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Abstract

Cancer is one of the most common and important diseases with a high mortality rate. Breast cancer is among the three most common
types of cancer in women, and the mortality rate has reached 0.024% in some countries. For early-stage preclinical diagnosis of
breast cancer, sensitive and reliable tools are needed. Today, there are many types of biomarkers that have been identified for cancer
diagnosis. A wide variety of detection strategies have also been developed for the detection of these biomarkers from serum or other
body fluids at physiological concentrations. Aptamers are single-stranded DNA or RNA oligonucleotides and promising in the
production of more sensitive and reliable biosensor platforms in combination with a wide range of nanomaterials. Conformational
changes triggered by the target analyte have been successfully applied in fluorometric, colorimetric, plasmonic, and electrochemical-
based detection strategies. This review article presents aptasensor approaches used in the detection of vascular endothelial growth
factor (VEGF), human epidermal growth factor receptor 2 (HER2), and mucin-1 glycoprotein (MUC1) biomarkers, which are
frequently studied in the diagnosis of breast cancer. The focus of this review article is on developments of the last decade for
detecting these biomarkers using various sensitivity enhancement techniques and nanomaterials.
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Introduction

According to the National Cancer Institute’s report, 1,735,350
new cancer cases were diagnosed in the USA and there were
609,640 deaths due to cancer in 2018. It is estimated that cancer
cases and the number of cancer-related deaths are going to be
1,762,450 and 606,880 in 2019, respectively (2020 data has not
yet been announced) [1]. The most common types of cancer can
be listed as lung, chest, prostate, colon, rectum, skin melanoma,
Hodgkin lymphoma, thyroid, liver, renal pelvis, endometrial,
leukemia, and pancreatic cancer [2]. The 3 most common
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cancer deaths among women were lung, breast, and colorectal
in which 231,840 women were diagnosed and 40,290 died in
2015 with breast cancer in the USA [3]. Each year, globally
approximately 521,900 deaths have been reported due to inva-
sive breast cancer, the second leading cause of cancer death [4,
5]. Breast cancer morbidity is high due to distant metastases and
has reached 0.024% in some countries [6, 7].

Early diagnosis is vital to improve the survival rate by
reducing cancer incidence rates and mortality in breast cancer,
similar to all types of cancer. Traditional breast cancer diag-
nostic tools include various complex techniques such as clin-
ical and physical examinations, histopathology, imaging
mammography, ultrasound, magnetic resonance imaging, X-
ray, computed tomography, positron emission tomography,
cytology, and biopsy [8]. Existing technologies and methods
are often successful; however, some of these techniques are
invasive, expensive, time-consuming, give false-positive re-
sults, or subject to radiation, which is an additional risk factor.
Moreover, laboratories with sophisticated infrastructure are
needed for their implementation. Besides, molecular tools
such as quantitative polymerase chain reaction, enzyme-
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linked immunosorbent assay (ELISA), radioimmunoassay,
immunohistochemistry, and flow cytometry are also used in
the diagnosis of breast cancer [9, 10]. However, most of these
approaches are also expensive, require highly qualified per-
sonnel, time-consuming, and laboratory-dependent.
Therefore, non-invasive, simple, and low-risk methods are
needed for screening or diagnosing breast cancer at the point
of care (PoC) [11].

When a specific biological molecule that is a sign of cancer
is found in body fluids (such as blood), or tissues, early and
minimally invasive detection of cancer using those bio-
markers can be performed [12]. Rapid and accurate detection
of cancer-specific biomarkers in various samples such as pe-
ripheral blood and serum has gained importance in the early
diagnosis of breast cancer [13—15]. Circulating biomarkers for
breast cancer include DNA, mRNAs, cell surface receptors,
transcription factors, mucin, isoenzymes, oncogenes,
oncofetal antigens, tissue-specific proteins, circulating ribonu-
cleic acids, and several intracellular and intercellular com-
pounds, such as glycoproteins and glycolipids [16].

Vascular endothelial growth factor (VEGF) is an important
regulator of physiological vascular development during
vasculogenesis in tissues [17, 18]. In mammals, VEGF has
four different isoforms [19] and one of which is VEGF165,
which is a biomarker associated with the development and
metastasis of various cancers [20, 21]. Overexpression of
VEGEF is considered a possible indicator of cancers, especially
to create independent blood sources due to the need for oxy-
gen and nutrients to initiate the metastasis process [22-24].
However, although VGF is an important biomarker in breast
cancer, it is also used as a serum biomarker for other cancer
types [25, 26], neurological disorders, proliferative retinopa-
thy [27], rheumatoid arthritis [28], psoriasis [29], and
Parkinson’s disease [30—32]. While the serum VEGF concen-
tration in healthy subjects is 1-177 pg/mL, it can increase to
18-328 pg/mL in breast cancer patients [26, 33].

Human epidermal growth factor receptor 2 (HER2, also
known as ErbB2) acts in the signaling cascade that affects cell
proliferation and differentiation [34, 35]. HER2 protein over-
expression is observed in 15-20% of all breast cancers
[36-39] and it is associated with the most aggressive patient
prognosis with a low survival rate [40, 41]. It has been report-
ed that HER2 concentration in the blood is between 2 and
15 ng/mL in healthy individuals and 15-75 ng/mL in HER2
positive breast cancer patients [42]. Also, it has been noted
that HER2 overexpression is associated with resistance to cer-
tain chemotherapeutics, risk of brain metastasis, and higher
recurrence of the disease in breast cancer [43—45]. HER2
overexpression has also been reported in other types of cancer,
such as stomach, ovarian, and lung cancer [46].

Furthermore, there is another biomarker that can be related
to breast cancer. The mucin family is a high molecular weight
glycosylated protein produced by epithelial tissues, found in
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most gel-like secretions, offering functions such as lubrica-
tion, cell signaling, and creating chemical barriers [47]. It
has been reported that mucin-1 (MUC1) glycoprotein from
this family is abnormally overexpressed in 96.7% of lung
cancers, 90% of pancreatic, prostate, and epithelial ovarian
cancers, and 70% of breast cancer [48-50]. The type of
MUCI expressed by cancer cells is structurally different from
normal MUCI1 and is, therefore, a biomarker used for the
diagnosis of breast cancer in the early stages [51-54]. While
healthy individuals generally have <31 U/mL MUCI in se-
rum, this concentration increases 100 times in breast cancer
[55, 56].

Although VEGF, HER2, and MUCI are the most studied
and well-known biomarkers for breast cancer, there are various
other markers for breast cancer reported in the literature [57,
58]. Since reviewing all biomarker studies in the relevant liter-
ature is a great challenge, the context of this review is limited to
VEGF, HER2, and MUCI1 biomarkers. Up to this day, tech-
niques such as ELISA [59], immunohistochemistry [30], fluo-
rescent in situ hybridization [60], and radioimmunoassay [61]
are used as the gold standard for biomarker detection to analyze
VEGF, HER2, and MUCI1 biomarkers [62]. Although these
techniques provide sufficient analytical performance, they are
often complex, expensive, labor-intensive, and time-consum-
ing, and require complex protocols and sophisticated instru-
ments to perform for clinical diagnoses [63—65]. Moreover,
current diagnostic technologies have some limitations and the
risk of false-positive results is between 20 and 50% [66].
Therefore, it is necessary to develop cost-effective sensors for
the sensitive and specific detection of these biomarkers from
body fluids such as blood or serum [21].

In this context, biosensors can overcome some of the lim-
itations mentioned above due to their advantages such as high
analytical specificity, cost-effectiveness, and high sensitivity
[31, 32, 67]. A biosensor consists of the molecular sensing
element, a transducer that converts the obtained signal into a
measurable physical signal, and the analytical device from
which the data is obtained. There are various transducing
methods which can be utilized in biosensor design such as
electrochemical, optical, electronic, piezoelectric, and gravi-
metric [68]. Biological elements such as enzymes, antibodies,
antigens, receptors, nucleic acids, whole cells, and tissues are
used in a biosensor as the sensing or recognition element,
which is the most important part that affects the selectivity
of'a sensor [69, 70]. Recently, biosensor technology has found
wide coverage in health, biomedicine, and biopharmaceutical
studies [71, 72].

Several innovative approaches are used to increase the an-
alytical performance of biosensors such as the use of the mo-
lecular diagnostic element with different utilization strategies
and the incorporation of nanomaterials into the sensor plat-
form [73-75]. In particular, the combination of nano-
biosensor platforms with molecular sensing elements such as
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different antibodies, peptide sequences, polymers, and
aptamers are frequently preferred [71, 76].

