superior to the commercially
available ELISA Kkits.

In a sandwich-based and enzyme-linked electrochemical aptasensor,
Aptyuc is adopted to recognize MCF-7 cells, while enzyme labeling is
employed to produce amplified catalytic signals. The molecular re-
cognition and the signal amplification are elaborately integrated by
fabricating a sandwich design (Aptyyci/MCF-7/horse radish perox-
idase (HRP)-labeled aptamer) on the gold electrode surface. The de-
tection range can be from 100 to 1 x 107 cells, with the detection limit
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as low as 100 cells (Zhu et al., 2013). Wang et al. (2014) designed an
enzyme-linked electrochemical aptasensor for the detection of MUC1
by p-aminophenol redox cycling. Binding of biotinylated MUC1 to
streptavidin-alkaline phosphatase led to conjugates which were cap-
tured by an anti-Aptyyci-modified electrode, resulting in the conver-
sion of the p-aminophenyl phosphate substrate to the electrochemically
active p-aminophenol. Subsequent to its oxidization on the electrode, p-
aminophenol was cycled by Tris phosphine, enabling an increase in the
anodic current. Given that MUC1 competed with the conjugate-bound
aptamer, the signal diminished proportionally to the elevation of MUC1
concentration between 0.5 and 6 nM, resulting in a LOD of 0.1 nM.

Another electrochemical sandwich aptasensor was developed for
MUC1 detection by using MB as an electrochemical indicator and
modifying the electrode surface using a functionalized conductive
polymer. The primary antibody as the capturing probe was immobilized
directly on o-aminobenzoic acid (0o-ABA)-modified electrodes. Then, a
sandwich-like structure was fabricated upon MUC1 protein-aptamer
complex formation, exploiting aptamer as the detection probe and MB
as the electrochemical active marker interacting with the aptamer
without previous labeling. Cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) were employed to detect changes in MB
oxidization peak current which is related to MUC1 concentration. DPV
detection revealed a sensitive and reliable detection of MUC1 with LOD
of 0.62 ppb and detection range of 1-12 ppb (Taleat et al., 2014). In a
later study, two simple and sensitive sandwich electrochemical ap-
proaches were developed for MUC1 using magnetic beads coupling
screen-printed arrays. In this bioassay, aptamers were coupled respec-
tively to either streptavidin or protein G-modified magnetic beads. The
bioreceptor-modified beads were utilized to capture MUC1 from the
sample. The sandwich assay was completed by the addition of a labeled
secondary aptamer. The enzyme alkaline phosphatase and its substrate
(1-naphthyl phosphate) were then used for the electrochemical detec-
tion by DPV. In this assay, the LR from 0 to 0.28 nM was obtained with
a detection limit of as low as 0.19nM and 0.07nM using anti-
body-based and aptamer-based sandwich assays, respectively (Florea
et al., 2015).

Recently, exonuclease (enzyme)-assisted target recycling amplifi-
cation strategy has been considered in designing of MUCI1 electro-
chemical aptasensors. In this aspect, Wen at al. constructed an electro-
aptasensor in which the aptamer was labeled with MB and hybridized
to capture probe on a gold electrode at both ends to form a dsDNA.
Adding MUCI resulted in the dissociation of the dsDNA and specific
recognition and binding of the aptamer to MUC1. Thereafter, exonu-
clease I (Exo I) was used to digest the aptamer bound to MUC1, and the
released MUC1 formed new binding to the remaining aptamer (Fig. 6B).
The proposed aptasensor, when properly optimized, had a LR from
10 pM to 1 uM with LOD of 4 pM (Wen et al., 2015). Implementing the
same strategy in another study, MUC1 directly released by normal
(RWPE-1) and prostate cancer (LNCaP and PC3) cells were detected
with a linear detection range of 0.65-110 ng mL? (Karpik et al., 2017).
Unlike the antibody-based immunoassays, the herein described apta-
sensor did not require handling or processing steps to generate the
signal. Another electrochemical aptasensor based on this concept was
recently reported. In this study, a DNA bulge-loop (as a L-DNA probe)
was fabricated through hybridization of the MUC1 aptamer with cDNA-
MB; therefore, due to its electrostatic repulsion, it could not diffuse
freely to ITO electrode surface which was negatively charged. Conse-
quently, a small electrochemical signal was detected. Upon addition of
MUCI1, the L-DNA structure was dissociated because of the specificity
between MUC1 and its aptamer. Then, Exo I was implemented to digest
the released cDNA-MB into nucleotides which resulted in the produc-
tion of short MB-labeled mononucleotides fragments (MB-MFs). Given
that MB-MFs contained low negative charges, it could easily diffuse to
the negatively charged ITO electrode surface and produce a stronger
electrochemical signal (Fig. 6C). This enhanced electrochemical signal
was linearly proportional to the logarithm of MUC1 concentration in
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Linear range
0.01 pM-100 nM

