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Advances in Aptamer Screening
and Small Molecule Aptasensors

Yeon Seok Kim and Man Bock Gu

Abstract It has been 20 years since aptamer and SELEX (systematic evolution of
ligands by exponential enrichment) were described independently by Andrew
Ellington and Larry Gold. Based on the great advantages of aptamers, there have
been numerous isolated aptamers for various targets that have actively been
applied as therapeutic and analytical tools. Over 2,000 papers related to aptamers
or SELEX have been published, attesting to their wide usefulness and the appli-
cability of aptamers. SELEX methods have been modified or re-created over the
years to enable aptamer isolation with higher affinity and selectivity in more labor-
and time-efficient manners, including automation. Initially, most of the studies
about aptamers have focused on the protein targets, which have physiological
functions in the body, and their applications as therapeutic agents or receptors for
diagnostics. However, aptamers for small molecules such as organic or inorganic
compounds, drugs, antibiotics, or metabolites have not been studied sufficiently,
despite the ever-increasing need for rapid and simple analytical methods for
various chemical targets in the fields of medical diagnostics, environmental
monitoring, food safety, and national defense against targets including chemical
warfare. This review focuses on not only recent advances in aptamer screening
methods but also its analytical application for small molecules.
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1 Introduction

As one of the most popular biomaterials for molecular recognition, antibodies have
been widely used for more than three decades in various fields, especially in
medical diagnostics and therapeutics. The new class of oligonucleotide-based
molecular recognition elements has more recently emerged as a rival of antibody-
based methods. These oligonucleotide sequences are called “aptamers,” derived
from a linguistic chimera composed of the Latin word apfus (meaning “to fit”) and
the Greek suffix “-mer” [1, 2]. Aptamers can bind to a wide range of target
molecules that include proteins, peptides, nucleotides, amino acids, antibiotics,
low-molecular organic or inorganic compounds, and even whole cells with high
affinity and specificity [3]. Aptamers can be developed in vitro by systematic
evolution of ligands by exponential enrichment (SELEX), which makes it possible
to isolate functional oligonucleotides against a specific target from a random single
strand (ss)DNA or RNA library (usually 10" different sequences). The higher-
order structure of oligonucleotides is accomplished by changing intramolecular
base pairing. This means that a random library is actually a library of three-
dimensional (3D) structural DNA or RNA. Some sequences among the nucleic
acid library are folded into unique 3D structures having a combination of stems,
loops, quadruplexes, pseudoknots, bulges, or hairpins [4]. The molecular recog-
nition of aptamers results from intermolecular interactions such as the stacking of
aromatic rings, electrostatic and van der Waals interactions, or hydrogen bonding
with a target compound. In addition, the specific interaction between an aptamer
and its target is complemented through an induced fit mechanism, which requires
the aptamer to adopt a unique folded structure to its target [4—6].

Over the last 20 years, a large and diverse collection of aptamers for hundreds
of targets has been developed from combinatorial ssDNA or RNA pools by basic
or advanced SELEX processes. The dissociation constant (Ky) of aptamers to their
targets is typically from the micromolar to picomolar range, which is comparable
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to or sometimes even better than the affinity of antibodies to their antigens. Ap-
tamers have high specificity, which makes it possible to discriminate specific
target molecules from their derivatives, as demonstrated in previous reports for a
theophyllin binding aptamer, which showed a 10,000-fold higher binding capacity
against caffeine (difference of only a methyl group) [7], by an ,-arginine binding
aptamer with 12,000-fold affinity against ,-arginine [8], and by an oxytetracycline
binding aptamer against tetracycline (difference of only an OH-group) [9].

In addition to high affinity and specificity, aptamers have a number of advan-
tages as molecular recognition elements in comparison to antibodies. First, apta-
mers are easy to handle due to their thermostability. Aptamers can be also
regenerated easily within a few minutes after denaturation because aptamers
undergo reversible denaturation. This excellent flexibility of the aptamer structure
is useful in developing new types of sensing methods. Second, aptamers are easily
modified, linked with labeling molecules such as dyes, or immobilized on the
surface of beads or substrates for different applications. This is a tremendous
advantage for diagnostic and biosensor applications, because the uniform align-
ment and immobilization of receptors are very important in analytical systems.
Labeling with signal-generating molecules is a common method for signal pro-
duction or amplification in biosensors. Third, there is no or rare immunogenicity
when aptamers are applied to an in vivo system. Aptamers also enable easy control
of bioavailability and delivery durability due to their small size (generally less than
20 kDa). This facilitates their penetration into cells and their delivery or immo-
bilization in any medium, similar to liposomes. Fourth, nucleic acid aptamers can
be easily amplified by polymerase chain reaction (PCR), unlike other synthetic
receptors such as antibodies, oligopeptides, or molecular imprinted polymers
(MIP), and also can be expressed inside cells containing a plasmid that includes
the aptamer sequence [10]. Finally, the most important advantage of using apta-
mers is that these receptors do not require animals for selection and production.
There is no need for an in vivo immunization to obtain an aptamer, which can be
isolated and chemically synthesized in vitro. This is the main advantage of apta-
mers because it is not easy to produce antibodies against some targets, such as
proteins, that are structurally similar to endogenous proteins and toxic compounds.
In contrast, aptamers are not limited to their targets. In vitro synthesis makes it
possible for the production of purified aptamers with low cost and without batch-
to-batch variation. In vitro selection is also proper to develop a high-throughput or
automated system for aptamer isolation. Based on these properties of aptamers, the
screening method, the SELEX process, has been modified or evolutionarily
changed over the years to develop aptamers with higher affinity and selectivity in
more efficient, less time-consuming, or automatic ways.

In addition, one of the most successful applications of aptamers is as a rec-
ognition probe for medical diagnostics and biosensor development. Various ben-
efits of aptamers as sensing elements (i.e., high affinity and specificity, small size,
easy modification and labeling, high stability, no limitation against any kinds of
targets, and reversible denaturation) have been verified [11]. Concerning the
aptamer-based biosensors, several novel strategies have been devised with
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different signal transducers [12]. Most studies on aptamer-based biosensing have
focused on protein targets for medical diagnostics. However, the aptamers for
small molecules such as organic or inorganic compounds, drugs, antibiotics, or
metabolites have not been studied sufficiently, despite the ever-increasing demand
for rapid and simple analytical methods for chemical targets in the fields of
medical diagnostics, environmental monitoring, food safety, and national defense
against targets including chemical warfare agents.

Therefore, this review focuses on recent advances in aptamer screening tech-
niques and aptamer-based biosensors for small molecule detection.

2 Recent Advances in Aptamer Screening Methods
2.1 General Process of Aptamer Screening

In 1990, three laboratories independently described a technique for isolation of
functional oligonucleotides, showing the affinity to their target molecule or
enzymatic activity, from a randomly synthesized nucleic acid library composed of
more than 10'° different sequences [1, 2, 13]. This was accomplished by repetition
of selection and amplification. This method of in vitro selection is commonly
known as SELEX. Since this early introduction of aptamers and the SELEX
process, numerous papers about aptamer isolation, their applications in various
fields, and the modifications of the SELEX process have been reported. SELEX
has become a general and powerful method for isolating nucleic acid aptamers.
Figure 1 is a schematic diagram depicting the basic SELEX process including
repeated cycles of selection and amplification. This aptamer screening process is
affected by many parameters such as target features, design of the random DNA
library, selection conditions, and the efficiency of the partitioning methods.

As with any other combinatorial method, the SELEX process starts with the
chemical synthesis of a single-stranded (ss)DNA library comprised of random
sequences at the center flanked by defined primer binding sites at each 5’ and 3’
terminus. Individual ssDNA has a different sequence. Compared to other libraries,
the randomized ssDNA pool can be easily prepared by a standard DNA synthe-
sizer, because the coupling efficiency of the A, T, G, and C phosphoramidites is
very similar. The random ssDNA library can be produced with the mixture of
phosphoramidites in a ratio of 1.5: 1.25: 1.15: 1.0 (A: C: G: T) [14]. The diversity
of the library depends on the length of the random region. Although one generates
4" different sequences for n nucleotides long, about 10" diversity is a practical
limitation, which corresponds to a length of about 25 nucleotides. Because 30-60
nucleotides at random regions are a commonly used DNA pool, unfortunately, the
full theoretical diversity is not covered for a randomly synthesized DNA library in
real experiments [14]. Normally, an initial ssDNA pool comprised of around 10"
different sequences allowing a generation of a high possibility of sequences
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Fig. 1 SELEX technology aptamer screening process

specific for a target is used. Only the short part of full aptamer sequences is
sufficient for binding to a target [15]. This suggests that a short library, which is
cost-effective and easier to manage, can be used for successful aptamer screening
as well. However, long random sequences in a library are more appropriate for
providing higher structural complexity, which is important in isolating aptamers
with high affinity. Therefore, a longer library may increase the possibility for
successful aptamer selection [16]. The constant region as a primer binding site
should be well designed to avoid primer—dimer pairs and self-priming during PCR
amplification, and to reduce the probability of base pairing between the two
constant regions. The design of a constant region is important, because the DNA
pool should undergo many rounds of amplification. Therefore, any unwanted
nucleotides could be amplified in the final aptamer population by hundreds of PCR
cycles [17]. An initial random ssDNA library then is incubated with a target
molecule. In this step, however, the sSDNA library must be transformed to a RNA
library before the incubation with the target is conducted for the selection of RNA
aptamers. In an early stage of aptamer research, RNA libraries were frequently
used for aptamer selection because RNA is better at folding into complex 3D
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structures that provide stronger molecular interactions with the target. RNA also
has an additional hydroxyl group that might facilitate the formation of additional
hydrogen bonds between the aptamer and the target. For these reasons, the ability
of RNA aptamers is generally reported to be superior to DNA aptamers in terms of
their affinity and specificity. For in vivo applications such as therapeutics,
molecular imaging, or drug delivery, both RNA and DNA aptamers have to be
modified to achieve resistance in degradation against nucleases, which is very
expensive work. For in vitro applications such as biosensor development, the
modification of DNA aptamers for enhancing stability is not necessary, whereas
RNA aptamers should still be modified due to their low stability. Nowadays,
therefore, ssDNA pools and DNA aptamers are widely used for the isolation of
aptamers and for the development of aptamer-based biosensors or separation
systems. In fact, DNA aptamers are much cheaper than RNA aptamers, and DNA
is easier to manipulate during the SELEX process [16]. Furthermore, ssDNA folds
into a 3D configuration containing stems and loops, even though the folded
ssDNAs are less stable than the folded structure of the corresponding RNA
sequences [18, 19]. It should also be noted that the conformations of DNA apta-
mers differ from the corresponding RNA aptamer sequences.

The essential steps of the normal SELEX process are binding, selection,
amplification, and partitioning. The most critical step of this process is the
selection step. In the first step of SELEX, the random DNA or RNA library is
incubated with the target. The nucleic acid—target complex is subsequently par-
titioned from unbound and weakly bound nucleotides. This is one of the most
critical steps to isolate high affinity and specificity aptamers among the extremely
diverse oligonucleotide library. During this incubation step, target molecules are
either interacted with the nucleic acid pool as a free form or a form that is
immobilized on a certain substrate. Fixation of the target on a solid support
facilitates easy separation of bound nucleic acids to target from unbound and
weakly bound nucleotides. Consequently, this method is very efficient for low-
molecular targets. But, the immobilization of the target may result in its confor-
mational change and cause interference on the binding of the library with the
conjugation side of the target molecules [20]. The abundant nonspecific interaction
of nucleic acid with the solid supports or linker molecules is also notable. Fur-
thermore, it must be remarked that the elution of the strongly bound nucleic acids
from the target is difficult, especially in an affinity chromatography type operation,
which can restrict the isolation of the extremely high affinity of aptamers. This
technique also requires a large amount of targets for elution. In previous studies,
therefore, most of the highest affinity aptamers with subnanomolar or picomolar Ky
values were obtained by SELEX with free-form target molecules [21, 22]. In
addition, a free-form target can avoid all of these issues. However, the separation
of a free target—nucleotide complex from unbound nucleotides is difficult or
impossible in some cases, especially for low-molecular targets. Therefore, this
method is proper only for macromolecular targets. This method normally produces
low separation efficiency, which significantly affects the efficiency of the SELEX
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process. An efficient partitioning method can reduce the required number of SE-
LEX rounds.

Filtrations using a nitrocellulose membrane or affinity chromatography column
containing the target immobilized beads are traditional and conventional methods
for partitioning in the SELEX process [1, 2, 22, 23]. In the filtration method,
unbound oligonucleotides to targets are removed from aptamer—target complexes
based on the molecular weight difference between nucleic acids and the oligo-
nucleotide—target complex. Affinity chromatography separates oligonucleotides
interacted with the target molecules from the pool of nucleic acids by using a
column packed with the target-immobilized beads. These separation methods,
however, often show low resolution and efficiency in separation. Therefore, many
cycles of SELEX rounds are required. In addition, it is not easy to elute nucleic
acids that are strongly bound to targets using an affinity chromatography type
operation. Recently, many advanced separation methods have been developed to
improve separation efficiency, which are detailed later in this review. The affinity
of nucleotides to their targets might be affected by the selection conditions. In
some cases, the binding and washing conditions (i.e., concentration of target,
buffer composition, time, and volume) are changed stringently in later SELEX
rounds to obtain the aptamers with high affinity and specificity [16]. The nucle-
otides that bind to the target can be eluted through the heating, the change of ionic
strength or pH, the competitive elution by the excessive addition of target, or the
addition of denaturing substances including urea, sodium dodecyl sulfate (SDS), or
ethylenediamine tetraacetic acid (EDTA) after the harsh washing step [8, 24-28].

