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ABSTRACT

It has been more than two decades since aptamer and the systematic evolution of ligands by exponential
enrichment (SELEX) method were discovered by Larry Gold and Andrew Ellington in 1990, respectively.
Based on the various advantages of aptamers, they have become a potent rival of antibodies in ther-
apeutics and bio-analysis. Especially, the recent advances in aptamer biosensor application are remark-
able due to its intrinsic properties of aptamers as nucleic acids and target induced conformational
changes, in addition to the introduction of graphene oxide-based easy and simple immobilization-free
screening method even for dual aptamers. In addition, the incorporation of various nanomaterials such
as metallic nanoparticles, carbon materials, and functional nanospheres in aptasensors has facilitated the
improvement of analytical performance and commercial application of aptasensors. In this review, recent
prominent reports on aptasensors utilizing nanomaterials were introduced to understand the principle
of aptamer-based biosensors and provide an insight for new strategies of aptasensors and the application
of various nanomaterials. The perspective on aptamer-based biosensors and diagnostics was also dis-

cussed in view of technology and market.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

For four decades, antibodies have dominated the healthcare
market based on their effective capturing capacity for proteins.
Then, immunoassay has become the most popular platform in
clinical tests and biosensors today. Since its first report in 1990,
aptamers have received extensive interests as a rival of antibody
due to its several advantages compared to antibodies. One of the
most important merits of using aptamers is that there are no
limitations on their targets. Although antibodies- or enzyme-
based assays are well established as a standard biosensor platform
for the detection of various targets, they are still restricted in re-
cognizing many of targets, such as toxic small molecules or non-
immunogenic targets, and also not easy to recognize the small
differences of their macromolecular targets like proteins. To date,
thousands of DNA or RNA aptamers have been identified for var-
ious targets, such as proteins, peptides, amino acids, antibiotics,
small chemicals, viruses, whole or part of cells, and even metal
ions, with high affinity and specificity, and they have been applied
in various fields, such as diagnostics, therapeutics, biosensors and
bio-analytical fields. This fast enrichment of available aptamers
should be mainly due to the recent advances in the systematic
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evolution of ligands by exponential enrichment (SELEX) process,
such as the high-throughput and automated SELEX processes, in-
cluding the most recent development of the immobilization-free
screening of aptamers using graphene oxide (Park et al., 2012).
According to the advancement on the aptamer screening and de-
velopment, thousands of articles about aptamers and SELEX have
been published, and numerous patents have been issued. There-
fore, researchers and companies have obtained more chances to
develop or commercialize various platforms of aptasensors for
numerous targets, especially since it has been now found that the
dual aptamers can be developed cognately (Ahmad Raston and Gu,
2015; Park et al., 2014).

Aptamer-based biosensors among various applications have
exceptional merits, compared to the natural receptors, such as
antibodies and enzymes. The intrinsic properties of aptamers, as
nucleic acids, high flexibility of structure, and convenience in the
design of their structure, enable to develop the various novel ap-
tasensors. 1) Aptamers as even complex form with target can be
amplified by polymerase chain reaction (PCR). Based on this
property, a real-time PCR analysis (Fischer et al., 2008; Lee et al,,
2009) and rolling-circle amplification (Cho et al., 2005; Liu et al.,
2014b; Yang et al., 2007; Zhou et al., 2007) have been applied in
aptasensors for signal amplification. Microarray platform is also
available for aptamer-based analysis, in which the quantification of
thousands of targets is possible (Kraemer et al., 2011). Besides, any
other nucleic detection methods can be adopted for aptasensors by
combining both capturing and detection steps. 2) Aptamers fold as
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Nanoparticles applications for aptasensors.

Materials Target Assay Method LOD Reference
Gold nanoparticles Thrombin Colorimetric Sandwich 20 nM (Pavlov et al., 2004)
Gold nanoparticles Thrombin Colorimetric Sandwich (lateral 2.5 nM (buffer) 0.6 uM (hu- (Xu et al., 2009a)
flow strip) man plasma)
Gold nanoparticles CCRF-CEM Colorimetric Sandwich 2 nM (Medley et al., 2008)
Gold nanoparticles PDGF Colorimetric Sandwich 2.5-10 nM (Huang et al., 2005)
Gold nanoparticles PDGFR Sandwich 3.2nM
Gold nanoparticles PDGF Colorimetric TICC? 6 nM (Chang et al., 2013)
Gold nanoparticles Adenosine Colorimetric TID® 20 uM (Adenosine) (Liu and Lu, 2006)
10 uM (cocaine in buffer)
200 pM (cocaine in blood
serum)
Gold nanoparticles Adenosine Colorimetric TID 10 uM (Zhao et al., 2007)
Gold nanoparticles Adenosine Colorimetric TICC 20 uM (Zhao et al., 2008)
Gold nanoparticles Hg?* Colorimetric TICC 250 nM (Liu et al., 2008)
Gold nanoparticles Hg?* Colorimetric TID 100 nM (Ono et al., 2011)
Gold nanoparticles Pb%+* Colorimetric TICC 500 nM (Wei et al., 2008)
Gold nanoparticles Oxytetracycline Colorimetric TICC 25 nM (Kim et al., 2010b)
Gold nanoparticles Glutathione Colorimetric TID 17 nM (Glutathione) (Xu et al., 2012)
9 nM (Cysteine)
18 nM (Homocysteine)
Gold nanoparticles ATP Colorimetric TICC 0.6 uM (UV-vis) (Wang et al., 2007)
2 uM (naked eye)
Gold nanoparticles Cocaine Colorimetric TIA® 2 uM (Zhang et al., 2008b)
Gold nanoparticles Ibuprofen Colorimetric TICC 5uM (Kim et al., 2011)
Gold nanoparticles Plasmodium vivax lactate dehy- Colorimetric TICC 10.3 pM (using PDDA) (Jeon et al., 2013)
drogenase (PvLDH) 12.5 pM (using PAH)
Gold nanoparticles Theophylline Fluorometric TID 0.01-2 mM (Frauendorf and Jaschke,
2001)
Gold nanoparticles Hg?+ Fluorometric TID 5nM (Hg?*) (Liu et al., 2009a)
300 pM (Pb%™*)
Gold nanoparticles Hg?+ Fluorometric TICC 0.5 pM (Kim and Jurng, 2011)
Gold nanoparticles Ochratoxin A Fluorometric TID 5nM (Cruz-Aguado and Pen-
ner, 2008)
Gold nanoparticles Pb%* Fluorometric TID 4 nM (Xiang et al., 2009)
Adenosine 34uM
Gold nanoparticles Adenosine Fluorometric TID 50 pM (adenosine) (Liu et al., 2007a)
120 uM (cocaine)
Gold nanoparticles Adenosine Fluorometric TID 2 uM (Xu et al., 2009b)
Gold nanoparticles Adenosine Fluorometric TID 6 uM (Adenosine) (Xiang et al., 2010)
3nM (UO,2+)
8nM (Pb%* )
30 nM (Hg?+)
Gold nanoparticles Cocaine Fluorometric TID 1uM (Xu et al., 2009b)
Gold nanoparticles Thrombin Fluorometric TID 0.14 nM (Wang et al., 2008)
Gold nanoparticles Thrombin Fluorometric TID 100 nM (Liu et al., 2014)
Gold nanoparticles PDGF Fluorometric TICC 8 pM (PDGF) (Huang et al., 2007)
1 nM (PDGF in complex
sample)
0.25 nM (thrombin)
Gold nanoparticles PDGF Fluorometric TID 10 pM (Huang et al., 2008)
Gold nanoparticles Oxytetracycline Electrochemical Simple binding 1-100 nM (Kim et al., 2009b)
Gold nanoparticles Thrombin Electrochemical Simple binding 2nM (Radi et al., 2005)
Gold nanoparticles Thrombin Electrochemical Simple binding 100 pM (Xu et al., 2006)
Gold nanoparticles Thrombin Electrochemical Sandwich 20 pM (Li et al., 2008a)
Gold nanoparticles Cocaine Electrochemical TICC 10 uM (Baker et al., 2006)
Gold nanoparticles Cocaine Electrochemical TICC 0.5 uM (Li et al., 2008b)
Gold nanoparticles Cocaine Electrochemical TIA 1uM (Sharon et al., 2009)
Gold nanoparticles Lactobacillus acidophilus Electrochemical TICC 11.0 CFU/ml (Zuo et al., 2007)
Gold nanoparticles ATP Electrochemical TID 0.1 nM (ATP) (Du et al., 2008)
TID 0.1 pM (Thrombin)
Gold nanoparticles ATP Electrochemical TID 0.1 nM (Du et al., 2010)
Gold nanoparticles ATP Electrochemical TID 100 nM (Du et al., 2009)
Gold nanoparticles Adenosine Electrochemical TICC 5nM (Wang et al., 2010a)
Gold nanoparticles VEGF Electrochemical Sandwich 30 nM (Ravalli et al., 2015)
Gold nanoparticles Mucin 1 protein (MUC1) Electrochemical TICC 2.2nM (Hu et al., 2014)
Magnetic nanoparticles Adenosine monophosphate (AMP) Fluorometric TIA 0.1 uM (Song et al., 2009)
Magnetic nanoparticles Cancer cells Fluorometric Simple binding 250 cells (Smith et al., 2007)
Magnetic nanoparticles Thrombin Electrochemical Sandwich 7.82 aM (Zheng et al., 2007)
Magnetic nanoparticles (Carcinoembryonic antigen) CEA  Colorimetric Catalytic activity 1 ng/ml (Gao et al., 2008)
Magnetic nanoparticles DNA Colorimetric Catalytic activity 19.4 + 0.5 ng/pl (Park et al., 2011)
Magnetic nanoparticles Hg?™* Colorimetric TICC 5-75 uM (Kim and Jurng, 2013)
Gold nanorods Platelet-derived growth factor AA  Fluorometric Simple binding 10 pM (Huang et al., 2008)
(PDGF AA)
Gold nanorods Thrombin SERS Sandwich 887 pM (Wang et al., 2010c)
SWCNTs Thrombin FET Simple binding 10 nM (So et al., 2005)
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well-defined 3-D structure upon binding to target and their con-
formation are very flexible depending on the existence of target
molecules (Cho et al., 2009). 3) The formation of aptamers can be
easily modulated using complementary sequences. This aptamer-
complementary DNA complex can be easily destroyed by compe-
titive interaction among aptamer, target, and complementary DNA,
when the target molecules are added. The design of com-
plementary sequences should be depending on the sequence of
aptamer and their affinity with target sophisticatedly. These un-
ique properties of aptamers on the flexible conformational change
added a few novel methods in the signal generation on different
formats of biosensors, such as simple binding or sandwich-type
assay. These approaches are considered to be very powerful
especially for the detection of the small molecular targets, since,
the sandwich assay format or the mass-dependent detection
methods, such as SPR or quartz crystal microbalance (QCM), are
not possible due to their small molecular sizes. 4) The easy

Table 1 (continued )

modification and labeling of dyes or functional group at the end or
inter-sites of the aptamer sequence is an another merit to establish
the aptamer-based assay format in terms of the signal generation
and the well oriented immobilization on solid supports. From
these advantages, aptasensors have now been a significantly es-
tablished in life science, biomedical diagnostics, and biosensors,
although they entered only about a decade ago into this bio-ana-
lytical field.