Limit of detection
0.65mL~" (4nM)

0.33nM

50 nM
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0.1nM

0.62 ppb
4pM

0.07 nM
0.13nM

3.33 fM
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prostate cancer cells (LNCaP and PC3)
Diluted serum (0.002%)

MCF-7
PBS

Buffer
MCF-7
Serum
Buffer
Buffer
Serum
Serum
Serum

Recognition motif Cell/sample

DNA aptamer
DNA aptamer
DNA aptamer
DNA aptamer
DNA aptamer
DNA aptamer
DNA aptamer
DNA aptamer
DNA aptamer
DNA aptamer
DNA aptamer
DNA aptamer

Electropolymerization of o-aminobenzoic acid (0-ABA) onto graphite based screen printed electrodes

Insertion approach/exonuclease-assisted target recycling

Magnetic beads coupling screen-printed arrays
Self-assembly of a thiolated aptamer tagged with methylene blue/redox label on gold electrodes

Metal ion electrochemical labels/Ru(NH;)s>* electronic wires

Immobilization of redox-labeled hairpin DNA aptamers on gold
Exonuclease I-assisted target recycling amplification

Aptamer—cell-aptamer sandwich architecture

p-Aminophenol redox cycling
Gold electrode- immobilized hybridization assay

Signal-on/ferrocene (Fc)-labeled cDNA probe

Immunoassay/gold electrode

Strategy

Electrochemical aptasensors for detection of MUC1.

Table 4
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the range of 1.0 pg mL'-50 ng mL™ and the LOD for this assay was as
low as 0.40 pg mL? (Lin et al., 2018).

Electrochemical aptasensors combined with NMs are regarded as a
versatile platform for cancer markers diagnosis (Croce et al., 2001).
NMs increase output signals of electrochemical biosensors by modifying
the surface of electrodes and accelerating electron transfer across the
electrode and can improve the sensitivity and limit of detection (B.
Wang et al., 2017; Zhu et al., 2014). In this platform, metal nano-
particles and carbon-based nanomaterials have received significant at-
tention. In this context, a number of electrochemical MUC1 nano-ap-
tasensors have been developed for the detection of MUC1. A
comparison between the LOD and LR of these is summarized in Table 5.

In the first experience, single polypyrrole (PPy) nanowire-based
microfluidic aptasensors were fabricated for the detection of MUCI,
which showed a very low detection limit of 2.66 nM (Huang et al.,
2011). Thereafter, Yan et al. reported the effects of nanoporous mate-
rials on the performance of aptasensors for the ultrasensitive electro-
chemical detection of cancer cells (Yan et al., 2013). In their assay, they
used aptamer as a capture probe to bind to MUC1 on the surface of
MCF-7 breast cancer cells, forming an aptamer-based sandwich struc-
ture for the detection of MCF-7 cells. When functionalized nanoporous
materials were integrated into the biosensors, the analytical perfor-
mance of biosensors was significantly improved by loading large
amounts of molecules and accelerating diffusion rate, highlighting the
large surface area and versatile porous structure. This aptasensing
system showed an excellent analytical performance for the detection of

MCE-7 cells ranging from 100 to 5.0 x 107 cells mL™! with LOD of 38
cells mL.