In principle, it is expected that only a few oligonucleotide sequences among the
initial oligonucleotide library having an extreme diversity might bind to the target
molecules. However, it is very difficult or impossible to separate these from a
library readily at a time, due to the low partitioning coefficient of normal separation
techniques. Therefore, the repetition of the selection step is required in practical
protocols of aptamer screening. To perform this repeated selection, the bound
oligonucleotides to the targets should be amplified by reverse transcription (RT)-
PCR for a RNA library or PCR for a DNA library, which generates a new popu-
lation of oligonucleotides for the next round of SELEX. PCR is one of the major
steps in the aptamer screening process and, therefore, is important to achieve
successive PCR amplification with high efficiency. PCR efficiency in the SELEX
process is normally not high, mainly due to the central random sequence regions of
the nucleotide pool. Therefore, the PCR conditions including the number of cycles
should be optimized depending on the design of the primers and library.

Too many PCR cycles might cause unexpected DNA banding (normally a
longer DNA band), whereas the excessive amplification of the selected DNA is not
required. Normally, 10-20 amplifications are sufficient within 10-20 cycles [29]
for the next round of selection. Improvements of the SELEX process have been
accomplished in this amplification step, the preparation of the random nucleotides’
pool, or the modification of the SELEX procedure. Normally, for practical reasons,
the library of random nucleic acids cannot contain all possible sequences. Muta-
genic PCR and nonhomologous random recombination (NRR) have been applied
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to increase the diversity of the DNA pool during PCR amplification. In error-prone
PCR techniques, point mutations occur with a frequency of 1-10 % per base per
PCR reaction. This evolution by mutagenic PCR increases the diversity of the
oligonucleotide pool. Consequently, the probability to select the more efficient
aptamers can be increased [30]. However, the degree of evolution by point
mutation is still not sufficient. Liu and co-workers applied NRR to already defined
DNA aptamers for a streptavidin target. NRR enabled random recombination of
the nucleic acid fragments in a length-controlled manner. As a result, the affinity of
aptamers was improved by 15- to 20-fold compared to aptamers enhanced by
mutagenic PCR and 27- to 46-fold higher than the original aptamers [31].

After PCR amplification, the enriched oligonucleotide pool exists as double-
stranded DNAs. This dsDNA pool is separated to individual ssDNAs and then a
forward strand DNA pool is incubated with targets as the next round of SELEX.
For the selection of RNA aptamers, the ssDNA pool has to be converted to a RNA
pool by reverse transcription. The streptavidin/biotin interaction is widely used for
this. In this method, a biotin molecule is incorporated into the unwanted strands
during PCR amplification with biotinylated reverse primer. Then, biotin-labeled
dsDNAs (only reverse-strand biotinylated) are incubated or passed through a
column of streptavidin-coated beads. Forward strands originating from nucleic
acids bound to the target are separated by alkaline denaturation or affinity puri-
fication, whereas the biotinylated reverse strands are captured on the streptavidin-
coated supports [29, 32-34]. Asymmetric PCR is one possible approach to
generate enriched sSDNAs from the eluted ssDNA pool. In this technique, only
one or a significant portion of one primer is used for PCR [35]. The forward strand
can dominate in a mixture of the ss- or ds-DNA pool by asymmetric PCR
amplification. Another method was also developed, based on the size difference
between strands. Williams and Bartel used a primer linked with a hexaethylene-
glycol (HEGL) spacer and an additional 20 adenine nucleotides to provide a size
difference between strands [36]. The different-sized strands were easily discrimi-
nated and visible in denaturing polyacrylamide gel electrophoresis (PAGE) by
ultraviolet (UV) shadowing or by fluorescence using dye-modified primer in PCR
[24, 37-39].

During repeated cycles of selection and amplification, the diversity in an oli-
gonucleotide pool is decreased and a high affinity of oligonucleotides to target can
result, because low or no affinity of oligonucleotides have no chance to interact
with the target. In general, only a few sequences that can bind to targets with high
affinity dominate in an oligonucleotide pool after around 8-15 cycles of selection
and amplification. The progress of the SELEX process (enrichment of target-
bound oligonucleotides) can be monitored by the quantification of target-bound
oligonucleotides among the pools of incubated oligonucleotides at each round of
SELEX. Radioactive markers are widely used for the quantification of target-
bound oligonucleotides during SELEX due to their high sensitivity, even though
they have many drawbacks such as the need for an isotope laboratory, high cost,
and health risk for experimenters [1, 40, 41]. Fluorescence dyes are also attractive
labeling materials for the quantification of target-bound oligonucleotides, because
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they are sufficiently sensitive, relatively economical, and easy to handle and
measure [24, 38, 39, 42].

Typically during the SELEX process, a counter-selection (negative selection) is
normally involved and is necessary to exclude oligonucleotides that are nonspe-
cifically bound to the membrane or bead surface in the absence of the target [7, 43,
44]. The oligonucleotides that bind to structurally similar compounds or abundant
molecules in a real sample such as serum albumin proteins can also be removed by
counter-selection. During the counter-selection, these undesirable molecules are
incubated with the pool of oligonucleotides instead of the target molecule itself,
and the oligonucleotides bound to undesirable molecules are eliminated from the
oligonucleotide pool. Counter-selection can enhance the specificity of aptamers,
but too much counter-selection might decrease the efficiency of the entire SELEX
procedure. Subtractive selection is also similar to counter-selection, but it pur-
posefully improves aptamer selectivity against complex targets such as whole
cells. Subtractive selection excludes the oligonucleotides bound to the uninter-
esting regions of the complex target. One study isolated aptamers that can dis-
criminate target cells (leukemia cells) and other cells using the normal human
lymphoma cell line as subtractive cells [45]. This technique has become widely
used and is powerful for the isolation of highly selective aptamers against cancer
cells or bacterial cells [29, 46].

The selection is stopped when oligonucleotides bound to the target are fully
dominant in the pool of oligonucleotides or when no significant enhancement of
target-bound oligonucleotides is observed during two or three successive SELEX
rounds. At this time, most selected oligonucleotides can be regarded as potential
aptamer sequences. These selected oligonucleotides are amplified with unmodified
primers. Subsequently, the sequences of individually selected oligonucleotides are
identified by cloning and sequencing of the selected clones. The number of dif-
ferent aptamer sequences screened by the SELEX process might depend on the
stringency of the selection conditions and target characteristics [47]. In general,
about 50 or more colonies among many colonies are sequenced. Sequence analysis
can give some useful information about selected oligonucleotides. Regions
of homologous sequences differing only by a few points can be identified by
sequence analysis. These highly conserved regions or some unique sequence
patterns are often an essential part of an aptamer for target binding (see Sect. 2.2.1
for details). DIALIGN and CLUSTAL are frequently used sequence alignment
programs  (http://bibiserv.techfak.uni-bielefeld.de/dialign/ and  http://www.
ebi.ac.uk/clustalw/) [48-51]. Secondary structure analysis of aptamers can also
provide binding site information that can be predicted easily by a computer pro-
gram. A representative program “m-fold” for the secondary structure prediction
of ssDNA or RNA at various conditions is available at http://frontend.
bioinfo.rpi.edu/applications/mfold/cgi-bin/dna-forml.cgi [52]. This program is
based on a free energy minimization algorithm. Consensus motifs in predicted
secondary structures of different aptamers are mainly located in stem-loop struc-
tures and are rarely in G-rich structures such as G-quadruplexes or pseudoknot
structures [53-55]. These structurally conserved motifs normally correspond


http://bibiserv.techfak.uni-bielefeld.de/dialign/
http://www.ebi.ac.uk/clustalw/
http://www.ebi.ac.uk/clustalw/
http://frontend.bioinfo.rpi.edu/applications/mfold/cgi-bin/dna-form1.cgi
http://frontend.bioinfo.rpi.edu/applications/mfold/cgi-bin/dna-form1.cgi

38 Y. S. Kim and M. B. Gu

closely with consensus regions of aptamer sequences and are often regarded as
binding sites of aptamer to target. After the selection and identification of apta-
mers, the affinity and specificity of individual aptamers is evaluated by various
methods. In some cases, however, the oligonucleotide pool obtained from the last
SELEX round can be characterized according to binding ability and used as a
mixture, such as polyclonal antibodies [56]. Exact assessment of the aptamer’s
affinity (dissociation constant, K4) and specificity is very important for further
applications of aptamers. These characteristics of aptamers can be influenced by
the conditions of the binding assay.

The normal SELEX process for aptamer screening is universally performed by
the repetition of three main steps: selection, amplification, and partitioning.
However, there is no standard aptamer screening protocol for any target groups.
The SELEX process has been continuously modified to improve screening effi-
ciency and make possible aptamer screening against inaccessible targets by using
new efficient separation techniques, automation of the process, or new design of
oligonucleotide libraries. The following section describes these advances in the
SELEX process in detail.

2.2 Advanced Methods for Aptamer Screening

2.2.1 Oligonucleotide Libraries

Several modifications of the random nucleic acid library in the SELEX process
have been developed. Basically, modification is done with the aim of improving
aptamer potency by increasing the affinity of aptamers to targets, by offering
nuclease resistance, or by providing higher stability. Among the approximately
10" different oligonucleotides, a very small portion of sequences are folded to the
3D structure that allows them to bind to the specific target. Based on this
knowledge, Liu and co-workers examined the relationship between the degree of
secondary structure in a nucleic acid library and its ability to yield aptamers [57].
They designed a patterned nucleic acid library with a remarkably high degree of
secondary structure and ability to accommodate loops and bulges normally
observed in the aptamer structures, and demonstrated that the use of a patterned
oligonucleotide library had a higher potential to isolate the higher affinity of
aptamers than the same size of an unpatterned random library to the same targets.

For in vivo applications, aptamers should be modified to endow nuclease-
resistant ability because DNA, and especially RNA, is very sensitive to nucleases
[58]. Thus, some methods to transform aptamers into nuclease-resistant moieties
by modifying the ribose ring at the 2’-position or by modifying the pyrimidine
nucleotide specifically have been reported [59, 60]. Because most nucleases in
biological fluids are pyrimidine-specific nucleases, the specific modification with
2'-amino and 2'-fluoro functional groups at the 2'-position of the pyrimidine
nucleotide is the commonly used method to increase resistance from nucleases,
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increasing half-life up to 15 h [61]. Macugen® marketed by Pfizer and several
aptamers currently in clinical development were generated with a library con-
taining 2'-fluoro-pyrimidines. A large number of modifications including substi-
tution at the 2’ position (2'-O-methyl, 2'fluoro) and phosphate modifications
(phosphorothioate, phosphoraminate, morpholino) have been developed [62-64].
In some cases, these kinds of modifications are limited in their application to the
SELEX process because the polymerase cannot effectively amplify DNA with
these modified nucleotides. Therefore, some researchers have tried to develop
modification schemes that protect DNA or RNA from nuclease-mediated degra-
dation while maintaining the availability of modified nucleotides for PCR
amplification by using a special DNA polymerase such as KOD Dash DNA
polymerase [65, 66]. These SELEX processes with a modified nucleic acid library
can endow not only the nuclease-resistant ability to aptamers, but also accessibility
to difficult or impossible targets [67].

A photo-SELEX method performed by incorporating modified nucleic acids
activated by absorption of light instead of normal nucleotides has been introduced
[68]. In this technique, fluorophore-modified nucleotides, such as 5 bro-
modeoxyuridineITP or 5’ iodouracil, were used. The modified ssDNA aptamers
can bind to photocross-linking the target molecule and were identified by photo-
SELEX [68]. These modified aptamers can make a photo-induced covalent bond
with the target molecules, which is very useful in developing sensitive assays. This
method screens the high affinity and specificity of aptamers via strong covalent
cross-linking between nucleic acid and the target, but the false-positive rate is also
high. So the cross-linking conditions should be optimized well.

Genomic SELEX used ssDNA or RNA libraries derived from the whole gen-
ome of a certain organism. Escherichia coli, Saccharomyces cerevisiae, and the
human genomic DNA library were used for genomic SELEX in previous studies
[23, 69, 70]. All other steps in the genomic SELEX are similar to the normal
SELEX. This method provides great potential for the study of regulation networks
between proteins and nucleic acids, and interaction between bioactive molecules
and nucleic acids.

The full aptamer sequence is generally not essential for binding to the target
[71, 72]. Therefore, several different truncation series of aptamer sequences were
arrayed on a chip with high density and DNA microarray experiments with these
chips were conducted with dye-labeled target molecules to ascertain which
sequence among the full aptamer sequence was essential for the target binding.
Fluorescence intensity at each spot well represented the binding ability of trun-
cated aptamer sequences to the target. These massively parallel sequence-function
analyses with an aptamer microarray demonstrated that the consensus sequence
and common stem-loop structures of aptamers were important for target binding.

In addition, the exclusion of primer sequences was generally not necessary for
target binding. However, truncation of primer sequences did not affect the binding
ability in all cases. Wen and Gray developed a primer-free SELEX with a bac-
teriophage-derived genomic library to avoid the influence of primers [73].
Recently, Pan and co-workers reported a minimal primer and primer-free SELEX
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protocol with a random DNA library [74]. In these techniques, primer sequences
were excluded from the DNA pool before incubation with the target and were
incorporated again at the amplification step. Tailored SELEX as a similar approach
was successively demonstrated with a random library flanked by short oligonu-
cleotide sequences (only 10 nucleotides) that formed complementary base pairing
[75]. In this manner, primers were added to both ends by bridge sequences during
amplification; then these primers were eliminated by an alkali treatment. This
newly prepared short oligonucleotide pool can then be used in the next round of
SELEX. As a result, short aptamer sequences originated from all randomized DNA
libraries not incorporated with primer sequences could be screened directly, with
no need for a truncation study as a post-SELEX process to use screened aptamers
in practical applications.