Aptamers, a unique molecular diagnostic element, are
single-stranded DNA (ssDNA), RNA, or modified nucleic
acids, isolated by an in vitro selection process known as
SELEX (systematic evolution of ligands with exponential en-
richment) [77-81]. Aptamers have high specificity and bind-
ing affinities, similar to antibodies, because they fold into
unique three-dimensional structures, by creating various sec-
ondary structures such as stem, loop, hairpin, pseudoknot, and
G-quadruplex [82, 83]. Besides, they also have advantages
such as rapid in vitro selection, cell-free chemical synthesis,
smaller size and low complexity, resistance to denaturation
and high stability, and easy chemical modification [84-86].
The interaction of aptamers and aptamer-nanomaterial conju-
gates with different analytes, for example, aptamer-protein
complexes, allowed the development of new test strategies
[30, 87]. Since their development, aptamers have been select-
ed and reported for various targets such as metal ions [88, 89],
small molecules [90], proteins [91], viruses [92], bacteria [93],
and whole cells [94, 95]. An alternative to antibodies,
aptamers are also an important molecular diagnostic element
in breast cancer diagnosis [21, 77, 96-98].

There are several review articles in the literature summa-
rizing valuable information on the use of aptamers in cancer
diagnosis. For example, review articles provide a brief classi-
fication and description of the research progress of aptamer-
based biosensors and nano-biosensors for the detection and
quantitative determination of MUC1 and VEGF based on op-
tical and electrochemical platforms [99, 100]. Other review
articles also investigate aptamer selection and applications
for breast cancer and the use of aptamers in colorectal cancer
types in diagnosis and treatment [35, 101]. Mittal et al. report-
ed a review article that discusses the use of glycoproteins,
DNA biomarkers, micro-RNA, circulatory tumor cells, and
some potential biomarkers for electrochemical sensors devel-
oped for breast cancer diagnosis [10]. Reviews of current ad-
vances in cancer measurement and analysis using electro-
chemical biosensors, nanomaterial-based aptasensors, and
their applications in the field of clinical and environmental
diagnosis, and the application of electrochemical aptasensors
for clinical diagnostics, and food and environmental monitor-
ing are also available in the literature [102—106]. However,
there is no review available investigating the most used bio-
markers together listing the aptamers sequences used and
comparing analytical parameters per each method employed.

Herein, a special focus on aptasensors developed for the
most potential biomarkers, VEGF, HER2, and MUCI, is pre-
sented. An extensive analysis of analytical performance pa-
rameters was performed for the aptasensors based on
nanomaterial conjugated aptamer-based strategies. In terms
of detection strategies, fluorescence and chemiluminescence-
based [107, 108], colorimetric-based [109], plasmonic-based

[85, 87] electrochemical-based [110, 111] approaches and
other methods [112, 113] were summarized. The aptamers
used in breast cancer diagnosis targeting certain biomarkers
are listed in Table 1. It can be seen that DNA and RNA
aptamers consisting of 17-86 bases generally have an affinity
with a k4 (dissociation constant) value at nM level. Besides,
more aptamers have been selected and developed for species
that are also a biomarker in other types of cancer, such as
VEGF. The sequences of the aptamers are also given in
Table 1 in the direction of 5'-3".

In this review, reported molar concentrations for VEGF
and HER2 were calculated using molecular weights of
145,500 g/mol for HER2 and 27,000 g/mol for VEGF to ob-
tain comparable analytical performance values. However,
since MUC1 has an apparent molecular mass of 300—
600 kDa, MUC1 concentrations are reported as is.

Fluorescence and chemiluminescence-based
detection strategies

Fluorescence-based strategies (Table 2) are often preferred in
aptasensors for the determination of biomarkers in breast can-
cer diagnosis due to their advantages such as high sensitivity,
repeatability, and rapid detection [74, 147]. Low energy radi-
ation emission after high energy radiation is absorbed by a dye
or fluorescent nanomaterial is called fluorescent, and detection
is performed by fluorescent quenching or fluorophore signal
recovery strategies. In the design of fluorescent aptasensors,
hairpin aptamer (aptabeacon) labeled with a fluorophore and a
quencher is used.

Forster resonance energy transfer (FRET) is a method
using two fluorophores as donor and acceptor, and different
FRET configurations can be created by changing the types of
fluorophores, quencher type, and aptamer beacons [148, 149].
Luminescence is called chemiluminescence (CL) when trig-
gered by chemical reaction and electrochemiluminescence
(ECL) when triggered by electrochemical reactions [150].
Different strategies are often applied to FRET operations that
can be “signal-on” and “signal-off” depending on the binding
of the aptamer to its target molecule [151].

Since the configurations of the aptamers have changed in
their interactions with their targets, the switched probe tech-
nique works successfully in FRET aptasensors. This aptamer-
specific approach has been successfully used in MUCI1 -
triggered autonomic amplification by combining the G-
quadruplex aptamer and PCR techniques [140]. In this ap-
proach, ssDNA synthesis and amplification were carried out
with the help of DNA polymerase, and the change in the
conformation of the aptamer region in the hairpin probes with
MUCI binding that releases primary complementary se-
quences. In this study, MUC1 was detected in the range of
5-1000 pM with a 1.9 pM limit of detection (LOD) value
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Table 1 Aptamers used for the diagnosis of breast cancer

Sequence (5'-3")

CACT ACAG AGGT TGCG TCTG TCCC ACGT TGTC ATGG GGGG TTGG CCTG

GGGG UCAA GGUG ACCC C

GGGC CGTC GAAC ACGA GCAT GGTG CGTG GACC TAGG ATGA CCTG AGTA CTGT CC
AACC GCCC AAAT CCCT AAGA GTCT GCAC TTGT CATT TTGT ATAT GTAT TTGG TTTT

TGGC TCTC ACAG ACAC ACTA CACA CGCA CA

CTTC TGCC CGCC TCCT TCCT GGGG CCTG GATA CGGA TTGG TAAG GATT AGTA GGGG HER2

GCAT AGCT GGAG ACGA GATA GGCG GACA CT

CCGC AACC ACGA CCGA AAGA CAAC GCAA TCTG ACAC GTGG

GCAG TTGA TCCT TTGG ATAC CCTG G
ACAC GGCA GTTG ATCC TTTG GATA CCCT GGCG TGT
GCAG TTGA TCCT TTGG ATAC CCTG G

GGGA GACA AGAA TAAA CGCT CAAG CAGT TGAT CCTT TGGA TACC CTGG TTCG ACAG MUCI1

GAGG CTCA CAAC AGGC
TGTG GGGG TGGA CGGG CCGG GTAG A

CCGT CTTC CAGA CAAG AGTG CAGG G
AUGC AGUU UGAG AAGU CGCG CAU
TTTT CCCG TCTT CCAG ACAA GAGT GCAG GG

ATAC CAGT CTAT TCAA TTGC ACTC TGTG GGGG TGGA CGGG CCGG GTAG A
ATAC CAGT CTAT TCAA TTGG GCCC GTCC GTAT GGTG GGTG TGCT GGCC AGAT AGTA VEGF

TGTG CAAT CA
TGTG GGGG TGGA CTGG GTGG GTAC C

CCGT CTTC CAGA CAAG AGTG CAGG G
CAAT TGGG CCCG TCCG TATG GTGG GT

ATAC CAGT CTAT TCAA TTGG GCCC GTCC GTAT GGTG GGTG TGCT GGCC AGAT AGTA VEGF

TGTG CAAT CA

Target Reported  Ref.
kq
Epithelial cell adhesion 38 nM [114]
molecule
Estrogen receptor 1x108M [115]
(Erco) (ka)
HER2 270 nM [116]
HER2 189nM  [117]
3.5 nM [118]
HER2 633 nM  [119]
MUCI1 1.62 uM  [120]
MUCI NR® [53]
MUC1 0.135 nM  [121]
473 nM  [122]
VEGF 047 nM  [123]
VEGF 404 nM [124]
VEGF NR [125]
VEGF 0.9 nM [126]
VEGF 20 nM [127]
]

130 nM [127

VEGF 030nM  [128]
VEGF 14nM  [129]
VEGF 05nM  [130]

120nM  [131]

* NR not reported.

using a signal-on strategy with thioflavin T fluorophore. Such
triggered amplification techniques have been frequently used
in breast cancer biomarkers. For instance, an immunoassay
coupled with an isothermal exponential amplification reaction
was proposed for the MUCI, using a sandwich approach.
Sandwich-type combinations were specifically formed in the
immuno-PCR plate with target triggering. Then, with the help
of an additional amplification template, polymerase and
nicking enzyme fluorescence of SYBR Green I was amplified
for detection of MUC1 with 1.63 pM LOD value [139].

A similar strategy was used for VEGF determination in
cyclic signal amplification triggered in the presence of target
molecules using T7 exonuclease (Exo). The ECL was induced
by a G-quadruplex/hemin-DNAzyme formation to produce a
“signal-off” VEGF sensor by triggering the amplification of
the trigger-released aptamer with the T7 Exo. In this study,
VEGF determination was performed successfully with 0.2 pM
LOD value for 1 pM—-20 nM detection range [144]. In the
same study, not only the target-triggered amplification strate-
gy was used, but also CdS: Eu nanoclusters (NCs) were also
utilized as the ECL substrate.