Two important studies have reported the development of simple
electrochemical nano-aptasensors for the detection of MUC1, based on
interaction with thiolated aptamers which were immobilized on AuNP-
modified graphite and gold SPEs. In the first study, the quantitative
detection of MUC1 was carried out by DPV and EIS. LOD of MUC1 for
this assay was 0.95ngmL” at AuNP-modified gold SPE by DPV
methods whereas it was 3.6 ng mL™ at AuNP-modified graphite SPE by
EIS (Florea et al., 2013). Another study reported a nanostructured
electrochemical aptasensor based on SPEs modified with GO for in-
direct detection of MUC1. After incubation of MUC1 with its specific
aptamer and MB as a redox probe, an electrochemical signal was
achieved using DPV and EIS, with a detection limit of 0.6 ng uL™* (Ciui
et al., 2016).

Hu et al. (2014) reported a novel nanogold-based aptasensing
platform based on a hairpin oligonucleotide (HO) switch, AuNPs and
enzyme signal amplification for the detection of MUC1 (Fig. 7A). In
their assay, they immobilized HO aptamers and HRP on AuNPs to
produce HO-AuNP-HRP conjugates. HRP was also applied as a label for
catalyzing the oxidation of o-phenylenediamine by H,O, producing 2,3-
diaminophenazine (DAP), a reduced product which was detected at the
surface of modified electrode and its reduction signal was used as a
probe for ultrasensitive detection. Following the recognition between
oligonucleotide and MUCI1, biotin was exposed and captured by
streptavidin onto the surface of the modified electrode. Hence, the
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Fig. 7. A nano-aptasensor based on a hairpin oligonucleotide (HO) switch, AuNPs and enzyme signal amplification for the detection of MUC1; (B) An electrochemical
impedimetric aptasensor for the determination of MUC1 based on AuNPs signal amplification. Reprinted with permission from (Hu et al. 2014; Liu et al. 2015).

determination of MUC1 could be delicately transduced through detec-
tion of the electrochemical reduction signal of DAP. In case of MUC1
detection, this aptasensor had relatively good linear ranges from 8.8 nM
to 353.3nM and LOD of 2.2nM (Hu et al., 2014). Cao et al. (2014)
developed a novel electrochemical aptasensor for quantitative detection
of DLD1 colon cancer cells based on the determination of MUC1, which
is highly expressed on the surface of this cell line. This aptasensor takes
advantage from the interaction between MUC1 and its specific aptamer
bound on carbon nanospheres. As sensing layer, these carbon nano-
spheres (CNs) also accelerated electron transfer and provided a con-
siderably stable matrix for conjugation of target MUC1 aptamer, sig-
nificantly amplifying the electrochemical signals. To access the optimal
performance of the as-fabricated aptasensor, EIS and CV were applied.
Binding of DLD1 cells onto Aptyyc:; immobilized CNs resulted in

14

elevation of EIS responses which was proportional to DLD1 cell con-
centration ranging from 1.25 X 102 to 1.25 x 10° cells mL™ with a
LOD of as low as of 40 cells mL™. Liu et al. (2015) developed a selective
and sensitive electrochemical impedimetric aptasensor for the de-
termination of MUC1 based on AuNPs signal amplification (Fig. 7B).
The designed cDNA, which was partly complementary with Aptyyci,
was immobilized on gold electrode. Addition of MUC1 resulted in
switching of aptamer structure from DNA/DNA duplex to DNA/target
complex. The change of the interfacial feature of the electrode was
characterized by EIS with the redox probe [Fe(CN)¢]>”*. Subsequently,
MUC1 was detected through the changes in electron-transfer resistance
(ARet). In this aptasensor, the aptamer-modified AuNPs (Apt/AuNPs)
conjugates, as the signal enhancer, were introduced to the electrode by
the hybridization of cDNA with aptamer.
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Chen et al. (2015) reported a novel method for the detection of
MUCI1 in serum based on a sandwich electrochemical aptasensor, which
benefited from a dual signal amplification approach: poly (o-phenyle-
nediamine)-AuNPs (PoPD-AuNPs) hybrid film as carrier and AuNPs
functionalized silica/ multi-walled carbon nanotubes core-shell nano-
composites (AuNPs/Si0O2/MWCNTSs), as tracing tag. The PoPD-AuNPs
film serves as a microenvironment for stabilizing the primary aptamer
while AuNPs/SiO2/MWCNTs increases the surface area for im-
mobilizing secondary aptamer and loading large amounts of electro-
chemical probe, thionine. Upon addition of MUCI, the sandwich re-
cognition reacted on the aptasensor surface and the thionine-AuNPs/
Si02/MWCNTs probes were adsorbed onto the electrode surface to
form bio-complex. AuNPs and MWCNTs facilitate electron transfer from
thionine to the electrode and therefore, amplify the detection response.
In an optimized condition, this aptasensing system showed a dynamic
response range over three orders of magnitude with a LOD of 1 pM.