Burke and Willis varied the SELEX protocol in the generation of a starting
nucleic acid pool to develop bifunctional aptamers [76]. At first, they prepared a
chimera RNA by simple junction of aptamers previously identified for different
targets. These chimera RNAs showed some binding ability to both targets, but
their binding activity was not satisfactory probably due to misfolding. To solve
this problem, a recombined RNA population was generated by an overlap exten-
sion method in PCR with different two aptamers and was used in the SELEX
process to both target molecules, instead of a random nucleic acid library (chi-
meric SELEX). By this technique, dual-functional aptamers having high-binding
ability to both targets were screened. Similar to the chimeric SELEX, multistage
SELEX was introduced [35]. In this method, each SELEX process was first per-
formed individually with different targets. Then, after five to six rounds of SELEX,
two nucleic acid pools were fused to form longer oligonucleotides that were used
in the next round of SELEX for both targets.

2.2.2 Selection Methods

In the normal SELEX process, counter-selection is strongly suggested to improve
the specificity of aptamers to their target, which is essential for aptamer use,
especially in medical diagnostic or therapeutic applications. However, in some
applications such as bioseparation and environmental monitoring, the universal
binding (low specificity to single target molecules) of aptamer to a group of
structurally similar molecules can be more useful [38, 77]. In order to screen the
aptamers having high universality, the sequential screening of the nucleic acid
pool should be performed with a group of target analogues [22, 25, 38]. Based on
this strategy, White and co-workers suggested a toggle-SELEX process, in which
two different target molecules are switched during alternating rounds of selection
[22]. This method allowed the identification of aptamers that can recognize both
human and porcine thrombin with Ky values of 1-4 nM and less than 1 nM,
respectively. This technique suggests a useful approach for new therapies when
aptamers isolated against human targets may not progress to clinical trials due to
their therapeutic efficacy in animal models. Gu’s group also developed DNA
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aptamers that can bind to two structurally similar antibiotics, oxytetracycline and
tetracycline [38]. These aptamers might be more useful in aptasensors to estimate
the total concentration of three different tetracycline antibiotics, meaningful
information in environmental monitoring, than a combination of aptamers to
individual tetracyclines. Toggle-SELEX is available for structurally similar targets
whereas chimeric SELEX and multistage-SELEX are less limited to structural
similarity between targets.

SELEX is a time-consuming and laborious process because it requires many
repetitions of selection and amplification. Therefore, time, cost, or labor can be
effectively reduced if the round of SELEX is decreased by enhancement of sep-
aration efficiency. If the separation efficiency of the selection method is low, more
cycles are needed to screen the aptamers having high affinity and specificity. To
this end, many separation tools were applied in the SELEX process. Stoltenburg
and co-workers introduced a FluMag-SELEX process based on magnetic beads
and fluorescence-labeled forward primers [24], which is a more advanced method
than the technique using magnetic beads [78]. In this method, target molecules are
immobilized on the surface of the magnetic beads. Unbound oligonucleotides can
be efficiently removed from oligonucleotides bound to targets immobilized on
magnetic beads by magnetic separation, which is very simple and also does not
require a large amount of target, expensive instruments, or skilled people. The
evolution of an oligonucleotide pool amplified by using fluorescence-labeled
forward primer is also monitored by measuring fluorescence during SELEX rounds
[9, 24, 38, 39]. Many kinds of magnetic beads, functionalized to immobilize any
target molecules having a functional group, are commercially provided. Tok and
Fischer suggested a similar method based on a single microbead to which target
proteins were immobilized [79]. They used only a single bead to reduce the
amount of targets incubated with the nucleic acid library. It was asserted that small
amounts of targets were better to isolate most strongest and specific aptamers.
After two cycles, eight aptamers were identified.

Improvement of the partitioning coefficient of the selection methods can also
decrease the rounds of SELEX. In this regard, capillary electrophoresis is an
attractive method for aptamer researchers. The first application of capillary elec-
trophoresis in the SELEX process (CE-SELEX) was demonstrated by Mendonsa
and Bowser [80]. In this separation system, unbound oligonucleotides can be
easily partitioned from oligonucleotide—target complexes with high resolution
based on the difference of migration velocity between unbound oligonucleotides
and oligonucleotide—target complexes [8§1-83]. The high efficiency of CE-SELEX
aptamer selection was verified by the isolation of IgE specific aptamers identified
after only four cycles, whereas normal SELEX required 18 cycles to obtain a
similar affinity of aptamers. In addition, CE-SELEX does not need to consider the
nonspecific adsorption of oligonucleotides on the matrix because the target
interacts with oligonucleotides as a free form. However, CE-SELEX is limited in
terms of its properties and target size. Especially, low-molecular weight targets
such as small organic compounds are not suitable in CE-SELEX because
the migration velocity of oligonucleotide—target complexes is not effectively
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discriminated with one of the unbound oligonucleotides. In addition, because a
very small volume of sample (nL level) can be injected without overloading the
capillary, only a small amount of the library having low diversity (typically 10'%)
has a chance to interact with the target.

Non-SELEX is also a highly efficient and fast method for aptamer screening.
This process is performed by repetitive selection without an intervening PCR
amplification step. The selected target-bound oligonucleotide pool selected from
the previous round is directly used in the next round of selection. In this method,
nonequilibrium capillary electrophoresis of equilibrium mixtures (NECEEM) is
used for separation. This method enables the selection of aptamers with predefined
kinetic/thermodynamic parameters (such as Ky), because the migration time of the
aptamer—target complexes in the capillary depends on the Ky. Berezovski and co-
workers first showed that the high affinity of aptamer (K;: 0.3 nM) for hRas was
screened in only three selection cycles [21]. However, the mechanism of this
method is still unclear and reports of aptamers screened by this method are very
few. Therefore, additional investigations of non-SELEX for various targets are
required to establish an efficient method for aptamer screening.

Faster and greater high-throughput methods for aptamer screening are strongly
demanded. To this goal, automatic, high-throughput, and simultaneous aptamer
selection methods have and continue to be devised. The first automated SELEX
process was developed based on the Biomek 2000 pipetting robot (Beckman
Coulter) by Cox and Ellington in 1998 [84]. The authors reported that this robotic
workstation could carry out aptamer screening for eight targets simultaneously
with the process completed in about 12 rounds of selection in two days. The
authors immobilized biotinylated lysozyme on strepavidin-coated beads and then
conducted an automated repetition of cycles of separation and amplification [85].
Even if lysozyme aptamers were isolated by automatic SELEX, just pipetting, not
the whole SELEX process, was automatically operated in this system. This
automated SELEX process using a robotic workstation was also demonstrated for
some other protein targets such as CYT-18, MEK-1, and Rho [86]. The robotic
workstation for automatic SELEX was improved by the addition of a generation
part of protein targets that are directly produced from the respective gene in vitro
on station [87]. This can accelerate the SELEX process for protein targets.

Eulberg and co-workers developed a modified automatic SELEX system whose
design was based on the optimum aptamer screening conditions including buffer
components, pH, and PCR conditions, which could be varied according to the
target’s features [88]. In this system, the Amp 4200E robotic workstation (MWG
Biotech Ebersberg) was incorporated with an ultrafiltration system, fluorescence
detector, and semi-quantitative PCR under some flexibility [89]. Recently, an
upgraded version of the automatic SELEX process was developed using a
microfluidic system [90]. This automatic SELEX system, as a microfluidic,
microline-based assembly, enables a start-to-finish SELEX including transcription,
selection, RT-PCR, and partitioning. The prototype of this automated system is
smaller, simpler, and relatively less expensive than previous robotic workstations.
In spite of the rapid improvement of the SELEX process, it has still not been
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standardized for any type of target. The automated SELEX system can be a
favorable approach to establish a standard SELEX protocol. In addition, the
automated SELEX system enables fast and high-throughput aptamer screening,
and improves the accessibility of SELEX to many nonspecialized researchers.

Most recently, a sol-gel microfluidic chip was also adapted for the SELEX
process, in the form of a “SELEX-on-a-chip” [91]. In this system, the binding and
elution are performed on a microelectromechanical systems (MEMS) chip for the
simultaneous examination of multiple targets. The microfluidic chip was designed
to incorporate five sol-gel droplets in which different molecules were embedded as
targets or control. The droplets are located on top of individually addressable
electrical microheaters used to elute target-bound nucleic acids in the sol-gel
droplets. They have demonstrated the specific binding of aptamers to their
respective protein targets, and the selective elution by microheating. This SELEX-
on-a-chip system demonstrated high selection efficiency and consequent decrease
of selection cycles to isolate high-affinity aptamers. This method needs only a very
small reagent volume for selection and induces the competitive binding of oli-
gonucleotides to multiple targets embedded in each droplet, which is useful to
increase the specificity of aptamers. In addition, the process can be easily extended
for larger arrays of sol-gel-embedded proteins. Another microfluidic chip-based
aptamer selection method, termed microfluidic SELEX (M-SELEX), was devel-
oped [92, 93]. In this system, the magnetic bead-based SELEX process (using
target immobilized micromagnetic beads for selection) is integrated with micro-
fluidics technology, which enables the precise manipulation of a small number of
beads and selection of target-bound oligonucleotides from the library with a high
partitioning coefficient. M-SELEX successively isolated high-affinity DNA apta-
mers (nM level Ky values) that strongly bound to the light chain of recombinant
Botulinum neurotoxin type A after only a single round of selection.

2.2.3 Target Features

The SELEX process has no limitation on various classes of targets. Large mole-
cules such as proteins are the best-suited targets in the SELEX process because
they provide a large surface for interaction with aptamers. However, low-molec-
ular-weight targets such as inorganic components (Zn>*, Ni**, As) [94-96] and
small organic molecules including cholic acid, cocaine, theophylline, tyrosinimide,
ethanolamine, malachite green, and oxytetracycline [1, 7, 9, 97-101] are also
proper in the SELEX process. The affinity of these aptamers for small molecules is
normally low in a range of submicro- to micromolar Ky values. The major diffi-
culty in aptamer screening for low-molecular—weight targets is that the target
should be immobilized on a solid substrate to separate the target unbound oligo-
nucleotides from the oligonucleotide—target complex. If a target interacts with
oligonucleotides as a free form, it is very difficult to separate them due to the lack
of a significant difference between their molecular weights. Unfortunately, the
fixation of targets (especially small molecular targets) has the potential to decrease
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the specificity of aptamers, especially towards the immobilization part of the target
[20]. In addition, many small molecular targets such as pesticides are not easy to
immobilize on any solid substrates.

To overcome this problem in SELEX for small molecular targets, Gu and co-
workers recently developed an immobilization-free aptamer screening method
using graphene oxide (GO-SELEX) [102]. It had already been proven that ssDNA
can avidly adsorb on graphene or a graphene oxide sheet via n—mn stacking inter-
actions [103]. Based on this knowledge, the ssDNA library was adsorbed on
graphene oxide and the DNA species were interacted with target molecules.
ssDNA binding to target was target-induced detached from the graphene oxide
sheet and separated from the unbound ssDNA pool still adsorbed on the graphene
oxide sheet by centrifugation. By this GO-SELEX method, ssDNA aptamers
having submicromolar Ky values were successively isolated for Nampt, an
adipokine protein. Even in the absence of reports about aptamers for small mol-
ecules screened by GO-SELEX, the approach can be easily extended to low-
molecular—weight targets because GO-SELEX is based on the competitive inter-
action among oligonucleotides, graphene sheet, and target molecules, and not on
the size difference between unbound oligonucleotide and an oligonucleotide target
complex. Another useful approach for immobilization-free SELEX was introduced
by Nutiu and Li in 2005 [104]. This method was based on the structural-switching
property of aptamers. In this reported SELEX method, an oligonucleotide library
was designed as a 15 nt specific sequence flanked by two random sequences of 10
and 20 nt. The central specific sequence was complementary to a biotinylated
capture oligonucleotide. Thus, the library could be immobilized on avidin-coated
beads by hybridization. Oligonucleotides binding to targets were released from the
beads via structure-switching for the formation of a complex that was subsequently
separated from the library.

Sometimes the preparation of pure protein is not easy, or the aptamers for a
pure protein are not useful (e.g., membrane proteins and ion channel proteins). As
well, some researchers are more interested in complex targets such as whole cells.
Fortunately, the SELEX process is also suitable for these complex targets or
mixtures when detailed information about their individual target is not available,
which is very attractive in studies of diseases such as cancer. The structural or
molecular change on the surface of cells is normally associated with their state, but
information is lacking in many cases. In recent years, an interest in aptamers for
complex targets such as mammalian cells, tissues, bacteria, and viruses has spurred
the development of a new SELEX process dubbed cell-SELEX or whole cell-
SELEX [46, 105-107]. This method is very similar to the normal SELEX process,
except for the use of whole cells or tissues, instead of purified targets. But, serious
hurdles remain. Because receptors or proteins expressed on the cell surface are so
complex and multifarious, it is not easy to isolate the aptamers specific to target
proteins. Cerchia and co-workers solved this problem using a new strategy in
which target proteins were overexpressed on the cell surface [106]. Another study
reported improvements by excessive negative selection using counter-cells having
almost same composition of membrane proteins on the cell surface, except for a
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specific target receptor [107]. These kinds of cell-SELEX processes are very useful
approaches for diagnostics, imaging, drug delivery, and therapy for cancer or any
other disease.