In addition, the most recent success in the cognate generation
of dual aptamers, which is known to be possible due to the success
of aptamer screening without target immobilization, has resulted
in opening the use of a sandwich-type sensing platform (Ahmad
Raston and Gu, 2015; Park et al., 2014). The advantages of using
dual aptamers in aptasensors should be as follow: 1) easy and
highly amplified signals can be generated from the use of the
secondary signaling aptamer, 2) sandwich-type stable platforms
can be definitely adopted, which has been known to be one of the

Materials Target Assay Method LOD Reference
SWCNTs Thrombin Fluorometric TID 0.1-1.6 uM (Zhu et al., 2008)
SWCNTs Thrombin NIR TID 0.1 nM (Chen et al., 2009a)
SWCNTs IgE FET Simple binding 250 pM (Maehashi et al., 2007)
SWCNTs Salmonella Typhi Potentiometric Simple binding 0.2 CFU/ml 1 (Zelada-Guillen et al.,
2009)
SWCNTs Escherichia coli Potentiometric Simple binding 6 CFU/ml (in complex matrix) (Zelada-Guillen et al.,
26 CFU/ml (in apple juice) 2010)
SWCNTs Staphylococcus aureus Potentiometric Simple binding 8 x 10% CFU/ml (Zelada-Guillen et al.,
2012)
SWCNTs DNA Fluorometric Sandwich 0.2 pM (DNA) (Cui et al., 2008)
Antigen 0.01 nM (Antigen)
Graphene ATP Fluorometric TICC 10 uM (Wang et al., 2010b)
Graphene ATP Fluorometric TICC 50 nM (Lu et al., 2010)
Fe304 graphene oxide  ATP Electrochemical TID 0.1 nM (Tang et al., 2011)
Graphene ATP Fluorometric TID 0.45 uM (Pu et al., 2012)
Graphene ATP Fluorometric TICC 1.4 uM (Song et al.,, 2014)
Graphene Oxytetracycline Fluorometric TICC 10 nM (Zhao et al., 2013)
Graphene Lysozyme Fluorometric TID 0.08 pg/ml (Chen et al., 2012a)
Graphene Cellular prion protein (PrP%) Fluorometric TID 0.309 pg/ml Zhuang et al., 2013)
Graphene Lysozyme SPR Simple binding 0.5 nM (Subramanian et al.,
2013)
Graphene Carcino-embryonic antigen Fluorometric TICC 5 pg/ml (Zhou et al., 2014)
Graphene K* Electrochemical TICC 27 uM (K) (Xu et al., 2014)
Pb2+ 2 uM (Pb?+)
Graphene ATP Fluorometric TICC 0.019 mM (Liu et al., 2014c)
Graphene ATP Fluorometric TICC 0.5 uM (Yi et al., 2014)
Graphene Thrombin SPR TICC 0.05 nM (SPR) (Wang et al., 2011b)
Electrochemical 0.03 nM (Electrochemical)
Graphene Thrombin Fluorometric TICC/TID 10 pM (Thrombin) (Liu et al., 2014b)
60 nM (ATP)
0.8 pM (DNA)
Graphene/QD Thrombin Electrochemical TID 100 nM (Zhao et al., 2011)
composite
Graphene PDGF Electrochemical Sandwich 8 pM (PDGF) (Bai et al., 2012)
Thrombin 11 pM (Thrombin)
Graphene Thrombin Fluorometric TID 1 nM (Ueno et al., 2013)
Fe;0,4 graphene oxide  Prostate specific antigen (PSA) Fluorometric TICC 0.5 ng/ml (Choi and Lee, 2013)
Graphene Hg?+ Fluorometric TICC 0.92 nM (Li et al., 2013)
Silica nanoparticles Thrombin Fluorometric TID and sandwich  1.06 nM (Wang and Liu, 2009)
Silica nanoparticles Thrombin Fluorometric TISS 4 nM (Babu et al., 2013)
Silica nanoparticles ATP Fluorometric TIA 20 uM (Cai et al., 2011)
Quantum dots Thrombin Electrochemical Sandwich 0.55 fM (Ding et al., 2010a)
Quantum dots Thrombin Fluorometric Simple binding 1nM (Chi et al,, 2011)
Quantum dots Cocaine Fluorometric and TIA 120 uM (Cocaine) (Liu et al., 2007b)
Adenosine colorimetric 50 uM (Adenosine)
Quantum dots Cocaine Fluorometric TIA 0.5 uM (Zhang and Johnson,
2009)
Quantum dots Hg?* Fluorometric TICC 0.5 uM (Hg?*) (Kim and Jurng, 2011)
K+ 100 uM (K*)
Adenosine 5 uM (Adenosine)

2 TICC target-induced conformation change of aptamer.
> TID target-induced displacement of aptamer/DNA probe.
€ TIA target-induced assembly of aptamer fragments.



Y. Seok Kim et al. / Biosensors and Bioelectronics 76 (2016) 2-19 5

weak points using an aptamer, and 3) the realization of apta-
sensors in markets are now very close, since stripe-type sandwich
platform can be used like ELISA or any other antibody-based
sandwich assays.

Recently, nanotechnology has added a prominent value to the
analytical and diagnostics field, i.e. the conjugation of aptamers on
various nanomaterials, which has led to highly sensitive and se-
lective aptasensors. The unique properties of nanomaterials such
as size- and shape-dependent optical property, easy tuning of
surface properties, and catalytic activities are very useful not only
for the signal generation but also for the signal amplification.
During past few years, there have been great advances in the
synthesis of numerous nanomaterials, such as metallic nano-
particles, quantum dots, silica nanoparticles, and carbon nano-
tubes (Burda et al., 2005), and their application into nanosensors
(Baron et al., 2007; Lu and Liu, 2007; Stewart et al., 2008; Wang
and Lu, 2009). The integration of aptamers and nanomaterials has
been studied actively to develop novel and sensitive sensing sys-
tem (Lin et al., 2009; Wang et al., 2009a). Although aptasensors are
still in its infancy, compared to immunoassay and enzyme-based
biosensors, aptamer-based biosensors will be eventually become a
great tool by the combination with nanomaterials.

This review summarized recent prominent reports on apta-
sensors utilizing nanomaterials to understand the principle of
aptamer-based biosensors and provide an insight for new design
of aptasensing techniques. The perspective on aptasensors was
also discussed in view of technology and market.

2. Aptamer-based biosensors using nanoparticles
2.1. Metallic nanoparticles-based aptasensors

2.1.1. Gold nanoparticles

Gold nanoparticles (AuNPs) are considered as the most favorite
nanomaterials for the aptasensor development due to their phy-
sical and chemical properties. In addition, the conjugation of ap-
tamers on AuNPs by chemisorption or physical adsorption has
been well accomplished (Huang et al., 2005; Li and Rothberg,
2004a; Li and Rothberg, 2004b; Mirkin et al., 1996; Pavlov et al.,
2004). These features of AuNPs have contributed to conduct sim-
ple, efficient and sensitive aptamer-based biosensors. In this sec-
tion, state-of-the-arts of AuNPs' applications in aptasensors were
introduced to give a comprehensive understanding about the
strategies for AuNP-based aptasensors and get some clues for
creating novel aptasensors. The details on nanoparticles-based
aptasensors discussed in this review were summarized in Table 1.

2.2. Colorimetric sensing

The colorimetric detection is a very attractive approach due to
its simplicity and low cost for sensing, especially suitable for
point-of-care test (POCT). Since the first report of colorimetric DNA
detection using AuNPs by Mirkin's group, AuNPs have been most
commonly used to develop the colorimetric biosensors based on
their unique optical properties, strong localized surface plasmon
resonance (LSPR) and high extinction coefficient at the visible
wavelength (Mirkin et al., 1996). LSPR quite depends on the inter-
particle distance of AuNPs, as well as size- and shape of AuNPs
(Zhang et al., 2008a). AuNPs with approximately 13 nm in dia-
meter have a maximum SPR absorbance at 520 nm wavelength in
dispersion state (observed as red by naked eye), and then shifted
to 650 nm, (showing purple color) once aggregated.

AuNPs-based colorimetric aptasensors were summarized into
three formats. The first format is a direct observation of localized
AuNPs in solution or solid support. The targets are captured by the

aptamers immobilised on a solid support like cellulose membrane
and the detection of the target can be observed by the secondary
aptamer-AuNPs conjugates binding to the targets in a sandwich
manner. This method can be easily applied to the conventional
sensing platform, but is limited due to the fact that many of
identified aptamers are not available for sandwich-type assays,
except few of cells and some proteins such as thrombin. Tan's
group reported AuNPs-based aptasensors for cancer cell detection,
the CCRF-CEM (human acute lymphoblastic leukemia), using ap-
tamer-conjugated AuNPs which selectively bound to the surface of
target cells, acted as micro-meter size gold structure. Therefore,
the scattering and absorption read-out was significantly changed
compared to complex control samples (Medley et al., 2008), but
this could be useful for imaging rather than detection due to its
low sensitivity.

The second format is based on the networking of AuNPs by
sandwich binding (Fig. 1a,b). The formation of AuNPs network
results in a red-to-purple color change due to the decreasing of
AuNP inter-particle distance. Some proteins comprise two or more
equivalent epitopes like platelet-derived growth factor (PDGF) that
is a homo-dimeric protein which can be used to create AuNPs
cross-linked by aptamers bridges with PDGF protein (Huang et al.,
2005). With this format, platelet-derived growth factor receptor
(PDGFR) could be detected as low as 3.2 nM of LOD by the com-
petitive binding of PDGF aptamer and PDFGR to PDGF. However, as
mentioned above, this sandwich-type binding assay has still been
limited in its full expansion to all of target molecules, mainly due
to the lack of available dual aptamers. Unfortunately, just very few
of dual aptamers available for the targets have been reported to
date, because, we believe, in normal SELEX processes it is very
difficult to isolate the two aptamers binding to the different sites
of a target, due to the limited exposure of the target's surfaces
since the targets are immobilized on solid support. Although Gu's
group have developed a new SELEX process using graphene-oxide
(Park et al., 2012) which can obtain dual aptamers with target-free
immobilization method, and demonstrated a sandwich detection
for several targets, the dual aptamers development for small mo-
lecular targets such as small organic or inorganic compounds are
not applicable in this GO-SELEX method (Ahmad Raston and Gu,
2015; Kim and Gu 2014; Kwon et al., 2015; Nguyen et al., 2014,
Park et al., 2014). To overcome this limitation, the target induced
displacement scheme using complementary DNA has been pro-
posed to construct AuNP network-based colorimetric aptasensors.
Lu's group have reported several colorimetric aptasensors based
on this strategy. Here, two DNA probes partially complemented to
parts of aptamer that were individually immobilized on AuNPs.
Thus, the aptamers led the networking of AuNPs by hybridization
between two probe DNAs and aptamers in the absence of target,
resulting in red-to-purple color change. In the presence of target,
the network of AuNPs was destroyed by the binding of aptamers to
targets, resulted in of the purple-to-red color change. By using this
method, adenosine and cocaine were simply detected via naked
eye (Liu and Lu, 2006). In this approach, the complementary se-
quences should be sophisticatedly designed, depending on the
sequence of the aptamer and its affinity, because the analytical
performance is quite dependent on the competitive interaction
among aptamer, complementary DNAs, and the target. Another
example of colorimetric sensing based on AuNP networking is the
detection method of metal ions such as Hg?* and Ag™*. Thymine-
thymine (T-T) and cytosine—cytosine (C-C) mis-matching can be
stabilized in the presence of Hg?* and Ag* by formation of T-
Hg?*+-T and C-Ag*-C, respectively (Ono et al., 2011). This phe-
nomenon was successively applied in colorimetric metal ion de-
tection (Lee et al., 2007; Xu et al., 2012). In this method, T-rich or
C-rich oligonucleotides were functionalized on AuNPs that were
aggregated by formation of T-Hg?*-T and C-Ag*-C, in the
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"2, Second aptamer
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¢ Target

Fig. 1. Colorimetric aptasensors using modified (a-c) and unmodified (d and e) AuNPs. (a) Sandwich-type colorimetric aptasensors using dual aptamers; (b) target-induced
displacement of aptamer from AuNPs network; and aggregation of AuNPs via surface condition using (c) DNA folding effect; (d) target-induced conformational change of

aptamer and (e) target-induced assembly of aptamer fragments.

presence of Hg?* and Ag™. Thus the color of AuNPs solution was
changed from red to purple. This method is very powerful in the
detection of Hg?* and Ag™, but the analytical performance could
be quite affected by the sample quality. Many organic or ionic
components in real samples can interfere the interaction between
metal ions to aptamers.