Mir et al. (2015) designed an aptamer-based MUC1 amperometric
nanobiosensor for the detection of A549 human non-small-cell lung
cancer (NSCLC) cells. The cytosensing was performed using an Aptyycy
probe with a bioconjugate, where the probe was fabricated by the
covalent immobilization on a conducting polymer nanocomposite
formed through the self-assembly of 4-([2,2"5',2"-terthiophen]-3'-yl)
benzoic acid (TTBA) on AuNPs. A bioconjugate composed of hydrazine
and aptamer attached on AuNPs was utilized to reveal the amplified
detection signal. The A549 cells were analyzed in a quantitative manner
using DPV and microscopic strategies based on silver staining cyto-
sensing experiments. This aptasensor was reported to be highly specific
for MUC1 positive A549 cells with a LOD of 8 cells mL™ and dynamic
range from 15 to 1 X 10° cells mL™*. Gupta et al. (2018) developed an
electrochemical aptasensor based on conducting polymer nanocompo-
site for the detection of MUC1. AuNPs and GO doped poly(3,4-ethyle-
nedioxythiophene) (PEDOT) nanocomposite films were deposited onto
the surface of fluorine tin oxide (FTO) glass sheets by electro-poly-
merization using chronoamperometry technique. MUC1-specific bioti-
nylated aptamer was immobilized onto the AuNPs-GO-PEDOT nano-
composite film via biotin-avidin interaction strategy. The developed
aptaelectrode was used for the sensing of MUC1 with LOD of about 1 fg
mL"? (0.031 fM). The fabricated aptaelectrode was also applied for the
determination of MUCLI in spiked human serum samples with 85-93%
recovery.

K. Wang et al. (2017) designed a sandwich electrochemical bio-
sensor for the fast and selective detection of MCF-7 cells by DPV
technique. This biosensor was based on polyadenine (polydA)-aptamer
modified gold electrode and polydA-aptamer functionalized AuNPs/GO
hybrid. Given the inherent affinity between gold and multiple con-
secutive adenines in the polydA sequences, polydA-modified aptamer
was preferred to thiol-terminated aptamer for being immobilized on the
surface of a gold electrode and AuNPs/GO. Therefore, the label-free
MCEF-7 could be easily recognized by the polydA-aptamer and self-as-
sembly onto the surface of gold electrode (Fig. 8A). The polydA-ap-
tamer functionalized AuNPs/GO hybrid could further bind to MCF-7
cells to form a sandwich sensing system. In this assay, CV and EIS were
used to characterize the surface-modified gold electrode, using [Fe
(CN)6]>”* as a redox probe. The LOD for this assay, under optimal
conditions, was reported to be as low as 8 cells mL with a linear range
of 10-10° cells mL™.