3 Recent Advances in Aptasensors for Small Molecule Detection

The need for the development of chemical biosensors is continuously increasing
because the rapid and on-site detection of low-weight compounds, such as residual
antibiotics or medicines, illegal drugs, environmental toxicants, chemical warfare
agents, and heavy metals, is increasingly important in aspects that include public
health, environmental monitoring, food safety, and antiterrorism. In addition, the
need for the accurate detection of small molecules, such as disease-related
metabolites or medically relevant bioactive compounds, is also increasing in
disease diagnosis through the multiparameter analysis of disease-related proteins
and newly discovered metabolite biomarkers. However, biosensors for these low-
weight compounds have not been extensively studied as much as protein targets
have. In addition to the fact that proteins are very significant compared to other
molecules, another critical reason is that the recognition elements for these targets
are often very difficult to develop. Antibody- or enzyme-based assays are still
regarded as standard and well-established assays for the detection of proteins and
small chemicals, but they are restricted to some targets, such as toxicants or
nonimmunogenic compounds and also often show low specificity due to struc-
turally diverse similar analogues that can exist in the sample. One more important
concern for chemical sensing is related to the transducer platform for signal
production. For the detection of small molecules, mass-dependent detection
methods, including surface plasmon resonance (SPR), quartz crystal microbalance
(QCM), and cantilevers, are not efficient because it is very difficult for small
molecular targets to generate a signal effectively upon the molecular interaction,
due to their low molecular weight in mass-dependent affinity-based assays [108].
A sandwich assay format, one of most powerful methods in immunoassay, is also
unsuitable for the detection of low-weight compounds because these targets are
normally pocketed inside the cleft of the capturing probes, leaving little space for
interaction with secondary probes [109]. The single-site binding, which is the
normal assay configuration for small molecules, is not suitable for signal ampli-
fication. Subsequently, the highly sensitive detection of small molecules is very
restricted. However, environmentally hazardous components can cause a signifi-
cant problem as they are present in very low concentration in many cases.
Nucleic acid aptamers are very attractive bioreceptors for low-weight com-
pounds due to their many advantages in biosensor development. Aptamer
screening for toxic target molecules or for molecules with no or low immunoge-
nicity is possible. Denatured aptamers can be regenerated easily within minutes,
which is a useful property in a bioassay. Aptamers are also promising because of
their high specificity to low molecular targets from structurally similar analogues.
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Concerning signal production, the structural flexibility of aptamers enables the
development of novel and unique aptamer-based sensing platforms [110]. Nucleic
acid aptamers fold into a flexible but well-defined three-dimensional structure
upon binding to their target molecules. Another approach is the use of the inherent
property of aptamers as nucleic acids. Nucleic acid aptamers can form a double-
helix structure by hybridization with their complementary sequences. This double-
helix structure can be easily destroyed by the binding of aptamers to targets by
competitive interaction. There are few reports about aptasensors for low-weight
compounds, but some compelling aptasensor developments for small molecules
have been introduced based on the conformational change of aptamers, hybridized
aptamers, or other strategies with optical or electrochemical platforms.

3.1 Fluorescence-Based Analysis

Fluorescence analysis is the most popular technique in bioanalytical chemistry.
Several conventional fluorescent or quencher molecules are available and their
detection is very sensitive. These various dye molecules can be easily conjugated
with nucleic acid aptamers and are also inherently suitable for real-time detection.
In addition, the high flexibility of the aptamer structure is very useful to establish
various types of fluorescent aptasensors, such as a fluorescence resonance energy
transfer (FRET) assay, which is based on the energy transfer between two fluo-
rescent molecules (donor and acceptor). A frequently adopted method is an apt-
amer-based molecular beacon (aptabeacon). If aptamers have a hairpin structure,
the aptamer can be used as a molecular beacon by labeling with a fluorescent
compound and quenching dye at the 5’ and 3’ end of the aptamer, respectively. In
the presence of targets, the aptamer undergoes a conformational change from the
hairpin structure to the unfolded form, and fluorescence of the dye molecules is
recovered because the distance between the fluorescence dyes and quencher
molecules is beyond that for efficient quenching [111]. Similarly, for aptabeacons,
a theophylline-specific aptamer double-labeled with a fluorophore and a quencher
dye was examined for the detection of theophylline with a target-dependent
allosteric ribozyme [112]. In the presence of theophylline, the ribozyme domain
was altered to an active conformation by the action of a theophylline-specific
aptamer domain. Thus, the quencher was positioned away from the fluorophore by
substrate cleavage, resulting in an increase of the fluorescence signal.

Nutiu and Li developed a more generalized aptamer-based FRET assay by
DNA displacement [113]. They hybridized aptamers with two partial comple-
mentary sequences labeled with fluorescence dye and quencher, respectively. In
the absence of the target, the fluorescence was quenched by the nearby quencher
molecule hybridization, whereas the aptamer preferred to form an aptamer—target
complex when the target was added. As a result, a strong fluorescence signal could
be generated by dissociation of short quenching DNA. This approach can be
adopted in sandwich fluorescence assay in which fluorescent nanoparticles and
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quenching (or capturing particles) are networked by sandwich hybridization
between aptamers and their complementary DNAs. This network is broken by the
formation of the target—aptamer complex, resulting in the enhancement or
quenching of the fluorescence signal. This target-induced displacement strategy
might be useful to improve the universality of the methods and to develop apta-
sensors when an aptamer has no beacon structure or prior information about its
secondary or tertiary structure [114, 115]. Most recently, another general excimer
signaling approach for aptasensors was reported by Wu and co-workers [116]. In
this method, the aptamer was split into two fragments conjugated with pryene
molecules, abrogating the aptamer’s binding ability. Target molecules (cocaine)
induced the self-assembly of the split pieces, allowing the pyrene molecules to
approach close enough to establish a pryene excimer. This resulted in a wave-
length shift of fluorescence.

Gold nanoparticles (AuNPs) have been widely used in an aptamer-based FRET
assay as a fluorescence acceptor, based on the knowledge that AuNPs can su-
perquench fluorescence through an energy/charge transfer process [117]. In gen-
eral, the quenching effect of AuNPs is several orders of magnitude higher than that
of an organic quencher [118]. AuNPs have a broad quenching ability for almost all
organic dyes, which enables a multiplex detection of several analytes in homo-
geneous solution by the anchoring of multiple aptamers on AuNPs without rational
design and optimization of fluorophore—quencher pairs [119-121]. Besides AuN-
Ps, carbon nanotube (CNT), graphene, and graphene oxide have been recently
applied in aptamer-based FRET assays as effective fluorescence acceptors. Yang
and co-workers demonstrated the potency of a CNT-aptamer complex-based
fluorescent biosensor. In this method, dye-labeled aptamer was adsorbed on CNT
via m-m stacking interaction between bases of aptamer and CNT sidewalls.
Fluorescence was quenched by the electron or energy transfer from the fluorophore
to the CNT. The fluorescence signal was recovered by the addition of the target
due to the competitive interaction between aptamer and target [122]. The FRET
assay using graphene and graphene oxide has been applied in aptasensors using
almost the same mechanism as the CNT-based assay [123, 124]. In some cases,
target-induced conformational change of aptamers brings the donor and acceptor
in close proximity, which causes fluorescence quenching (signal-off mode). One
example is a cocaine-binding aptamer having a three-way junction [125]. This
aptamer, which is double labeled with the donor and acceptor at each end, exists
as a free form in the absence of cocaine. But the addition of cocaine induces
a conformational change of the aptamer, leading to the close apposition of the
acceptor and donor, and consequent quenching of the fluorescence.

A double-labeled thrombin-binding aptamer was also used as a signal-off mode
to detect Pb** and Hg2+ [126]. The conformation of this random coil structure
aptamer was changed to a G-quadruplex by the interaction with Pb** or to a
hairpin structure by interaction with Hg**, respectively. As a result, the fluores-
cence was decreased by FRET between the fluorophore and quencher. Similarly,
L-argininamide-binding aptamer was used for detection of | -argininamide [127].
Although some of the aptamer-based FRET assays have been conducted only for a
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protein target (mostly thrombin), these principles have no restriction on being
expanded for small molecular detection.

All of the aforementioned methods used fluorescence and quencher-labeled
nucleic acids. But, label-free aptamers involving fluorescence aptasensors for
low-weight components using intercalating agents have been studied [128—130]. In
these techniques, fluorescence dyes such as N,Ndimethyl-2,7-diazapyrenium
dication (DMDAP) and 2-amino-5,6,7-trimethyl-1,8-naphthyridine (ATMND) are
intercalated in single or duplex form of aptamers and quenched by acceptors.
These intercalating agents are displaced upon target binding, resulting in increased
fluorescence. Another approach of the label-free aptamer-based fluorescence assay
was developed based on target-binding induced quencher deactivation or removal.
In these methods, quenchers were located close to donors, such as fluorescence dye
and quantum dots, by conjugation on beads or hybridization with aptamer [131,
132]. In some cases, label-free fluorescent aptasensors were developed using
fluorescent dyes including 4’,6-diamidino-2-phenylindol (DAPI), Hoechst, mala-
chite green (MG), acridine orange (AO), and OliGreen (OG) without quencher
molecules [133-137]. These fluorescent dyes emit very weak fluorescence when
they are free in solution, but their fluorescence is significantly enhanced by
interaction with specific regions of aptamers such as stem structure or capturing
with dye-binding aptamers. As one example, the aptamer has no stable stem
structure for dye binding in the absence of targets (; -argininamide), whereas target
binding to an aptamer leads to stable stem formation, resulting in enhancement of
fluorescence by the binding of dye (DAPI or Hoechst). The interaction between
aptamer and fluorescent dye does not affect the binding ability of the aptamer
because the stem structure of aptamers is not normally a binding domain. Con-
versely, AO and OG dyes interact well with the free form of aptmers in the
absence of target, but are displaced by the formation of an aptamer—target complex
(signal-off mode) [138, 139].

Recently, an interesting fluorescence assay was reported, which is based on
selective fluorescent CuNP formation by accumulation in the major groove of the
DNA duplex [140]. Based on this phenomenon, small molecular targets including
ATP and cocaine were sensitively detected using dsDNA formed by hybridization
between aptamers and their complementary ssDNA. In the absence of targets, the
formation of CuNPs associated with the dsDNA template induces the fluorescence
emission from CuNPs. But the fluorescence signal cannot be observed in the pres-
ence of the target because the dsDNA is broken by the formation of the aptamer—
target complex, in which CuNPs cannot be grown due to the absence of dsDNA.

3.2 Colorimetric Assay

The colorimetric assay is a very attractive method because detection can be
accomplished simply using the naked eye, which eliminates the need for expensive
analytical instruments. Based on these features, colorimetric biosensors are a
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compelling point-of-care (POC) analysis, which is frequently requested for the
real-life application of biosensors. Based on these advantages, colorimetric apta-
sensors have been recently studied for the detection of low-molecular—-weight
components, such as small chemicals and heavy metal ions. An initial colorimetric
aptasensor for a small molecule (cocaine) was developed based on the intermo-
lecular displacement of the dye from an aptamer—dye complex in the presence of
the cocaine target [99]. In this method, cocaine displaced the dye by forming a
cocaine—aptamer complex, causing an immediate attenuation of absorbance and
eventual precipitation of the dye. In a similar approach, heavy metal ions (Pb** and
Cu*) were also detected using DNAzymes [141, 142].

Nowadays, AuNPs are more widely used materials in colorimetric assays due
to their unique optical properties, the size-dependent SPR. AuNPs have high
extinction coefficients and show size-dependent colors [143]. The dispersed
AuNPs that are approximately 13 nm in diameter appear red in color due to their
intense SPR absorbance at 520 nm, but the red color changes to purple when they
aggregate. This red-to-purple color change can be easily observed by the naked
eye. Based on this optical property of AuNPs, as a more recent technology, apt-
amer-based colorimetric analyses using AuNPs have been extensively described.
In this technique, AuNPs are connected to each other by hybridization between
aptamers and two different sequenced DNA probes, which are individually
immobilized on AuNPs. Due to the aggregation, the solution of AuNPs appears
purple. In the presence of target, the networking between AuNPs is broken and
they disperse, changing the color to red [144]. This principle was adopted in a
“dipstick” type of aptasensor for the detection of small molecules (adenosine and
cocaine) [145]. In this system, target-specific, aptamer-linked NP aggregates were
loaded onto a lateral flow device, resulting in a simpler and, more excitingly, more
sensitive dipstick test than the colorimetric assay in solution. In the absence of
target, aggregated nanostructures did not move along the membrane and show a
purple line in the conjugation pad. This dipstick type of aptasensor is very
attractive in a practical application format, similar to the pregnancy test strip.

Similarly, aptamer was partially hybridized with a probe immobilized on
AuNPs. In this state, the AuNPs are not aggregated by the addition of salt. Upon
binding of the target, aptamers that are partially hybridized with probes are
released from the AuNPs. Then, the AuNPs will aggregate in the salt addition,
which screens the electrostatic repulsion between AuNPs. Consequently, the color
of the AuNP solution is changed from red to purple [146]. In a converse format for
networking between AuNPs, some macromolecular targets having multibinding
moieties for aptamers including thrombin and platelet-derived growth factor can
induce interparticle cross-linking aggregation of AuNPs by sandwich binding,
resulting in the colorimetric change from red to purple in the presence of the target
[147]. Unfortunately, this method cannot be adopted for small molecular detection
because small molecules do not possess sufficient binding moieties to enable
sandwich binding. However, some metal ions, such as Hg2+ and Ag*, can be
detected by this target-induced cross-linked aggregation of AuNPs. Thymine—
thymine (T-T) and cytosine—cytosine (C-C) base pairs selectively capture
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mercury and silver ions, respectively, and the metallo-base pairs, T-Hg**—T and
C-Ag"-C, are formed in DNA duplexes with high stability [148]. This phenom-
enon was successfully adopted in colorimetric metal ion detection [149-151].
In this method, Hg?* and Ag* led to the aggregation of AuNPs by the formation of
T-Hg?*—T and C-Ag™—C, respectively, resulting in the red-to-purple color change.