The last strategy is based-on the aggregation of AuNPs via the
control of surface conditions (Fig. 1c-e). AuNPs in suspension is
generally stabled by adsorption of anions on their surfaces. This
induces the electrostatic repulsion between AuNPs that is stronger
than van der Waals attraction force between AuNPs. Salt normally
induces the aggregation of AuNPs because it reduces the electro-
static repulsion between AuNPs. But, the functionalization of
AuNPs with ssDNA protects the aggregation of AuNPs at even
higher concentration of salt condition. Li and co-workers proposed
a colorimetric aptasensor based on non-cross-linking AuNP ag-
gregation (Zhao et al., 2007) which then was adopted in the de-
tection of adenosine and adenosine deaminase using adenosine
binding aptamer immobilized AuNPs (Zhao et al., 2008).

Besides the use of ligands modified-AuNPs, Li and Rothberg
proposed a new strategy of colorimetric sensing using unmodified
AuNPs for DNA detection, which is depending on the differential
electrostatic interaction of ssDNA and dsDNA to AuNPs. The ad-
sorption of ssSDNA on AuNPs protects the aggregation of AuNPs at
salt condition. Inspired by this discovery, a number of colorimetric
aptasensors using unmodified AuNPs have been developed based
on target induced conformational change of aptamers (Chang
et al., 2013; Gopinath et al., 2014; Kim et al., 2010b; Liu et al., 2008;
Wang et al., 2006; Wei et al., 2008).However, this approach cannot
be applied for all available aptamers because some aptamers are
unable to undergo a sufficient conformational change upon target
binding. Hence, Fan and co-workers proposed a colorimetric

aptasensor using unmodified AuNP based on target induced dis-
placement format, where AuNPs were stabilized by the adsorption
of complementary ssDNA, detached from the aptamer duplex
structure upon the binding of aptamer to target (Wang et al,,
2007).With similar approach, stabilizing DNA probe was also used
to protect the binding of aptamer to AuNPs by stabilizing aptamer
conformation. More advanced strategy based on the splitting of
aptamer sequence to two segments was reported by Fan and co-
workers (Zhang et al., 2008b). More recently, Gu's group suggested
the signal enhancement method for unmodified AuNPs based
colorimetric aptasensors by the modulation of interaction be-
tween aptamers and AuNPs through the exchange of capping
agents of AuNPs when aptamers having low affinity to targets are
used (Kim et al,, 2011). Instead of complementary DNA, cationic
polymer (diallyldimethylammonium chloride, PDDA) was also
used in umAuNP-based colorimetric aptasensor with same ap-
proach of above report (Jeon et al., 2013). This unmodified AuNPs-
based colorimetric aptasensors is very useful for on-site detection
due to its excellent simplicity, but its accuracy and repeatability is
slightly lower than the aptamer modified AuNPs assay, because the
interaction between aptamers and AuNPs is rather delicate de-
pending on the sensing environments. Therefore, this method is
more suitable to qualitative assay, not quantitative analysis.

2.3. Fluorometric sensing

Fluorometric sensing is more promising methodology to ana-
lyze the biomolecular interaction and measure them quantita-
tively and sensitively compared to colorimetric assay (Chen et al.,
2008; Jung et al., 2007). A number of fluorescence and quenching
materials are available and easily conjugated with aptamers. High
flexibility in aptamer conformation is very useful for conducting
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various types of fluorescence aptasensors, such as aptabeacon
using hairpin structured aptamer (Frauendorf and Jaschke, 2001;
Yamamoto et al., 2000) aptamer-based fluorescence resonance
energy transfer (FRET) assay (Liu et al., 2009a; Ozaki et al., 2006;
Song et al., 2009; Stojanovic et al.,, 2001), target-induced dis-
placement fluorescence assay (Cruz-Aguado and Penner, 2008;
Nutiu and Li, 2003), intercalating dye-based label-free fluores-
cence assay (Xiang et al., 2009; Xiang et al., 2010; Xu et al., 2009b),
and eximer signaling method (Wu et al.,, 2010).

More recently, AuNPs have been widely used in the fluoro-
metric aptasensors based on the superquenching property of AuNP
for almost of fluorescence materials (Liu et al, 2014). The
quenching effect of AuNP represents orders of magnitude higher
than one of other organic quenching molecules (Fan et al., 2003;
Liu et al., 2007a). Based on these quenching properties of AuNP,
Chang and co-workers developed FRET based aptasensor using
AuNP for the detection of PDGF (Huang et al., 2007). This method
showed high sensitivity for PDGF detection as low as 8 pM LOD.
Chang's group also proposed another scheme of fluorescence ap-
tasensor for same target using two different sized AuNPs, small
sized AuNPs (2 nm in diameter) were conjugated with PDGF as a
donor and large sized AuNPs (13 nm in diameter) were functio-
nalized with PDGF aptamers as an acceptor (Huang et al., 2008). In
the absence of PDGF, both AuNPs were linked via the interaction of
aptamer to PDGF thus the photoluminescence of 2 nm AuNPs were
quenched by the 13 nm AuNPs. The photoluminescence signal was
recovered by the addition of free PDGF that caused the breaking of
sandwich linkage by competitive binding, resulted in the sensitive
PDGF detection as low as 80 pM LOD. This assay was further ap-
plied to clinical samples of urine from healthy people and de-
monstrated excellent analytical performance. This approach is
very sensitive, but a high performance optical instrument is es-
sential for the detection of FRET signal from small AuNPs.

Zhao and co-workers investigated three strategies of FRET-
based aptasensors depending on the different methods for the
releasing of fluorescence dye from AuNPs (Wang et al., 2008) as
can be seen in Fig. 2. In the first approach, thrombin induced the
displacement of fluorescent dye labeled complementary DNA by
the binding to aptamers immobilized on AuNPs thus the fluores-
cence signal was restored. Second approach adopted thrombin
binding caused the detachment of aptamers from non-labeled
complementary conjugated on AuNPs thus the fluorescence signal
was recovered. This aptasensor was a very straightforward and
fast, but the non-specific adsorption should be solved to achieve a
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high sensitivity and reproducibility compared to above two stra-
tegies. The first method showed higher sensitivity (0.14 nM LOD)
than one of second method (3.78 nM LOD), which could be caused
by the differential non-specific adsorption of aptamer-thrombin
complex and complementary DNA to the surface of AuNPs. But,
this result in sensitivity might be quite depending on the elec-
trostatic properties of target/aptamer complex and design of
complementary DNA.

AuNP has a broad quenching ability for various fluorescence
dyes, which is useful for multiplex detection without sophisticated
design and optimization of acceptor-donor pairs (Song et al.,
2009). Fan and co-workers proposed a multicolor fluorescent
AuNP based on target induced displacement format in aptasensors
(Zhang et al., 2010). In this report, three different aptamers for
small molecular targets (adenosine, cocaine and potassium ion)
were labeled with three kinds of fluorescence dyes (Rox, Cy5 and
FAM), respectively, and AuNPs were functionalized with three DNA
probes that were complemented with a part of three aptamers,
respectively. In the absence of targets, just small background
fluorescence at all three wavelengths corresponding to dyes was
emitted by simultaneous quenching of all dyes to AuNPs. Upon the
addition of each target, aptamers were released from AuNPs, re-
sulting in increasing of fluorescence signal at corresponding wa-
velength. Recently, Kim and Jurng simplified this approach with
the combination of AuNPs as a quencher and quantum dots (QDs)
as a donor to generate three different fluorescence signals by
single-laser excitation (Kim and Jurng, 2011). This report described
in detail at following section about QDs-based aptasensors.

2.4. Electrochemical sensing

To date a number of papers have described electrochemical
aptasensors based on various strategies, such as simple binding of
aptamers to targets (Kim et al., 2009b; Radi et al., 2005; Rodriguez
et al.,, 2005; Xu et al., 2006), target induced conformational change
(Baker et al., 2006; Xiao et al.,, 2005; Zuo et al., 2007), target in-
duced displacement format using complementary DNA (Du et al.,
2008; Lu et al., 2008; Wu et al., 2007; Xiao et al., 2007), and ap-
plications of intercalating redox molecules like methylene blue
(Feng et al., 2008; Ferapontova et al., 2008). But, the sensitivity of
these electrochemical aptasensors was not sufficient to apply
them in real samples, especially small molecular targets like an-
tibiotics (Kim et al., 2010a).

The incorporation of AuNPs in electrochemical aptasensors has
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Fig. 2. Fluorescent aptasensors using AuNPs as fluorescence quencher. Fluorescent assay using modified AuNPs based on (a) target-induced displacement fluorescent dye-
labeled complementary DNA; (b) target-induced displacement of aptamer from non-labeled complementary DNA; and (c) target-induced conformational change of aptamer

and detached from unmodified AuNPs.
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Fig. 3. Electrochemical aptasensors using AuNPs for signal amplification. Electrochemical assay based on sandwich format using (a) dual aptamers and aptamer-probe DNA

hybrid (b and c).

the potential to amplify electrochemical signal based on properties
of AuNPs such as large surface area and high redox activity. The
strategies of electrochemical signal enhancement using AuNPs can
be classified into two approaches (Du et al., 2010). The first ap-
proach is the enlargement of electrode surface by attachment of
AuNPs on electrode, which might increase the amount of capture
probes on electrode thus the electrochemical signal intensity can
be enhanced. The second approach is the use of AuNPs as a label
for the amplification of electrochemical signal (Fig. 3). Zhang and
co-workers developed a sensitive electrochemical aptasensor for
cocaine detection using by self-assembled AuNPs on a gold elec-
trode (Li et al., 2008b), followed by similar approach demonstrated
using the complex of AuNPs and Ru(bpy);®* (electro-
chemiluminescence substrate) (Wang et al., 2010a).