Zhang et al. (2017) developed a sensitive electrochemical apta-
sensor for the detection and quantification of glycan on the cell surfaces
by using cell-specific aptamer, and the lectin-functionalized AuNPs,
which were used as both a glycan recognition unit and a signal am-
plification probe. To construct the aptasensor, amine-functionalized
Aptyuc: was first covalently conjugated to carboxylated-magnetic
beads (MBs) using the succinimide coupling (EDC-NHS) method. Ac-
cording to the specific interaction of aptamer with MUC1 which is
highly expressed on the surface of MCF-7 cells, the aptamer-conjugated
MBs showed a significant and selective capability for cell capture. In
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addition, a lectin-based nanoprobe was designed by noncovalent as-
sembly of concanavalin A (ConA) on AuNPs. This nanoprobe harbored
both the capability of specific recognition of carbohydrate and the
signal amplification based on the gold-promoted reduction of silver
ions. This sandwich-type cytosensor revealed an excellent analytical
performance for the quantification of cell surface glycan and determi-
nation of MCF-7 cells, especially by coupling with electrochemical
stripping analysis. In addition, by utilizing ConA-gold nanoprobe cat-
alyzing silver enhancement, it was possible to track glycolytic inhibi-
tion in living cells by naked eye.

An integrated signal probe (ISP)/AuNPs-based aptasensor was used
for simultaneous detection of MUC1 and CEA. In this multi-analytes
detection, two different aptamer probes as signal probel (sP1) and
signal probe2 (sP2) which labeled with redox tags MB and Fc, were
integrated into one unit DNA structure (Fig. 8B). In ISP-based systems,
the integrated signal probe in DNA structure can provide completely
similar modification condition and an equal stoichiometric ratio be-
tween sP1 and sP2. In addition, the cross interference between sP1 and
sP2 can be successfully prevented by regulating the complementary
position of sP1 and sP2. In this platform, targets binding to aptamer
induced DNA structural switching while the electrochemical responses
of MB and Fc were used for the simultaneous dual-analyte detection
with the detection limit of 1.82nM for MUC1 (Xiang et al., 2017).

On the basis of the specific recognition of the MUC1 through the
thiolated aptamers that went through immobilization onto the GCE
modified by AuNPs, an electrochemical aptasensor was designed for
quantitative detection of MUC1 using DPV, together with EIS. This
system showed dynamic response range of as high as 1.0 uM and a
detection limit of as low as 30 nM (Song et al., 2017). A novel nanos-
tructured hierarchical core-shell nanocomposite of zirconium hex-
acyanoferrate (ZrHCF) and a mesoporous nanomaterial composed of
Fe304 and carbon nanospheres (denoted as ZrHCF/mFe304/mC) was
prepared and used as a novel platform for an aptasensor to detect MUC1
with high sensitively and selectively. The prepared ZrHCF/mFe3;0,/mC
nanocomposite exhibited a good linear relationship with the logarithm
of MUC1 concentration in a broad range of 0.01 ng mL™ to 1.0 ug mL™,
with a low detection limit of 0.90 pgmL™! (M. Wang et al., 2017).

Lastly, a novel sandwich-type electrochemical aptasensor was de-
signed for the ultrasensitive detection of MUC1 based on aptamer-
functionalized semiconducting polymer dots (PSCOOH-co-PFBT Pdots)
as the biosensing interface. In this work, rGO-N'1, N'3 dihydrox-
ymalonimidamide nanosheets with large surface area, excellent elec-
troconductivity and good adsorption capacity were not only employed
as the ideal carriers to immobilize numerous aptamers, but also acted as
the sorbent for the accumulation of electroactive thionine (Th). The
constructed biosensing interface could specifically capture tumor
marker MUC1, leading to assembly of secondary aptamer-functiona-
lized rGO-N'1,N'3-dihydroxymalonimidamide/Th nanohybride.
Consequently, an increase in current intensity of the DPV of adsorbed
thionine was monitored and found to be linearly proportional with
increasing concentration of MUC] in the range of 0.1-14.5nM with a
LOD of 0.06 nM (Farzin et al., 2017).