@ Springer

Nanomaterials are frequently used in fluorescent-based de-
tection strategies [133]. For example, using colloidal gold
nanoparticles (AuNPs) or quantum dots (QDs) [149],
dendrimers [152] and graphene oxide [153] have been previ-
ously reported instead of traditional organic fluorophores.
QDs are semiconductor fluorescent materials, which have ad-
vantages such as size-controlled fluorescence, and higher
fluorescent quantum yields, and production and modification
versatility [154, 155]. However, they have some disadvan-
tages such as toxicity, chemical instability, and low-
fluorescence emission [156]. In a study using a probe
consisting of a quencher, QD-labeled reporter, and the
MUCI aptamer stem, a FRET sensor was developed using
the quencher and fluorescence reporter brought into proximity
in the presence of MUCI. This study was one of the first
studies for MUC1 determination using the structural
switching feature of the aptamer and MUC1 was determined
with 250 nM LOD with the “signal-off” strategy [120]. A
quenching resonance energy transfer (QRET) assay using
time-resolved luminescence has been reported using lumines-
cent lanthanide-chelate labeled VEGF aptamers and VEGF
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determination was performed in the range of 0.25-10 nM
[96].

Freeman et al. have reported a series of aptasensor-based
fluorescence approaches for VEGF detection [107]. This is a
comprehensive analysis of various fluorescence approaches
using aptamer-based detection where six different (some of
them include step-by-step improvement) of them have been
reported. One of them was a FRET-based sensor that involves
the VEGF-induced separation of aptamer-functionalized
quantum dots blocked by a quencher nucleic acid (1 nM
LOD). The second strategy that they suggested was another
FRET-based sensor using a VEGF-induced assembly of the
aptamer subunits functionalized with QDs and a dye acceptor
(Cy5) (12 nM LOD). The third strategy was a chemilumines-
cence aptasensor based on VEGF-induced assembly of a
hemin/G-quadruplex catalyst (18 nM LOD), which is similar
to another strategy where a chemiluminescence aptasensor
based on the VEGF-stimulated assembly of two aptamer sub-
units into the hemin/G-quadruplex catalyst has been reported
(2.6 nM LOD). In this comprehensive study, a chemilumines-
cence resonance energy transfer (CRET) aptasensor was also
reported based on the VEGF-induced assembly of a semicon-
ductor QDs-hemin/G-quadruplex supramolecular structure
(875 pM LOD). Then, the analytical performance of the
VEGF sensor was improved further using an amplified optical
aptasensor system based on the Exo III recycling of the VEGF
analyte, and QDs and a black hole quencher as pairs (5 pM
LOD).

In the fluorescent polarization analysis (FPA) method, po-
larized emission from excited molecules is measured after the
fluorescent molecules are excited with polarized light [57].
The increase in polarization signal by binding of the target
molecule provides a rapid and quantitative analysis in the
determination of breast cancer biomarkers [39]. This method
has been successfully adapted to the G-quadruplex aptamer-
VEGF interaction principle. In the study carried out by Wang
et al., a simple method with 320 pM LOD value was devel-
oped using a single fluorescent dye attached to the aptamer
[129]. The G-quadruplex aptamer-VEGF complex caused a
significant change in the polarization signal and VEGF deter-
mination could be performed in the range of 0.32-5 nM.

Another nanomaterial type used in fluorescence-based ap-
proaches is upconversion nanoparticles (UCNPs) which are
alternative fluorophores that convert near-infrared radiation
to visible radiation [157, 158]. In a study in which UCNPs
were used as a fluorescence tag, a sensor operating in the
linear detection range of 502000 pM was reported when
the VEGF-aptamer complex coupled to the signal probe
formed the UCNP-aptamer complex. In this study, 6 pM
LOD value was obtained using NaYF,: Yb**, Er’* UCNPs
[60].

Graphene oxide (GO) is a promising nanomaterial due to
its unique electrical and optical properties [108, 159]. In

fluorescent-based strategies, GO is used for increasing sensi-
tivity and reducing background signals due to its super-
quenching properties [160]. In studies that use the super-
quencher feature of GO, sensors with close analytical perfor-
mances, such as detection limit, have been reported. In an
aptasensor study using GO in HER2 detection, a sensor has
been developed that can operate in the determination range of
1.2-240 nM and provides 0.96 nM LOD value [133]. A sim-
ilar principle was reported that a sensor is capable of operating
in a wide range of analyte concentrations (40 nM—10 uM) and
having a detection limit of 28 nM for MUC1 determination
[134].

In a study where GO was utilized with carbon dots as a
fluorophore, the FRET sensor developed for MUCI determi-
nation provided a detection limit of 17.1 nM in the 20.0—
804.0 nM detection range [135]. In addition to these improve-
ments, in a VEGF assay study using the enzyme-assisted tar-
get-recycling signal amplification principle with GO, a low
detection limit of 1 pM LOD value was reached in the 5—
200 pM assay range [14]. It appears that the principles of
target-triggered enzymatic signal amplification are frequently
used in biomarker determination and provide LOD values at
pM level. Moreover, in a different approach using the endo-
nuclease and cleavage strategy, the analysis was performed
using the absorption affinity principle of the VEGF aptamer
on the quencher GO nanosheet. In this study, quenching was
eliminated by separating the complexes formed in the pres-
ence of VEGF into two fragments using an enzymatic way,
and 1 pM LOD value was obtained [108].

Magnetic nanoparticles or beads (MNPs or MBs) are also
preferable in fluorescence strategies because of their opera-
tional advantages such as separation and signal amplification
[161]. In chemiluminescence-based VEGF sensor, using a
dual-aptamer-based sandwich assay, 4-methoxy-4-(3-
phosphatephenyl)-spiro-(1,2-dioxetane-3,2-adamantane) as
CL substrate, streptavidin-coated magnetic beads (MBs),
and alkaline phosphatase (ALP), 37 fM LOD value was
achieved. In that study, VEGF-triggered ALP-catalyzed
chemiluminescence reaction was performed as a result of the
formation of the aptamer-VEGF-aptamer sandwich on the sur-
face of MBs as illustrated in Fig. 1 [112]. In another study
using MB, carbon nanotubes (CNTs), and a fluorescent-
labeled aptamer, 38 nM LOD values in the range of 50—
250 nM in the HER2 determination were obtained with MB-
CNT-aptamer hybrids [116].

Another strategy encountered for the determination of
breast cancer biomarkers is the use of AuNPs. In a study using
aptamer-conjugated AuNPs on bismuth oxychloride (BiOCI)
nanosheets, the production of fluorescent resorufin was
achieved in the presence of H,O, with high peroxidase-like
activity in the absence of VEGF. VEGF was determined with
0.5 nM LOD value due to decreased signal emission and in-
hibition of the catalytic activity of the nanocomposite in the
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presence of VEGF [20]. In a VEGF sensor using AuNPs with
the quenching strategy, 1.25 pM LOD value was reported in a
wide determination range of 1.25 pM—1.25 uM [97]. In a
HER?2 sensor using AgNCs, a “signal-on” sensor was pro-
posed using the principle that the AgNCs conjugated aptamer
sequence should be free-form in the folding of complementary
bases at both ends in the presence of HER2. In this technique
involving this anti-HER2 aptamer and another aptabeacon, a
low LOD value of 90.4 aM was obtained [132].

Fluorescence-based aptasensors can also be developed
using nanodots (NDs). In one of these FRET strategies, using
the carbon NDs with a size of ~2 nm that display strong blue-
green intrinsic fluorescence, 17.1 nM MUCI detection limit
was achieved [135]. In addition to this approach, antibody-
MUCI and aptamer-MUCI1 sandwich structures were used,
and a 2 nM LOD value in a wide determination range of 5—
100 nM in a quenching-based fluorescent sensor was also
reported [136]. In a FRET sensor using a structure switching
aptamer, 1.52 nM MUC1 LOD value was reported with the
“signal-on” principle using SiNDs [138].

To improve the analytical performances of the
fluorescence-based sensors, various strategies have been ap-
plied. In a study, Pasquardini et al. developed a chemilumi-
nescence “signal-on” sensor with high sensitivity using a
single-photon avalanche diode method, and they reported a
2.15 pM detection limit. In this sensor using an enzymatic
approach with HRP and sandwich assay strategy, the analysis
was performed on the SiO, surface [86]. In general, aptamers
were frequently used as aptabeacons in a FRET format in the
strategy of detecting biomarkers with fluorescent methods
[116, 120, 132—-134]. Furthermore, analyte-triggered enzy-
matic cleavage or primer application strategy was also studied
frequently [139, 140, 144]. These analyte-triggered enzymatic
reaction-based chemiluminescence strategies often resulted in
extremely low detection limits in the range of aM—M. For
example, one of the most sensitive studies was performed
using an immuno-loop-mediated isothermal amplification as-
say (Im-LAMP) illustrated in Fig. 2. In this study, ultrasensi-
tive detection of MUC1 was achieved with an LOD value of
1 aM using aptamer-based Im-LAMP strategy. Moreover,
aptasensors, including nanomaterials such as GO, CNDs,
SiNDs, AgNCs, and QD, have also proven that analytical
performance can be enhanced by providing both broad detec-
tion range and low detection limits.