In most cases, AuNP-based colorimetric aptasensors used the modified AuNPs
with aptamers or their specific probes for the cross-linking of AuNPs. However,
the use of unmodified AuNPs should be more convenient, cost-effective, and time-
saving because the synthesis of thiolated aptamers is very expensive and the
immobilization of aptamers on AuNPs is time-consuming. Li and Rothberg have
described a new strategy of colorimetric assay using unmodified AuNPs for DNA
detection, which is based on the different electrostatic interactions between ssDNA
and dsDNA on AuNPs. The selective adsorption of ssSDNA on AuNPs prevents the
aggregation of AuNPs at a salt concentration that screens the repulsive interactions
of citrate ions [152]. Inspired by this phenomenon, many unmodified AuNP-based
colorimetric aptasensors have been recently developed. Dong’s group has devel-
oped a simple unmodified AuNP-based colorimetric assay for Pb** detection using
17E DNAzyme, which cleaves its substrate, 17DS, in the presence of Pb** [153].
The ssDNA released from the 17E — 17DS duplex is adsorbed on the AuNPs,
preventing the aggregation of the AuNPs. In another approach, the target-induced
conformational change of aptamers was applied in an unmodified AuNP-based
colorimetric aptasensor for the detection of small molecules or ions.

The detection for several low-weight components (K*, Hg**, oxytetracycline)
was accomplished using unmodified AuNPs and aptamers with a simple experi-
mental design [154—157]. In the assay, unfolded aptamers were strongly adsorbed
on AuNPs and stabilized the AuNPs in a high salt buffer. In the presence of targets
the conformation of aptamers transits to a folded state that is not easily adsorbed
on AuNPs. Subsequently, the red color of the dispersed AuNPs is changed to a
purple color due to the aggregation of AuNPs.

However, not all of the aptamers undergo a sufficient conformational change.
To overcome this limitation, Fan and co-workers have developed a displacement-
based assay [158]. In this strategy, aptamers were hybridized with their comple-
mentary DNA. By the addition of targets, the aptamers detached from the duplex
form to interact with target molecules. A released complementary ssDNA from
complex stabilizes AuNPs against aggregation and the color of the AuNPs appears
as red. This strategy can be generally applied to any kind of aptamer structure.
Most recently, Fan’s group have reported a more advanced design of an unmod-
ified AuNP-based colorimetric assay. In this assay, aptamers are partitioned to two
pieces of ssDNA, which reassemble into the original tertiary structure of aptamers
in the presence of target molecules [143]. By this strategy, small molecules
(cocaine, adenosine, and K*) were detected in the micromolar range within min-
utes, which is based on the knowledge that the short-sized DNA fragments are
more rapidly adsorbed on AuNPs. Surprisingly, almost all of colorimetric apta-
sensors used only a few aptamers as cocaine, adenosine, and K* binding aptamers,
because these aptamers have been extensively studied concerning their structure
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and binding. Unfortunately, however, it is true that the information on the structure
of many aptamers is not available or elucidated. As an answer to this issue, Gu’s
group demonstrated that long-sized aptamers (76 mer) can also be used in an
unmodified AuNP-based colorimetric assay directly after SELEX without studies
on the truncation and structure, although the sensitivity for some targets was not
satisfactory for use in real samples. They also showed signal enhancement by
modulating the interaction between aptamers and AuNPs through the exchange of
AuNP capping agents. [156-158]

In addition to AuNP-based assays, other colorimetric aptasensors have been
reported using polydiacetylene (PDA) liposomes and colored polymers. Kim and
co-workers introduced colorimetric aptasensors incorporated with PDA liposome,
which is very sensitive and changes its color by external stimuli including ligand
interaction, temperature, solvent, and pH. In this technique, aptamers are conju-
gated on the surface of PDA liposomes. Binding of target to aptamers induces the
color change of the liposomes. The detection of K* was successfully performed by
this method [159, 160]. In another way, a colorimetric detection of mercury ion
was accomplished using conjugated polymer, poly(3-(3’-N,N,N-triethylamino-1’-
propyloxy)-4-methyl-2,5-thiophene hydrochloride) (PMNT) and Hg>* specific T-
rich ssDNA. The optical properties of polythiophene are highly sensitive to con-
formational change of its conjugated backbone. In the absence of Hg2+, T-rich
ssDNA has a stretched structure that readily forms an electrostatic complex with
cationic PMNT in aqueous solution. This leads to a planar conformation of PMNT
with a characteristic red color. In the presence of Hg?*, T-rich ssDNA forms a
stem-loop structure by binding with Hg?* and is surrounded by PMNT. This
conformational change of PMNT induces a color change from red to yellow [161].

Colorimetric aptasensors are very useful for the on-site detection of low-weight
components with high simplicity, but the relatively low sensitivity compared with
other methods remains a significant hurdle for real applications.

3.3 Electrochemical Analysis

Electrochemical analysis is one of the most attractive sensing platforms due to its
great simplicity, rapidity in detection, cost-effectiveness, and the ease of minia-
turization, which are necessary for POC applications of biosensors. An electro-
chemical biosensor is also suitable for multitarget detection through the design of
arrayed electrode chips. Recently, many papers have described the incorporation
of aptamer-based biosensors in electrochemical detection systems based on dis-
tinct properties of aptamers. In electrochemistry, the state change of an electrode
surface that occurs by the interaction between targets and immobilized receptors
modifies the resistance and capacitance of the electrode—solution interface.
Therefore, voltammetry and impedance analyses are very effective and widely
used techniques in electrochemical biosensors. The first electrochemical apta-
sensors developed were mainly based on the analysis of current or faradic
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impedance change occurring by simple binding events. In these systems, the
electron transfer resistance between redox mediators such as [Fe(CN)g]~>~* in
solution and electrode is changed by the capturing of target by aptamers immo-
bilized on the electrode. The direction of current or resistance change is greatly
affected by electrical properties of the targets [162, 163]. These single-binding
methods result in very sensitive and simple detection at the fM level for some
protein targets such as thrombin [164]. However, this electrochemical detection
based on simple binding is still limited for the development of sensitive apta-
sensors for small molecules, because the electron transfer resistance or current that
can be changed by the simple binding of small molecular targets is generally
insignificant, compared to macromolecules [165, 166]. To overcome this problem
of low sensitivity, various strategies for the design and signal amplification
methods of electrochemical signal production have been incorporated in novel and
sensitive electrochemical aptasensors, based on the signals produced by the direct
conformational change of aptamers and target-induced displacement.

Hegger and Plaxco have developed new types of electrochemical aptasensors
based on the conformational change that occurs when aptamers are bound to target
molecules [167-169]. In this technique, the current is changed depending on the
distance between electroactive compounds (methylene blue or ferrocene) labeled
with aptamers and the electrode surface, which is well distinguished in the absence
or presence of any type of target. One example is a thrombin detection using
redox-active methylene blue- (MB) labeled thrombin-binding aptamer immobi-
lized on an electrode. The flexible conformation of the aptamer labeled with MB
enables the electrical contact of the MB with the electrode, and a voltammetric
response of the MB. This sensing principle was successfully expanded to low-
weight components such as cocaine and K*. But, this signal-off sensing format has
the disadvantage of a negative readout signal.

To solve this defect, several signal-on aptasensors have been developed. One
approach is to use a bifunctionalized aptamer labeled with a terminal electroactive
ferrocene as a redox group and a thiol group at the second terminus of the aptamer
[168, 170]. The long, flexible aptamer strand prevents electrical contact of the
ferrocene with the electrode. The formation of an aptamer—target complex makes a
rigid configuration and results in the orientation of the ferrocene towards the
electrode. This leads to the generation of a positive signal in the presence of targets
such as cocaine. In another approach, a DNA duplex structure consisting of a
ferrocene-labeled aptamer and its complementary DNA was used [171-173]. In
the absence of target molecules (cocaine, ATP, Pb2+), the hybridized aptamer
adopts a partially unfolded state, whereas in the presence of targets, the aptamer
folds to bind to the targets. Consequently, an electroactive ferrocene is closed to
the electrode, and the signal is increased. As another approach, a target-induced
displacement format is a very effective method. This strategy is based on the
separation of the two strands of duplex nucleic acids, composed of an aptamer
strand and partially complementary sequence, induced by the presence of target
molecules. In the presence of a target, duplex DNA separates and the aptamer folds
and binds to the target. The displacement of a complementary sequence decreases
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the electron-flow resistance. The separation of duplex DNA is dependent on target
concentration. Thus, this method enables the sensitive detection of small mole-
cules [173-176].

The other method for an electrochemical aptasensor uses a redox-active
reporter that intercalates into double-stranded DNA rather than being covalently
tethered to the aptamer. In this method, intercalating redox-active molecules such
as MB are used for signal enhancement. The hairpin structure of aptamers is
immobilized on a gold electrode, and MB intercalated in the duplex stem structure
of the probe hairpin. The binding of target with the aptamer opens the hairpin
structure, thus releasing the intercalated redox-active MB. As a result, the elec-
trochemical signal decreases proportionally to the target (theophylline) concen-
tration [177]. Shao and co-workers suggested a sensitive chronocoulometric
aptasensor for adenosine monophosphate (AMP) detection using [Ru(NH3)6]3+
(RuHex) [178]. In this report, the aptamers hybridized with short complementary
ssDNA were immobilized on a gold surface and many RuHex molecules were
associated with the duplex form of the aptamer complex to produce a coulometric
signal. Short complementary ssDNA was displaced from the aptamer with RuHex
by addition of the target (AMP). Thus, the charge was reduced in proportion to the
AMP concentration. Similarly, the sensitivity of adenosine detection was
improved as low as 1 nM by MB intercalation into the DNA duplex formed by
hybridization between an adenosine-binding aptamer and probe DNA immobilized
on the electrode [179]. The addition of adenine induced the displacement of
adenine-binding aptamers from the duplex form, followed by the releasing of MB.
As a result, the current was decreased.

Other effective signal amplification methods in electrochemical detection have
been accomplished by the incorporation of NPs. AuNPs are the most popular NPs
used for signal amplification in electrochemical aptasensors due to their large
surface area, favorable electronic properties, and electrocatalytic activity. The
strategies of AuNP-based signal amplification in electrochemical aptasensors are
classified into two different approaches. The first method is an attachment of
AuNPs on an electrode for enlargement of the electrode surface. The second
method is the use of AuNPs as the carrier of signaling materials for amplification
of the electrochemical signal. Zhang and co-workers reported a sensitive elec-
trochemical aptasensor for cocaine detection based on the signal enhancement
supported by the self-assembly of AuNPs on a gold electrode [180]. In this report,
cocaine-binding aptamers conjugated with a redox-active ferrocene and thiol
group, respectively, were immobilized on the AuNP-modified electrode. The tar-
get-induced conformational change of aptamers may increase the current due to
the close proximity between ferrocene and the electrode in the presence of cocaine.
As a result, the sensitivity of aptasensors using an AuNP-modified electrode was
enhanced tenfold compared to aptasensors using a naked gold electrode. As a
converse method, a signal-off electrochemiluminescence (ECL) aptasensor was
developed for the detection of small molecules using a gold electrode modified by
the complex of AuNPs and ECL substrate (Ru(bpy)?’) [181]. An adenine-binding
aptamer conjugated with ferrocene was immobilized on a modified gold electrode
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and stretched by the hybridization with complementary DNA. In the presence of
adenine, complementary DNA was dehybridized by the formation of an adenine—
aptamer complex. The ferrocene probe was closed to the electrode by the folding
of the aptamers. Consequently, the ECL intensity was decreased by the quenching
effect of ferrocene to the Ru(bpy)3™.

AuNP-based electrochemical signal amplification in aptasensors has been
developed mainly in the sandwich configuration. Use of AuNPs conjugated with
secondary aptamers is a very simple and powerful method for signal amplification
in electrochemical aptasensors, but they are not available for small molecular
detection due to the sparse binding space of small molecule-binding aptamers.
Therefore, almost all sandwich structures in aptasensors consist of duplex DNA
formed by hybridization between aptamers and their complementary sequences (as
capture and reporter probes conjugated with AuNPs). Zhu and co-workers pro-
posed a method for the detection of Hg** using AuNPs [182]. In this method,
mercury-ion—specific ssDNAs were heavily loaded on AuNPs which were linked
on the electrode. This led to the extensive capture of a large amount of Hg>",
resulting in a decrease of the electrochemical signal. The sensitivity of this method
for Hg®* was improved by three orders of magnitude compared with one of simple
binding of Hg** by Hg**-specific ssDNA on an electrode. Similarly, the sensitive
electrochemical aptasensor for ATP detection was also reported [183]. In this
method, many ATP-binding aptamers were grafted on AuNPs by the hybridization
with partially complemented ssDNA. Then the aptamer-grafted AuNPs were held
on the gold electrode by the hybridization between the single-sequenced region of
aptamer and another partially complemented capture DNA immobilized on the
electrode. The MB bound to the dSDNA and also bound to guanine bases for the
generation of strong electrochemical signal. The duplex structure was destroyed by
the addition of ATP, which decreased the amount of MB on the electrode. As a
result, a peak current was significantly decreased. This aptasensor could detect
ATP as low as 0.1 nM, which is a markedly amplified sensitivity compared with
use of a single ATP-binding aptamer.