Dual aptamers for thrombin were also applied in this sandwich
based electrochemical aptasensors and showed a good analytical
performance (20 pM LOD) (Li et al., 2008a). Latest report came into
literature on electrochemical aptasensor addressing the successful
development of gold-nanostructured graphite screen-printed
electrode using alkaline phosphatase for the rapid detection of
vascular endothelial growth factor (VEGF). In this study, dual ap-
tamers has greatly assisted the successful device fabrication,
where the printed electrode was modified with thiolated primary
aptamer as target capturing probe and secondary biotinylated
aptamer was conjugated with streptavidin-alkaline phosphatase
to catalyze the hydrolysis of electroinactive 1-naphthyl-phospahte
to electroactive 1-naphthol, detected for signal response. The LOD
for VEGF detection was found to be 30 nmol/L. In addition, this
aptasensor performance provided POC diagnosis of VEGF as cancer
biomarker (Ravalli et al., 2015). As mentioned above, however,
dual aptamer based sandwich detection is limited to certain tar-
gets only, due to the lack of available dual aptamer pairs. There-
fore, many of electrochemical aptasensors with the sandwich
format comprised aptamers and complementary DNA where the
electrochemical signal was changed by the displacement of apta-
mer/AuNP in the presence of target (Ding et al.,, 2010a; Du et al,,
2009; Shen et al., 2007; Zhang et al., 2008c). Next, Willner's group
reported another electrochemical aptasensor using splitted apta-
mers for cocaine detection (Sharon et al., 2009). Wang and co-
workers proposed an ultrasensitive electrochemical aptasensor
using dual labeled AuNPs with enzyme and aptamer for the de-
tection of MUCI, epithelial tumor marker (Hu et al., 2014). In this
study, AuNPs were conjugated with hairpin structured MUC1
binding aptamer labeled with biotin and horseradish peroxidase

(HRP). In the presence of target, hairpin structure of aptamer was
stretched by binding to MUC1 thus AuNPs/aptamer/HRP complex
was immobilized on streptavidin modified electrode by the bind-
ing of biotin at the end of aptamers. As a result, an electrochemical
signal was increased by the generation of electrolytic molecules by
HRP. In the absence of target, AuNPs/aptamer/HRP was not cap-
tured on electrode because a biotin at the end of aptamer was not
hidden by AuNP due to the hairpin structure of aptamer. The
sandwich-type electrochemical aptasensor is very suitable in field
because the direct generation and amplification of the electro-
chemical signal by enzyme or labeled DNA/metallic particles is
most preferable in real application like glucose sensor. The signal-
off method such as the current decreasing upon the target binding,
however, is not feasible in real field, not only it requires many
negative control samples, but also it needs mediator treatment.

2.4.1. Magnetic nanoparticles

Magnetic nanoparticles enable to amplify the signal by simple
concentration of targets using magnet. More importantly, the
specificity of biosensors can be improved by the elimination of
various interfering elements in biological samples (Bamrungsap
et al., 2012). Therefore, magnetic nanoparticles, especially mag-
netite (Fe304) nanoparticles having superparamagnetic property,
are commonly used in bio-analysis system for the separation and
signal producing. Recently, many reports about aptasensors using
magnetic nanoparticles alone or coupled with other nanomaterials
have been introduced.

Song and co-workers developed rapid and ultra-sensitive ap-
tasensors for the detection of adenosine monophosphate (AMP)
based on dual aptamer conjugated particles system (Song et al.,
2009). They designed two DNA probes that were partially com-
plemented with AMP binding aptamer, and two DNA probes were
functionalized on magnetic particles and fluorescence nano-
particles (FNPs), respectively. In the absence of AMP, FNPs were
coupled with magnetic particles via sandwich binding between
two DNA probes on particles and AMP binding aptamers. While,
the FNPs assembled on magnetic particles departed from magnetic
particles due to the breaking of hybridization by AMP-aptamer
interaction in the presence of AMP. As a result, 0.1 uM of LOD for
AMP quantification was achieved based on the merits of the se-
paration and signal amplification by aptamer/magnetic particle
conjugates. This sensitivity was highly improved, compared to the
previous colorimetric assay for AMP detection, although several
steps are required additionally. Tan and co-workers demonstrated
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the detection of acute leukemia cells (Herr et al., 2006; Zhao et al.,
2003). Specific aptamers against acute leukemia cells were con-
jugated to MNPs and [Ru(bipy);]** doped nanoparticles for se-
paration and signal generation, respectively. The combination of
two aptamer conjugated nanoparticles enabled to perform selec-
tive cell separation from complex biological samples and detect
them with high sensitivity for short incubation time. This dual
aptamer functionalized nanoparticles system was expanded to
multiple cell isolation and detection (Smith et al., 2007). Three
aptamers for three different types of cancer cells (CCRF-CEM acute
leukemia cell, Ramos cell, and Toledo cell) were respectively
functionalized to MNPs and dye-doped nanoparticles. Cells in
samples were isolated using aptamer/MNPs conjugates, then they
detected them by the addition of aptamer/ dye-doped nano-
particle conjugates. The application of MNPs for cell detection and
imaging is very useful because the simple isolation and con-
centration of the specific cells by MNPs can enhance both the
sensitivity and selectivity for cell analysis. MNPs were used in
coupled with AuNPs to develop the sensitive thrombin detection
based on sandwich assay format (Zheng et al., 2007). The MNPs
and AuNPs were modified with thrombin binding aptamers, re-
spectively. A sandwich binding between two particles and target
was formed in the presence of thrombin. Additionally, thiocya-
nuric acid was added for signal amplification as low as 7.82 aM of
LOD.

It was already known that MNPs have an intrinsic peroxidase-
like activity in the presence of hydrogen peroxide (Gao et al.,
2007), and some colorimetric assay based on this function of
MNPs were reported for the detection of various targets such as
glucose, proteins, carbohydrates and DNA (Ding et al., 2010b; Gao
et al., 2008; Park et al., 2011; Yu et al., 2009). Recently, a colori-
metric aptasensor based on this catalytic activity of MNPs was
demonstrated (Kim and Jurng, 2013). As shown Fig. 4, the posi-
tively charged surface of MNPs was screened with aptamers by an
electrostatic adsorption, thus the catalytic activity of MNPs was
reduced because the adsorbed aptamers on the surface of MNPs
prevent the access of substrates to the surface of MNPs. By the
addition of target, the peroxidase like activity of MNPs was re-
stored by the displacement of aptamers from MNPs, resulted in the
color change of substrate solution due to their degradation. Al-
though this report demonstrated a novel application of MNPs as
signal generator, not separation/concentration tool for aptasensor
development, high background signal appeared in absence of
target should be solved in order to be widely used.

W

2.4.2. Gold nanorods

One of widely used non-spherical nanomaterials for biosensor
application is the gold nanorod (Ma and Ding, 2009; Sreeprasad
et al.,, 2008). Compared to AuNPs, gold nanorods have two featured
properties, large surface area and dimensional anisotropy (Cas-
tellana et al, 2010). A large surface area of gold nanorods is
profitable to develop sensitive biosensors for complex targets be-
cause many receptors can be immobilized on the surface of gold
nanorods. Tan and co-workers demonstrated that about 80 fluor-
ophore-labeled aptamers were immobilized on the surface of
single nanorod (12 nm x 56 nm size) (Huang et al., 2008). This
enabled to enhance a fluorescence signal and reinforced the in-
teraction with target cells via multivalent binding compared to
single dye-labeled aptamers.

Gold nanorods are also suitable materials for surface enhanced
Raman scattering (SERS). A particle shape plays important role in
enhancing Raman scattering signal. It was already reported that
the adsorbed molecules on gold nanorods showed a high en-
hancement factor of 10*-10°, while a similar result was not ob-
served for AuNPs (Nikoobakht et al., 2002). Therefore, high sen-
sitive SERS-based biosensors using gold nanorods can be accom-
plished. For instance, recently Irudayaraj and co-workers in-
troduced a novel SERS-based aptasensor using both of gold na-
norods and AuNPs (Wang et al., 2010c). In this study, gold nanor-
ods were conjugated with thrombin antibodies and AuNPs were
functionalized with thrombin aptamers-labeled Raman reporter
that binds to another region of thrombin with antibodies. In the
presence of thrombin, gold nanorods and AuNPs were closed by
sandwich binding among thrombin, aptamers and antibodies,
generating SERS hot spots. The detectable SERS signal was not
observed in the absence of thrombin in this method. This SERS-
based aptasensor showed high sensitivity for the detection of
thrombin as low as 887 pM in 5% human serum samples. This
approach can be expanded for multiplex detection using multiple
aptamer/SERS reporter combinations. Even though the gold na-
norod-based SERS assays have shown good analytical perfor-
mance, it requires not only a sophisticated instrument for analysis
but the analytical performance is also quite delicate to analysis
conditions. So, it could be more suitable to bioanalysis study, not a
simple biosensor platform.

2.5. Carbon and silica nanomaterials-based aptasensors
2.5.1. Single walled carbon nanotubes

Aside from nanoparticles, other shapes of nanomaterials have
been applied for the bioanalysis. Among them, single walled

Magnetic nanoparticle
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{:} 4 Target

O Hydrogen peroxide
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Fig. 4. Colorimetric aptasensor based on catalytic activity of MNPs. A simple colorimetric assay for metal ions detections based on peroxidase-like activity of MNPs and