Colorimetric and plasmonic-based detection
strategies

Colorimetric-based detection strategies are preferred due to
their ease of use and allowing PoC applications [162, 163].
The principle of colorimetric strategies is to determine the
presence of target analytes with the color change without the

@ Springer

need for any measuring device where AuNPs are generally
used for color change-based detection [164]. The response
of surface electrons to an external electromagnetic excitation
in AuNPs is known as local surface plasmon resonance
(LSPR). This resonance changes by the media contacting the
surface of the AuNP or as a result of aggregation, and conse-
quently the color of the colloid changes. Enzymatic or sand-
wich aptasensors using direct dyes as well as LSPR are used in
the determination of biomarkers for breast cancer. In Table 3,
a comparison of the strategies and analytical performances
used by colorimetric aptasensors for VEGF, MUCI, and
HER?2 is given.

In a study where AuNPs were used as colorimetric signals,
10 nM LOD value was obtained using a lateral flow assay and
HER?2 binding aptamers. This PoC approach was able to op-
erate within the detection range of 10-100 nM HER2. In an-
other study in which AuNPs were used as colorimetric
markers, the signal was obtained by the release of AuNPs into
the solution as a result of the enzymatic reaction. Aptazyme,
obtained by combining the aptamer with DNAzyme, can pro-
vide DNAzyme activation as a result of molecular recognition
between the aptamer and its target. In a study using this ap-
proach, the binding of the hairpin aptamer to VEGF was per-
formed to convert the colorless molecule to green dye in the
presence of H,O, and hemin after G-quadruplex DNAzyme
production and 1.70 pM LOD value was obtained [163]. A
similar approach was also reported for MUC1 detection using
magnetic nanoparticles (MNPs). In the study using trivalent
peroxidase-mimic G-quadruplex DNAzyme and magnetic
nanoparticles, MUCI1 was determined as a result of H,O,-
mediated oxidation of dye. A 5.08 nM LOD value was report-
ed with this sensor, which can perform MUCI detection in a
wide detection range of 50 nM—1 uM [166]. Instead of
obtaining a dye as a result of a reaction, a study aimed at
obtaining a signal with color change as a result of the agglom-
eration of AuNPs using the method mentioned above was also
published by Wu et al. [15]. In this study, a hairpin structure
consisting of DNAzyme and a short stem sequence was de-
veloped. In this sensor, DNAzyme was activated in the pres-
ence of VEGF, separated the linkers attached to the AuNPs,
causing red color. With this approach, 0.1 nM LOD value has
been reported (0.1-40 nM range).

Hybridization chain reaction (HCR) is an enzyme-free am-
plification process performed under isothermal conditions
[152]. In a study using a nonlinear HCR strategy, a colorimet-
ric VEGF sensor was reported using the interaction between
dendritic DNA structures with the probe-stabilized AuNPs
and hairpin probe in the presence of VEGF. This sensor was
used for VEGF determination with 0.18 nM LOD value in the
0-7.4 nM detection range [152].

Plasmonic-based strategies use the electron-associated phe-
nomena called plasmon that takes place on metal nanostruc-
tures [172]. A detailed review article has recently been



Microchim Acta (2020) 187: 549

Page90f27 549

a ;2 [——3 \&NMV
VEGF aptamer2 VEGF-Apt2
(Apt2) ’

b Straptavidin coated =
magnetic beads (MB) =}

OCH3

O\

POy

AMPPD

o]

0
roi’* +g

Fig. 1 Schematic representation of the dual-aptamer-based sandwich as-
say using aptamer immobilization on magnetic beads following by ALP-
catalyzed CL reaction for highly sensitive detection of VEGF. a

published on the analytical performances of plasmonic bio-
sensors and the approaches used in their production [173].
SPR is one of the label-free approaches for measuring
ligand-analyte interactions [68, 74]. These types of sensors
measure the change in the properties of electromagnetic waves
that occur due to the interaction between the analyte and mo-
lecular probe on the sensor surface [169, 174]. SPR technol-
ogy can be used in biosensing utilizing nanofilms of noble
metals in the detection of biomarkers [174, 175].

Different analytical strategies and nanomaterials were used
by various research groups to increase the analytical perfor-
mance of plasmonic-based aptasensors in biomarker detection.
In a study using dopamine-coated gold nanorods immobilized
onto the micro-grooving PDMS substrates, 34 pM LOD value
was obtained for HER2 in the 34-204 nM detection range
[168]. However, to increase the relatively weak analytical per-
formance, 1 pM LOD value was obtained for VEGF with the
sandwich assay approach which was successfully applied in
other strategies. In this enhanced-performance approach, the
SPR signal was improved using the aptamer-protein-antibody
complex and an antibody-conjugated HRP enzyme [169]. In
another VEGF aptasensor in a microfluidic format, aptamer
sequences were synthesized in situ using the surface transcrip-
tion reaction of the T7 RNA polymerase; thereby, signal am-
plification was performed [170]. Since the purpose of this study
is to demonstrate that transcription can be used in sensor appli-
cations, the determination was performed using 40 nM VEGF,

& Biotinylated VEGF
) aptamerl (Aptl)

AMPPD

biocytin

Representing the incubation of VEGF165 sample with aptamer solution.
b Illustrates the immobilization of aptamer on magnetic beads and cou-
pling with VEGF aptamer for CL detection. Reproduced from ref. [112]

but no LOD or detection interval analytical parameter was re-
ported. Another SPR strategy was proposed by the same re-
search group for VEGF determination using rolling circle am-
plification, an isothermal enzymatic technique for replication of
ssDNAs, where a LOD value of 3.7 pM was obtained [171]. In
a study where the direct aptamer-VEGF relationship was exam-
ined with SPR, but a simpler assembly was used for the SPR
platform, 0.8 nM LOD value was reported for Au nanofilm-
coated plastic optical fiber [85].

In surface-enhanced Raman scattering (SERS), which is a
powerful spectroscopic technique, highly sensitive detections
can be performed by increasing Raman signals with AuNPs
[167, 176]. Gold and silver nanoparticles are SERS-active
materials due to their plasmonic properties [177]. Especially
hollow or multi-sided forms of plasmonic nanomaterials are
widely used in SERS-based detection methods [178]. In a
VEGF sensor developed with this approach, the AgNP-
decorated AuNPs pyramid structure providing a strong
SERS signal was used [167]. In this sensor, VEGF was de-
tected with 22.6 aM LOD value as a result of SERS signal
decrease with aptamer-VEGF interaction as illustrated in Fig.
3. The VEGF detection range of this sensor was, on the other
hand, relatively narrow (0.01-1.0 fM). In another study, an
approach was attempted to increase the sensor determination
range to 3.7 fM—37 nM VEGF [87]. Silica-encapsulated hol-
low gold nanospheres, VEGF antigen sandwich assay, and a
gold-patterned microarray were used in this SERS-based

@ Springer
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Fig. 2 Schematic representation of an aptamer-based immuno-loop-mediated isothermal amplification assay using MUC1 aptamer for highly ultrasen-

sitive detection of MUC1 molecules. Reproduced from ref. [121]

sandwich immunoassay strategy. VEGF could be detected
with a sandwich assay and a signal-on approach with a
37 fM LOD value.

It would be expected that SPR-based sensor strategies,
which were successfully used in the diagnosis of many other
analytes, would be supported by more studies. Toxin and
pathogen analysis from food samples [179, 180] and studies
on various areas such as veterinary practices [181], pharma-
ceutical industry [182], and other medical diagnosis applica-
tions [183] were performed using SPR. In the coming years,
the use of aptamer and different nanotechnological signal en-
hancement strategies, and the use of SPR in the determination
of biomarkers in the diagnosis of breast cancer, could be of
interest as other SPR-based studies. Furthermore, despite its
successful results at the detection limit, there are also a few
aptasensor studies on SERS-based breast cancer biomarker
diagnosis. It seems that there is a need for the development
of both SPR and SERS-based detection strategies using
aptamers on cancer biomarkers.

Electrochemical strategies

Electrochemical biosensors operate based on detecting the
electrical signal produced after specific binding of biomate-
rials such as aptamer, enzyme, antibody, or nucleic acids on
the surface of a metal or carbon electrode, or after catalytic
reactions [184, 185]. Electrochemical biosensors are widely
used for biomedical analysis and early detection or monitoring
of diseases [186]. Table 4 summarizes the electrochemical
techniques that have been used for the determination of breast
cancer biomarkers [216].