4 Future Perspectives

Many researchers have demonstrated that aptamers are very useful bioreceptors in
various fields such as therapeutics, medical diagnostics, biosensors for environ-
mental monitoring and food safety, bioseparation, and bioimaging. In addition, the
success of Macugen® (Pfizer), the first FDA-approved aptamer drug, in the
pharmaceutical industry has accelerated researchers’ interest in the isolation and
applications of aptamers. However, aptamers for other targets remain few com-
pared with antibodies, and only a few aptamers have been isolated and used in
reports describing aptamer applications. Therefore, aptamers for more varied
targets are required because it is expected that the spectrum of analytes will be
greatly expanded in various applications. To meet the extensive requirement of
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Fig. 2 Various types of fluorescent aptasensors. (a) FRET assay using aptabeacon conjugated
with fluorescence donor and acceptor; (b) fluorescent assay based on target-induced displacement
of complementary DNA (CD) from aptamer—CD duplex; (c) label-free fluorescence aptasensor
using intercalating fluorescence dye
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Fig. 3 Various types of colorimetric aptasensors. (a) Colorimetric assay using AuNP aggregates
cross-linked via aptamers and probe DNA; (b) unmodified AuNP-based colorimetric aptasensing;
(c) PDA liposome-based colorimetric aptasensing

aptamers for various targets, researchers will be continuously trying to advance the
SELEX process by improving the automation degree and efficiency, development
of more high-throughput processes and new screening techniques, and reducing
the limitation to targets. Towards these goals, a clearer understanding of the
binding mechanism of aptamers to targets and their binding structure in various
conditions is needed.
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Fig. 4 Various types of electrochemical aptasensors. (a) Target-induced conformation change-
based electrochemical aptasensing using redox active molecules modified aptamer (signal-off
mode); (b) electrochemical aptasensing based on target-induced displacement format (signal-on
mode); (¢) electrochemical signal amplification in aptasensors using intercalating electroactive
component

There is no doubt that studies on aptasensors will be continuously and actively
increasing based on various merits of aptamers as bioreceptors. In spite of these
bright perspectives, aptamer-based biosensors also have some hurdles to over-
come. Aptasensor technology is immature compared to immunoassays, and the
biosensing and diagnostic market is still largely dominated by antibodies. Only a
few aptamer-based biosensors are commercially available.

However, aptasensors have one promising area for detection of small molecules
in biological systems, the environment, and food safety because it is very difficult
to produce highly specific antibodies for small molecules. For successful com-
mercial applications of aptasensors for low-molecular—weight components, some
technical issues should be overcome. First, a stronger affinity of aptamers for small
molecules is needed because the affinity of aptamers significantly affects sensi-
tivity. In many cases, especially in the environment, small molecules exist in very
low concentrations. Related to this, the post-SELEX including truncation and
study of the binding site will become a more conventional step to downsize the
aptamers and improve the aptamers’ affinity. Truncations of isolated aptamers can
not only reduce the synthetic cost meaningfully, but also raise the affinity of
original aptamers to targets in some cases. More powerful signal amplification
methods are expected to be developed by implementation of various NPs as
powerful probe materials, and new sensing mechanisms. Secondly, most apta-
sensors were tested in defined buffer solution. They should be examined on
complex real samples for practical applications. The sensitivity of aptasensors
often declines remarkably in real biological or environmental samples. To over-
come this problem, aptamer screening has been attempted in real samples, not
defined buffer solution. Finally, simpler, more cost-effective, and high-throughput
aptasensors are needed. To meet these requirements, the development of



Advances in Aptamer Screening and Small Molecule Aptasensors 59

aptasensors should be label-free, real-time, multiplex, and miniaturized systems.
All of these efforts on aptasensors will facilitate their commercialization (Table 1,
Figs. 2, 3, 4).

References

10.

11.

13.

14.

15.

16.

17.
18.

19.

20.

. Ellington AD, Szostak JW (1990) In vitro selection of RNA molecules that bind specific

ligands. Nature 346:818-822

. Tuerk C, Gold L (1990) Systematic evolution of ligands by exponential enrichment: RNA

ligands to bacteriophage T4 DNA-polymerase. Science 249:505-510

. Jayasena SD (1999) Aptamers: an emerging class of molecules that rival antibodies in

diagnostics. Clinic Chem 45:1628-1650

. Patel DJ, Suri AK, Jiang F, Jiang LC, Fan F, Kumar RA, Nonin S (1997) Structure,

recognition and adaptive binding in RNA aptamer complex. J Mol Biol 272:645-664

. Hermann T, Patel DJ (2000) Adaptive recognition by nucleic acid aptamers. Science

87:820-825

. Osborne SE, Ellington AE (1997) Nucleic acid selection and the challenge of combinatorial

chemistry. Chem Rev 97:349-370

. Jenison RD, Gill SC, Pardi A, Polisky B (1994) High-resolution molecular discrimination

by RNA. Science 263:1425-1429

. Geiger A, Burgstaller P, Von der Eltz H, Roeder A, Famulok M (1996) RNA aptamers that

bind L-arginine with sub-micromolar dissociation constants and high enantioselectivity.
Nucleic Acids Res 24:1029-1036

. Niazi JH, Lee SJ, Kim YS, Gu MB (2008) ssDNA aptamers that selectively bind

oxytetracycline. Bioorg Med Chem 16:1254-1261

You KM, Lee SH, Im A, Lee SB (2003) Aptamers as functional nucleic acids: in vitro
selection and biotechnological applications. Biotech Bioprocess Eng 8:64-75

Tombelli S, Minunni M, Mascini M (2005) Analytical application of aptamers. Biosens
Bioelectron 20:2424-2434

. Baldrich E, Acero JL, Reekmans G, Laureyn W, O’Sullivan CK (2005) Displacement

enzyme linked aptamer assay. Anal Chem 77:4774-4784

Robertson DL, Joyce GF (1990) Selection in vitro of an RNA enzyme that specifically
cleaves single-stranded DNA. Nature 344:467-468

Ho SP, Britton DH, Stone BA, Behrens DL, Leffet LM, Hobbs FW, Miller JA, Trainor GL
(1996) Potent antisense oligonucleotides to human multidrug resistance-1 mRNA are
rationally selected by mapping RNA-accessible sites with oligonucleotide libraries. Nucleic
Acids Res 24:1901-1907

Bock LC, Griffin LC, Latham JA, Vermaas EH, Toole JJ (1992) Selection of single-stranded
DNA molecules that bind and inhibit human thrombin. Nature 355:564-566

Marshall KA, Ellington AD (2000) In vitro selection of RNA aptamers. Meth Enzymol
318:19-214

Sampson T (2003) Aptamers and SELEX: the technology. World Patent Inf 25:123-129
Harada K, Frankel AD (1995) Identification of two novel arginine binding DNAs. EMBO J
23:5798-5811

Hamula C, Guthrie J, Zhang H, Li XF, Le XC (2006) Selection and analytical applications
of aptamers. Tr Anal Chem 25:681-691

Reinemann C, Stoltenburg R, Strehlitz B (2009) Investigations on the specificity of DNA
aptamers binding to ethanolamine. Anal Chem 81:3973-3978



60

21

22.

23.

24.

25.

26.

217.

28.

29.

30.
31.

32.

33.
34.

35

37.

38.

39.

40.

41.

42.

43.

44,

Y. S. Kim and M. B. Gu

. Berezovski M, Drabovich A, Krylova SM, Musheev M, Okhonin V, Petrov A, Krylov SN
(2005) Nonequilibrium capillary electrophoresis of equilibrium mixtures: a universal tool
for development of aptamers. J Am Chem Soc 127:3165-3171

White R, Rusconi C, Scardino E, Wolberg A, Lawson J, Hoffman M, Sullenger B (2001)
Generation of species cross-reactive aptamers using “toggle” SELEX. Mol Ther 4:567-573
Shimada T, Fujita N, Maeda M, Ishihama A (2005) Systematic search for the Cra-binding
promoters using genomic SELEX system. Genes Cells 10:907-917

Stoltenburg R, Reinemann C, Strehlitz B (2005) FluMag-SELEX as an advantageous
method for DNA aptamer selection Anal. Bioanal Chem 383:83-91

Bianchini M, Radrizzani M, Brocardo MG, Reyes GB, Gonzalez SC, Santa-Coloma TA
(2001) Specific oligobodies against ERK-2 that recognize both the native and the denatured
state of the protein. J Immunol Methods 252:191-197

Theis MG, Knorre A, Kellersch B, Moelleken J, Wieland F, Kolanus W, Famulok M (2004)
Discriminatory aptamer reveals serum response element transcription regulated by
cytohesin-2. Proc Natl Acad Sci 101:11221-11226

Weiss S, Proske D, Neumann M, Groschup MH, Kretzschmar HA, Famulok M, Winnacker
EL (1997) RNA aptamers specifically interact with the prion protein PrP. J Virol
71:8790-8797

Bridonneau P, Chang YF, Buvoli VB, O’Connell D, Parma D (1999) Site directed selection
of oligonucleotide antagonists by competitive elution. Antisens. Nucleic A 9:1-11

Sefah K, Shangguan D, Xiong X, O’Donoghue MB, Tan W (2010) Development of DNA
aptamers using cell-SELEX. Nat Protocol 5:1169-1185

Cadwell RC, Joyce GF (1994) Mutagenic PCR. PCR methods Appl 3:S136-S140

Bittker JA, Le BV, Liu DR (2002) Nucleic acids evolution and minimization by
nonhomologous random recombination. Nat Biotechnol 20:1204-1209

Paul A, Avci-Adali M, Ziemer G, Wendel HP (2009) Streptavidin-coated magnetic beads
for DNA strand separation implicate a multitude of problems udirng cell-SELEX.
Oligonucleotides 19:243-254

Fitzwater T, Polisky B (1996) A SELEX primer Methods Enzymol 267:275-301
Naimuddin M, Kitamura K, Kinoshita Y, Honda-Takahashi Y, Murakami M, Ito M,
Yamamoto K, Hanada K, Husimi Y, Nishigaki K (2007) Selection-by-function: efficient
enrichment of cathepsin E inhibitors from a DNA library. J] Mol Recognit 20:58-68

. Wu LH, Curran JF (1999) An allosteric synthetic DNA. Nucleic Acids Res 27:1512-1516
. Williams KP, Bartel DP (1995) PCR product with strands of unequal length. Nucleic Acids
Res 23:4220-4221

Hendry P, Hannan G (1996) Detection and quantitation of unlabeled nucleic acids in
polyacrylamide gels. Biotechniques 20:258-264

Niazi JH, Lee SJ, Gu MB (2008) Single stranded DNA aptamers specific for antibiotics
tetracyclines. Bioorg Med Chem 16:7245-7253

Kim YS, Hyun CJ, Kim IA, Gu MB (2010) Isolation and characterization of
enantioselective DNA aptamers for ibuprofen. Bioorg Med Chem 18:3467-3473

Shi H, Fan XC, Ni ZY, Lis JT (2002) Evolutionary dynamics and population control during
in vitro selection and amplification with multiple targets. RNA 8:1461-1470
Beinoraviciute-Kellner R, Lipps G, Krauss G (2005) In vitro selection of DNA binding sites
for ABF1 protein from Saccharomyces cerevisiae. FEBS Lett 579:4535-4540

Rhie A, Kirby L, Sayer N, Wellesley R, Disterer P, Sylvester I, Gill A, Hope J, James W,
Tahiri-Alaoui A (2003) Characterization of 2’-fluoro-RNA aptamers that bind preferentially
to disease-associated conformations of prion protein and inhibit conversion. J Biol Chem
278:39697-39705

Ellington AD, Szostak JW (1992) Selection in vitro of single-stranded DNA molecules that
fold into specific ligand-binding structures. Nature 355:850-852

Wang W, Jia L (2009) Progress in aptamer screening methods. Chin J Anal Chem
37:454-460



Advances in Aptamer Screening and Small Molecule Aptasensors 61

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Wang CL, Zhang M, Yang G, Zhang DJ, Ding HM, Wang HX, Fan M, Shen BF, Shao NS
(2003) Single-stranded DNA aptamers that bind differentiated but not parental cells:
subtractive systematic evolution of ligands by exponential enrichment. J Biotechnol
102:15-22

Shangguan D, Li Y, Tang Z, Cao ZC, Chen HW, Mallikaratchy P, Sefah K, Yang CZ, Tan
W (2006) Aptamers evolved from live cells as effective molecular probes for cancer study.
Proc Natl Acad Sci 103:11838-11843

Conrad RC, Baskerville S, Ellington AD (1995) In vitro selection methodologies to probe
RNA function and structure. Mol Div 1:69-78

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: improving the sensitivity of
progressive multiple sequence alignment through sequence weighting, position-specific gap
penalties and weight matrix choice. Nucleic Acids Res 22:4673—4680

Chenna R, Sugawara H, Koike T, Lopez R, Gibson TJ, Higgins DG, Thompson JD (2003)
Multiple sequence alignment with the clustal series of programs. Nucleic Acids Res
31:3497-3500

Morgenstern B (2004) DIALIGN: multiple DNA and Protein Sequence Alignment at
BiBiServ. Nucleic Acids Res 32:W33-W36

Morgenstern B, Prohaska SJ, Pohler D, Stadler PF (2006) Multiple sequence alignment with
user-defined anchor points. Algorithms Mol Boil 1:6

Zuker M (2003) Mfold web server for nucleic acid folding and hybridization prediction.
Nucleic Acids Res 31:3406-3415