3.1. Critical note

In recent years, various types of biomolecules with differential
electrode stability and selectivity have been used for the fabrication of
MUCI1 electrochemical aptasensors. The biomolecules with good accu-
racy, admissible stability and reproducibility should be used in elec-
trochemical MUC1 aptasensors. Acquired results of electrochemical-
based aptasensors and nanosensors for MUC1 detection at ng mL™ to
pM levels are well competitive with other methods previously de-
scribed. ELISA as a common analytical method mostly used in com-
mercial kits for MUC1 determination allows for detecting MUCI at the
range of ng mL™" levels. For instance, CA 15-3 as a commercial ELISA
kit for the detection of MUCI, is estimated to detect 800 nM of MUC1
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Fig. 8. (A) A sandwich electrochemical biosensor for the detection of MCF-7 cells based on polyadenine (polydA)-aptamer modified gold electrode and polydA-
aptamer functionalized AuNPs/GO hybrid; (B) the ISP/AuNPs-based aptasensor for the simultaneous detection of MUC1 and CEA. Reprinted with permission from (K.

Wang et al. 2017; Xiang et al. 2017).

(Cheng et al., 2009). However, studies introduced here indicate that the
electrochemical-based nano-aptasensors were capable of sensing con-
centration as low as 0.031 fM to 24 nM of MUC1. As a result, electro-
chemical-based aptasensors and nanosensors can detect low level of
MUCL. This is important considering that MUC1 can be found in blood
in trace amounts when cancer is absent while in case of tumor devel-
opment, its level rises. The detection of low levels of MUC1 is important
for the diagnosis, screening and prognosis of cancer in the early stages
and also in predicting the outcome of a specific therapy. In comparison
with traditional methods, recent methods do not require a pre-
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concentration step and can measure MUC] in the nanomolar and sub-
nanomolar concentration range.

As an overall critical note, MUCL1 can be present in several isoforms:
MUC1/TM, MUC1/X, MUC1/Y, MUC1/Z, MUC1/SEC. Moreover, TA-
MUC1 has a different structure compared to normal MUC1. The TA-
MUC1 has altered glycosylated epitopes recognized by the immune
system but it is blocked from antigenic detection in normal MUC1 by
large branches of glycosylation (Devine et al., 1993). These properties
have been taken into consideration in the design of Aptyyc: and MUC1
aptasensors to discriminate between normal and tumor cells as well as
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MUCI isoforms. In this regard, various anti-MUC1 aptamers have been
designed based on different motifs of MUC1 and TA-MUC1-specific
antigens such as the murine anti-MUC1 MAb C595 (epitope: Arg-Pro-
Ala-Pro) (Missailidis et al., 2005), a highly immunogenic epitope of the
VNTR peptide, a long 60-amino acid peptide (Ferreira et al., 2006), the
Tn antigen (Ferreira et al., 2008a), the MUC1 tandem repeat (Ferreira
et al., 2008a) and APDTRPAPG epitope (Hu et al., 2012). Based on the
literature review paper, the S2.2 aptamer with 5-GCAGTTGATCCTTT
GGATACCCTGG-3' sequence has been used more frequently than other
anti-MUC1 aptamers for designing aptasensors.

Most studies in which aptasensors were used for the detection of
MUCI, have been performed in vitro. To date, only few studies sug-
gested that aptamers can be used as targeting agents for imaging of
cancer cells. In one such a work, when anti-MUC1 DNA aptamers la-
beled with QDs were subcutaneously injected into xenograft nude mice,
strong fluorescence was observed specifically in the tumor, but not with
control QDs (Zhang et al., 2013). An optical-MR-PET imaging technique
was also investigated using anti-MUC1 aptamers, which showed high
cancer-specific detection in tumor-bearing nude mice (Kang et al.,
2015). T. Li et al. (2017) efficiently differentiated MCF-7 cells from
more aggressive MDA-MB-231 breast cancer cells and A549 human
lung cancer cells based on synthesized aptamer-functionalized Ag na-
noclusters conjugated to Aptyyci. With regards to the potential efficacy
of aptamers as targeted radiopharmaceuticals in cancer therapy,
Aptyuc: selected against either the protein core (AptA) or the tumor
glycosylated (AptB) MUC1 glycoprotein have been conjugated to the
ligand MAG2 and labeled with technetium-99 m °° ™Tg, for the poten-
tial use as radiopharmaceuticals for diagnostic imaging of breast cancer
in MCF-7 tumor bearing mice (Da Pieve et al., 2009). In another study,
anti-MUC1 nano-aptamers labeled with *™Tc was used for early di-
agnosis of MUC1 overexpression in triple-negative breast cancer ima-
ging (TNBC) offering great in vivo imaging properties (do Carmo et al.,
2017).