aptamer.
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carbon nanotubes (SWCNTs) have been extensively studied for the
biosensor application based on the excellent material properties
such as high surface area, mechanical strength, thermal and
electrical conductivity (Ajayan, 1999). These properties of SWCNTs
offer the possibility that SWCNTs can be used as transducer ele-
ments in biosensor system. The semiconducting SWCNTs can be
converted from a conducting to insulating state in field-effect
transistor (FET). Lee and co-workers firstly reported the SWCNT-
FET biosensor using aptamers (So et al., 2005). In this study, anti-
thrombin aptamers were covalently immobilized on the side-walls
of SWCNTs which were modified with carbodiimidazole-activated
Tween 20 (CDI-Tween 20). This SWCNT-FET aptasensors detected
the thrombin as low as 10 nM by measuring conductance. The
authors claimed that the size of receptors is critical to the per-
formance of sensors because the interaction between receptors
and targets should be occurred within electrical double layer in
milli-molar salt concentration to generate the conductance
change. In aspect of this point, antibodies are not suitable in FET
biosensors, while aptamers are good receptors in FET biosensors
due to their small size (a few nanometer) and excellent recogni-
tion ability. It was further demonstrated that aptamers are more
proper in SWCNT-FET biosensors than antibodies by Tamiya's
group (Maehashi et al.,, 2007). In this study, aptamer-functiona-
lized SWCNT-FET showed better results for immunoglobulin E
(IgE) detection than those produced by IgE antibodies conjugated
SWCNT-FET under similar conditions. The SWCNT-FET aptasensors
were also applied for the bacteria detection with high sensitivity
and selectivity. Lee and co-workers developed the aptamer im-
mobilized SWCNT-FET array chip for the Escherichia coli detection
in water (So et al., 2008). In this system, the conductance was
decreased as much as 50% by the binding of E. coli to RNA apta-
mers immobilized on SWCNT. More impressively, the conductance
change of aptamer-functionalized SWCNT-FET was not noticeable
in the presence of high density Salmonella typhimurium. The
SWCNT-FET based aptasensors showed excellent sensitivities for
various targets, but there are some unsolved critical problems in
real application. The most critical defect is its low reproducibility
in assay. The preparation of well-qualified SWCNT-FET chips with
high uniformity is still not easy at every different lot produced.
Zelada-Guillen et al. developed the SWCNT-based potentiometric
aptasensor using an RNA aptamer specific to IVB pili of Salmonella
typhi which is a major cause of food poisoning in many cases
worldwide (Zelada-Guillen et al., 2009). This aptasensor detected
S. typhi as low as 0.2 CFU/ml with wide dynamic range. Also, they
were simply regenerated by the treating 2 M NaCl for 30 min,
which lead the breaking of interaction between aptamers and IVB
pili of S. typhi. Since this report, the same group expanded this
system to other microorganisms. In 2010, the SWCNT-based po-
tentiometric aptasensor was developed for the selective detection
of E. coli in complex matrix such as milk and apple juice (Zelada-
Guillen et al., 2010). This aptasensors also well discriminated the E.
coli from other microorganisms such as Salmonella enterica, Lac-
tobacillus casei, and other sub-type of E. coli. In 2012, SWCNT-
based potentiometric aptasensor was developed for the detection
of Staphylococcus aureus (Zelada-Guillen et al., 2012). In this ap-
tasensors, a tailored DNA aptamer against two epitopes on the
surface of S. aureus was used (Cao et al., 2009), and new approach
for aptamer conjugation on SWCNT was developed. Aptamers
were modified with pyrenil moieties at the 3’ end, then they were
directly adsorbed on the side-walls of SWCNT side walls via strong
p-stacking interaction between the pyrenil groups of aptamers and
the side-walls of SWCNT. As mentioned in SWCNT-FET apta-
sensors, however, the preparation of well-controlled SWCNT-po-
tentiometric chip is still very important for high reproducibility.
It was discovered that SWCNTs have a quenching effect when
they are coupled with variety of fluorescent elements such as

fluorophores and quantum dots (Cui et al., 2008). Besides, SWCNTs
interact to single-stranded DNA (ssDNA) and double-stranded DNA
(dsDNA) with different patterns (Gigliotti et al., 2006; Zhao and
Johnson, 2007). The ssDNA wrap around SWCNTs through w-m
stacking interactions between the bases of ssDNA and the side-
walls of SWCNTs, whereas dsDNA is interacted with SWCNTs de-
pending on the surface charge of SWCNTs because the bases of
dsDNA are hidden inside of double-helix structure, which is dis-
tinguished by m-m stacking interaction. This phenomenon can be
applied in SWCNTs-based aptasensors because the structure of
aptamers is flexible as stretched ssDNA or well-defined 3-D con-
formation containing stem regions depending the absence or
presence of targets. Based on above two properties of SWCNTSs, a
fluorescent aptasensor using SWCNTs and dye-labeled aptamers
was developed (Zhu et al., 2008). In this report, thrombin aptamer
was labeled with Chlorin e6 (Ce6), a photosensitizer. In the ab-
sence of thrombin, aptamers wrapped around the surface of
SWCNTs, which resulted in the quenching of a singlet oxygen
generation of Ce6 due to the close proximity of Ce6 to the surface
of SWCNTs. While thrombin aptamers were detached from
SWCNTs in the presence of thrombin due to the conformational
change of aptamers, resulting in a recovery of a singlet oxygen
generation of Ce6. Kang and co-workers reported a near-infrared
(NIR) optical aptasensors based on the NIR adsorption and pho-
toluminescence properties of SWCNTs (Chen et al., 2009a). In the
absence of thrombin, SWCNTs were dispersed due to the wrapping
of aptamers onto the surface of SWCNTSs, which led sharp peaks in
the absorption spectrum. Otherwise, the aptamers were detached
from SWCNTs by the addition of thrombin, resulting in an ag-
gregation of SWCNTs. Aggregated SWCNT solution showed differ-
ent NIR absorption spectrum with homogenous dispersed SWCNT
solution. In this label-free and single-step assay, thrombin was
detected as low as 0.1 nM. Although many sensitive SWCNT-based
FRET aptaensors were developed to date, researchers are more
interested in graphene recently as quenching materials, instead of
SWCNT, due to the high surface area of graphene.

2.5.2. Graphenes

Graphene materials including graphene oxide (GO) are one of
most fascinating nanomaterials in recent years for the applications
in biosensors due to their unique electronic, optical and mechan-
ical properties (Yao et al., 2012). In addition, ssDNA is well ad-
sorbed on the surface of graphene and GO by n—x stacking inter-
action compared to dsDNA. Therefore, the combination of gra-
phene materials and aptamers has supplied a high potential to
develop the novel graphene-based aptasensors (Ping et al., 2015).
Graphene has an excellent fluorescence quenching capability for
numerous fluorophores due to intrasheet energy or electron
transfer. Especially, GO is more commonly used in FRET-based
aptasensors because it is well dispersed in water due to its hy-
drophilic nature (Chen et al., 2012b). Recently, many researchers
reported FRET-based aptasensors using GO as a quencher for the
detection of various targets (Wang et al., 2010b; Zhao et al., 2013).
As depicted in Fig. 5, fluorescence dye labeled aptamers were
adsorbed on GO nanosheets, and the fluorescence signal was
quenched. By the addition of targets, then the aptamers were
displaced from GO surface by target induced conformational
change of aptamers to folded structure, resulting the increasing of
fluorescence signal. This assay was applied to not only in vitro
analysis, but also in vivo molecular probing of ATP (Yi et al., 2014).
Instead of fluorescence dyes, QD was also used for GO-based FRET
aptasensors (Zhou et al., 2014). In this paper, QD was conjugated
with aptamers and QD/aptamer conjugates were adsorbed onto
GO. The released QD by the binding of targets (carcino-embryonic
antigen) were analyzed by laser-induced fluorescence-coupled
affinity probe capillary electrophoresis. As abovementioned,
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Fig. 5. Carbon nanomaterials-based aptasensors. (a) Aptamer-functionalized SWCNT-FET aptasensor and (b) FRET-based aptasensors using GO as quencher using catalytic

recycling of analyte for signal amplification.

however, this method could not suppose to be applicable to all
aptamers because conformational change of aptamers is quite
depending on aptamer sequence. To generalize this approach, the
interaction between aptamers and graphene oxide nanosheets
was controlled in FRET-based aptasensors using complementary
DNA based on the target induced displacement manners (Pu et al.,
2012). However, more comprehensive understanding on the
competitive interaction among aptamer, graphene and target is
required to improve this method. For this purpose, Liu and co-
workers have studied the effect of solution pH on the interaction
between aptamers and GO as well as the binding of aptamers to
targets (Huang et al., 2011). They claimed that these two interac-
tions can be modulated by adjustment of solution pH to enhance
the sensitivity, which is a similar to the concept of Gu's group
report about umAuNPs based colorimetric aptasensors (Kim et al.,
2011). A covalent immobilization of aptamer on GO is available
approach to overcome the susceptible interaction between apta-
mer and GO. In addition, non-specific displacement of physisorbed
aptamers on GO raised a false positive signal. Liu and coworker
compared the fluorescence signal between covalently immobilized
aptamers on carboxylate GO and physisorbed aptamers on GO (Liu
et al., 2014c). As a result, the sensitivity of both aptasensors was
similar, but the background signal of the assay using covalently
bound aptamers was lower than that of physisorbed aptamer-
based assay. This covalently bound aptamer-based assay showed
much better sensitivity, especially intracellular analysis, because
covalently linked aptamer on GO was protected from nuclease.
The effective adsorption of aptamers on GO was expanded to
surface plasmon resonance (SPR)-based aptasensors (Subramanian
et al,, 2013; Wang et al., 2011b). In this assay, GO was assembled
on SPR Au film via electrostatic interaction. Then, aptamers were
adsorbed onto GO surface. Although the sensitivity of this assay
was not remarkable compared to other platforms, this approach is
meaningful, demonstrating that SPR system could be used for
small molecular detection, since SPR platform is known to be not

effective for small molecules inherently.

Furthermore, GO have been used as blocking materials against
the enzymatic degradation of biomolecules, or rolling circle am-
plification. Several signal amplification strategies were in-
corporated to the feature of GO's steric hindrance to enhance the
sensitivity. One effective strategy is to use the nucleases into the
sensing process. For example, Chen's group proposed a novel
signal amplification method in GO-based aptasensor using en-
zymes (DNase I or Exonuclease III) (Chen et al,, 2012a; Lu et al,,
2010). In this sensing process, dye-labeled aptamers adsorbed on
GO could be protected from the degradation by enzyme. By the
addition of target, aptamers were detached from GO, then they
were degraded by enzyme and targets were released from apta-
mers. These free targets were cycled to detached more aptamers
from GO. Therefore, the signal could be amplified by repeated
enzyme reaction. As a result, 250-fold enhancement of sensitivity
was achieved by this method. As a similar strategy, rolling circle
amplification was applied in GO-based aptasensors (Liu et al.,
2014b). In this method, target induced displacement of aptamers
from GO was amplified and detected. The sensitivity of this assay
was competitive, compared to well-defined bioluminescence assay
for ATP detection, but the primer binding sequence tagged to ap-
tamer should be well designed, which might be considered as a
key to the performance. The signal amplification approach by
coupling GO and enzyme is very interesting due to its concept and
sensitivity. If the interaction of GO and aptamer is also well con-
trolled in field, not laboratory, it could be commercialized quickly.
The excellent quenching capacity of GO enables long range re-
sonance energy transfer (LrRET) for fluorescence sensing (Zhuang
et al., 2013). Hibino and co-workers proposed a LrRET based ap-
tasensor using DNA spacer modified aptamers and GO (Ueno et al.,
2013). They optimized the length of DNA spacer of aptamer for
LrRET and achieved 1 nM of LOD for thrombin detection. More
interesting application of GO in aptasensors is a multiplexed de-
tection (Wang et al., 2014; Wu et al., 2012). In these studies, two
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fluorescence dyes were conjugated to their two different aptamers
and aptamers, respectively, and they were simultaneously quen-
ched by the adsorption of aptamers on single GO nanosheet. To
construct GO-based multiplex aptasensors, a paper-based micro-
fluidic biochip integrated GO and aptamer and tunable GO-mi-
croarray have been also developed for multiple proteins or mi-
croorganisms detection (Jung et al., 2013; Zuo et al., 2013). GO has
been applied in chemiluminescent (CL) aptasensors based on its
excellent CL quenching ability through chemiluminescent re-
sonance energy transfer (CRET) with similar approaches of FRET-
based aptasensors (Choi and Lee, 2013; Song et al., 2014). GO has
been also used as an electron donor in FRET-based aptasensors
(Shi et al.,, 2013). In this aptasensor, cocaine aptamer was con-
jugated with both of GO (donor) and AuNP (acceptor). In the
presence of cocaine, GO was closed to AuNP by the folding of co-
caine aptamer into a three-way junction, resulting in the decrease
of fluorescence signal of GO. With similar approach, T-rich DNA
conjugated GO was used to detect mercury ions (Li et al., 2013). In
this method, Hg?* was bound to T-rich DNA by the formation of
T-Hg?*-T, which led close proximity of Hg?>* to GO, consequently
the fluorescence of GO was quenched by Hg?* through electron
transfer from GO along the duplex DNA channel.