Horn WT, Convery MA, Stonehouse NJ, Adams CJ, Liljas L, Phillips SEV, Stockley PG
(2004) The crystal structure of a high affinity RNA stem-loop complexed with the
bacteriophage MS2 capsid: further challenges in the modeling of ligand-RNA interactions.
RNA 10:1776-1782

Macaya RF, Schultze P, Smith FW, Roe JA, Feigon J (1993) Thrombin binding DNA
aptamer forms a unimolecular quadruplex structure in solution. Proc Natl Acad Sci
90:3745-3749

Chaloin L, Lehmann MJ, Sczakiel G, Restle T (2002) Endogenous expression of a high-
affinity pseudoknot RNA aptamer suppresses replication of HIV-1. Nucleic Acids Res
30:4001-4008

Bruno JG, Kiel JL (1999) In vitro selection of DNA aptamers to anthrax spores with
electrochemiluminescence detection. Biosens Bioelectron 14:457-464

Ruff KM, Snyder TM, Liu DR (2010) Enhanced functional potential of nucleic acid aptamer
library patterned to increase secondary structure. J Am Chem Soc 132:9453-9464

Wilson C, Keefe AD (2006) Building oligonucleotide therapeutics using non-natural
chemistries. Curr Opin Chem Biol 10:607-614

Kusser W (2000) Chemically modified nucleic acid aptamers for in vitro selections:
evolving evolution. J Biotechnol 74:27-38

Pieken W, Olsen DB, Benseler F, Aurup H, Eckstein HF (1991) Kinetic characterization of
ribonuclease-resistant 2’-modified hammerhead ribozymes. Science 253:314-317
Heidenreich O, Eckstein F (1992) Hammerhead ribozyme-mediated cleavage of the long
terminal repeat RNA of human immunodeficiency virus type 1. J Biol Chem
267:1904-1909

Kubik MF, Bell C, Fitzwater T, Watson SR, Tasset DM (1997) Isolation and
characterization of 2’-fluoro-, 2’-amino-, and 2’-fluoro-/amino- modified RNA ligands to
human INF-gamma that inhibit receptor binding. J Immunol 159: 259-267

Prakash TP, Bhat B (2007) 2’-modified oligonucleitides for antisense therapeutics. Curr Top
Med Chem 7:641-649

Koizumi M (2007) True antisense oligonucleotides with modified nucleotides restricted in
the N-conformation. Curr Top Med Chem 7:661-665

Sawai H, Ozaki A, Satoh F, Ohbayashi T, Masud M, Ozaki H (2001) Expansion of
structural and functional diversities of DNA using new 5-substituted deoxyuridine



62

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Y. S. Kim and M. B. Gu

derivatives by PCR with superthermophilic KOD Dash DNA polymerase, Chem Commun
24:2604-2605

Kuwahara M, Hanawa K, Ohsawa K, Kitagata R, Ozaki H, Sawai H (2006) Direct PCR
amplification of various modified DNAs having amino acids: convenient preparation of
DNA libraries with high-potential activities for in vitro selection. Bioorg Med Chem
14:2518-2526

Keefe AD, Cload ST (2008) SELEX with modified nucleotides. Curr Opion Chem Biol
12:448-456

Golden MC, Collins BD, Willis MC, Koch TH (2000) Diagnostic potential of photoSELEX-
evolved ssDNA aptamers. J Biotechnol 81:167-178

Singer BS, Shtatland T, Brown D, Gold L (1997) Libraries for genomic SELEX. Nucleic
Acids Res 25:781-786

Shtatland T, Gill SC, Javornik BE, Johansson HE, Singer BS, Uhlenbeck OC, Zichi DA,
Gold L (2000) Interactions of Escherichia coli RNA with bacteriophage MS2 coat protein:
genomic SELEX. Nucleic Acids Res 28:E93

Fischer NO, Tok J, Tarasow TM (2008) Massively parallel interrogation of aptamer
sequence, structure and function. PLoS ONE 3:e2720

Katilius E, Flores C, Woodbury NW (2007) Exploring the sequence space of a DNA
aptamer using microarrays. Nucleic Acids Res 35:7626-7635

Wen JD, Gray DM (2004) Selection of genomic sequences that bind tightly to Ff gene 5
protein: primer-free genomic SELEX. Nucleic Acids Res 32:¢182

Pan WH, Xin P, Clawson GA (2008) Minimal primer and primer-free SELEX protocols for
selection of aptamers from random DNA libraries. Biotechniques 44:351-360

Vater A, Jarosch F, Buchner K, Klussmann S (2003) Short bioactive Spiegelmers to
migraine-associated calcitonin gene-related peptide rapidly identified by a novel approach:
tailored-SELEX. Nucleic Acids Res 31:e130

Burke DH, Willis JH (1998) Recombination, RNA evolution, and bifunctional RNA
molecules isolated through Chimeric SELEX. RNA 4:1165-1175

Deng Q, German I, Buchanan D, Kennedy RT (2001) Retention and separation of adenosine
and analogues by affinity chromatography with an aptamer stationary phase. Anal Chem
73:5415-5421

Bruno JG, Kiel JL (2002) Use of magnetic beads in selection and detection of biotoxin
aptamers by electrochemiluminescence and enzymatic methods. Biotechniques 32(178-180):
182-173

Tok JB, Fischer NO (2008) Single microbead SELEX for efficient ssDNA aptamer
generation against botulinum neurotoxin. Chem Comm 16:1883—1885

Mendonsa SD, Bowser MT (2004) In vitro selection of high-affinity DNA ligands for human
IgE using capillary electrophoresis. Anal Chem 76:5387-5392

Tang JJ, Xie JW, Shao NS, Yan Y (2006) The DNA aptamers that specifically recognize
ricin toxin are selected by two in vitro selection methods. Electrophoresis 27:1303-1311
Drabovich AP, Berezovski M, Okhonin V, Krylov SN (2006) Selection of smart aptamers
by methods of kinetic capillary electrophoresis. Anal Chem 78:3171-3178

Mosing RK, Mendonsa SD, Bowser MT (2005) Capillary electrophoresis-SELEX selection
of aptamers with affinity for HIV-1 reverse transcriptase. Anal Chem 77:6107-6112

Cox JC, Rudolph P, Ellington AD (1998) Automated RNA selection. Biotechnol Prog
14:845-850

Cox JC, Ellington AD (2001) Automated selection of anti-protein aptamers. Bioorg Med
Chem 9:2525-2531

Cox JC, Rajendran M, Riedel T, Davidson EA, Sooter LJ, Bayer TS, Schmitz BM, Ellington
AD (2002) Automated acquisition of aptamer sequences. Comb Chem High Throughput
Screening 5:289-299

Cox JC, Hayhurst A, Hesselberth J, Bayer TS, Georgiou G, Ellington AD (2002) Automated
selection of aptamers against protein targets translated in vitro: from gene to aptamer.
Nucleic Acids Res 30:e108



Advances in Aptamer Screening and Small Molecule Aptasensors 63

88

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

. Hianik T, Ostatna V, Sonlajtnerova M, Grman I (2007) Influence of ionic strength, pH, and
aptamer configuration for binding affinity to thrombin. Biochem 70:127-133

Eulberg D, Buchner K, Maasch C, Klussmann S (2005) Development of an automated
in vitro selection protocol to obtain RNA-based aptamers: identification of a biostable
substance P antagonist. Nucleic Acids Res 33:e45

Hybarger G, Bynum J, Williams RF, Valdes JJ, Chambers JP (2006) A microfluidic SELEX
prototype. Anal Bioanal Chem 384:191-198

Park SM, Ahn JY, Jo MJ, Lee D, Lis JT, Craighead HG, Kim S (2009) Selection and elution
of aptamers using nanoporous sol-gel arrays with integrated microheaters. Lab Chip
9:1206-1212

Lou X, Qian J, Xiao Y, Viel L, Gerdon AE, Lagally ET, Atzberger P, Tarasow TM, Heeger
AJ, Soh HT (2009) Micromagnetic selection of aptamers in microfluidic channels. Proc Natl
Acad Sci 106:2989-2994

Gian J, Lou X, Zhang Y, Xiao Y, Soh HT (2009) Generation of high specific aptamers via
micromagnetic selection. Anal Chem 81:5490-5495

Ciesiolka J, Gorski J, Yarus M (1995) Selection of an RNA domain that binds Zn2+. RNA
1:538-550

Hofmann HP, Limmer S, Hornung V, Sprinzl M (1997) Ni2 + -binding RNA motifs with
an asymmetric purine-rich internal loop and a G-A base pair. RNA 3:1289-1300

Kim M, Um HJ, Bang S, Lee SH, Oh SJ, Han JH, Kim KW, Min J, Kim YH (2009) Arsenic
removal from Vietnamese groundwater using the Arsenic-binding DNA aptamer. Environ
Sci Technol 43:9335-9340

Mann D, Reinemann C, Stoltenburg R, Strehlitz B (2005) In vitro selection of DNA
aptamers binding ethanolamine. Biochem Biophys Res Commun 338:1928-1934

Grate D, Wilson C (2001) Inducible regulation of the S-cerevisiae cell cycle mediated by an
RNA aptamer-ligand complex. Bioorg Med Chem 9:2565-2570

Stojanovic MN, Landry DW (2002) Aptamer-based colorimetric probe for cocaine. J Am
Chem Soc 124:9678-9679

Kato T, Takemura T, Yano K, Ikebukuro K, Karube I (2000) In vitro selection of DNA
aptamers which bind to cholic acid. Biochim Biophys Acta 1493:12-18

Vianini E, Palumbo M, Gatto B (2001) In vitro selection of DNA aptamers that bind
L-tyrosinamide. Bioorg Med Chem 9:2543-2548

Park JW, Tatavarty R, Kim DW, Jung HE, Gu MB (2012) Immobilization-free screening of
aptamers assisted by graphene oxide. Chem Com 48:2071-2073

Wu M, Kempaiah R, Huang PJJ, Maheshwari V, Liu J (2011) Adsorption and desorption
of DNA on graphene oxide studies by fluorescently labeled oligonucleotides. Langmuir
27:2731-2738

Nutiu R, Li YF (2005) In vitro selection of structure-switching signaling aptamers. Angew
Chem Int Edit 44:1061-1065

Daniels DA, Chen H, Hicke BJ, Swiderek KM, Gold L (2003) A tenascin-C aptamer
identified by tumor cell SELEX: systematic evolution of ligands by exponential enrichment.
Proc Natl Acad Sci 100:15416-15421

Cerchia L, Duconge F, Pestourie C, Boulay J, Aissouni Y, Gombert K, Tavitian B, de
Franciscis V, Libri D (2005) Neutralizing aptamers from whole-cell SELEX inhibit the RET
receptor tyrosine kinase. PLoS Biol 3:697-704

Tang Z, Shangguan D, Wang K, Shi H, Sefah K, Mallikratchy P, Chen HW, Li Y, Tan W
(2007) Selection of aptamers for molecular recognition and characterization of cancer cells.
Anal Chem 79:4900-4907

Kim YS, Jung HS, Matsuura T, Lee HY, Kawai T, Gu MB (2007) Electrochemical detection
of 17f-estradiol using DNA aptamer immobilized gold electrode chip. Biosens Bioelectron
22:2525-2531

Song S, Wang L, Li J, Zhao J, Fan C (2008) Aptamer-based biosensors. Trends Anal Chem
27:108-117



64

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Y. S. Kim and M. B. Gu

Li D, Song S, Fan C (2010) Target-responsive structural switching for nucleic acid-based
sensors. Acc Chem Res 43:631-614

Yamamoto R, Baba T, Kumar PK (2000) Molecular beacon aptamer fluorescence in the
presence of Tat protein of HIV-1. Genes Cells 5:389-396

Frauendorf CA, Jaschke A (2001) Detection of small organic analytes by fluorescing
molecular switches. Bioorg Med Chem 9:2521-2524

Song Y, Zhao C, Ren J, Qu X (2009) Rapid and ultra-sensitive detection of AMP using a
fluorescent and magnetic nano-silica sandwich complex. Chem Commun 15:1975-1977
Nutiu R, Li Y (2003) Structure-switching signaling aptamers. J Am Chem Soc
125:4771-4778

Cruz-Aguado JA, Penner G (2008) Fluorescence polarization based displacement assay for
the determination of small molecules with aptamers. Anal Chem 80:8853-8855

Wu C, Yan L, Wang C, Lin H, Wang C, Chen X, Yang CJ (2010) A general excimer
signaling approach for aptamer sensors. Biosens Bioelectron 25:2232-2237

Liu JW, Lee JH, Lu Y (2007) Quantum dot encoding of aptamer-linked nanostructures for
one-pot simultaneous detection of multiple analytes. Anal Chem 79:4120-4125

Fan C, Wang S, Hong JW, Bazan GC, Plaxco KW, Heeger AJ (2003) Beyond
superquenching: hyper-efficient energy transfer from conjugated polymers to gold
nanoparticles. Proc Natl Acad Sci 100:6297-6301

Song S, Liang Z, Zhang J, Wang L, Li G, Fan C (2009) Gold-nanoparticle-based multicolor
nanobeacons for sequence-specific DNA analysis. Angew Chem Int Ed 48:8670-8674
Zhang J, Wang L, Zhang H, Boey F, Song S, Fan C (2010) Aptamer-based multicolor
fluorescent gold nanoparticles for multiplex detection in homogenous solution. Small
6:201-204

Kim YS, Jurng J (2011) Gold nanoparticle-based homogeneous fluorescent aptasensor
for multiplex detection. Analyst 136:3720-3724

Yang R, Tang Z, Yan J, Kang H, Kim Y, Zhu Z, Tan W (2008) Noncovalent assembly of
carbon nanotubes and single-stranded DNA: an effective sensing platform for probing
biomolecular interactions. Anal Chem 80:7408-7413