Impedimetric techniques
Electrochemical impedance spectroscopy (EIS) is one of the

most commonly used electrochemical methods due to its low
excitation voltage, fastness, and high sensitivity. Due to the

@ Springer

low excitation voltage, EIS is more suitable for long-term and
real-time detection. Zhou et al. reported a 1.7 fM detection
limit for HER2 using an impedimetric aptasensor with a bi-
metallic MnFe Prussian blue analog coupled to AuNPs, gold
electrode, and ferrocene (Fc). HER2 analysis in living MCF-7
cells and human serum was performed within the range of
6.8 fM-6.8 pM [191]. It is stated that the developed
aptasensor is selective, acceptably reproducible, stable, and
well applicable for the detection of HER2 and live MCF-7
cells in human serum.

In an aptasensor study, 550 fM LOD value was obtained
for HER2 analysis using tetrahedral DNA nanostructure
HER2-specific aptamer as recognition probes and flower-
like nanozymes/horseradish peroxidase (HRP) as signal
nanoprobes. In this sandwich assay, HER2 determination
was performed in the determination range of 690 fM—
690 pM using Mn3;0,/Pd @Pt/HRP-based nanoprobe and gold
electrode [187]. Another aptasensor developed by direct
aptamer immobilization on the gold disc electrode; however,
a lower analytical performance was obtained (34 pM LOD)
[42]. HER?2 aptasensor, which has the best analytical perfor-
mance among the sensors using the EIS technique in the elec-
trochemical detection of breast cancer biomarkers, has recent-
ly been reported by Rostamabadi. In this study, the glassy
carbon electrode (GCE) was modified by adding densely
packed AuNPs to the electrochemically reduced graphene ox-
ide and single-walled carbon nanotube composite as illustrat-
ed in Fig. 4. The HER2 sensor showed a low detection limit of
340 aM and was successfully used for the detection of HER2
from serum samples [188]. A label-free electrochemical
aptasensor based on ordered mesoporous carbon—gold nano-
composite modified screen-printed electrode (SPE) has been
fabricated for the detection of VEGF [73]. In this study, 50 fM
LOD value was obtained with the EIS technique.

Another impedimetric method, the non-Faradaic EIS
(nFIS), has been used to detect both HER2 and VEGF from
breast cancer biomarkers. An nFIS sensor developed by
immobilizing the anti-HER2 aptamer directly on the
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Table 3 Colorimetric and

plasmonic strategies for VEGF, Method Biomarker  Strategy LOD Range Ref.
HER2, and MUCI aptasensors
Colorimetric HER2 Lateral flow assay, HER2 binding 10 nM 10-99 nM [165]
(signal-off) aptamers, and AuNPs
Colorimetric MUC1 Trivalent peroxidase-mimicking 508 nM  50-1000 nM [166]
Enzymatic DNAzyme and magnetic
. nanoparticles, G-quadruplex
(signal-on) DNA-hemin complex,
DNAzyme catalyzed
H,0,-mediated oxidation of
ABTS dye (blue-green product),
Colorimetric VEGF Strand displacement amplification, 1.70 pM 24 pM-11.25nM  [163]
Enzymatic hairpin aptamer, G-quadruplex
. DNAzyme, DNAzyme catalyzed
(signal-on) H,0,-mediated oxidation of
ABTS dye (blue-green product),
Colorimetric VEGF AuNPs/target-induced activation of 0.1 nM 0.1-40 nM [15]
Enzymatic aptazyme, crosslinked AuNPs,
(signal-off) G-quadruplex DNAzyme
Colorimetric VEGF AuNPs/target-assisted cascade 185 pM  0-74 nM [152]
Enzymatic amplification, nonlinear HCR,
. . DNA dendrimers, color change
Amplification due to agel i
gglomeration.
SERS VEGF SERS-based sandwich 37 tM 3.7 ftM-37 nM [87]
Sandwich immunoassay using
silica-encapsulated hollow gold
nanospheres and VEGF antigen
sandwich assay and a
gold-patterned microarray,
signal-on.
SERS VEGF SERS active, AgNP-decorated 22.6aM  0.01-1.0 ftM [167]
AuNP pyramids,
aptamer-conjugated AgNPs,
signal-off
SPR HER2 Dopamine-coated Au nanorods 34 pM 34-204 nM [168]
immobilized onto the
micro-grooving PDMS
substrates, HER2-specific
aptamers.
SPR VEGF RNA aptamer/protein 1 pM NR [169]
Enzymatic biomarker/HRP-conjugated anti-
bodies sandwich structure, HRP
catalyzed, sandwich assay
SPR VEGF On-chip synthesis/RNA aptamer NR NR [170]
Enzymatic microarray/microfluidic format,
. . T7 RNA polymerase, enzymatic
Amplification ampliﬁcagon},q?maging Sf)}l]{
SPR VEGF Carboxyl-coated polystyrene 3.7 pM 4 pM—-40 nM [171]
Enzymatic microbeads, rolling circle
Amplification amplification (an isothermal
enzymatic DNA replication
process)
SPR VEGF Plastic optical fiber, Au film, SPR 3nM NR [85]

interdigitated gold electrode, HER2 determination from undi-
luted serum was performed in the range of 1 pM—100 nM. The
detection limit obtained using this sensor was 1 pM [190].
With a similar approach, the determination of HER2 from
dilute human serum was performed between 1.4 and 14 pM
[189]. A hybrid aptamer—antibody-based sandwich analysis
was also reported by Qureshi et al. and determination of

VEGF performed from a real serum sample in the 250 fM—
50 pM determination range with a 20 fM LOD value [192].

Voltammetric techniques

Voltammetry is another electro-analytical method in which
the current is measured by sweeping the potential such as
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cyclic voltammetry (CV), differential pulse voltammetry
(DPV), and square wave voltammetry (SWV). SWV and
DPV are often used among different voltammetry methods,
due to their high sensitivity and fast response. It is also widely
used for the detection of cancer biomarkers in several different
configurations.

As a result of the shape change or preferential bonding that
occurs when the aptamers interact with their targets, the release
approach of the second weakly linked reporter sequence is
frequently used in electrochemical sensors. These target-
triggered approaches have been successfully applied in the de-
tection of VEGF, MUCI, and HER2 biomarkers. In one of
these approaches, there is a sandwich assay where the aptamer
was used as both a molecular diagnostic element and a signal-
generating reporter. HER2 detection was performed on the gold
electrode in the range of 6.8-680 fM and a 0.32 fM LOD value
was reported [195]. In a study using the aptamer switching
approach, VEGF detection was performed in 3 different cancer
cell lines. In this study, a very low detection limit (7.5 pM) was
obtained with voltammetric measurements on the gold elec-
trode [208]. In an SPE based on alternating current voltamme-
try (ACV) study, the target-induced conformational change of
the aptamer was used and VEGF detection was performed with
a detection limit of 5 pM in whole blood [61]. Liu et al. devel-
oped an SWV-based aptasensor that uses a target-triggered

Fig. 3 Schematic representation
of SERS-based detection of
VEGF using AgNP-decorated
AuNP pyramid structure provid-
ing a strong SERS signal. Highly
selective and ultrasensitive detec-
tion of VEGF was developed.
Reproduced from ref. [167]

@ Springer

redox tag release approach to detect MUCI. This aptasensor
was used to detect MUC1 simultaneously with the
carcinoembryonic antigen with a detection limit of 130 pM
MUCT in the detection range of 10-100 nM on the gold elec-
trode [200]. In a sensor using dual signal-tagged (methylene
blue and ferrocene) hairpin structured DNA-based aptasensor,
GCE and AuNPs to increase the signal, MUC1 was determined
with a detection limit of 827 pM [201]. The detection ranges in
this aptasensor using the SWV technique was relatively wide,
ranging from 1 nM to 1 uM. Other target-triggered switching
and probe release approaches used in MUCI detection showed
arelatively poor analytical performance. For example, an SWV
aptasensor with DNA hairpin-switching technique has a 4 nM
LOD value [202], whereas a DPV based aptasensor with
AuNPs and enzyme signal amplification has a 2.2 nM LOD
value [53].

An immuno-hybrid sandwich assay was recently devel-
oped by Jarczewska et al. In this study, gold disc electrodes
were modified with antibody-methylene blue labeled aptamer
hybrid layer and HER2 detection was performed with a detec-
tion limit of 6.8 pM in a slightly narrow determination range
(6.8-68 pM) with the target trigger release [196]. In a study
using a similar detection strategy, VEGF was detected by
applying both EIS and DPV techniques. Bovine serum albu-
min (BSA) -gold nanoclusters / ionic liquid and glassy carbon
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electrode were used resulting 0.32 pM LOD value with DPV
while 0.48 pM LOD value was obtained with EIS [213].