Researchers have an intensive interest in the application of
graphene as transducer or carrier of redox molecules in electro-
chemical aptasensors. Graphene has excellent properties as elec-
trochemical transducer such as wide electrochemical window and
fast electron transfer kinetics (Huang et al., 2012). Based on these
properties, Li and co-workers developed graphene-based electro-
chemical aptasensor for the detection thrombin (Zhao et al., 2011).
In this study, aptamers were physically adsorbed on the surface of
graphene/QD composites and [Fe(CN)s]*”/* was used as redox
molecules on the graphene/QD composite modified pyrolytic
graphite electrode. In the absence of thrombin, aptamers adsorbed
on graphene surface interfered the electron transfer between
electrode and [Fe(CN)g]>~/4~. The current was increased by dis-
placement of aptamers from graphene modified electrode in the
presence of thrombin. Similarly, a graphene-based FET like apta-
sensor was developed (Xu et al., 2014). Methylene blue (MB) or
QD-labeled thrombin aptamers were immobilized onto graphene
covered Si/SiO2 wafer. Interestingly, in this study, thrombin apta-
mer was used to detect lead and potassium ion. In the presence of
target ions, the conformation of thrombin aptamer was changed
from stretched form to folded structure, consequently MB or QD
was closed to graphene, resulting in a change of the electrical
signal. A high-throughput and reusable electrochemical apta-
sensor was developed using magnetic graphene nanosheet (Tang
et al., 2011). This sensing platform was further improved by using
DNase I for the signal amplification. As described in GO-based
FRET aptasensor, DNase I could repeatedly digest DNA aptamer
tagging redox molecule, detached from graphene electrode by the
binding of targets. Thus, redox molecules were accumulated. As a
result, the electrochemical signal was amplified. By the recent
reports, GO seems to be the most suitable graphene material in
aspect of sensitivity (Loo et al., 2012). Graphene have been also
used as multi-functional nanocarrier for loading electroactive
molecules, enzymes or receptors based on its large surface area
(Huang et al., 2012). For instance, Yang and co-workers developed
an electrochemical aptasensor for multiplexed detection for PDGF
and thrombin (Bai et al,, 2012). In this method, graphenes were
conjugated with two different redox molecules and secondary
aptamers individually, and they were used as reporters to enhance
sensitivity in sandwich binding based electrochemical aptasensor.

2.5.3. Silica nanoparticles
Since the report of synthesis of mono-dispersed silica nano-
particles (SiNPs) by Stober and their co-workers in 1968, SiNPs

have been broadly used in various areas (Stober et al., 1968).
Especially, variety of dyes can be easily encapsulated inside the
SiNPs uniformly, in which photo-bleaching is minimized and the
dye is protected from outside environments i.e. oxidation or de-
gradation conditions. In addition, dye-doped SiNPs require no
further signal amplification because thousands of dye molecules
are already existed inside single particle. These advantages of dye-
doped SiNPs attract researchers to use them in biosensor devel-
opment (Lian et al., 2004).

Several detection methods have been developed using dye-
doped SiNPs. Wang and co-workers described that Ru(bby)s?™-
doped SiNPs was used as reporter in aptasensor. Dye-doped SiNPs
were conjugated with anti-thrombin aptamers. Then, a thrombin
was detected based on target induced displacement format (Wang
and Liu, 2009). Recently, Babu developed an aptasensors for
thrombin detection using [Ru(dpsphen)3]4-(dpsphen-4,7-diphe-
nyl-phenanthroline disulfonate) ion encapsulated SiNPs. Dye-
doped SiNPs were conjugated with anti-thrombin aptamers by
covalent binding via 5’ end of aptamers, these aptamers were also
modified with a DABCYL quencher at 3’ end. The structure of anti-
thrombin aptamers transited to G-quadruplex form by the binding
with thrombin in which the DABCYL closed to SiNPs, consequently
the luminescence signal reduced reverse proportional to thrombin
concentration. Dye-doped SiNPs have been applied frequently in
biosensors, but polymer-based fluorescence particles are more
successively applied in commercial products for multiplexed
fluorescence assay such as Luminex bead assay (Life Technologies,
USA).

SiNPs can be also used as solid support for separation, not re-
porter (Babu et al.,, 2013). Cai et al. reported ATP detection assay
using ATP binding aptamers and SiNPs (Cai et al., 2011). They
designed the complementary sequences against an ATP binding
aptamer and immobilized them on the SiNPs. In the presence of
ATP, aptamers did not form a double-helix structure due to the
interaction with ATP, subsequently they were displaced from
complementary DNA immobilized on SiNPs. Then, the concentra-
tion of ATP was quantified by the addition of chelating dye
(Hoechst33258) which preferentially intercalate at AT-rich region
of double stranded DNA. SiNPs can be easily separated by cen-
trifugation. Although this assay composed multiple steps, but this
target induced displacement approach using chelating dye is ap-
plicable to other aptamers with low cost. A sandwich assay using
aptamers and SiNPs was also demonstrated for the sensitive and
selective detection of thrombin and lysosome in biological media
(Wang and Liu, 2009). In this system, the capturing aptamers were
immobilized on SiNPs and secondary aptamers were labeled with
fluorescein. Dye-labeled aptamers were assembled on SiNPs via
sandwich binding in the presence of targets. Additionally the
signal was amplified to 1.06 nM of LOD by coupling the cationic
conjugated polymer that enhanced the fluorescence signal by
energy transfer from polymer to fluorescein. An application of
SiNPs to separation and concentration is very simple and con-
venient via centrifugation, but magnetic particles are more sui-
table in automation as a separation module in system.

SiNPs can contain multiple dyes in single particle, which enable
to produce the numerous SiNPs emitting different fluorescence by
combination of various dyes, respectively. These multiple dye-
doped SiNPs have been used multiplex detection system. For in-
stance, multiplexed cancer cell detection was accomplished by the
combination of three different aptamers and dye-doped SiNPs
(Chen et al., 2009b). First SiNPs encapsulated just FAM molecules,
and second SiNPs contained both of FAM and R6G dyes. Third
SiNPs employed all of FAM, R6G, and ROX inside single nano-
particle. The excitation and emission wavelength of these dyes
were rather overlapped. So, a fluorescence resonance energy
transfer (FRET) was occurred among three dyes inside SiNPs. In
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this system, a single wavelength of excitation could produce the
three different wavelength of emission, which simplified the op-
tics in the detection modules.

2.6. Nanocrystal quantum dot-based aptasensors

Quantum dots (QDs) are semiconducting nanocrystals. They
offer some advantages compared to organic fluorescent dyes such
as lower photobleaching, longer lifetime, greater fluorescence in-
tensity, and sharper emission bands. In addition, various QDs
showing different emission wavelengths can be excited at same
wavelength due to the broad absorption, which is very favorable to
construct fluorescent resonance energy transfer (FRET) assay
(Zhou, 2012). Based on these advantages, QDs have been actively
studied in biosensor applications including aptasensors.

Ellington's group proposed a FRET-based aptasensor for the
detection of proteins (Levy et al., 2005). In this study, authors
functionalized QDs with thrombin binding aptamers and prepared
quencher-labeled oligonucleotides that can hybridize with
thrombin binding aptamer. In the absence of thrombin, the
fluorescence of QDs was quenched by close proximity with
quencher by the hybridization between aptamers and its com-
plementary sequences. In the presence of thrombin, the hy-
bridization was destroyed by the interaction between aptamers
and targets. Consequently, the fluorescence signal of QDs was re-
covered proportional to target concentration. Based on same ap-
proach, a fluorescence dye-modified complementary DNA to ap-
tamer was successfully applied to FRET-based aptasensors for co-
caine detection (Zhang and Johnson, 2009). Here, cocaine aptamer
conjugated QDs and Cy5-modified complementary DNA were
prepared. Cy5 was closed to QDs by the hybridization between
cocaine aptamer and its complementary DNA in the absence of
cocaine, caused the excitation of Cy5 by QDs. Cocaine addiction led
the dissociation of Cy5-modified complemented DNA from the
aptamers on QDs. Thus, a fluorescence signal of Cy5 was reduced
in reversely proportion to the cocaine concentration. This strategy
was also applied in FRET-based aptasensor using the intercalating
dyes and non-modified oligonucleotides, not using dye-modified
complementary DNA. Here, the intercalating dyes were in-
corporated in the double-helix structure of aptamer-com-
plementary DNA. Thus, the fluorescence of QDs was quenched by
close proximity of intercalating dyes in the absence of targets. The
fluorescence of QDs was recovered by the addition of targets. This
is more profitable to develop the aptasensors in aspect of manu-
facturing cost. QDs are considerably expensive materials, com-
pared to other fluorescence dyes or particles. However, the price of
QDs has recently been continuously decreasing, because they are
intensively applied in the display products such as QD-LED display.
Therefore, QDs are expected to be more widely applied in bio-
sensors in near future.

The conformational change of aptamers depending on the
presence of target has been utilized to develop the FRET-based
aptasensor using QDs. Chen and co-workers prepared the throm-
bin aptamer conjugated QDs (Chi et al., 2011). In the absence of
target, the thrombin aptamer possessed a stem-loop structure. The
fluorescence dye BOBO-3 was intercalated into this duplex stem
region of aptamer; thus, the fluorescence dye was excited by the
emitted light from QDs. The conformation of thrombin aptamer
was transited into G-quadruplex structure by the binding to
thrombin, which did not allow the intercalation of the fluores-
cence dye into the aptamers. Consequently, a fluorescence signal
of BOBO-3 was reduced according to increasing thrombin
concentration.