Chang H, Tang L, Wang Y, Jiang J, Li J (2010) Graphene fluorescence resonance energy
transfer aptasensor for the thrombin detection. Anal Chem 82:2341-2346

Sheng L, Ren J, Miao Y, Wang J, Wang E (2011) PVP-coated graphene oxide for selective
determination of ochratoxin A via quenching fluorescence of free aptamer. Biosens
Bioelectron 26:3494-3499

Stojanovic MN, de Prada P, Landry DW (2001) Aptamer-based folding fluorescent sensor
for cocaine. J] Am Chem Soc 123:4928-4931

Liu CW, Huang CC, Chang HT (2009) Highly selective DNA-based sensor for lead(Il) and
mercury(Il) ions. Anal Chem 81:2383-2387

Ozaki H, Nishihira A, Wakabayashi M, Kuwahara M, Sawai H (2006) Biomolecular sensor
based on fluorescence-labeled aptamer. Bioorg Med Chem Lett 16:4381-4384

Xiang Y, Tong A, Lu Y (2009) Abasic site-containing DNAzyme and aptamer for label-free
fluorescent detection of Pb2 + and adenosine with high sensitivity, selectivity, and tunable
dynamic range. ] Am Chem Soc 131:15352-15357

Xiang Y, Wang Z, Xing H, Wong NY, Lu Y (2010) Label-free fluorescent functional DNA
sensors using unmodified DNA: a vacant site approach. Anal Chem 82:4122-4129

Xu Z, Morita K, Sato Y, Dai Q, Nishizawa S, Teramae N (2009) Label-free aptamer-based
sensor using abasic site-containing DNA and a nucleobase-specific fluorescent ligand.
Chem Commun 42:6445-6447

Li B, Qin C, Li T, Wang L, Dong S (2009) Fluorescent switch constructed based on hemin-
sensitive anionic conjugated polymer and its applications in DNA-related sensors. Anal
Chem 81:3544-3550

Zhang CY, Johnson LW (2009) Single quantum-dot-based aptameric nanosensor for
cocaine. Anal Chem 81:3051-3055



Advances in Aptamer Screening and Small Molecule Aptasensors 65

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

154.

155.

Zhu Z, Yang C, Zhou X, Qin J (2011) Label-free aptamer-based sensors for L-argininamide
by using nucleic acid minor groove binding dyes. Chem Commun 47:3192-3194

Xu W, Lu Y (2010) Label-free fluorescent aptamer sensor based on regulation of malachite
green fluorescence. Anal Chem 82:574-578

Babendure JR, Adams SR, Tsien RY (2003) Aptamers switch on fluorescence of
triphenylmethane dyes. ] Am Chem Soc 125:14716-14717

Sando S, Narita A, Hayami M, Aoyama Y (2008) Transcription monitoring using fused
RNA with a dyebinding light-up aptamer as a tag: a blue fluorescent RNA. Chem Commun
33:3858-3860

Furutani C, Shinomiya K, Aoyama Y, Yamada K, Sando S (2010) Modular blue fluorescent
RNA sensors for label-free detection of target molecules. Mol BioSyst 6:1569-1571

Shi Y, Huang WT, Luo HQ, Li NB (2011) A label-free DNA reduced graphene oxide-based
fluorescent sensor for highly sensitive and selective detection of hemin. Chem Commun
47:4676-4678

Huang CC, Chang HT (2008) Aptamer-based fluorescence sensor for rapid detection of
potassium ions in urine. Chem Commun 12:1461-1463

Rotaru A, Dutta S, Jentzsch E, Gothelf K, Mokhir A (2010) Selective dsDNA-templated
formation of copper nanoparticles in solution. Angew Chem Int Ed 49:5665-5667

Liu J, Lu Y (2003) A colorimetric lead biosensor using DNAzyme-directed assembly of
gold nanoparticles. ] Am Chem Soc 125:6642-6643

Liu J, Lu Y (2007) A DNAzyme catalytic beacon sensor for paramagnetic Cu2 + ions in
aqueous solution with high sensitivity and selectivity. ] Am Chem Soc 129:9838-9839
Zhang J, Wang L, Pan D, Song S, Boey F, Zhang H, Fan C (2008) Visual cocaine detection
with gold nanoparticles and rationally engineered aptamer structures. Small 4:1196—-1200
Liu J, Lu Y (2006) Fast colorimetric sensing of adenosine and cocaine based on a general
sensor design involving aptamers and nanoparticles. Angew Chem Int Ed 45:90-94

Liu J, Mazumdar D, Lu Y (2006) A simple and sensitive “dipstick” test in serum based on
lateral flow separation of aptamer-linked nanostructures. Angew Chem Int Ed 45:
7955-7959

Zhao WA, Chiuman W, Brook MA, Li YF (2007) Simple and rapid colorimetric biosensors
based on DNA aptamer and noncrosslinking gold nanoparticle aggregation. ChemBioChem
8:727-731

Huang CC, Huang YF, Cao Z, Tan W, Chang HT (2005) Aptamer-modified gold
nanoparticles for colorimetric determination of platelet-derived growth factors and their
receptors. Anal Chem 77:5735-5741

Ono A, Torigou H, Tanaka Y, Okamoto I (2011) Binding of metal ions by pyrimidine base
pairs in DNA duplexes. Chem Soc Rev 40:5855-5866

Lee JS, Han MS, Mirkin CA (2007) Colorimetric detection of mercuric ion (Hg2+) in
aqueous media using DNA-functionalized gold nanoparticles. Angew Chem Int Ed
46:4093-4096

Xu H, Wang Y, Huang X, Li Y, Zhang H, Zhong X (2012) Hg2+ -mediated aggregation of
gold nanoparticles for colorimetric screening of biothiols. Analyst 137:924-931

Li B, Du Y, Dong S (2009) DNA based gold nanoparticles colorimetric sensors for sensitive
and selective detection of Ag(I) ions. Anal Chimi Acta 644:78-82

Li H, Rothberg L (2004) Colorimetric detection of DNA sequences based on electrostatic
interactions with unmodified gold nanoparticles. Proc Natl Acad Sci 101:14036-14039

3. Wei H, Li B, Li J, Dong S, Wang E (2008) DNAzyme-based colorimetric sensing of lead

(Pb2 +) using unmodified gold nanoparticle probes. Nanotechnology 19:1-5

Wang L, Liu X, Hu X, Song S, Fan C (2006) Unmodified gold nanoparticles as a
colorimetric probe for potassium DNA aptamers. Chem Commun 28:3780-3782

Liu CW, Hsieh YT, Huang CC, Lin ZH, Chang HT (2008) Detection of mercury(II) based
on Hg2 + -DNA complexes inducing the aggregation of gold nanoparticles. Chem
Commun **%*2242-2244



66

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Y. S. Kim and M. B. Gu

Kim YS, Kim JH, Kim IA, Lee SJ, Jurng J, Gu MB (2010) A novel colorimetric aptasensor
using gold nanoparticle for a highly sensitive and specific detection of oxytetracycline.
Biosens Bioelectron 26:1644-1649

Kim YS, Kim JH, Kim IA, Lee SJ, Gu MB (2011) The affinity ratio—Its pivotal role in gold
nanoparticle-based competitive colorimetric aptasensor. Biosens Bioelectron 26:4058-4063
Wang J, Wang L, Liu X, Liang Z, Song S, Li W, Li G, Fan W (2007) A gold nanoparticle-
based aptamer target binding readout for ATP assay. Adv Mater 19:3943-3946

Lee J, Kim HJ, Kim J (2008) Polydiacetylene liposome arrays for selective potassium
detection. ] Am Chem Soc 130:5010-5011

Lee J, Seo S, Kim J (2012) Colorimetric detection of warfare gases by polydiacetylenes
toward equipment-free detection. Adv Func Mater 22:1632-1638

Liu X, Tang Y, Wang L, Zhang J, Song S, Fan C, Wang S (2007) Optical detection of
mercury(Il) in aqueous solutions by using conjugated polymers and label-free
oligonucleotides. Adv Mater 19:1471-1474

Rodriguez MC, Kawde AN, Wang J (2005) Aptamer biosensor for label-free impedance
spectroscopy detection of proteins based on recognition-induced switching of the surface
charge. Chem Commun 2005:4267-4269

Radi AE, Sanchez JLA, Baldrich E, O’Sullivan CK (2005) Reusable impedimetric
aptasensor. Anal Chem 77:6320-6323

Xu Y, Yang L, Ye XY, He PA, Fang YZ (2006) An aptamer-based protein biosensor by
detecting the amplified impedance signal. Electroanal 18:1449-1456

Kim YS, Niazi JH, Gu MB (2009) Sepecific detection of oxytetracycline using DNA
aptamer-immobilized interdigitated array electrode chip. Anal Chim Acta 634:250-254
Kim YJ, Kim YS, Niazi JH, Gu MB (2010) Electrochemical aptasensor for tetracycline
detection. Bioprocess Biosyst Eng 33:31-37

Xiao Y, Lubin AA, Heeger AJ, Plaxco KW (2005) Label-free electronic detection of
thrombin in blood serum by using an aptamer-based sensor. Angew Chem Int Ed
44:5456-5459

Baker BR, Lai RY, Wood MS, Doctor EH, Heeger AJ, Plaxco KW (2006) An electronic,
aptamer-based small-molecule sensor for the rapid, label-free detection of cocaine in
adulterated samples and biological fluids. ] Am Chem Soc 128:3138-3139

Zuo X, Song S, Zhang J, Pan D, Wang L, Fan C (2007) A target-responsive electrochemical
aptamer switch (TREAS) for reagentless detection of nanomolar ATP. J] Am Chem Soc
129:1042-1043

Li X, Qi H, Shen L, Gao Q, Zhang C (2008) Electrochemical aptasensor for the
determination of cocaine incorporating gold nanoparticles modification. Electroanalysis
13:1475-1482

Xiao Y, Piorek BD, Plaxco KW, Heeger AJ (2005) A reagentless signal-on architecture for
electronic, aptamer-based sensors via target-induced strand displacement. J Am Chem Soc
127:17990-17991

Xiao Y, Rowe AA, Plaxco KW (2007) Electrochemical detection of parts-per-billion lead
via an electrode-bound DNAzyme assembly. J Am Chem Soc 129:262-263

LuY, Li X, Zhang L, Yu P, Su L, Mao L (2008) Aptamer-based electrochemical sensors
with aptamer-complementary DNA oligonucleotides as probe. Anal Chem 80:1883—1890
Wu Z, Guo M, Zhang S, Chen C, Jiang J, Shen G, Yu R (2007) Reusable electrochemical
sensing platform for highly sensitive detection of small molecules based on structure-
switching signaling aptamers. Anal Chem 79:2933-2939

Du Y, Li B, Wei H, Wang Y, Wang E (2008) Multifunctional label-free electrochemical
biosensor based on an integrated aptamer. Anal Chem 80:5110-5117

Feng K, Sun C, Kang Y, Chen J, Jiang J, Shen G, Yu R (2008) Label-free electrochemical
detection of nanomolar adenosine based on target-induced aptamer displacement.
Electrochem Comm 10:531-535



Advances in Aptamer Screening and Small Molecule Aptasensors 67

177.

178.

179.

180.

181.

182.

183.

Zhu Z, Su Y, Li J, Li D, Zhang J, Song S, Zhao Y, Li G, Fan C (2009) Highly sensitive
electrochemical sensor for mercury(Il) ions by using a mercury-specific oligonucleotide
probe and gold nanoparticle-based amplification. Anal Chem 81:7660-7666

Ferapontova EE, Olsen EM, Gothelf KV (2008) An RNA aptamer-based electrochemical
biosensor for detection of theophylline in resum. J Am Chem Soc 130:4256-4258

Feng K, Sun C, Kang Y, Chen J, Jiang JH, Shen GL, Yu RQ (2008) Electrochem Commun
10:531-535

Li X, Qi HL, Shen LH, Gao Q, Zhang CX (2008) Electrochemical aptasensor for the
determination of cocaine incorporating gold nanoparticles modification. Electroanalysis
20:1475-1482

Wang X, Dong P, He PG, Fang YZ (2010) A solid-state electrochemiluminescence sensing
platform for detection of adenosine based on ferrocene-labeled structure-switching
signaling aptamer. Anal Chim Acta 658:128-132

Shen L, Chen Z, Li Y, Jing P, Xie S, He S, He P, Shao Y (2007) A chronocoulometric
aptamer sensor for adenosine monophosphate. Chem Commun 21:2169-2171.

Du Y, Li B, Wang F, Dong S (2009) Au nanoparticles grafted sandwich platform used
amplified small molecules electrochemical aptasensor. Biosens Bioelectron 24:1979-1983



2 Springer
http://www.springer.com/978-3-642-54142-1
Biosensors Based on Aptamers and Enzymes

Gu, M.B.; Kim, H.-S. (Eds.)

2014, ¥ 331 p. 94 illus., 72 illus. in color., Hardcowver
ISBN: 978-3-642-54142-1



	225 Advances in Aptamer Screening and Small Molecule Aptasensors
	Abstract
	1…Introduction
	2…Recent Advances in Aptamer Screening Methods
	2.1 General Process of Aptamer Screening
	2.2 Advanced Methods for Aptamer Screening
	2.2.1 Oligonucleotide Libraries
	2.2.2 Selection Methods
	2.2.3 Target Features


	3…Recent Advances in Aptasensors for Small Molecule Detection
	3.1 Fluorescence-Based Analysis
	3.2 Colorimetric Assay
	3.3 Electrochemical Analysis

	4…Future Perspectives
	References