Enzymatic signal amplification and target-triggered ampli-
fication strategies were also preferred to further improve the
detection limit. In one of these approaches, Nonaka et al. de-
veloped a sandwich assay, where they labeled the VEGF-
binding aptamer with pyrroloquinoline quinone glucose dehy-
drogenase and immobilized the other aptamer on gold wire
electrode. This approach was used in VEGF detection with a
detection limit of 15 nM [113]. However, as an alternative to
this enzymatic assay, whose analytical performance is some-
what low, VEGF detection was performed with DPV with 320
fM LOD value by developing an amplification strategy with
the use of target-triggered cycloaddition reaction [212]. The
cycloaddition reaction carried out between alkyne- modified
aptamer and the azide functionalized electrode surface with
the help of copper catalyst by applying cathodic potential has
provided a detection range of 1-120 pM, nevertheless, it gives
a low detection limit value. Since simultaneous amplification
strategies with the analysis can be very successful, another
study using cyclic target-induced primer extension reaction,
aptamer-hairpin probe, and enzyme-amplified electrochemi-
cal readout approach was applied to achieve 30 fM LOD val-
ue. This DPV-based aptasensor was used in complex biolog-
ical matrices to determine VEGEF in the detection range of 37
M —37 pM [209].

Using the target-induced probe release strategy together
with nanomaterials positively affects the analytical perfor-
mance of the biomarker sensor. Wang et al. recently devel-
oped a competitive electrochemical where cDNA-ferrocene/
(Ti5C,) nanosheets were used as a probe, and the result of the
target-triggered release of the probe was able to detect MUC1
in a fairly wide detection range (1.0 pM—10 uM) [205]. Using
the SWV technique on GCE, MUCI1 detection was performed
with a detection limit of 330 fM [205].

In a study, the analytical performance of the electrochem-
ical sensor was increased using nanomaterials, and MUCI1
detection with 31 aM LOD value was performed using
AuNPs and graphene oxide-doped poly(3,4-ethylene
dioxythiophene) as shown in Fig. 5. In this sensor using the
DPV technique, MUC1 was detected from human serum sam-
ples on the fluorine tin oxide (FTO) glass sheet substrate in the
detection range of 3.13 aM—31.25 nM [203]. This LOD value
provides the best analytical performance among the electro-
chemical strategies in this review article. Other studies using
carbon-based nanomaterial, although not as high as the previ-
ous study, still provided good analytical performance. Yang
et al. reached 250 fM LOD value in MUCI detection on GCE
with a three-dimensional graphene-based ratiometric signal
amplification aptasensor. Operating in a fairly wide range
(1 pM-1 uM), this aptasensor used the Au-rGO composite
to improve analytical performance [204]. In VEGF detection,
0.7 pM LOD value was obtained using the DPV technique

using rGO-poly(amidoamine)/Au nanocomposite and thio-
nine [214]. In this study, cytochrome ¢ and VEGF detection
were performed simultaneously using dual aptasensor and
SPE. In a HER2 assay using reduced graphene oxide-
chitosan film, 1.4 pM LOD value was reported [197].

In another voltammetric sensor study using carbon
nanomaterials-based strategies, a 1.85 pM VEGF detec-
tion limit was achieved using the graphene oxide/aptamer,
Au-electrode, and poly-L-lactide nanoparticles for signal
amplification approach [159]. Chen et al. reported MUCI1
detection with a 1 pM LOD value in a sandwich assay
using a dual signal amplification strategy. Thionine was
used as an electrochemical probe in this study where
poly(o-phenylenediamine)-AuNP hybrid film was used
as a carrier, and AuNP-functionalized silica/multiwalled
carbon nanotube core-shell nanocomposites as tracing
tag [111].

Another approach to improve analytical performance is the
use of magnetic beads. In a recent study, Malecka et al. per-
formed HER2 detection with a detection limit of 1 fM and a
detection range of 10 fM—100 pM using the aptasensor they
developed using a sandwich assay and magnetic bead [193].
In a study using magnetic beads for MUC1 detection, 0.07 nM
LOD value was obtained using sandwich assay and DPV
[199]. There is also a study on improving the voltammetric
sensor response using bimetallic nanoclusters. In a study,
VEGEF detection was performed in the range of 620 pM using
the peroxidase-mimicking activity feature of aptamer-
conjugated Ag/Pt bimetallic nanoclusters [30]. A 4.6 pM
LOD value was obtained with human serum samples. In a
sandwich assay-based study in which different nanostructures
are used in HER2 voltammetric aptasensor, gold nanorod @
Pd superstructures/aptamer/horseradish peroxidase was used
as a signal probe, DNA-quadruplex was used as a molecular
recognition element, and HER2 determination was performed
with a detection limit of 1 pM in a wide detection range
(68 pM—1.36 nM) [194]. CV-based VEGF aptasensor was
also reported in a wide determination range (100 fM—
10 nM) using graphitic carbon nitride (g-C5N,) as photoactive
material. Working on the target-triggered methylene blue re-
lease, this sensor provided 30 fM LOD value [210].

Field-effect transistor-based techniques

Field-effect transistors (FETs) are based on the immobiliza-
tion of the molecular sensing element on a semiconductor line
between the source and drain electrodes. In the transistor
structure, the varying channel conductivity is measured as a
result of the interaction of the analyte with the molecular di-
agnostic element by modulating the gate electrode [217]. In
the n-type FET system, when the molecular diagnostic ele-
ment interacts with the positively charged analyte, the conduc-
tivity increases, and if it interacts with the negatively charged
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Table 4  Electrochemical strategies for VEGF, HER2, and MUCI aptasensors

Method Biomarker Strategy LOD Range Ref.
Impedimetric HER2 Single-stranded DNA aptamer self-assembled onto the monolayer of 34 pM 34-680 pM [42]
EIS 3-mercaptopropionic acid on AuNP-modified gold disc electrode 5 ng/mL
Impedimetric HER2 Tetrahedral DNA nanostructure HER2-specific aptamer as recognition 550 fM 690 fM—690 pM [187]
EIS probes and flower-like nanozymes/horseradish peroxidase (HRP) as
Sandwich signal nanoprobes, Mn3;0,/Pd @Pt/HRP-based nanoprobe, gold elec-

trode
Impedimetric HER2 AuNPs placed on a composite consisting of electrochemically reduced ~ 340 aM  0.68 fM—6.87 pM  [188]
EIS graphene oxide and single-walled carbon nanotubes, GCE
Impedimetric HER2 Interdigitated gold electrodes, thiol-terminated DNA aptamer NR 1.4-14 pM [189]
nFIS ~14

pM
Impedimetric HER2 Interdigitated gold electrodes, thiol-terminated DNA aptamer 1 pM 1 pM-100 nM [190]
nFIS
Impedimetric HER2 Bimetallic MnFe Prussian blue analog coupled to AuNPs, gold electrode, 1.7 fM 6.8 fIM—6.8 pM [191]
EIS Fe
Impedimetric VEGF Mesoporous carbon—Au nanoparticle-decorated SPE, aptamer 0.05pM  0.5-15 pM [73]
EIS
Impedimetric VEGF Aptamer—antibody-based sandwich assay, antibody-conjugated magnetic 20 fM 250 ftM-50 pM [192]
nFIS beads,
Voltammetric HER2 Cellulase-linked sandwich assay on magnetic beads, aptamer-conjugated 1 fM 10 fM-100 pM [193]
Chronocoulometry magnetic beads, cellulase-labeled aptamer, graphite electrode
Sandwich
Voltammetric HER2 Gold nanorod@Pd super- structure aptamer-horseradish peroxidase as the 1 pM 68 pM-1.36 nM [194]
DPV signal probe, DNA-quadruplex as molecular recognition element, gold
Sandwich electrode
Voltammetric HER2 Aptamer as molecular recognition element and signal-generating reporter, 0.32 fM  6.8-680 fM [195]
SWv sandwich format, target-triggered self-assembly, molybdate reaction,
Sandwich gold electrode
Voltammetric HER2 Gold disk electrodes modified with antibody-methylene blue labeled 6.8 pM  6.8-68 pM [196]
SWV aptamer hybrid layer, methylene blue redox label, target-triggered re-
Sandwich lease
Voltammetric HER2 Reduced graphene oxide-chitosan film, methylene blue, SPE 14pM 34510 pM [197]
DPV
Voltammetric MUCI1 Single polypyrrole nanowire-based microfluidic aptasensor, conduction ~ 2.66 nM  2.66-66.5 nM [198]
Conductimetric

Voltammetric MUCI1 Streptavidin or Protein G-modified magnetic beads, sandwich format, la- 0.07 nM  0-0.28 nM [199]
DPV beled secondary aptamer, alkaline phosphatase enzyme (1-naphthyl
Sandwich phosphate)
Voltammetric MUCI1 Target-triggered hairpin oligonucleotide switch, AuNPs, enzyme signal 22 nM  8.8-353.3 nM [53]
DPV amplification, HRP, o-phenylenediamine catalytic reaction with H,O,,