There are much needed studies to design aptasensors for the de-
tection of MUCI in vivo, and in complex clinical samples. To the best of
our knowledge, no report has been appeared on methods which could
be employed in clinic. Interference of designed aptasensors with dif-
ferent biomarkers present in cancer cells remains a challenge to be
solved, because more than one biomarker is involved in most of human
cancers. Moreover, measurement of local concentrations of the signals
secreted by cancer cells in vivo is difficult. The optimization of opera-
tional conditions such as temperature, pH, ionic strength and buffer
components and the immobilization of multiple aptamers on the sensor
surface can potentially address the simultaneous detection of several
biomarkers in real samples. The fabrication of multiple detection plat-
forms integrated with nanomaterials should be considered for both in
vivo and complex clinical samples analysis.

4. Conclusions and future perspectives

Nowadays, aptamer-based biosensors have received a great deal of
attention for accurate and rapid detection of MUCI as an important
cancer marker. Unique features of aptamers, including ease of synth-
esis, high sensitivity and specificity and stability in different conditions,
have made them interesting choices for developing a wide range of
sensing platforms. Another fascinating aspect of utilizing aptasensors is
the potential to develop aptasensor arrays for the simultaneous detec-
tion of MUC1 and other cancer biomarkers. In this aspect, the im-
provement of the specific binding of the Aptyyc; to a particular target
can overcome this concern.

However, despite various efforts conducted to confirm the efficacy
of MUC1 aptamers in various sensing procedures, there is still much
effort needed to introduce MUC1 aptasensors as an applicable method
for the point-of-care diagnostics. Among several aptamers isolated
against MUC1, 5TR1 aptamer has the capability of recognizing mouse
PTSMUC1 domain which would increase the chance of being approved
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by in vivo studies followed by entering the preclinical trial phase be-
cause in vivo tests can be carried out in mouse tumor models instead of
using nude mice (Nabavinia et al., 2017). The nuclease degradation,
toxicity and limited metabolism of aptamers under physiological en-
vironment are suggested as main shortcomings limiting a wider use of
aptamers as therapeutics (Keefe et al., 2010; Liu et al., 2017). Thus, in
order to decrease the degradation and improve efficiency of aptamer-
based therapeutics in vivo, chemical modification, remoulding or con-
jugation with other biomaterials is necessary.

In recent years, the integration of nanomaterials with aptasensing
methods has resulted in reasonable improvements in sensitivity and
specificity of aptasensors. The rationale behind utilizing nanomaterials
in research and in the development of diagnostic systems is that na-
nomaterials exhibit exceptional functional properties that are often not
available from either bulk materials or discrete molecules. For instance,
nanomaterials have large surface-to-volume ratio for highly efficient
target interactions. This property can be exploited to enhance the per-
formance of traditional methods or develop new assays with ultra-
sensitivity and multi-parametric capabilities. In this regard, nano-bio-
sensors have reached detection limit ranging from picomolar to atto-
molar levels, which offer promises for opening a new era of early cancer
detection in vitro and in vivo. However, a general concern with regard to
the bio-safety of nanomaterials should be considered for in vivo detec-
tion of protein markers including MUC1. One final recommendation is
to consider the effect of protein corona on the in vivo fate of MUC1-
targeted NPs. Taken together, given the versatile entity of sensing
platforms, drastic advances are expected to happen in the development
of MUCI aptasensors in parallel with on-chip and miniaturized sensing
structures such as microfluidic-based aptasensors and nano-apta-
sensors, with potentially significant applications in clinical diagnostics.
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