One of the important reasons why researchers are interested in
QDs is because of their utility in multiplexing biosensors. QDs have
a broad excitation wavelength and narrow emission band that is

very favorable to construct multiplexing fluorescence biosensors.
For example, Lu's group reported a multiplex aptasensor using QDs
for the simultaneous detection of cocaine and adenosine (Liu et al.,
2007b). In this study, two kinds of QDs having different emission
wavelengths (525 nm, 585 nm) and AuNPs were used as reporter
and quencher, respectively. AuNPs and QDs were functionalized
with two DNA probes that were partially complemented to part of
aptamers, respectively. In the absence of targets, AUNPs and QDs
were assembled by sandwich hybridization between DNA probes
on nanoparticles and aptamers, resulting in the quenching of
fluorescence signal of QDs by AuNPs. The addition of targets
caused the dissociation of hybridization and resulted in increasing
fluorescence signal of QDs. Both of adenosine and cocaine targets
were simultaneously detected in one pot assay. Although the color
change of the solution could also be observed upon the aggrega-
tion and dispersion of AuNPs in the absence and presence of tar-
gets, but the distinguishable observation for multiple targets was
not possible in this colorimetric assay. Kim and Jurng also pro-
posed a homogeneous fluorescence aptasensor for multiplex de-
tection using AuNPs and three kinds of QDs (Kim and Jurng, 2011).
The authors prepared three kinds of aptamer/QD conjugates and
attached them on the surface of unmodified AuNPs by electrostatic
interaction. Consequently, the fluorescence of all QDs was effec-
tively quenched by AuNPs. By the addition of targets (mercury ion,
potassium ion and adenosine), aptamers were displaced from
AuNPs by the binding to target, resulting in recovering of fluor-
escence signal at corresponding wavelength to aptamer/QDs pairs.
All of the three targets could also be simultaneously detected
under single excitation wavelength in this system. This assay is a
very simple multiplexing method, thus it's proper for on-site ap-
plication. However, the interaction between QD-aptamer con-
jugates and AuNPs still seems to be not well controlled accordingly
leading to a not sufficient coefficient of variation.

Lin and co-workers demonstrated another application of QDs in
electrochemical aptasensor (Ding et al., 2010a). Here, AuNPs were
conjugated aptamers and QDs (CdS) and an electrode was mod-
ified with capture aptamers. In the presence of target, AuNP/QDs
complexes were localized on the electrode by sandwich binding.
After washing step, QDs were degraded by the treatment of acidic
reagent, subsequently the concentration of Cd?>* was measured by
voltammetric analysis. Since QDs composed of large amount of
Cd?*, this aptasensor showed an ultrasensitive analytical perfor-
mance (0.55 fM, LOD) and successively applied to detect thrombin
in clinical serum samples. This system should be very suitable with
its excellent sensitivity and simplicity for commercialization if the
acidic treatment of QDs can be well controlled with high re-
producibility. This assay can also be applied for multiplex detec-
tion by using several QDs materials composed of various elements.

3. Surface plasmon resonance (SPR)-based aptasensors

To date, a number of aptasensors have been developed based
on remarkable merits over immunoassay. Among the different
available aptasensing platforms, SPR hold a great promise for the
development of aptasensors, because this technology offers label-
free detection and real time quantitative analysis, and provides
binding constant determination. SPR is a mass-sensitive biosensor
which sensitively detects mass changes associated with the
change in refractive index at the surface due to the molecular
surface binding events. SPR-based biosensors have been used for
almost three decades, since this technology was firstly demon-
strated by Leidberg et al. in 1983. The technology provides the
opportunity to develop an optimized protocol for ssDNA con-
jugation on SPR gold film by simple avidin-biotin basis, and de-
monstrate the first DNA-DNA hybridization analysis in real time,
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detected using SPR platform (Wood, 1993). SPR promotes the
adoption of aptamers as versatile molecular probe for SPR bio-
sensor generation and signal amplification development. Cur-
rently, there are two main principles to be considered to generate
SPR signal amplifications. 1) The substrate enhancement using
nanomaterials such as graphene oxide (Singh et al., 2015), Au/Ag
(Hao et al., 2011) and nanodots (Kravets et al., 2013) coated me-
tallic thin films as the reaction surface, and 2) the use of amplifi-
cation tags such as nanomaterials (plasmonic nanoparticles,
magnetic nanoparticles and nanocrystal) and enzymes. To this
concern, the first principle is getting rapidly focused to create
comfortably sensitive SPR film for POCT device, in parallel to the
second principle, which therefore pointing out the usefulness of
aptamers to not only serve as target capturing probe (as can be
easily modified to wide range of film materials), but also as am-
plification tag-modified probe for signal generation.

Previously, SPR-based aptasensor for proteins are well estab-
lished and widely used to detect various proteins such as tubulin
(Fukusaki et al., 2001), thrombin and thyroid transcription factor 1
(Murphy et al.,, 2003), HIV-1 Tat protein (Tombelli et al., 2005),
C-reactive protein (Bini et al., 2008), human immunoglobulin E
(IgE) (Kim et al., 2009a) and adipokines (Lee et al., 2008; Park
et al,, 2012), by a single-site binding configuration. Concerning to
the signal amplification issue, the two-site binding configuration
was adopted that combined the aptamers and antibodies binding
to a specific target. In this case, an enzymatically amplified SPR
imaging (SPRi) assay was introduced to produce higher detection
of thrombin and VEGF proteins (Li et al., 2007). This study used
HRP-conjugated antibody acted as signaling probe, while aptamer
was conjugated on SPR gold chip to capture target proteins. In the
presence of HRP substrate, precipitates was formed on the SPR
sensor surface, producing amplified SPRi signal, thus highly in-
creased the sensitive detection of thrombin and VEGF with LOD
1 pM and 500 fM, respectively. Next, AuNPs were combined with
SPR aptasensors to enhance the detection of human IgE, which
produced the lowest LOD of human IgE (1 ng/ml) (Wang et al,,
2009b), compared to the previous report without using AuNPs
labeled aptamer (Kim et al., 2009a).

Besides proteins, SPR aptasensors for small molecules detection
has gained interest since the SPR signal amplification strategies are
rapidly investigated. This is because, without signal amplification
approach, SPR based detection of small molecules was hardly ac-
complished due to a low change of refractive index produced by
low molecular mass. Wang and co-worker initiated adenosine
detection by SPR aptasensor using AuNPs amplification signal
method based on surface inhibition detection (Wang and Zhou,
2008). In this study, adenosine aptamers were firstly conjugated
on SPR gold film and hybridized with its complementary DNA-
tagged AuNPs, producing high SPR responses. In the presence of
adenosine, adenosine aptamers changed to the tertiary structure
upon binding to adenosine, preventing the hybridization of apta-
mers to their complementary DNA-tagged AuNPs, thus highly re-
duced the SPR response unit. Latest SPR aptasensing approach for
adenosine detection was enhanced by Qiu's group, which com-
bined both amplification approaches of using AuNPs conjugation
and DNA strand displacement cycle (Yao et al.,, 2015a). The de-
tection limit was improved down to 0.21 pM, which is 3 orders of
magnitude enhanced, compared to the used of each amplification
approach, separately (Wang et al., 2009c). To date, the best LOD for
adenosine was reported by the same group where they applied
both above mentioned SPR signal amplification principles, by
using aptamer-based target-triggering cascade multiple cycle
amplification (for tag modification) and streptavidin-coated AuNPs
(AuNPs-SA) enhancement (for SPR film enhancement) to enhance
the SPR signal with adenosine LOD of 4 fM (Yao et al., 2015b).

Overall, various signal amplification methods reported were

shown to rely on the sandwich-type detection basis. Accordingly,
dual aptamers which can be tuned into both capturing and tag-
modified probe for detecting their binding target are more indis-
pensable to substitute expensive yet complicated sandwich-based
biosensor ligands. For example, aptamer-based rolling circle am-
plification (RCA) technique was combined with AuNPs-labeled
probes to detect thrombin down to 1 aM LOD (He et al.,, 2014). In
this study, the secondary aptamer for thrombin was modified to
link with primer region for RCA reaction and as a template for
padlock probe ligation. These amplified sequences were then
bound to the immobilized thrombin, which was initially captured
by primary aptamer on SPR chip. Thus, AuNPs-labeled probes were
assembled on the RCA products to further amplify the SPR signal.
Most recently, simpler SPR signal enhancement was achieved for
thrombin detection using core-shell gold capped magnetic nano-
particles (GMPs) conjugated with thrombin secondary aptamer,
resulted in the LOD as low as 0.1 nM (Chen et al., 2015). Moreover,
Gu's research group has demonstrated ultrasensitive detection of
visceral adipose tissue derived serpin (Vaspin) and even to virus
target, the bovine viral diarrhea virus type 1 (BVDV type 1), in
which the AuNPs functionalized with thiol-modified secondary
aptamers were used as the SPR amplification probe, thus resulting
in LOD down to 3.5 ng/ml for Vaspin (Ahmad Raston and Gu, 2015)
and 800 copies/ml for BVDV type 1 detection (Park et. al., 2014).
This effectively simple approach, however, has limitation due to
only small numbers of dual aptamers available to date. Thus, the
development of dual aptamers for more target of interest should
be well focused and given serious attention.

It is true that all the above-mentioned SPR-based aptasensors
were carried out with laboratory instruments and required trained
personnel. To this concern, a membrane-based microfluidic device
integrated with SPR sensor was introduced to provide an easier
sample handling and cost effective analysis (Chuang et al., 2014).
This disposable device was designed to have systematic fluid flow
for each step of washing, detection, and signal amplification. In-
itially, the washing solution was deposited into the transport
membrane to wet the rayon membrane. Next, sample solution was
flown through the detection region, and contained in the transport
membrane. Then, a controlled concentration of streptavidin was
added to amplify the SPR signal. Washing step was then carried
out to remove unbound sample and streptavidin. Overall detection
process could be done within 30 min, with a LOD of 10 pM
achieved for Interferon gamma (IFN-y).

Furthermore, the practical applications of aptasensors or ap-
tamer-based diagnostics are still feeble and there is no successive
product in market. Therefore, more intensive efforts for successive
commercial applications of aptasensors are required to overcome
the huddle of immunoassay and root aptasensor in bioanalytical
industry. In aspect of this, a lateral flow strip might be an appro-
priate platform because a manufacturing process is well estab-
lished with low cost and it is very user-friendly. Aptamers have
some inherent advantages over antibodies in commercial aspect as
well as technical advantages as the following: 1) Aptasensors do
not require a sophisticated temperature control for storage and
distribution. Aptamers can recover their activity upon hydration
with minimum performance loss. Especially, this is one of the
major limitations for the application of POCT in developing
countries because the temperature control system raises the sell-
ing price of products. 2) The production of aptamers by chemical
synthesis supports less lot-to-lot variation, simple quantification
and quality check, and price competitiveness compared to the
production of antibodies. 3) Aptamers are more favorable for well-
oriented immobilization on strip or nanomaterials like AuNPs, and
a loading amount is also higher than antibodies due to their small
size. 4) Aptasensors can be reused by simple thermal or chemical
treatment if necessary. 5) Finally, as abovementioned, no
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limitation to analytes including small molecules and even metal
ions is also important to expand the markets of aptasensors in
clinical diagnostics (metabolites or neurotransmitter), environ-
ment monitoring (toxic compounds), food safety (antibiotics), and
anti-terrorism (chemical warfare agents).