SPE
Voltammetric MUCI1 DNA linker containing anti-MUC]1 aptamer, conjugated with methylene 0.13 nM  10-100 nM [200]
SWv blue as redox tag, target-triggered release, gold electrode
Voltammetric MUCI1 Dual signal-tagged hairpin structured DNA-based ratiometric probe, 0.827 nM 1 nM—1 uM [201]
SWvV ferrocene-labeled signal probe and methylene blue-modified inner ref-

erence probe, AuNPs, GCE
Voltammetric MUCI1 DNA hairpin containing anti-MUCI aptamer, conjugated with methylene 4 nM 4-680 nM [202]
SWvV blue as redox tag, target-triggered release, gold electrode
Voltammetric MUCI1 AuNPs and graphene oxide-doped poly(3,4-ethylenedioxythiophene), 31 aM 3.13 aM-31.25 nM [203]
DPV FTO glass sheets
Voltammetric MUCI1 Three-dimensional graphene-based ratiometric signal amplification 025pM 1 pM-1 uM [204]
ACV aptasensor, Au-rGO composite, Fc-labeled aptamer, GCE
Voltammetric MUCI1 Competitive electrochemical aptasensor based on a 033 pM 1 pM-10 uM [205]
SWV cDNA-ferrocene/(Ti;C,) nanosheets, target-triggered release of

c¢DNA-Fc/(Ti;C,) nanosheet probe, GCE
Voltammetric MUCI1 Dual signal amplification strategy, poly(o-phenylenediamine)-AuNP 1 pM 1-100 nM [111]
DPV hybrid film as a carrier, AuNP-functionalized silica/multiwalled carbon
Sandwich nanotube core-shell nanocomposites as tracing tag, electrochemical

probe thionine
Voltammetric VEGF SPE decorated with Au nanoparticles, graphite screen-printed electrodes, 30 nM 0-250 nM [206]
DPV signal amplification via an enzyme catalyzed the hydrolysis of the
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Table 4 (continued)

Method Biomarker Strategy LOD Range Ref.
Voltammetric VEGF Graphene oxide/aptamer, Au-electrode, poly-L-lactide nanoparticles for  1.85 pM  1.85 pM-3.7 nM  [159]
DPV signal amplification
Voltammetric VEGF Hemin, sandwich assay, aptamer 1 nM 0-80 nM [207]
DPV
Voltammetric VEGF Target-induced conformational change/methylene blue-modified aptamer, 5 pM 50 pM—0.15 nM [61]
ACV gold-coated SPE electrode
Voltammetric VEGF Self-assembly of thiolated aptamers on gold electrode, methylene blue as 7.5 pM 7.5 pM-5 nM [208]
SWvV redox label, aptamer switching, tested in three prostate cell lines

(RWPE-1, LNCaP, and PC3)
Voltammetric VEGF Cyclic target-induced primer extension, aptamer-hairpin probe and 30 fM 37 tM-37 pM [209]
DPV enzyme-amplified electrochemical readout
Amplification
Voltammetric VEGF Graphitic carbon nitride (g-C3N,4) as photoactive material, 30 fM 100 fM—-10 nM [210]
()% aptamer-bridged DNA network structure, MB electron transport
Photoelectrochemical through the DNA helix structure, suppressing the recombination of

electron-hole pairs generated by g-CsN,, target-triggered methylene

blue release
Voltammetric VEGF Magnetic beads, bound/free separation system, hybridization capacity ~10nM 10 nM-1 uM [211]

changes with capture DNA immobilized on beads in the presence or

absence of target molecules
Voltammetric VEGF Sandwich method/ pyrroloquinoline quinone glucose 15 nM 15-60 nM [113]
Sandwich dehydrogenase/enzymatic signal amplification, gold wire electrode.
Amplification
Voltammetric VEGF Electrochemically triggered click (amplification) reaction by adjusting the 6.2 nM  0-10 uM [212]
EIS applied cathodic potential, copper catalyst, cycloaddition reaction be-  0.32 pM 1-120 pM
DPV tween the alkyne-modified aptamer and the azide-functionalized elec-
Amplification trode surface, gold electrode
Voltammetric VEGF BSA-gold nanoclusters/ionic liquid, GCE electrode, target-induced de-  0.32 pM  1-120 pM [213]
DPV sorption of methylene blue probe from aptamer (for DPV), 0.48 pM  2.5-250 pM
EIS target-induced mass-transfer limitation Fc (for EIS)
Voltammetric VEGF rGO-poly(amidoamine)/ Au nanocomposite as supporting matrix for 0.7pM  2.5-320 pM [214]
DPV covalent immobilization of thionine, anti-VEGF aptamer, SPE dual

working electrode, simultaneous detection of cytochrome ¢ and VEGF
Voltammetric VEGF Ag/Pt bimetallic nanoclusters, aptamer-Ag/Pt NCs have intrinsic 4.6 pM 620 pM [30]
(&\% peroxidase-mimicking activity, catalytic, H;O,-mediated oxidation of a

substrate, TMB
Voltammetric VEGF Immuno-hybridization chain reaction (HCR), an enzyme-free amplifica- 18.5 fM 30 fM-18 pM [32]
pH meter tion process, target VEGF- antibody-aptamer sandwich structure,
Amplification GOx-functionalized ssDNA
Voltammetric VEGF Immuno-HCR, invertase-functionalized auxiliary probe, VEGF-triggered 44 fM 110 fM-3.6 pM [31]
Glucose meter hybridization chain reaction to generate invertase-concatemers,
Amplification invertase-catalyzed sucrose to glucose.
FET VEGF Few layer graphene, poly(pyrrole) as source material, FET, 100 ftM 100 fM-10 nM [110]
(p-type) nitrogen-doped graphene (p-type), RNA aptamer
FET VEGF Carboxyl-functionalized poly(pyrrole) nanotube, FET, DNA aptamer 0.4 pM 400 fM-10 nM [125]
(p-type)
FET VEGF n-type and p-type silicon nanowire, methylated RNA aptamer n-type: 100-52 pM [215]
(p-type) 1.04 n-
(n-type) M

p-type:
104 p-
M

analyte, the conductivity decreases. On the other hand, the
opposite is the case for p-type FET [218]. Kwon et al. per-
formed VEGF determination with a p-type FET sensor where
carboxylated polypyrrole nanotubes were used as the gate
electrode. This FET sensor operated in a fairly wide detection

range (400 fM—10 nM) and reached a LOD value of 0.4 pM in
VEGEF determination [125]. In another study conducted by the
same group, a FET-type VEGF aptasensor using nitrogen-
doped several layer graphenes was also reported. In this study,
VEGF determination provided a more successful detection
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Fig.4 Schematic representation of the sensitive detection of HER2 using
densely packed AuNP-reduced graphene oxide and single-walled carbon
nanotube composite. The impedimetric sensor developed has a LOD

limit with 100 fM LOD compared with the previous study.
However, the operating range of the reported sensor was be-
tween 100 fM and 10 nM, similar to the previous study result
[110]. In a study, a FET aptasensor was developed using an
aptamer-immobilized n-type and p-type Si nanowire (SINW)
gate. Using this aptasensor, VEGF was accurately detected for
n-type and p-type SINW-FETs with a LOD of 1.04 nM and
104 pM, respectively [215]. Although the number of FET-
based aptasensor studies used for the diagnosis of breast can-
cer is limited, the FET strategy is widely used for the determi-
nation of other analytes. A detailed review article recently
published on this subject can be accessed [219].

Other electrochemical techniques

Two different approaches were also seen in the electrochem-
ical analysis. One of these approaches aimed to perform
VEGF determination using a pH meter. Xu et al. reported an
aptamer-antibody sensor using a sandwich structure. In this
study, the target VEGF was first captured by the antibody
immobilized on the microplate and bound with an aptamer
to form the sandwich structure. Then, with the help of
ssDNA with GOx, a hybridization chain reaction took place,
so that GOx catalyzed the oxidation of glucose and caused a
pH change. VEGF detection was carried out in a detection
range of 30 fM—18 pM with a limit of 18.5 fM [32]. With a
similar approach, in a VEGF sensing strategy using an
immuno-hybridization chain reaction, the conventional
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value of 340 aM and successfully tested with serum samples. Sera of
breast cancer patients were differentiated from the sera of healthy persons.
Reproduced from ref. [188]

glucometer was used to obtain a 44 fM detection limit which
was achieved in the 110 fM-3.6 pM detection range. This
very low detection limit, obtained using a personal glucose
meter, worked on the principle of catalyzing sucrose to glu-
cose using an invertase auxiliary probe that triggers the hy-
bridization chain reaction to produce invertase-concatemers
[31].

Other methods and commercial kits

In this section, the results of VEGF, HER2, and MUCI anal-
ysis reported in the literature using chromatographic strategies
and commercial ELISA methods are compared. Antibody-
based assays such as ELISA are the only commercial detec-
tion kits available for VEGF, HER2, and MUC1 [97, 167].
Compared with aptasensors, antibody-based assays have
many disadvantages, such as the following: (1) their applica-
ble targets are limited to immunogenic response, (2) their pro-
duction is time-consuming and costly, (3) their poor stability
due to sensitivity to pH and temperature, and (4) their modi-
fication is expensive and difficult [220]. However, analytical
performances of ELISA methods are satisfactory and meet
clinical criteria. Table 5 summarizes the detection limits and
the ranges of ELISA methods compared with other strategies.

Aptamers, on the other hand, have been frequently used in
VEGF, MUCI, and HER?2 analysis especially due to their
various advantages performing similar to ELISA Kkits.
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Fig. 5 Schematic representation of an ultrasensitive detection of MUC1
AuNPs and graphene oxide-doped poly(3,4-ethylenedioxythiophene)
nanocomposite. FTO sheet was used as an electrode and the DVP

Besides, liquid chromatography-tandem mass spectrometry
approaches can provide a very low detection limit (25 pM)
[221, 222]. However, the strategies discussed in this article
have proved to be as sensitive as to existing methods provid-
ing simple analytical approaches and low-cost analysis with
adequate analytical performance.

In this review article, since extensive studies have been
carried out using aptamers, it is impossible to cover all of
them. For example, using atomic force microscopy, the inter-
action force of the aptamer with VEGF was measured by
single-molecule force spectroscopy and found to be 169.44
+6.59 pN and this value was found to be compatible with kg
value [225]. Molecularly imprinted polymers (MIP) are also
used such as monomers of acrylamide and N, N'-methylene
bis(acrylamide)-based electrochemical sensor was reported
for VEGF detection with 0.005 pg/mL LOD and 0.01-
7000 pg/mL range [226]. HER2 detection also reported

Immobilization of
streptavidin

Biotinylated
aptamer

Bioelectrode
(SA/AUNPs-GO-PEDOT/FTO)

Interaction
with MUC1

Aptaelectrode
(APT/SA/AUNPs-GO-PEDOT/FTO)

technique was utilized. The developed sensor showed good stability,
reusability, and successfully tested in serum samples. Reproduced from
ref. [203]

Biotinylated aptamer MucCl

electrochemical MIP on a gold electrode, and 1.6 ng/mL de-
termination limit was obtained in the range of 10-70 ng/mL
[227]. Finally, unlike the strategies within the scope of this
review article, there is another strategy based on
microcantilever detection of MUCI reported in recent years.
The measurements carried out by immobilizing thiol modified
anti-MUCI aptamers in the form of self-assembled mono-
layers on the microcantilever, and detection in the range of
5-500 nM was obtained with 0.9 nM detection limits [223].

Conclusions and future perspectives
In recent years, aptamer-based biosensors with different strat-
egies have been preferred for accurate and rapid detection of

cancer biomarkers. The unique properties of aptamers com-
pared with antibodies allow them to be used as a molecular
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Table 5 Comparison of some

commercial ELISA kits and Method

Target

Approach LOD Range Ref.

chromatographic methods for
VEGF, MUC]1, and HER2
analysis

Liquid HER2
chromatography--
tandem mass

spectrometry

Ultraperformance liquid ~ VEGF

chromatography--
tandem mass
spectrometry

Microcantilever MUCI1

ELISA
ELISA
ELISA
ELISA

MUCI1
MUCI1
VEGF
HER2

Quasi-targeted
proteomics assay
converted the HER2
signal into the mass
response of reporter
peptide by a
combination of
aptamer-peptide
probe and
LC-MS/MS.

Acquity UPLC BEH
C18
chromatography
column, gradient
elution using
acetonitrile and
0.1% formic acid as
the mobile phase.
Positive multiple
reaction monitoring
modes.

With thiolated
aptamers of MUC1
self-assembled on
the sensing
microcantilever,
MUCI interacts
with aptamers
resulting in the
change of surface
stress on the
microcantilever.

Commercial kit

25 pM 25 pM-2.5nM  [221]

37 pM 37pM-37nM  [222]

09nM  5-500 nM [223]

800 nM
0.065 nM
0.18 pM
429 pM

NR
15 pM-10 nM
0.18-0.74 pM
429-275 pM

[120]
[121]
[97]

[224]

Commercial kit
Commercial kit
Commercial kit

diagnostic element in a wide range of biomarker detection
platforms. One of the major advantages of aptamers is that
they are suitable for chemical modifications and conjugation
with different labels or active molecules [228].

In this review article, aptasensors that use different strate-
gies were discussed for VEGF, HER2, and MUC] detection.
Selected aptamer sequences and their affinities reported in the
literature are compared in Table 1 in which VEGF stands out
as the most utilized biomarker using aptamers for multiple
detection strategies. Although RNA aptamers have enhanced
affinities, DNA-based aptamers were often used in biomarker
detection strategies [78, 184]. DNA-based aptamers are used
to increase the analytical performance of the sensors along
with nanomaterials. The unique properties of nanomaterials
have led to the integration of the sensor with the different
strategies to ensure that the signal received from the transduc-
er is sensitive and reliable. The relevant literature involves an
increasing number of studies to improve the analyte

@ Springer

performance of sensors integrating several nanomaterials into
different sensor platforms. Among various metal NPs, AuNPs
are indispensable for fluorescence chemiluminescence-based,
colorimetric, electrochemical, and plasmonic sensor strate-
gies. In addition to the large surface area provided by
AuNPs, it has other advantages such as unique optic and elec-
trical properties, high stability, controllable morphology, bio-
compatibility, and easy functionality with known methods.
Moreover, carbon-based nanomaterials (graphene, nanotube,
etc.) have been used in many detection strategies to increase
analytical performance. Carbon-based nanomaterials function
as super-quencher or fluorophores in fluorescence-based strat-
egies and as electron transfer enhancer in electrochemical
strategies.

There are many studies for the detection of biomarkers as
specified in this review article recently, and these strategies do
not make it to the market as commercial products. One of the
reasons for this is the use of conservative approaches in the
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diagnosis of cancer such as biopsy or the preference of golden
methods in the detection of biomarkers such as chromatogra-
phy [229] . However, this review article reveals that almost all
of the aptasensors developed using various strategies can pro-
vide clinical analysis requirements. Moreover, some of these
strategies proposed herein even include the use of platforms
suitable for PoC. These strategies also meet the requirements
expected from the biosensor such as the ability to analyze with
a small amount of sample, resistance to interference, one-step
analysis, unlabeled analysis, and ease of use.

Although each method reviewed in this paper has several
advantages, there are considerable down points based on dif-
ferent applications and end-user needs. For example, optical
methods are often quite promising since sensitive results can
be obtained; however, there are important drawbacks that one
should consider before picking a suitable strategy. For exam-
ple, fluorescent and chemiluminescence-based methods must
be performed in the lab environment; therefore, if PoC testing
is needed at clinics and medical centers without lab infrastruc-
ture, this strategy would not be suitable, regardless of how
sensitive results can be achieved. Furthermore, there is also
a stability issue with fluorescent molecules over time, which is
a process called photobleaching, that can affect the long-term
usability of developed sensors. Another optical-based strate-
gy, colorimetric biosensors, was not as often preferred in the
literature because they have high detection limits compared
with other methods, therefore, fail to meet the required criteria
for biomarker detection. On the other hand, plasmonic sensors
can achieve low detection limits as low as aM range; however,
high-cost equipment and trained personnel are needed for
analysis. That is why the studies for both colorimetric and
plasmonic biosensors are limited in the literature. Finally,
electrochemical sensors seem to be the most promising bio-
marker detection strategy among all others. The
electrochemical-based biosensors are not only competitive
with fluorescent and chemiluminescence-based methods for
the detection of biomarkers but also the most suitable strategy
for PoC testing. Moreover, the electrochemical tests are rapid,
easy, and do not require complex sample preparation and
equipment. All strategies benefit certain improvements in
which electrochemical methods stand out to be the best can-
didate for on-site and/or rapid analysis. There are quite a re-
markable number of biosensor studies that can be found in the
literature among all detection strategies especially for VEGF
and MUC1 biomarkers. On the other hand, the biosensor stud-
ies for HER2 biomarker for this detection strategy are quite
limited. In terms of obtaining significant analytical perfor-
mance, enzymatic amplification strategies stand out with the
lowest detection limits reported as low as aM concentrations.
Also, popular strategies such as the use of nanomaterials stand
out for signal amplification.

Furthermore, instead of identifying a biomarker alone,
multiple biomarker identification simultaneously can prevent

false diagnosis ratios. In this case, however, the following
problems should be addressed: (1) a clear consensus has not
been established for most of the cancer diagnosis since cancer
biomarker research is still evolving [230, 231]; (2) the diffi-
culties of the development of multi-biomarker detection de-
vices, which often require multidisciplinary research projects
[232]; (3) more specific aptamers are still needed to be devel-
oped and integrated into sensor platforms (4); and the devel-
opment of cheap and reliable sensor platforms is needed for
continuous monitoring during cancer progression.
Consequently, it will not be a surprise that we come across
an increasing number of studies on the development of
aptasensors for the detection of biomarkers using different
strategies focusing on the mentioned problems in the coming
years.
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