4. Lateral flow strip-based aptasensors

A lateral flow strip aptasensor can be developed by two ap-
proaches, sandwich format and target induced conformational
change/displacement format that were described enough in above
sections. In this section, the recent examples and advances of
lateral flow strip aptasensors were introduced and the strategies
for the design of them were comprehended. Xu and co-workers
demonstrated a lateral flow aptasensor for thrombin detection
according to the conventional sandwich format (Xu et al., 2009a).
Here, biotinylated capture aptamers were immobilized on the test
line via avidin-biotin interaction, and secondary aptamer func-
tionalized AuNPs were loaded on the conjugated pad. When the
sample containing thrombin was loaded on sample pad, thrombin
migrated along the strip by capillary action and bound to aptamer
functionalized AuNPs on conjugation pad. Subsequently, the
complex of thrombin/aptamer-AuNPs continually migrated along
the strip and they were recognized by capture aptamers im-
mobilized. As a result, the red line was observed due to the ac-
cumulation of AuNPs in the test line. The excess aptamer func-
tionalized AuNPs passed through the test line and captured by
complemented DNA probes in control zone. Thus, a second red
line was observed in control zone. For the quantitative detection of
thrombin, a strip reader was used and resulted a linear calibration
curve in a range of 5-100 nM, which was similar to the sensitivity
of antibody based lateral flow immunoassay for same target. This
lateral flow strip aptasensor was expanded to the detection of
Ramos cell (Liu et al., 2009b). This aptasensor could detect as low
as 4000 Ramos cells by visual observation and 800 Ramos cells
with a portable strip reader within 15 min. In normal lateral flow
strip aptasensors, the formation of red line on control zone was
not rather reliable because the residence time of aptamer-AuNP
conjugates on control was not enough for hybridization. The
strategy of Bruno using dual labeled aptamer provided one way to
overcome this problem (Bruno 2014). Authors prepared aptamers
modified with biotin and digoxigenin at 5’ and 3’ ends in each.
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And the modified aptamers conjugated to streptavidin coated
AuNPs via avidin-biotin interaction. In addition, anti-digoxigenin
antibodies were immobilized on control zone. Under these mod-
ifications of assay, a reliable and strong red line on control zone
could be obtained. This sandwich-type assay-based lateral flow
strip aptasensors seems to be most close to commercial product if
dual aptamers for a single target are available.

Xu and co-workers developed a lateral flow aptasensor based
on the target induced displacement of aptamer for small molecular
target (ochratoxin) that is not available to sandwich binding due to
small size (Wang et al., 2011). In this method, polyA tail tagged
aptamers were conjugated to AuNPs and complementary DNAs to
aptamer were immobilized on the test zone. In the presence of
target, aptamer-AuNP conjugates were not captured by com-
plemented DNA and passed through test zone, following captured
on control zone on where polyT oligonucleotides were im-
mobilized. In the absence of target, aptamer-AuNP conjugates
were captured on test zone by hybridization between aptamers
and complementary DNA, resulting in the observation of red line
on test zone. The LOD of this lateral flow aptasensor was 1 ng/ml
by visual observation that was lower than one of lateral flow an-
tibody strip. As another approach, from the illustrated Fig. 6, Lu
and co-workers applied a strategy of AuNP networking in lateral
flow aptasensor for adenosine detection (Liu et al., 2006). As de-
scribed in the section of colorimetric aptasensor, AuNPs functio-
nalized with two different partially complementary DNA (cDNA)
probes and biotin were linked as network by the hybridization of
two cDNA probes to aptamers. In the presence of adenosine, biotin
tag on AuNPs was hindered by networked AuNPs, thus AuNPs
were passed through test zone where streptavidin was im-
mobilized. In the presence of adenosine, biotin was open by the
dispersion of AuNPs, resulting in observation of red line on test
zone by capturing of AuNPs via avidin-biotin interaction. This
method inherently has same problem with sandwich format in the
hybridization efficiency between aptamers and complemented
DNA probes on test zone. To overcome this issue, the dipstick
platform have been adopted in lateral flow aptasensors, which
possessed two steps, pre-reaction and dipping a dipstick (Shim
et al., 2014). In this method, aptamer was modified with biotin and
complementary DNA (cDNA) was labeled with Cy5 dye. The
competitive interaction between complemented DNA and target in
sample to aptamer was occurred during pre-reaction. Subse-
quently, a dipstick was dipped into the mixture. In the absence of
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Fig. 6. Lateral flow strip platform-based aptasensor. (a) Target —induced disassembly of AuNPs aggregates into red-colored dispersed AuNPs; (b) Lateral flow devices loaded
with the aggregates on the conjugation pad and streptavidin on the strip membrane. (For interpretation of the references to color in this figure legend,the reader is referred

to the web version of this article.)



Table 2

Surface plasmon resonance (SPR) and lateral flow strip-based aptasensors.

Platform Target LOD Method Signal amplification Reference
SPR Tubulin ND?* Simple binding - (Fukusaki et al., 2001)
SPR Thrombin ND Simple binding - (Murphy et al., 2003)
Thyroid transcription factor 1
SPR HIV-1 Tat protein 0.12 ppm Simple binding - (Tombelli et al., 2005)
SPR C-reactive protein 0.005 ppm Simple binding - (Bini et al., 2008)
SPR Human IgE 141 ng/ml Simple binding Liposome (Kim et al., 2009a)
SPR Retinol binding protein 4 (RBP4) 1.58 ng/ ml Simple binding - (Lee et al., 2008)
SPR Nampt ND Simple binding - (Park et al., 2012)
SPR Thrombin VEGF 1 pM (thrombin) 500 fM (VEGF) Sandwich HRP-conjugated (Li et al., 2007)
SPR Human IgE 1 ng/ml Sandwich AuNPs (Wang et al., 2009b)
SPR Human IgE 2.07 ng/ml Sandwich Antibody (Kim et al., 2009a)
SPR Adenosine 1nM TICC® AuNPs (Wang and Zhou, 2008)
SPR Adenosine 0.21 pM TID® AuNPs and DNA strand displacement cycle Yao et al., 2015a)
SPR Adenosine 10 nM TICC AuNPs (Wang et al., 2009c)
SPR Adenosine 4 fM TID Cascade multiple cycle amplification and streptavidin- (Yao et al.,, 2015b)
coated AuNPs chip
SPR Thrombin 1aM Sandwich dual aptamers Rolling circle amplification (RCA) technique and AuNPs- (He et al., 2014)
labeled probes
SPR Thrombin 0.1 nM Sandwich dual aptamers Core-shell gold capped magnetic nanoparticles (GMPs) (Chen et al., 2015)
SPR Vaspin 3.5 ng/ml Sandwich dual aptamers AuNPs (Ahmad Raston and Gu,
2015)
SPR BVDV type 1 virus 800 copies/ml Sandwich dual aptamers AuNPs (Park et al., 2014)
SPR IFN-y 10 pM Simple binding Membrane-based microfluidic disposable device (Chuang et al., 2014)
Strip Thrombin 5nM Sandwich dual aptamers AuNPs (Xu et al., 2009a)
Lateral flow strip Ramos cell 4000 cells (visual observation) 800 cells (portable Sandwich dual aptamers AuNPs (Liu et al., 2009b).
strip reader)
Lateral flow strip E. coli 3000 cells (using AuNPs) 300 cells (using Qds) Sandwich dual aptamers AuNPs and Qds (Bruno, 2014)
Lateral flow strip Ochratoxin 1 ng/ml TID AuNPs (Wang et al., 2011)
Lateral flow strip Adenosine 20 uM (Adenosine) TID AuNPs (Liu et al., 2006).
10 uM (Cocaine)
Lateral flow strip Aflatoxin B1 0.1 ng/ml TICC Cy5 dye (Shim et al., 2014)

2 ND not determined.
b TICC target-induced conformation change of aptamer.
€ TID target-induced displacement of aptamer/DNA probe.

9l

61-Z (910Z) 92 $I1U0.1123]201g PUD SI0SUISOIG / D 39 WL Y0IS A



Y. Seok Kim et al. / Biosensors and Bioelectronics 76 (2016) 2-19 17

target in sample, duplex DNAs of aptamer/cDNA tagging both of
biotin and Cy5 at each end were captured by streptavidin im-
mobilized on test zone thus a fluorescence signal on test zone
could be observed. In the presence of target in sample, duplex DNA
of aptamer/cDNA was not formed due to the binding of aptamers
to targets during pre-reaction. Consequently, fluorescence signal
on test zone was not observed because only aptamer was captured
by streptavidin on test zone. This dipstick platform of aptasensor
could detect aflatoxin B1 as low as 0.1 ng/ml in the buffer. A lateral
flow strip aptasensor based-on target induced displacement is not
convenient and also time consuming, compared to sandwich-
based lateral flow strip assay, but it might be very powerful for a
simple on-site detection of small molecules which are not avail-
able for dual aptamer isolation inherently. The SPR-based apta-
sensors and lateral flow strip-based aptasensors discussed in this
review were summarized in Table 2.

5. Conclusions and perspectives

In a past decade, the development of aptasensors have been
remarkable and aptasensors have enough demonstrated their
merits and potentials in bio-analysis field. Despite of this excellent
progress, the market of aptasensors and aptamer-based diag-
nostics is not explored yet. For the successive penetration of ap-
tasensors into market, a number of issues should be solved at
technical and industrial aspects. At first, only a few of aptamers
such as thrombin, adenosine, cocaine, ATP and PDGF binding ap-
tamer have been utilized in numerous aptasensors as proof of
concepts and principles of novel aptamer-based sensors due to
their well understanding and characterization. For commercial
application, however, researchers have to target analytes that have
a need of end-user to be detected in market. Especially, it is very
difficult to alter the immune-sensors, which were already ap-
proved for clinical test due to regulatory issues, although apta-
sensors have some merits over immune-sensors for same targets
and purposes. Therefore, the development of aptasensors for
newly emerged targets might be good approach to compete with
immune-sensors for commercialization. Of course, high quality
aptamers for commercially important targets should be isolated in
advance of aptasensor development. Secondly, almost aptamer-
based sensing methods reported so far is a little sophisticated or
complicated to operate as a sensor, which normally raises a coef-
ficient of variation and is not user-friendly in field. Therefore, it is
important that various aptasensors should be coupled in practi-
cally feasible sensor platforms such as lateral flow strip. The sen-
sitivity of POC type aptasensors should also be more improved as
well as specificity through powerful signal amplification methods
or enhancing affinity of aptamers to target. The incorporation of
nanomaterials such as AuNPs to aptasensors can realize the ex-
cellent improvement of sensitivity. To compete with well-estab-
lished immuno-sensors or enzyme-based biosensors, a few suc-
cessful examples need to demonstrate a potential of commercial
application of aptasensors and facilitate their commercialization.
The realization in making aptasensors successfully is now possible,
since a successive development of cognate aptamer duos, obtained
from the immobilization-free method using graphene oxide,
which allow the use of sandwich-type assays possible.

The global market for aptamers and aptasensors is also ex-
pected to grow rapidly, backed by technical advancements with
respect to selection process, synthesis of aptamers and analytical
performance of aptasensors. In addition, aptamer companies in
bio-analytical and pharmaceutical industry have been founded
continuously. As the report of ‘Markets and Markets', the global
market size of aptamer was $287 M in 2013, and is anticipated to
reach about $2.1 B by 2018 with 49.24% CAGR (compound annual

growth rate). Especially, the global market for aptasensors and
aptamer-based diagnostics was about $45.2 M in 2013, and is ex-
pected to attain to approximately $467 M by 2018 with 59.6%
CAGR. Although the most of this market is built with aptamer
synthesis and aptamer isolation service, there is no doubt that
aptamers and aptasensors will be more spotlighted in future.
Aptasensors are now starting to demonstrate their worth as a rival
of traditional immunoassay in biosensor industry.
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